


   World sheep population and production   i

InternatIonal

Sheep and Wool 
handbook

edIted by dJ Cottle



ii   D. Cottle

Nottingham University Press
Manor Farm, Main Street, Thrumpton
Nottingham, NG11 0AX, United Kingdom

NOTTINGHAM

First published 2010
© DJ Cottle

All rights reserved.  No part of this publication
may be reproduced in any material form
(including photocopying or storing in any
medium by electronic means and whether or not
transiently or incidentally to some other use of
this publication) without the written permission
of the copyright holder except in accordance with
the provisions of the Copyright, Designs and
Patents Act 1988.  Applications for the copyright
holder’s written permission to reproduce any part
of this publication should be addressed to the publishers.

British Library Cataloguing in Publication Data
International Sheep and Wool Handbook:
Ed. DJ Cottle

ISBN 978-1-904761-86-0

Disclaimer

Every reasonable effort has been made to ensure that the material in this book is true, correct, complete and appropriate at the time of writing. 
Nevertheless the publishers, the editors and the authors do not accept responsibility for any omission or error, or for any injury, damage, loss 
or financial consequences arising from the use of the book.

Typeset by Nottingham University Press, Nottingham
Printed and bound by Gutenberg Press Ltd, Malta



   World sheep population and production   iii

ForeWord 

It is with great pleasure that the International Wool Textile Organisation (IWTO), the international body representing 
the interests of the world’s wool-textile trade and industry, salutes David Cottle on this comprehensive coverage 
and most informative handbook on the sheep and wool industry. The handbook will serve both as a reference work 
to students and to those with a general interest in the sheep and wool industry.

IWTO membership covers woolgrowers, traders, primary processors, spinners, weavers, garment makers and 
retailers of wool and allied fibres in its member-countries, as well as all kinds of organizations related to wool 
products and the Wool Industry in general. Thus in this context the book covers the interests of all our members in 
all parts of the World, from the production of wool at its source through to the finished garment sold in the retail 
store.
 
We are indebted to Prof. David Cottle for producing such a comprehensive and interesting study of the sheep 
and wool industry. This is something which we have not had in the past and thank him and his colleagues most 
sincerely for the time and effort that they have put into researching and documenting every facet of our industry.

As the drive towards naturally sustainable and ecologically friendly fibres becomes more important, books of this 
nature will become all the more relevant in showing the benefits of wool.

Günther Beier
IWTO President
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This book is an expanded, updated version of the 
Australian Sheep and Wool Handbook published 
in 1991. The 1991 text was widely regarded as the 
definitive sheep and wool textbook and has been used 
as the reference text for sheep and wool subjects in 
many Universities since then. In the 1990s there were 
few sheep and wool textbooks available compared to 
the situation in 2010. 

Many requests were received over the last 19 years to 
produce a new edition. The amount of time required 
to produce a new, substantive book caused some 
trepidation but a rare window of opportunity to carry 
out the task opened up in 2008-2009. One massive 
change that has affected both the sheep and wool 
industry and the publishing industry is the advent of 
the internet with its search engines, word processing 
software and the use of email. This has made multi-
authored book writing easier and quicker on the one 
hand but with the increased problem of possible 
information overload. Much of the value of this 
book for readers is the distillation of the mountain of 
information available in the modern digital, electronic 
era by the chapter authors sifting through the various 
sources of information and capturing it in one place. 
Key websites for further information have been listed 
at the end of many chapters. 

The book has been made more international in 
scope compared to the earlier 1991 text. There is the 
collection of new chapters on the sheep and wool 
industries in the major sheep regions of the world 
which is unique to this book. There is also a wider 
range of references to global examples in the various 
chapters. There are new chapters on meat processing 
and sustainable production and expansion of some 
chapters, e.g. sheep meat and wool processing.

The 1991 book was written at the time of the wool 
reserve price scheme collapsing in Australia. There 
has been much change in the meat and wool industries 
but some would argue not enough change. All authors 
were asked to crystal ball gaze about likely future 
developments. Perhaps this was a recipe for being 
proven incorrect in future but it was an interesting 
exercise.

The Meat and Wool Boards were merged in New 
Zealand and in 2009 the NZ growers voted to reduce 
the wool levy to zero. Australian producers voted to 
maintain a 2% wool levy in WoolPoll 2009 but there 
have been calls to merge the wool (AWI) and meat 
(MLA) organizations. What changes will the next 20 
years bring to the world sheep and wool industries?  

preFaCe

DJ Cottle
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World Sheep and Wool 
produCtIon

1

Early history 

The word sheep is derived from the Old English or Anglo-
Saxon (around 450 to 1150 AD) term scap, which is akin to 
the Old High German (around 500 to 1050) scªf and probably 
originated from Proto-Germanic or Gothic terms (around 
300-700). Before 1200 AD, English spelling preferred 
scheap, and the shift to the currently used spelling did not 
occur until about 1280. The word ram derives from the 
Old English rom and subsequently ramm (Barnhart, 1995). 
The word mutton is derived from the Old French (around 
1000-1300) moton, which was the word for sheep used by 
the Anglo-Norman rulers of much of the British Isles in the 
Middle Ages (400 to 1500 AD). This became the name for 
sheep meat in English, while the Old English word scap was 
kept for the live animal (Oxford English Dictionary, 1933). 
Throughout modern history, mutton has referred to the meat 
of mature sheep while lamb is used for the meat of immature 
sheep less than one year old (see Chapter16).

In the Neolithic period (starting around 10000 BC) a 
number of livestock species (e.g. goats, sheep, pigs and cattle) 
were domesticated in the Middle East and Asia, as farming 
spread during this period. Sheep were first domesticated 
between 11000-9000 BC (Simmons and Ekarius, 2001). 
Initially, sheep were kept solely for meat, milk and skins, 
however some of the earliest human civilizations used felted or 
woven wool for clothes and fabrics. Archaeological evidence 
from statues found at sites in Iran suggests that selection for 
woolly sheep may have begun around 6000 BC (Ensminger 
and Parker, 1986; Weaver, 2005) but the earliest woven wool 
garments have only been dated at 4000-3000 BC (Smith et 
al., 1997). The oldest known European woollen textile, found 
in a Danish bog, has been dated at ~1500 BC.

By the Bronze Age (2300-600 BC in Europe), sheep with 
all the major features of modern breeds were widespread 
throughout Western Asia (Ensminger and Parker, 1986). 
Primitive sheep could not be shorn and their wool was 
plucked out by hand in a process called “rooing”. Fleeces 
were also collected from the field after shedding. This trait 
survives today in more primitive breeds such as the Soay and 
Wiltshire Horn. Soay, along with other Northern European 
breeds with short tails, shedding fleeces, small size and horns, 
are closely related to ancient, wild sheep. 

Originally, weaving and spinning wool was done at home 
with Babylonians, Sumerians and Persians all raising flocks 

for their fleece and as a medium of exchange. Some large 
flocks were kept and subjects of the king of Israel were taxed 
according to the number of rams they owned (Ensminger and 
Parker, 1986). However, linen from flax, was the first fabric 
to be fashioned into clothing.

Prior to the invention of shears during the later Iron Age, 
wool was also plucked by bronze combs. In Roman times 
clothes were made from wool, linen and leather. Pliny the 
Elder recorded in his Naturalis Historia (77 AD) that the 
reputation for producing the finest wool was enjoyed by the 
town of Taranto in southern Italy (Isager, 1991). 

Figure 1.1.  An early picture of woollen cloth from the 
Tacuinum Sanitatis casanatensis, a fourteen-century 
handbook on good living, based on the Taqwin al-sihha, an 
eleventh-century Arab medical treatise. 
Source: Wickersheimer (1950).

In the middle ages / medieval times (476-1453 AD) wool 
trading flourished. A series of six fairs in the Champagne and 
Brie regions of France, each lasting more than six weeks, 
were spaced throughout the year (at Lagny, then Bar-sur-
Aube, Provins and Troyes). At their peak, in the late 12th and 
13th centuries, the Champagne fairs linked the woollen cloth-
producing cities of the French Netherlands (the low lands 
around the delta of the Rhine, Scheldt and Meuse rivers) with 
the dyeing and exporting centers of Genoa, Naples, Sicily, 
Cyprus, Majorca, Spain and Constantinople (Braudel, 1984; 
Munro, 2003). The wool trade was the economic lifeblood 
of these Low Countries and of Central Italy with most of the 
raw wool supplied by England and Spain. 

The English crown in 1275 imposed the first export tax 
on wool called the ‘Great and Ancient Custom’ at 7s. 6d. 
per sack (Power, 1941). The tax was granted in Edward I’s 
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first parliament, but it was negotiated by the king and wool 
merchants, including foreign merchants. The merchants 
received their quid pro quo in the shape of the resumption 
of open trade with Flanders (Ypres, Ghent and Bruges were 
amongst the most densely populated parts of Europe in the 
early 1200s). In 1273 export had been forbidden except by 
special paid licences. This was followed in 1274 by a still 
more stringent prohibition, more licences and an inquisition 
into smuggling. The importance of wool to the 14th century 
English economy is demonstrated by the fact that since then 
the Lord Chancellor of the House of Lords has sat on the 
Woolsack, a chair stuffed with wool brought from around the 
Commonwealth, with the even larger Judges’ Woolsack placed 
in front of it. 

  

Foundation species

Domestic sheep are ruminant mammals (see Chapter 13) kept 
as livestock. Like all ruminants, sheep are even-toed ungulates, 
also commonly called cloven-hoofed animals. The name sheep 
applies to many species however it usually refers to the species 
Ovis aries. Domesticated sheep are scientifically classified as in 
the Kingdom: Animalia, Phylum: Chordata, Class: Mammalia, 
Order: Artiodactyla, Family: Bovidae, Subfamily: Caprinae, 
Genus: Ovis, Species: Ovis aries (Wilson and Reeder, 2005).

Wild sheep (Ovis orientalis) can be partitioned into the 
Mouflons (Ovis orientalis orientalis group) and Urials (Ovis 
orientalis vignei group). Domestic sheep are the most numerous 
species in their genus. They are most likely descended some 
8,000-10,000 years ago from the wild mouflon of Europe 
(O. musimon), of which the only existing members are on 
the islands of Sardinia and Corsica, and from O. orientalis, 
found in the dry and mountainous regions of south-western 
and central Asia (Zeuner, 1963). 

Ensminger and Parker (1986) proposed that the European 
mouflon was an ancient breed of domestic sheep turned feral 
rather than an ancestor of modern domestic sheep. However, 
generally, the mouflon is thought to be the main ancestor 
of all domestic sheep breeds including short-tailed sheep in 
northern Europe, such as the Romanov (Hiendleder et al.,  
2002; 2007). Urials occasionally interbreed with mouflon in 
the Iranian part of their range (Ensminger and Parker, 1986). 
However, the Urial, Argali and snow sheep have a different 
number of chromosomes than other Ovis species, making a 
direct relationship unlikely and phylogenetic studies show no 
evidence of Urial ancestry (Hiendleder et al., 2002). 

The Argali, or mountain sheep (species Ovis ammon) is a 
globally endangered wild sheep, which roams the highlands of 
Central Asia, e.g. Altai and Himalaya foothills. It is the largest 
wild sheep, standing up to 1.2 m high and weighing up to 140 
kg and is thought to be the ancestor of fat-rumped sheep. The 
snow sheep (Ovis nivicola) comes from mountainous areas in 
the northeast of Siberia.

Studies comparing European and Asian breeds of sheep 
have shown significant genetic differences between them. This 
variation may be the result of multiple waves of capture from 

wild mouflon (Meadows et al., 2007) or there may have been an 
unknown species or subspecies of wild sheep that contributed 
to the formation of domestic sheep (Hiendleder et al., 2007).

The mouflon is red-brown with a dark back-stripe, light 
colored saddle patch and underparts and possesses an outer 
coat of coarse hair with an undercoat of short fine wool. The 
males are horned and the females are horned or polled.

 Five subspecies of Mouflon were distinguished by Wilson 
and Reeder (2005). 

European Mouflon (1. Ovis orientalis musimon): about 
7,000 years ago they appeared in Corsica and Sardinia 
for the first time,
Cyprian Mouflon (2. Ovis orientalis ophion): Less than 
1,200 of this subspecies survive,
Armenian Mouflon (3. Ovis orientalis orientalis): 
Caucasus, northwestern Iran and southern Anatolia. 
Sometimes also called gmelini,
Esfahan Mouflon (4. Ovis orientalis isphahanica): Zagros 
Mountains, Iran, 
Laristan Mouflon 5. (Ovis orientalis laristanica): Restricted 
to some desert reserves in southern Iran.

Figure 1.2.  A Mouflon.  Source: J. Dennett (2006).

The Urial is also known as the Steppe, Shapo or Arkhar. 
There are 7 recognized subspecies of Ovis vignei, although 
scientists are not agreed on the number of subspecies or their 
distribution. Steppe sheep are found on the borders of India 
to the Caspian Sea; they are the ancestors of long-tailed 
domestic sheep – e.g. Tsigai, Merino and fat- tailed sheep, 
such as the Karakul. CITES (2008) reported on endangered 
Urial population distributions and numbers as follows: 

Afghan Urial or Turkmenian sheep 1. (Ovis vignei 
cycloceros): southern Turkmenistan, eastern Iran, 
Afghanistan, northern Pakistan, Kashmir (>12,000 incl. 
blanfordi),
Blanford Urial or Balochistan Urial 2. (Ovis vignei 
blanfordi): Balochistan are often included in this 
subspecies,
Transcaspian Urial 3. (Ovis vignei arkal): Ustjurt-Plateau 
(Turkmenistan, Uzbekistan, northern Iran) and western 
Kazakhstan (<11,000),
Bukhara Urial 4. (Ovis vignei bochariensis): Uzbekistan, 
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Tajikistan, Turkmenistan, mountains around Amu Darya 
(<1,200),
Punjab Urial 5. (Ovis vignei punjabiensis): Punjab 
(<2,000),
Ladakh Urial 6. (Ovis vignei vignei): Ladakh males have 
curly horns but the females have a flat horn (<2,100), 
Severtzov’s Urial7. , (O. vignei severtzovi): (>2,000).

Sheep breed descriptions  

When breeds of sheep are described, compared or judged 
subjectively, traditional terms or names can be used. Breed 
associations or societies usually provide an official description 
of the necessary characteristics or points of the breed. These 
terms are outlined for Australian breeds in D’Arcy (1981). 
For example, a description of the Hampshire Down is: 

Head:  Face and ears of a rich dark brown- approaching black, 
well covered with wool over the poll and forehead, intelligent, 
bright, full eye. Ears well set on, fairly long and slightly curved. 
In rams, a bold masculine head is an essential feature. 

Neck and shoulders:  Neck of strong muscular growth, not 
too long, and well placed on gradually sloping and closely 
fitting shoulders. 

Carcass:  Deep and symmetrical, with the ribs well sprung, 
broad straight back, flat loins, full dock, wide rump, deep and 
heavily developed legs of mutton and breast. 

Legs and feet:  Strongly jointed and powerful legs of the 
same colour as face, set well apart, the hocks and knees not 
bending towards each other. Feet sound and short in the 
hoof. 

Wool:  White, of moderate length, close and fine texture, 
extending over the forehead and belly, the scrotum of rams 
being well covered. Suggested wool count 56s-58s. 

Skin:  Pink and flexible. 

Objections:  Snigs or scurs. White specks on face, ears 
and legs. Thick, coarse ears. Black wool. Coarse wool on 
breeches. Protruding or short under-jaw. Excessive strength 
and loose skin over neck. 

By observing these features sheep breeders believe they can 
establish if the sheep is well bred and sound. For example, a 
Merino should have ’a good bold muzzle, with pink lips and 
nostrils covered with short creamy hair’. Some of the points 
have no obvious economic importance.

Conformation describes the general appearance of an 
animal. Terms used when considering this are: 

symmetry - the balance in appearance; •	 i.e. all parts of the 
body in proportion 

•	 constitution - apparent ability of the animal to maintain 
itself, yield a satisfactory market product and reproduce 
as required within a given environment

robustness - refers to the stance and appearance- of •	
solidarity in stature, a term used generally with rams

•	 masculinity - an aristocratic face, solid, evenly curled and 
corrugated horns, broad straight backline, thick-boned 
legs and several deep folds of skin to form an ’apron’ 

While conformation certainly influences the general appeal 
of any animal, production characteristics are more important 
when selecting replacement stock (Chapter 8). 

The traditional terms for parts of a Merino ram are 
illustrated in Figure 1.3 and described below. 

Muzzle - the frontal aspect of the upper and lower jaws 

Face - the part of the upper jaw extending from the bridge of the 
nose to the lower part of the head 

Crest - immediately in front of the poll 

Poll - that portion of the head extending backwards from the crest 
to the scrag 

Scrag - back of the neck 

Wither - between the shoulders 

Girth - imaginary line extending around the carcass immediately 
behind the shoulders 

Back - the section of the top line or spinal column between the 
wither and rump 

Loin - lower section of the back situated immediately in front of 
the hip joint; the region of the short or floating ribs 

Ribs - the bones forming the sides of the barrel between shoulders 
and hindquarters 

Rump - top portion of the hindquarters; between loin and butt 
of tail 

Tail - lower part of backbone 

Twist - the crutch; the inner aspect of the hind legs 

Flank - the lower portion of the barrel 

Lower flank - below the flank 

Stifle - front .joint of the hind legs 

Hock - rear joint of the hind legs 

Fetlock - joint at the lower end of the shank bone 

Pasterns - joints between fetlocks and hooves 

Testes - portion of the genital organs of the ram, enclosed within 
the scrotum 

Front - the portion between the muzzle and the brisket 

Apron - the largest fold encircling the neck of the Merino 

Dewlap - the uppermost fold of the Merino front 

Brisket - immediately between the forelegs 

Elbow - joint at the upper part of the forelegs 

Shoulders - the upper region of the forelegs 

Knees - the joints in the front legs about the middle region of the 
forelegs and at the upper extremity of the shank bones 

Underline - the line of the belly or abdomen 
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Sheep joints 

These parts of a sheep can be related to the anatomical names 
of various bones in the sheep skeleton (Figure 1.4). 

The vertebral column is divided into five regions: the 
cervical - neck (with 7 vertebrae); thoracic - chest (13); 
lumbar - loin (6); sacral - rump (4); coccygeal - tail (7). 
Rib pairs correspond to the number of thoracic vertebrae, 
so the sheep has 13 pairs of ribs. The first eight pairs are 
known as sternal or true ribs. The remaining five pairs are 
termed asternal or false ribs because the cartilage of each of 
these is bound for nearly its whole length to the cartilage of 

the adjacent ribs. Individual bones of the skeleton are held 
together by ligaments and muscles to form joints. Forelimb 
and hind limb joints are also shown in Figure 1.4. 

Fat and muscle 

As sheep tend to fatten from the front to the rear, an animal’s 
condition is more easily judged by feeling the loins; if it 
is in poor store condition, the dorsal and lateral processes 
of the lumbar vertebrae can be felt easily; if fat it becomes 
difficult to feel them. The muscles of the hind limb have 
the least amount of bone per unit weight. Sheep with large 

Figure 1.3. Points of a Merino ram.

Figure 1.4.   Skeleton of a sheep, lateral view.  Joints are labelled on the diagram.
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hindquarters and relatively light fore-quarters have high 
dressing percentages and yield muscle with less connective 
tissue (Chapter 16). 

Age of sheep 

The number of permanent incisor teeth can be used to 
estimate a sheep’s age. Sheep have no front teeth on the top 
jaw. A newborn lamb has no teeth, and milk teeth start to 
appear about a week after birth. A lamb usually acquires 
eight temporary or milk teeth by 8 weeks of age. The first 
permanent incisor teeth appear in pairs at 12-18 months, 
starting with the two central teeth. This sheep is called a 
2-tooth. Later pairs comprise one on either side of the central 
position. So a 4-tooth is 1.5-2 years old, a 6-tooth is 2-3 years 
old and an 8-tooth is 2.5-4 years old. 

After the 8-tooth stage (approx. 4 years) the sheep’s teeth 
deteriorate, become loose and drop out. How quickly this occurs 
depends on the level and type of feed intake. A sheep becomes 
’broken mouthed’ then ’gummy’. When a sheep has reached the 
8-tooth stage, culling is done on the basis of the condition of its 
teeth, body condition, wool production and constitution.

The shape of sheep teeth varies with feed conditions. 
Long lush feed allows teeth to grow whereas short hard feed 
causes closer contact with the soil and teeth are worn down. 

Age marking 

Farmers know the age of sheep if they permanently age-mark 
them at marking. A 5- to 7-year cycle can be adopted using a 
series of ’ear marks’, usually a ’V’ notch. This age mark must 

be put in the opposite ear to the ’registered’ ear. In NSW this 
means the age mark for ewes must be in the left or near ear 
and that for wethers in the right or off ear. The sex of sheep 
in crowded sheep yards can be determined by noticing which 
ear has the registered mark. Not all Australian States have 
registered ear marks (see Chapter 17). 

World sheep breeds 

A breed can be defined as a group of sheep with a common 
origin and certain physical characters that are readily 
distinguishable (Dalton, 1991). Once the physical traits are 
removed – for example, by removal of the skin at slaughter – 
it often becomes difficult to tell breeds apart. The breed that 
produced the wool or sheep meat is inconsequential to the 
final consumer. Geographical isolation, regulations, social 
customs and fashion have all helped to keep breeds separated, 
causing them to drift apart (genetic drift). 

Sheep are the mammalian species with the highest 
number of recorded breeds – contributing 25% to the global 
total (FAO, 2008). Selection for wool type, flocking instinct 
and other economically important traits over the centuries has 
resulted in more than 500 distinct breeds of sheep occurring 
worldwide. The Oklahoma State University website (http://
www.ansi.okstate.edu/breeds/sheep/) provides summary 
details and pictures of over 250 sheep breeds, including 
those listed in Table 1.1. Estimated numbers of sheep in 
each breed in each country are given by FAO’s Domestic 
Animal Diversity Information System (DAD-IS) website. 

Table 1.1.  Sheep breeds of the world. 

Breed Strains

Merino Main strains: Australian (Fine - Mudgee, Tasmanian, Victorian, Yass; Medium - Peppin, Non-Peppin; Strong - Queensland, 
South Australian, Western Australian), New Zealand, Monte-video (South American), South African. 

Other dual-purpose strains: Apulian (Italy), Argentine, Arles (France), Black (Portugal), Danube (South Romania), Delaine 
(USA), Dohne (South Africa), Easter Island, Kenya, Letelle (South Africa), Palas (South Romania), Polish, Portuguese, 
Precoce (France), Turkish, Vojvodina (Yugoslavia), Walrich (South Africa), Wurtternburg or Landschaf (France/Germany).

Derivations: American Rambouillet (Ram), Comeback (Polwarth), Corriedale (Cor), New Zealand Half-bred (L or Lincoln x 
Merino)

British 
Breeds

Longwool breeds: Bluefaced Leicester (BL x Wensleydale), Border Leicester (BL), British Olderberg, British Texel, 
Cambridge (Cheviot, BL, Finn), Colbred (BL, DH, Clun Forest, East Friesian), Cotswold, Devon Closewool (Devon Long-
wool x Exmoor Horn), Devon Longwoolled, Kent or Romney Marsh (RM), Leicester (L), Lincoln, South Devon, Wensleydale 
(L × Teeswater).

Shortwool breeds: Cheviot (Chev), Dorset Down, Dorset Horn (DH), Downs-Southdown, Hampshire, Suffolk, Dorset, 
Oxford, Shropshire, Exmoor Horn, North Country, Cheviot, Poll Dorset, Ryeland, Wiltshire Horn. 

Hill and mountain breeds: Blackface Mountain, Black Welsh Mountain, Clun Forest, Dalesbred, Dartmoor Galway, 
Herdwick, Kerry Hill, Lonk, Radnor, Rough Fell, Scottish Blackface, South Wales Mountain, Swaledale, Teeswater, Welsh 
Mountain, White Face Dartmoor, Wicklow Cheviot. 

Rare breeds: Badger-faced, Beulah Speckled Face, Cannock Chase, Cardy, Hebridean, Jacob, Lleyn, Hamvenog, Longmynd, 
Manx Loghtan, Maffe, Norfolk Horn, North Ronaldsay, Penistone, Portland, Thin Hill, St Kilda, Shetland, Soay. 

Crossbreds: Masham (Teeswater x Dalesbred, Swaledale or Rough Fell or Blackface or Welsh Mountain), Mule (Bluefaced L, 
or BL x Swaledale), Scottish Greyface (BL x Black-face), Scottish Half-bred (BL or Bluefaced L x Cheviot), Welsh Half-bred 
(BL or Blue-faced L x Welsh Mountain), Main cross (Suffolk x Scottish Half-bred).
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Breed Strains

Other British breeds: American Leicester, Drysdale, NZ Romney (RM × Lincoln), NZ Southdown, Perendale (Chev x RM), 
Coopworth (BL x RM), Drysdale (RM). 

USSR Meat breeds: Akhangaran, Aktyubin, Alai Fat-rumped, Altai Mountain, Azov Tsigai, Balbas, Bozakh, Buryat, Carpathian 
Mountain, Caucasian Fat-tailed, Cherkasy, Chita, Chinsk, Chuntuk, Dagestan Mountain, Darvaz M, Degeres, Estonian 
Darkheaded, Estonian Whiteheaded, Fat-tailed, Gala, Georgian Finewool Fat-tailed, Georgian Semi-finewool, Gorki, Hissar, 
Kalinin, Karabakh, Kara-Kalpak, Kargalin, Kazakh Arkhar-Merino, Kazakh, Kuchugury, Kuibysher, Latvian Darkheaded, 
Lezgian, Lincoln, Liski, Lithuanian Blackheaded, Mazekh, Mikhnov, Niznedevitsk, North Caucasus, Omsk, Oparino, 
Precoce, Priazor-Tzigai, Russian Longtailed, Telengit, Voloshian, Vyathka. 

Wool breeds: Altai, Andi, Askanian, Azerbayan M. Merino, Beskaragai Merino, Caucasian, Chaglinsk Merino, Chaysan, 
Darvaz, Edilbaev Fat-rumped, Grozn, Gunib, Imeritian, Jaidara, Kalmyk, Karachaev, Kazakh Fat-rumped Kazakh Finewool, 
Kirgis Fat-rumped, Kirgiz Finewool, Krasnoyarsk, Orkhorv, Ostrogozhsk, Parkenrskaya, Perchora, Salsk Fine-wool, Saraja, 
South Kazakh Merino, South Ural, Soviet Merino, Soviet Rambouillet, Stavropol Merino, Subukol Merino, Tajik, Temir, Tian 
Shan, Transbaikal Finewool, Turkman Fat-rumped, Tushin, Uchum, Vologograd. 

Fur-skin breeds: Chushka, Karakul, Malich, Poltara Furmilch, Reshetilovka, Romnov, Russian Northern Short-tailed, 
Sokolka.

India and 
Pakistan

Carpet-wool-meat breeds: Bellary, Bhadariwah, Bhakarwal, Biangi, Bibrick, Bikaneri, Deccani, Dumari, Hairy, Hashtnagri, 
Hassan, Jalauni, Khurasani, Lohi, Rakhshani, Thai, Tirahi, Vicaneve, Waziri.  

Carpet-wool-dairy breeds: Balkhi, Chanothar, Damari, Gujarati, Gurez, Harnai, Kaghani, Kuka. 

Meat-wool breeds: Baluchi, Jaffna, Mandya, Nellore, South India Hairy. 

Central 
Asia

Carpet-wool-meat and dairy breeds: Amasya Herik, Awassi, Daglic, h’aq Kurdi, Kamakuyruk, Karayaka, Kermani, 
Khmasani, Kivireik, Kizil-Karaman, Near East Fat-tail, Pirlak, White Karaman. 
Meat-wool breeds: Arabi, Hejazi, Tuj. 
Coarse-wool breeds: Farahani, Kalaku, Kandahari, Kurdi, Nejdi. 

China Carpet-wooI-pelt breeds: Chowpei, Hei, Hetian-yang, Hu-yang, Kuche, Luan, Mongolian, Showyang, Taiku, Tanyang, 
Tibetan. 
Fine-wool-meat breeds: Han-yang, Native, North East China Merino, North West China Merino, Sinkiang. 

Africa Coarse-wool-meat breeds: Algerian Arab, Ausimi, Beni Ahsen, Beni Guil, Berber, Doukkala, Ghimi, Macina, Rahmani, Saidi, 
Sanabawi, Tadla, Tunisian Barbary, Zenmour. 

Meat and dairy breeds: Abyssinian, Barbary, Barki, Northern Sudanese. 

Meat breeds: Blackhead Persian, Dorper, Fulani, Madagascar, Masai, Maure, Ronderis Aflicander, Tanganyika Long-tailed, 
Tswana, White Dorper. 

Wool breeds: Macina, Namagua Aft’leander, Sidi Tabet, Sudanese, Tadmit, Thibar. 

Europe Spanish and Portuguese 
Coarse wool-meat breeds: Algarve Churro, Braganca Galician, Churrodo Campo, Miranda Galician. 
Meat and dairy breeds: Andalusian Churro, Badano, Bordaleiro, Campanica, Castilian, Lacho, Mancha, Mondego, Saloia, 
Serra da Estrela, Spanish Churro, Talavera. 
Wool-meat breeds: Aragon, Beira Baixa, Entrefino, Entre Minho e Douro, Fonte-Boa Merino, Segura. 

French 
Coarse-wool-meat breeds: Avranchin, Bizet, Bluefaced Maine, Boulonnais, Causses, Cotentin, Landes, Lot Causses, Thones-
Mavthod. 
Medium-wool-meat breeds: Aure-Campan, Berrichon, Bizet, Central Pyrenearr, Charmoise, Chef Berrichon, Ile de France, 
French Alpine, French Blackheaded, Indre Berrichon, Lourdes, Prealpes du Sud, Sologne, Tarascon, Velay Black. 
Meat and dairy breeds: Basque, Basque-Beam, Bearn Blanc du Massif Central, Corsica, Lacaune, Limousin, Manech, 
Roquefort. 

Italian 
Coarse-wool-meat breeds: Bergamo, Biella, Lamon, Varese, Vicenza. 
Meat and dairy breeds: Alpago, Altamura, Apennine, Briga, Campanian Barbary, Carapelle, Cascia, Casentino, Chiana, 
Chieti, Comiso, Corniglio, Frabosa, Friuti, Gavessio, Garfagnana, Langhe, Lecce, Massa, Moscia, Paduan, Pagliarola, 
Perugian Lowland, Sardinian, Savoy, Sicilian, Sicilian Barbary, Siena, Taro, Varzi, Visso. 
Wool-meat breeds: Sambucco, Soprarissana. 

Eastern European (Albania, Bulgaria, East Germany, Hungary, Poland and Romania) 
Coarse-wool-meat breeds: Lowicz, Polish Heath, Polish Longwool, Shumen, Sumava, Svishtov. 
Coarse-wool-dairy breeds: Common Albanian, Karnobat, Luma, Plevan Blackhead, Polish Zackel, Pomeranian, Racka, Rila 
Monastery, Shkodra, Swiniarka, Turcana, Valachian, White Klementina, White South Bulgarian. 
Wool-meat breeds: Hungarian Combing Wool Merino, Hungarian Mutton Merino. 

Table 1.1 Contd.
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The countries with the largest number of listed sheep breeds 
in 2008 were the UK (114), Russia (107), France (95), Italy 
(79), India (73), China (71), Netherlands (67), Australia (65) 
and Germany (62).

Sheep breeds in Australia

About 30 sheep breeds are registered in Australia. DAD-
IS lists 65 sheep breeds in Australia but 26 of these breeds 
are Merino strains or fixed crosses/composites, i.e. BLM, 
Booroola Leicester, Booroola Merino, Borino, Bundoran 
Comeback, Bungaree Merino, Camden, Camden Park, 
Coolalee, Dormer, Fonthill Merino, Glen Vale BL, Gromark, 
Hyfer, Peppin, Poll Merino, Romsdown (extinct), Saxon, 
Siromeat, South Australian Merino, Spanish, Tasmanian 
Merino, Trangie Fertility, Waridale and Wiltipoll.

The probable relationships between these breeds are shown 
in Figure 1.5. Sheep breeds in Australia fall into three categories 
- the wool producers, the dual- purpose and prime lamb breeds. 
The wool producers can be divided into the Merino and carpet-
wool breeds. The prime lamb breeds can also be divided into 
two groups -- the British longwools or lustres and the British 
shortwools or Downs breeds. The longwools are generally 
mated to Merino ewes to produce first-cross prime lamb 
mothers or prime lamb wethers. Shortwool rams are mated to 
these first-cross ewes and the resulting second-cross lambs are 
slaughtered as prime lamb or carryover lamb. 

The wool producers 

Merinos 

The ancestors of the Australian Merino came from Spain 
(Figure 1.6) and probably derived originally from Asia. The 

Phoenicians introduced sheep from Asia Minor into North 
Africa, and the earliest Merino flocks in Spain might have 
been introduced by the Beni-Merines, a tribe of the Arabic 
Moors, as late as the 12th century (Ziegler, 1955). ’Merino’ 
was not generally used as a word before the late 17th 
century. 

During the later Middle Ages the Spanish monarchs 
improved the native sheep by crossing them with North 
African stock. From the first Spanish period (1100 BC to 
the first century) Spain was noted for its fine wool and built 
up a monopoly for this wool during the 12th-16th centuries. 
Merino in Spanish means ’fugitive without a regular home’ 
in reference to the fine woolled flocks (Ovegas Merino or 
transhumantes ) that grazed the northern highlands in summer 
and southern plains in winter. There were also non-migratory

 
(estantes) sheep pastured in local provinces all year round. 

The different flocks developed distinctive characteristics 
due to differing management and environmental factors rather 
than breeding practices. Spanish wool in the 17th century was 
typically between 60s and 64s in quality number (Chapter 25). 
The most famous flocks known as cavanas or cabanas were: 
the royal or Escurial flocks (fine female line), the Negretti 
(tall, wrinkly sheep) and the Paula (heavy fleece), bred near 
Segovia. Of importance were the Infantado (strong-woolled) 
and the Guadalupe (heavy yolk) and together they founded 
the Merino flocks of the world (Figure 1.6).

Sir John Dillon gave the following account of the Spanish 
sheep industry in 1774 (adapted from Ziegler, 1955). 

“There are two sorts of sheep in Spain. Coarse wool 
(churro) sheep are never removed out of the provinces. 
Others spend summer in the northern mountains, 
then descend in winter to the milder provinces of 
Estramadura and Andalusia. There are 4-5 million 
sheep, the main flocks (30,000 sheep) belonging to 
the Duke of Infantado, Countess di Campo di Alenga 

Breed Strains

Other European (Yugoslavia, Greece, Switzerland, Belgium, West Germany, Holland, Sweden, Finland) 
Coarse-wool-meat breeds: Bundner Oberland, Faeroes, German Heath, German Whiteheaded Mutton (Oldenburg), Kosovo, 
Leine, Palsfar, Pirot, Rhon, Steinschaf, Swedish Landrace, Texel, Tyrol Mountain, Valais Blacknose. 
Coarse-wool dairy breeds: Bardoka, Bosnian- Mountain, Carinthian, Chios, Cyprus Fat-tailed, Dalmatian-Karst, Dub, East 
Friesian, Eudilon, Friesian, Greek Mountain Zackel, Greek Zackcl, Icelandic, Island Pramenka, Istrian Milk, Karagouniko, 
Karakachan, Katafigion, Kimi, Krivovir, Lika, Lipe, Lopeared Alpine, Maltese, Mytilene, Ovce Polje, Pira, Pramenka, 
Privor, Rhodes, Roumloukion, Ruda, Sar Planina, Serrai, Sfakia, Sitia, Sjenica, Skopeclos, Solcava, Stogos, Svrlijig, Tsigai, 
Wilstermarsch, Zackel, Zante, Zeta Yellow. 
Shortwool-meat breeds: Black-brown Mountain, Brown-headed Mutton, Dala, Dubrovnik, Finnish Landrace, German 
Blackheaded Mutton, German Mutton Merino, Swiss White Alpine, Swiss White Mountain. 

America North American 
Medium-wool-meat breeds: Canadian Corriedale (Cor x L × Ram), Columbia (L x Ram), Montadale (Chev x Cor), Multi-
nippled, Panama, Romeldale (Cor x Ram), Targhee (Ram x Cor × L × Ram). 

South American 
Coarse-wool-meat breeds: Crioulo. 
Meat and dairy breeds: Brazilian Woolless. 
Wool-meat breeds: Falkland (Chev x L x RM x Merino), Puntas. 

Source: adapted from Ponting (1980).

Table 1.1 Contd.
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Negretti, Paula Convent, Escurial Convent (crown of 
Spain), Convent of Guadalupe, Marquis Per-ales and 
the Duke of Bejar. Each flock consists generally of 
10,000 sheep with a Mayoral or head shepherd with 
50 inferior shepherds. When they reach the spot where 
they spend summer the ewes are given as much salt as 
they will eat. At the end of July, 5-6% rams are put 
in with the ewes. Ram fleeces weigh 25 lb (11.4 kg), 

ewe fleeces 5 lb (2.3 kg). At the end of September 
the sheep begin their march (40 days) to the same 
pasture where they have been the winter before, 
where they are weaned. Dry sheep are separated and 
placed on poorer feed. Late lambs are put onto the 
richest pasture. In March -- dock tails of weaners, 
mark them on the nose, saw off the tips of their horns, 
castrate lambs by squeezing the scrotum. In April - 

Figure 1.6. Development of Australian Merino strains and bloodlines.
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sheep begin their march to the mountains. In May 
- shear sheep in buildings that hold 20,000:150 men 
employed to shear each 1,000 sheep. Each man shears 
8 sheep per day. Wool is divided into three - back and 
belly give superfine, neck and sides give the fine and 
the breasts, shoulders and thighs give the coarse wool. 
Sheep without teeth are culled.”  Some of these early 
husbandries are still practiced in some parts of the 
world. 

It was not until the 1700s when the Spanish Empire began 
to decline that Spanish Merinos were exported. Before this, 
export of Merinos was a crime with a death penalty. In 1723 
some went to Sweden, but the first major consignment of 
Escurials was sent in 1765 by the King to his cousin, Prince 
Xavier the Elector of Saxony, a German province. Further 
exports of Escurials to Saxony occurred in 1774, to Hungary 
in 1775 and to Prussia in 1786. Later in 1786 the King 
of France received 366 sheep selected from 10 different 
cavanas or flocks, which founded the stud at the Royal Farm 
at Rambouillet that exists today. From there breeding stock 
were distributed by gift and sale throughout France and were 
later exported. 

Sir Joseph Banks procured two rams and four ewes in 
1787 by way of Portugal and in 1792 purchased 40 Negrettis 
for King George III, to establish the royal flock at Kew. In 
1808, 2,000 Paulas were imported. Later attempts were made 
to distribute Merinos throughout England, but they never 
competed well with British breeds. 

The King of Spain also gave some Escurials to the Dutch 
government in 1790. The breed did not do well in Holland 
but thrived in the Dutch Cape Colony (South Africa). Colonel 
Gordon, Commandant of the Dutch garrison in Cape Town, 
had purchased six Escurials from Spain and ran his flock until 
his death in 1796. In 1797 his widow disposed of the 32 sheep 
in the flock to Governor King and Colonel Patterson on their 
way back to England and to Captains Waterhouse and Kent 
on their voyages to Sydney. The latter bought 13 sheep each 
at four guineas ($8.40) per sheep. When Waterhouse landed 
in Sydney he sold his sheep to Captain John Macarthur (five 
ewes and three rams), Samuel Marsden and Captains Cox (of 
’Burrundella’, Mudgee), Rowley and Kent. 

The first sheep that came to Australia with the First Fleet 
in 1788 were Cape Fat Tails from South Africa. These animals 
were meat producers and were not renowned for prolificacy. 
There were 105 sheep in Australia by 1792. Bengal sheep 
(a fecund breed) were introduced from Calcutta from 1792 
onwards. John Macarthur, who arrived in 1790, was one of 
the first to take an interest in breeding wool sheep. In 1793, 
having been given land at Parramatta, he started a flock by 
crossing 30 Bengal ewes with an Irish coarse-wool ram to 
improve the wool. 

In 1803 Macarthur was sent to England following a duel 
with Colonel Patterson. In England, he lobbied the authorities 
to promote Australian fine-wool production. In 1804 he 
attended the first dispersal sale of King George III’s stud and 
bought seven rams and one ewe (Negretti) with fleece weights 

between 3 lb 4 oz and 7 lb 2 oz (7.2-15-7 kg) for between 
£6.15.0 and £28.7.0. In 1805 Macarthur returned to Sydney 
with authority from Lord Camden to export the sheep and to 
select 5,000 acres of land. He chose the Cowpastures district 
near present-day Camden, where he crossed his Escurial 
and Negretti-type Merinos to produce the first ’Australian’ 
Merino. In 1807 the first bale of ’J.McA.’ fine wool was sold 
in England for £25 or 124 pence per pound ($2.27 per kg). 
Soon after this some sold for 196 pence per pound ($3.60 per 
kg), a world price record until 1949. Records suggest that 
Macarthur was more active in promoting the Australian wool 
trade in England than in developing the breed in Australia, 
where his wife and sons did much of the work. 

From 1765, the Germans in Saxony had been breeding 
a dense, fine type of Merino (70s/80s quality) adapted to its 
new environment. By 1802 the region had 4 million Saxon 
Merino sheep and was becoming the centre for stud Merino 
breeding. German wool was the finest in the world and the 
Spanish wool export industry was reduced drastically. English 
wool production also began to be affected adversely as wool 
from Saxony and Silesia (an adjacent south-eastern province) 
competed with the lower-quality British wools. In 1802, 
Rouver took 80 rams to Russia. Also in 1802, Colonel David 
Humphries, United States Ambassador to Spain, obtained 21 
rams and 70 ewes for the U.S.A., via Portugal. In 1808 he 
initiated the famous Vermont strain with the importation of 
100 Infantado Merinos, while William Jarvis imported about 
15,000 Merinos into America via Portugal from 1809 – 1811 
- from the Paular, Aguirres, Escurial, Negretti and Montarco 
cavanas. 

The Napoleonic wars (1793-1813) almost destroyed the 
Spanish Merino industry. The old cavanas were dispersed or 
slaughtered. Many sheep went to the United States, Saxony, 
Silesia and France; many Paulas were shipped to England. 
From 1810 onwards the Merino scene shifted to Germany, 
the United States and Australia. The Electoral, Steiger and 
Gadegast flocks of Saxony and Prince Lichnowski’s flock of 
Silesia were to become important foundation flocks for the 
Australian stud industry. By 1810 Australia had 33,818 sheep. 
Macarthur pioneered the introduction of Saxon Merinos 
with importations from the Electoral flock in 1812, some of 
which were sent to James Cox of ’Clarendon’, Tasmania, to 
found Tasmania’s first stud. The first wool boom occurred 
in 1813 when the Great Dividing Range was crossed. By 
1830 the Colony had nearly 2 million sheep with ten Merino 
studs in NSW and seven in Tasmania. Most stud rams were 
imported from Saxony and England, while the studs provided 
flock rams to the Colony. In 1823, at the first sheep show in 
Australia held at Parramatta, a gold medal was awarded to W. 
Riley (’Raby’) for importing the most Saxons. The Saxons 
reigned supreme until 1860, with Tasmanian, Victorian and 
Mudgee studs dominant (Day and Jessup, 1984). 

In 1810-40 Australia was engaged in a wool trade war with 
Germany, while importing German sheep. The Australian 
Merino was a larger animal that cut heavier, longer and 
brighter fleeces than the German sheep. By 1840 Australia 
had won this war (mainly due to the Germans’ preoccupation 
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with wool fineness) following a rapid establishment and 
expansion of the sheep industry into every State. The 1830s 
was a boom period. The 1840s saw a major drought, then 
recovery, while in the 1850s the gold rush and the cessation 
of transportation caused the sheep industry to become less 
labour-intensive, with shepherds being replaced by fencing, 
boundary riders and tank and bore water supplies. 

In 1841, John Murray at Mt Crawford in South Australia 
established a flock of Camden-blood ewes mated to 
Tasmanian rams. To broaden the wool and give more size to 
the Saxon, some English Leicester ewes were thought to have 
been introduced. The resultant sheep (Murray blood) were 
the foundation of many South Australian strong-wool studs. 

In NSW, the Peppin brothers took a different approach 
to producing hardier and broader wool sheep with longer-
stapled wool. In 1858, George Peppin and his sons George 
and Fred purchased Wanganella Station in the Riverina and 
in 1861 they formed a stud, selecting as foundation stock 
200 station-bred ewes that thrived under local conditions 
and 100 South Australian ewes bred at Cannally and sired 
by an imported Rambouillet ram. They mainly used Saxon 
and French Rambouillet rams. In the early

 
1860s four French 

Rambouillet rams were imported. One of these, named 
’Emperor’, cut 11.4 kg of greasy wool (5.1 kg clean) and 
figures prominently in Merino pedigrees. In 1866, three 
American Rambouillet rams were purchased. One of them, an 
Infantado named ’Grimes’, generally produced unsatisfactory 
progeny but bred the ram ’Warrior’, which produced an 
important family in the Wanganella stud. The Peppins also 
imported plain-bodied Vermont rams as well as the larger-
framed Rambouillets. They ran some Lincoln ewes, but their 
introduction into the stud is undocumented. 

Under the more extensive husbandry of the slopes and 
plains - with the dust, burr and higher temperatures - the 
stronger, longer-woolled sheep of the Peppin and South 
Australian strains took over from the finer-wool strains. In 
1871, Fred Peppin said ’We were satisfied with the type of 
wool that the country would grow, instead of endeavouring to 
produce what the climate and soil continually fight against. 
Thus we developed all its good natural tendencies and, after 
the flock had a character of its own, tried experiments on a 
small scale only, and in such a way that they could do no 
permanent injury, and abandoned them when they were found 
not to achieve the desired object’ (Ingpen, 1972). 

In the 1880s, the Peppin sheep were gaining wide 
recognition and a number of stud breeders turned to 
America for Vermont rams. In 1884, Patrick McFarland 
brought in ’Matchless’, which had a 12.7 kg fleece (3.6 kg 
clean). His purchase was emulated by Samuel McCaughey, 
Australia’s largest flock-owner (including Goolgumbla stud). 
Unfortunately, the American Vermonts had changed from the 
earlier plain-bodied sheep to heavily wrinkled animals with 
low-yielding wool. Wool in America was sold on a greasy 
weight basis and hence yield was of no importance. Since 
many Australian stud breeders thought that these sheep 
would improve wool cuts, their use spread rapidly, but they 
had lower, uneven wool quality, lower clean fleece cuts, 

higher fly-strike risk, lower lambing percentages and poorer 
constitution. Their introduction had a devastating effect on 
many famous fine-wool studs. 

The drought of 1901-03 reduced sheep numbers from 
72 to 53 million and breeders gave greater attention to the 
constitution of the animal and the breeding of plain-bodied 
sheep. This ended the Vermont era, with the Peppin and 
Murray-blood Merinos becoming the dominant strains in the 
pastoral and wheat-sheep zones of Australia. More attention 
was given to producing types of Merino to suit the various 
Australian environments. 

Current strains 

In the high-rainfall areas, Saxon fine-wool Merinos (17-20 
µm) resist fleece-rot better and can produce reasonable fleece 
weights of spinners’-style wool (Chapter 25) on pasture-
improved country in cooler climates. In the more favoured 
pastoral and agricultural regions the Peppin (20-23 µm) 
and Collinsville (21-24 µm) Merinos have become the most 
popular strains. In the drier areas where sunlight and dust 
break down the fleece and lower the style of wool produced, 
and lack of vegetation and water dictates a sheep with a 
strong constitution - the Collinsville and Bungaree (23-26 
µm) strains have become most popular. 

Table 1.2 shows the structure of the Australian Merino 
sheep population in terms of family groups. Parent studs are 
defined as those closed for over 20 years (with a maximum of 
one introduced ram during that period), and with at least one 
daughter stud (Roberts et al., 1975). A daughter stud buys all 
its rams and foundation ewes from either a parent or one of its 
other daughters. A family group consists of a parent stud and 
its associated daughter studs. An analysis of stud and flock 
ram sales in 1971 is given in Table 1.3. Information on the 
number ewes mated; ram lambs and ewe lambs bred; rams, 
ram lambs, ewes and ewe lambs bought; rams, ram lambs, 
ewes, ewe lambs sold; sires in use; rams 1 year and over; ram 
lambs; ewes 1 year and over; ewe lambs; total sheep; semen 
bought, sold and used; and embryos bought, sold and used, 
over recent years for all registered Merino studs are available 
via the AASMB website (http://www.merinos.com.au/). 

Family groups and general studs supply about half each 
of the flock rams sold, but family groups supply about 75% of 
stud rams sold. The stud industry supplies about 55-70% of 
flock ram replacements, the remainder being bred by larger 
commercial flocks for their own use. 

The number of rams sold annually from most parent and 
daughter studs is declining and the genetic influence of the parent 
studs is reducing. Day and Jessup (1984) presented an analysis 
of influential studs from 1922-80, using the number of rams sold 
(from the flock register) as the ranking criterion. 

Booroola strain 

The Booroola strain was started by Jack and Dick Seears of 
’Booroola’, Cooma, who established within their Egelabra 
flock a multiple-birth group, selected on the ewe side only 
(Turner, 1983). They gave CSIRO a quintuplet ram in 1958, 
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Table 1.2. List of parent studs and family groups. 

Parent studs (2006) Daughter studs (1971)

Ewes 
mated

Rams 
sold

No. Ewes 
mated

Rams 
sold

Fine wool

#Barunah Plains, Vic 0 (844) 0 (131) 6 3,226 332

Havilah, NSW 364 0 2 399 63

Merryville, NSW 2,370 720 54 28,438 778

Winton, Tas 850 12 26 7,213 778

Medium Non-Peppin

Egelabra, NSW 7,100 1065 12 7,196 500

Mumblebone, NSW 610 98 2 467 34

Medium Peppin

Boonoke, NSW 1,801 352 5 9,068 2,557

Bundemar, NSW 380 55 32 28,917 3,258

#Bundemar General 0 (2,500) 0 (400)

Haddon Rig, NSW 4,817 634 62 67,390 7,284

^Uardry, NSW 2,290 257 56 79,910 7,799

Wanganella, NSW 1,780 212 5 1,255 136

Strong Wool

#Anama, SA 0 (5,154) 0 (1089) 6 7,454 1,437

#Bungaree, SA 0 (4,106) 0 (586) 23 13,463 2,545

East Bungaree 2,760 650

Collinsville, SA 5,000 600 141 100,038 14,394

#North Bungaree 0 (1,403) 0 (961) 3 2,711 320

Source: data from the Australian Stud Merino flock register (2008); 
Roberts et al. (1975).
# Studs resigned: Barunah Plains, 2005; Bundemar General, 2000; 
Anama, 2007; Bungaree, 1994; North Bungaree, 2001. 1980 figures 
in brackets. 
Anama Poll founded on 178 Anama ewes in 1947 had 1,872 ewes in 
2006
Bungaree Poll founded on 273 Bungaree ewes in 1957 had 1,000 
ewes in 2006
^Sims Uardry founded on 1180 Uardry ewes in 1998 had 3,122 
ewes in 2006

Table 1.3. Percentage of rams sold by family groups.

Stud rams Flock rams Total

Parent studs 41.2 10.7 10.8

Daughter studs 32.9 37.4 37.3

Family groups 74.1 48.1 48.1

General studs 25.9 51.9 51.9

All studs 100.0 100.0 100.0

Source: Roberts et al. (1975).

another in 1959 and a sextuplet ewe in 1960. In 1958, CSIRO 
purchased 12 ewes (triplets or quadruplets) and a ewe that had 
borne triplets. When the flock was dispersed in 1965, CSlRO 
purchased 91 mixed-age multiple-born ewes, and moved their 

Booroolas from Deniliquin to Armidale. Since 1959 various 
methods of selection for reproductive performance have been 
practised in the flock. Currently, incoming replacements are 
chosen on the basis of their dam’s lifetime reproductive index, 
which takes account of the number of records and the age of 
the dam. Flock size has been maintained at 200 ewes, and 
sales of surplus sheep have occurred regularly to all States. 

Booroola ewes have an average litter size of 2.3, 
compared with 1.3 for control Peppin Merinos at Armidale 
(Piper and Bindon, 1983). Despite lower lamb survival, their 
lamb weaning percentage is about 125%, compared with 
98% for control ewes. Half-Booroolas have a lamb weaning 
percentage about 16% higher than controls -- not much less 
than pure Booroolas. Early comparisons of the three main 
Merino strains and their Booroola crosses have suggested 
that in wool growing flocks the medium- and strong-wool 
Merinos have higher gross economic returns than half-
Booroolas due to the latter’s lower wool cuts (Phillips et al., 
1984). However when crossed with Border Leicester rams 
for prime lamb production, the half-Booroolas had better 
economic returns for lamb sales than pure Merino strains. 
The strong-wool Merinos tend to wean more lambs per ewe 
than medium-wool Merinos and grow more wool. First-cross 
ewes derived from strong wool Merinos tend to grower faster 
as lambs, attain higher mature body weights, grow more 
wool of similar diameter and rear lambs with a faster growth 
rate than Border Leicester x Peppin Merino ewes (Hodge and 
Beard, 1981). Similar trends occur with Booroola x strong- 
wool cross ewes compared to Booroola x Peppin Merino 
ewes.

It is interesting to note that the non-Peppin strains of 
Merino (Egelabra and Mumblebone) can be traced back to 
‘Gamboola’, where the sheep were derived from Samuel 
Marsden’s flock. This flock consisted of the South African 
Escurials, Cape and Bengal sheep. Subsequent introductions 
were from Spain not Saxony. The Peppin Merinos trace back 
to Germany (Figure 1.6) and not to flocks based on Bengal 
sheep, such as those owned by Marsden and Macarthur. This 
could explain the greater response to selection for multiple 
births in Booroolas than in Peppins (Turner, 1983), as the 
Bengals were prolific sheep. Segregation of similar genes 
affecting prolifacy have been postulated in several other 
sheep populations (Cemal and Karaca, 2007).

Performance-recorded strains 

There have been a number of attempts to produce improved 
’strains’ of Merino based on performance recording. The 
Austins at Wanganella started to weigh fleeces in 1904. More 
recent examples are ’Mogila’, ’Hazeldean’, ’Wallabadah’ 
and ’Nerstane’. Some stud-managers incorporated selection 
indices (Chapter 8) into their selection programs, utilising 
fleece weight, fibre diameter and body weight information. 
This practice is encouraged by the various State Departments 
of Primary Industry (sic) and Sheep Genetics Australia has 
evolved from earlier schemes, such as Advanced Breeding 
Services and WOOLPLAN.
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Various group breeding schemes that have emerged in 
recent years all use performance recording (Chapter 8). The 
largest one was the Australian Merino Society (AMS). The 
‘Mulureen Merino Stud’ was established at Shackleton in the 
WA wheatbelt in 1943 and by 1960 it was selling over 1,000 
rams annually. The studmaster at ‘Mulureen’ commenced using 
objective measurements in the stud flock in 1953 and by 1960 
they were artificially inseminating 4,000 stud ewes with semen 
from their top fleece weight rams. By 1966, progeny testing 
in daughter flocks had identified home bred sires of similar 
genetic merit to sires from the parent stud – so Jim Shepherd, 
studmaster at the time, decided to more fully use the genetic 
potential in the daughter flocks. This led to the formation of 
the largest sheep group breeding scheme in the world. AMS at 
the peak of its operations in the late 1970’s and early 1980’s 
involved more than 1,500 members mating more than 2 million 
ewes in five of the mainland Australian States. This scheme 
involved large scale AI programmes (over 100,000 ewes/year), 
with many AI rams moved between farming properties in a 
double decker bus. Different bloodlines of sheep were used 
and the highest ranked animals based on measurements and 
selection indexes were selected for contribution to ‘elite’ flocks 
of sheep that would then be inseminated using the semen from 
‘elite’ rams selected by similar means (Anderson, 1982). 

The AMS evolved into a 3-tiered group breeding scheme 
which focussed on the selection of hoggets that maximised 
financial return. The main focus of this selection over the past 
35 years has been to select sheep whose progeny will improve 
fleece economic returns, improve lambing and weaning %, 
improve options for surplus sheep and export wethers by 
achieving target weights earlier, and be easy care and require 
low input costs for their management. AMS membership has 
contracted back to WA. 

In 1989, about 12 smaller breeding groups, such as 
Merinotech and Ramsyn, separated from the AMS to 
accommodate groups of members with different breeding 
objectives, operating in different environments.

For example, the Centre Plus group were part of AMS 
from 1981-1988. In 1986 they became one of the first groups 
in Australia to adopt fibre diameter testing of ewes in the 
nucleus and commercial flocks. This helped reduce their 
average fibre diameter from 22.5 µm in 1981 to 19.5 µm 
in 1996. In 1989 they adopted full pedigree BLUP EBVs 
(Chapter 8) and worked with Merinotech groups across 
Australia in implementing linked BLUP EBV selection in 
flocks. They then moved out from the Merinotech umbrella 
and in 1990 started an elite nucleus with single sire mating 
of rams used in linked Central Test Sire Evaluation (CTSE) 
schemes. In 1992 Centre Plus became the first in Australia 
to link their on farm progeny groups to CTSE and began 
FEC (faecal egg counts) testing of all young rams. In 1996 
Centre Plus and the Grange were the first two Merino Studs 
in Australia to be linked together genetically by a genetic 
service provider (Chapter 8). Many other smaller breeding 
cooperatives, such as GRASS Merinos at Gulargambone and 
FFF Rams at Goulburn have used multiple bloodlines and 
objective selection criteria with varying levels of success.

Poll Merino 

Poll (not horned) Merino rams were evolved in Australia. 
The Reno stud at Moree was started in 1932, Boonoke Poll in 
1934 and Merryville Poll in 1938 - all by mating ’sport’ poll 
rams with selected ewes. 

In Australian Merinos, a single gene with three possible 
alleles explains the inheritance of horns (Dolling, 1961). In 
rams the allele (P) for poll is dominant. The ram will have 
knobs or scurs (that is, not true horns) if he ’carries’ the P 
allele and is called a mutant or ’sport’. The alleles (P1, p) 
for horns are recessive. In females only the allele P1 results 
in horns, and this is dominant to p that codes for scurs and 
recessive to P that results in poll ewes. The alleles are sex-
influenced, in that for given allele frequencies in a population, 
more males than females will have horns. 

Poll rams are less susceptible to poll strike, which results 
from fighting, and subsequent fly strike. Poll rams are harder 
to draft out of a flock so are normally tagged to facilitate 
identification. In 1984, of the 2.5 million Merino sheep in 
1,600 registered studs, 23% were in poll studs, while in 2007 
the Merino stud industry had reduced to 1.3 million Merino 
sheep in 1,182 registered studs, with 32% in poll studs 
(AAMSB, 2009).  Most poll Merino studs are in Western and 
South Australia. The earliest ones, Cranmore Park (1947), 
and Belmont Park (1957), purchased Boonoke poll rams 
from NSW, this stud being Australia’s largest poll stud (8,000 
ewes mated in 1996, only 1,152 mated in 2006). 

The characteristics of the various Merino strains are 
summarised, with those of other sheep breeds in Table 1.4. 
Merino fleece wool is used for high-grade worsted fabrics. 
Shorter fleeces are used for hosiery, flannels and coatings, 
while crutchings, pieces and locks (from all breeds) can be 
used for tweeds, blankets, rugs, carpets, flannels, felts and 
felted floor coverings (Chapter 26).

Export of rams 

Between 1919 and 1970 Australia embargoed the export 
of all stud sheep. From 1970 to 1973, 322 Merino rams 
were approved for export. From 1973 to 1979 the embargo 
was reinforced. From 1979 to 1982, 635 Merino rams were 
purchased for export, which was less than quota. From 1979 
to 1987, the quota allowed annual exports of 300 Merino rams 
worth over $1,000 each, with no limit on cheaper rams or 
rams of other breeds. The main countries importing Australian 
rams in this period were Russia (high-quality rams to improve 
fleece quality), India and Mexico (cheaper-quality rams). The 
Merino Export Review Committee recommended in 1988 that 
the quota on rams should be increased to 900 rams by 1990. 
This was based on the view that genetic material equal to that 
in Australia already existed overseas. Growers’ organisations, 
however, feared that the wool market would be disrupted if 
artificial insemination techniques were used to dramatically 
improve flocks in other regions such as South America. These 
fears may be unfounded as the number of rams exported and 
semen sales have not been very large (Table 1.5).
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Table 1.5.  Merino export ram and semen sales. 

Year Total 
rams 
sold

Semen 
sales 

(donors)

Price range 
($A)

Destinations

2000 66 3 500-11,000 South Africa, Inner 
Mongolia, Chile, 
China, Russia

2001 5 18 4,000-30,000 Argentina, South 
Africa

2002 9 11 4,250-14,000 Uruguay

2003 4 10 8,000-18,000 South Africa, 
Argentina

2004 84 21 1,200-22,000 Uruguay, Argentina, 
South Africa, Russia, 
China

2005 169 13 1,000-43,000 Kazakhstan, China, 
Argentina, Uruguay, 
Chile

2006 10 26 2,500-28,000 Argentina, Chile

2007 91 9 1,000-14,000 Uruguay, Argentina, 
Russia, China

Total 438 111 500-43,000

Source: adapted from data supplied by C. King.

The Australian Association of Stud Merino Breeders 
(AASMB) now has the sole right to accredit any sales 
proposing to sell Merino rams for export. The Livestock 
Export (Merino) Orders 1990, as amended, pursuant to the 
Export Control Act, 1982, govern sale quotas. 

The British breeds 

Australia’s British heritage has strongly influenced the type 
of non-Merino breeds that are run. These breeds have all been 
developed in a cold climate and tend to be run in the colder 
and wetter parts of Australia, which are also closer to prime-
stock markets. In the UK, breeds of sheep are classified as 
‘longwools’ if used for wool and meat production and 
‘shortwools’ if used mainly for meat production. 

In Australia both groups are mainly used for meat 
production, and most are used in cross-breeding programs 
involving Merinos rather than as purebreds. It was not until 
after the development of refrigeration in the 1880s and the 
consequent growth of export markets that systematic cross-
breeding for lamb and mutton production became established. 
The prime lamb industry is mainly based in regions with over 
400 mm average annual rainfall, with crossbred ewes being 
purchased from areas with less reliable rainfall - 80% of 
prime lambs are produced in Victoria and NSW. Most prime 
lambs slaughtered each year are second cross progeny of 
crossbred ewes with British-breed sires, while some 10-15% 
are first-cross lambs. 

In the 1950s  the most popular British-breed sires were 
the Dorset Horn, Border Leicester and Southdown. During 

the last 40 years, Southdowns and Border Leicesters have 
declined in popularity and their place has been taken by the 
Poll Dorset and  newer breeds (Table 1.6). 

Table 1.6. Stud breed numbers in 2009.  

Breed Number of 
registered 

studs

Ewes 
mated 

Stud rams
registered

Stud 
rams 
sold

Aussiedown 5 136 1 1

Australian Finnsheep 4 109 45 2

Border Leicester 246 31,972 316 170

Cheviot 14 453 7 3

Dorset Down 9 257 8 0

Dorset Horn 18 506 9 2

East Friesian 9 260 16 2

English Leicester 16 435 9 3

Hampshire Down 26 1,130 24 6

Lincoln 11 462 9 0

Poll Dorset 597 90,269 2,722 404

Romney 21 1,149 9 4

Ryeland 17 664 10 5

Shropshire 9 276 8 3

South Dorset Down 0 0 0 0

Southdown 37 1,858 45 21

South Suffolk 21 1,294 14 4

Suffolk 134 5,222 105 69

Wiltipoll 23 880 42 24

Wiltshire Horn 58 3,256 61 39

Source: ASSBA (2009), Australian Poll Dorset Association (2009).

The Border Leicester × Merino (BLM) first-cross is the 
most popular half-bred ewe, particularly in hotter, drier 
areas. Large sales are held in centres in the marginal areas 
of the NSW pastoral zone, such as Narromine, Trangie, 
West Wyalong, Finley and Deniliquin, with first-cross sheep 
breeder’s associations, e.g. Narromine and Trangie, formed 
in 1959. Romney Marsh x Merino ewes are run in cooler 
wetter regions, as are Corriedales, Polwarths and comebacks. 
British breeds can be divided into three classes (Figure 
1.5): longwools, mountain breeds and shortwools (downs). 
In Australia the main long-wools are the Border Leicester 
and Romney Marsh, and the main mountain breed is the 
Cheviot. The main shortwools are the Poll Dorset, Dorset 
Horn, Southdown, Ryeland, Suffolk and South Suffolk. 
Descriptions of the British breeds are given in Table 1.4. 

The longwools 

The breeds in this group originated in the rich English 
lowlands and produce fleeces with long staple lengths (19-32 
cm) and high average fibre diameter (34-44 µm). The wool has 
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a lustre or shine (due to the large, smooth cuticle cells of the 
fibre reflecting light) and a very ’bold’ wavy crimp (36s-50s) 
ending with a curly tip. All sheep in this group are polled 
and have white faces and legs, with black nostrils and feet. 
They have large frames with thick bones and heavy mature 
body weights. The flesh is coarse-grained compared with 
downs breeds. When crossed with the Merino they produce 
first-cross ewes that are good prime lamb mothers (having 
large frames and good milk production) and produce 4-5 kg 
of 27-32 µm wool. The breeding season of the purebred long-
wool sheep is restricted to January-July, whereas first-cross 
ewes will breed in spring (Chapter 9), and can have over 40% 
hybrid vigour in fertility and fecundity (McGuirk, 1970). 
First-cross wethers usually make liveweight gains of over 
200 g per day, to be sold as sucker lambs. The background, 
distinguishing characteristics and relative merits of the most 
popular longwool breeds in Australia are shown in Tables 1.4 
and 1.7. 

Border Leicester 

The Border Leicester is the most popular British longwool 
breed in Australia. It descends from the Leicesters made 
famous by the innovative work of Robert Bakewell (1726-75) 
of Dishley, Leicestershire. These sheep were used to improve 
almost every British breed at some stage. 

Robert Bakewell ran 400 sheep, probably originally 
Lincolns, and other animals on 330 acres. Bakewell believed 
’like begets like’ and often examined his sheep after slaughter 
for meat quality and flavour and for dressing percentage. He 
kept a museum of skeletons and pickled joints of different 
generations to assess the influence of sires in his flock. His 
sheep had finer bones and more meat than Norfolk sheep. 
Bakewell found thick pelts were associated with leaner 
animals. He selected stud rams with small heads and lighter 
bone with good fleshing and conformation. A further example 
of his forward thinking is that he leased rams to other breeders 
from 1760 and used this to progeny-test his rams, a practice 
followed today by breeding companies such as Rissington 
Breedline in New Zealand (NZ). 

In 1767 Matthew and George Culley began farming in 
Northumberland with some of the Dishley Leicesters. They 
might have introduced Cheviot blood and with other northern 
breeders continued up until 1830 to purchase or hire rams 
from the Bakewell Club in Leicestershire. By this time the 
northern breeders had evolved a type of sheep that was longer 
in the body, better sprung in the rib and more developed in 
the brisket. This led to friction at show ring meetings of the 

Royal Agricultural Society of Scotland. From 1869 separate 
classes were provided for the southern Leicesters and the 
northern ‘Border Leicesters’. The Border Leicester has built 
its reputation in Britain as a sire of quick-growing, rapid 
maturing crossbred lambs. The thick-fleshed, early-maturing 
Border Leicester was found to be a good cross on thinner-
fleshed, slower maturing hill breed ewes.

When joined to Cheviot ewes, it produces the famous 
‘half-bred’ ewe, which is the chief commercial breeding ewe 
on lowland arable farms of southern and eastern Scotland 
and north-eastern England. The Cheviot introduces a 
hardier constitution and the half-bred ewes consistently rear 
over 150% of lambs. The Border Leicester is also used in 
Scotland for producing the Greyface by crossing with the 
Scottish Blackface, a sheep with good mutton quality. The 
first notable Australian flock was established in 1881 by J. 
Cochrane of Geelong, Victoria (Flock No. 3). In 1895 Mr 
Landale of Deniliquin, NSW, imported 330 stud ewes and 
10 stud rams from NZ. The industry then turned to Scotland, 
where the sheep were ‘stylish and attractive’ but the wool, 
although of good quality, was bare on the points and the 
animals were less robust. 

Stud breeding of purebred sheep probably suffers from 
inbreeding depression; although the ewes are good mothers, 
nearly 40% of them are dry each year (McGuirk, 1970). 

Border Leicester rams are crossed mainly with Merino 
ewes, and crossbreeding is mainly done with large-framed 
Merino ewes, for ease of lambing, to produce prime lamb 
mothers and heavy wether prime-lambs that are sold in good 
seasons or carried over in poor seasons and sold as hoggets. 
In Tasmania the Polwarth is the most numerous and preferred 
breed for this cross. 

First-cross ewes can be considered dual-purpose sheep. 
They typically produce a 4.5 kg 27 µm fleece and also have 
good milking and mothering ability when crossed with a 
downs shortwool breed to produce lambs that will reach 35 
kg liveweight, fat score 4, by 3-5 months of age. 

The wool of the Border Leicester and its crosses is used 
for hosiery, dress fabrics, lining materials, blankets, hand-
spinning and knitting wools, skin rugs, drapery, upholstery, 
flags, furniture, roller lappings, paper felts (fabric for 
conveyor belts used on paper-making machinery) and feltex 
floor coverings. 

The distinguishing features of the Border Leicester 
(Figure 1.7) are its head, which is free from wool to the top of 
its poll, and its arched Roman nose. The wool has a distinct 
corkscrew tip. 

Table 1.7. Relative merits of longwool breeds.

Fleece weight : liveweight Maturity Two year old liveweight Bone formation

High Lincoln Early Border Leicester Heavy Romney Marsh Fine Cheviot

Leicester Cheviot Border Leicester Border Leicester

Border Leicester Leicester Leicester Leicester

Romney Marsh Romney Marsh Lincoln Romney Marsh

Low Cheviot Late Lincoln Light Cheviot Coarse Lincoln
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Figure 1.7.  Border Leicester ram - Melton Park 140/07. 
Source: B. Heazlewood. 

Romney Marsh 

This breed of sheep takes its name from an extensive tract of 
land recovered from the sea known since the Middle Ages 
as the Romney Marshes, situated in Kent and East Sussex, 
England. It is considered to have a tough constitution and 
hard hooves adapted to withstand diseases (footrot) prevalent 
in wet, swampy conditions. The original Romney was 
improved in conformation and fleece by the introduction of 
Leicester blood. 

The first confirmed export of Romneys from England was 
a shipment from Stone, Kent that went on the Cornwall to NZ 
in 1853. The breed is now predominant in NZ with its higher 
rainfall. The Romney has been used to develop new breeds 
such as the Perendale (Cheviot × Romney), Coopworth (Border 
Leicester × Romney), Romeldale (Romney x Rambouillet) and 
carpet-wool breeds. During the 1960s, 75% of NZ’s sheep were 
Romneys, but since then the development of the Perendale for 
the harder hill country and the Coopworth for the better-class 
lowland farms has changed this dominance (Chapter 3). In 
1984, 40% (27.7 million) of NZ’s sheep were Romney, 19% 
Coopworth and 15% Perendale. In 2000, 58% (26.3 million) 
were Romney, 10% Coopworth and 6.6% Perendale. About 
80% of the NZ wool clip exceeds 31 µm and over 50% of the 
clip goes into carpets (Chapter 24). 

Australia has less than 1 million Romney sheep. The 
value of Romney ewes has increased with the development 
of specialist carpet-wool flocks, usually bred by upgrading 
Romney ewes (Chapter 8). The industry preference for the 
Border Leicester × Merino ewe compared with the Romney 
or Corriedale for lamb production is supported by some 
research data (Table 1.8). 

Stud breeding of purebred sheep provides rams to industry. 
Commercial breeding enterprises produce purebred sheep 
for prime lamb production, wool production from wethers 
and ewes and sales of surplus stock. Rams are crossed with 
Merino, Polwarth or Corriedale ewes for first-cross wether 
lambs or prime-lamb mothers. 

Table 1.8. Lamb production from dual purpose breeds – 
weight of finished lamb/ewe (kg). 

Terminal sire

Dam Dorset Horn Southdown

Border Leicester × Merino 35.2 27.3

Romney Marsh x Merino 27.5 20.7

Corriedale 24.4 22.4

Source: Eastoe (1976).

The wool of the Romney and its crosses (Romcross wool) is 
used for hosiery, hand-knitting wools, worsted and woollen 
cloth and blankets. Because it is coarse (>31 µm) and white, 
Romcross wool is a good base component for carpet blends 
(Chapter 26). 

The distinguishing features of the Romney Marsh are its 
topknot and thick-set body (Figure 1.8). 

Figure 1.8. Romney ewe and lamb in New Zealand.  
Source: S. and D. Hamilton.

English Leicester 

The popularity of this breed has declined in Australia. Both 
the Lincoln and the English Leicester have suffered a drop 
of almost half in their numbers between 1994 and 2004. In 
1826 they were one of the first pure breeds to be imported into 
Australia (Heazlewood, 1992). This was the principal breed 
used for first-cross ewe breeding in Australia 50 years ago. It 
was originally descended from the native sheep of the County 
of Lincolnshire, where it has been recognised as an established 
breed since 1750. It is regarded as the foundation of all British 
longwool breeds and has been involved in the development of 
the Merino, Polwarth, Zenith, Corriedale, Targhee (U.S.A.) 
and Columbia (U.S.A.) breeds.  Crossing with large-framed 
Merinos produces prime-lamb mothers. The Leicester travels 
well and imparts early maturity and a heavy cross-bred fleece 
to its offspring. The flesh is coarse-grained and tends to be 
overfat, particularly near the rump. The carcass is lighter, but 
more shapely and finer-boned, than the Lincoln. 

The wool of the Leicester and its crosses is shorter and 
finer than Lincoln wool. It is used for braids, felts, furnishing 
fabrics and rugs, linings for suits and cloths and carpets. 

The Leicester (Figure 1.9) has a similar appearance to 
the Romney Marsh, although usually the topknot is less 
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pronounced, the wool is stronger and the legs are longer. The 
wool has a flat, triangular staple. 

Figure 1.9. English Leicester ram - Melton Park 301/06.  
Source: B. Heazlewood. 

Lincoln

The Lincoln performs poorly under adverse conditions (such 
as drought, worms or footrot), but given abundant feed it 
is the largest of the breeds with the heaviest, longest and 
strongest wool. It is slow to mature and the Lincoln half-
bred has been replaced by the Corriedale as a dual-purpose 
sheep producing prime lambs. It is now one of Britain’s rarest 
breeds, categorised as “at risk” by the Rare Breeds Survival 
Trust since there are fewer than 1,500 registered breeding 
ewes in the United Kingdom.

The wool of the Lincoln is very long, broad and lustrous 
with a rich golden appearance. It is used for dress fabrics, wigs, 
linings, upholstery, carpets, braids, bunting and roller lappings. 

The distinguishing features of the Lincoln (Figure 1.10) 
are its large broad head with long forelock and the long rough 
appearance of the fleece. 

Figure 1.10.  Lincoln sheep.  Source: Australian Lincoln 
Society

The mountain breeds 

Mountain breeds are noted for their extreme hardiness, being 
bred in the highlands of Britain, and comprise many different 
types (Table 1.1). The wool is usually coarse and the sheep 
are slower-maturing. The breeds are of little importance in 
Australia. 

Cheviot 

The Cheviot - one of the older British breeds, with evidence 
of its existence in the Cheviot Hills on the border of England 
and Scotland as early as the 12th century - is believed to 
be descended from the Scottish Tan Face. An infusion of 
Merino blood might have occurred during the 15th and 16th 
centuries. 

Sir John Sinclair, Chairman of the British Wool Society, 
named the breed and established the North Country Cheviot 
in the Counties of Caithness and Sutherland. Breeders in the 
north during the 19th century aimed for big, long, rugged hill 
sheep, which were good mothers with reasonable fleeces. 
Breeders further south, around the border towns of Selkirk, 
Galashiels and Hawick (famous for their Cheviot tweed 
cloth), sought more character and quality, a shorter body, a 
dense fleece and better fleshing over the loin. 

Canadian and American breeders imported mainly 
the northern type, while NZ breeders concentrated on the 
southern - the first import occurring in 1845. Most Australian 
breeders have imported NZ sheep, mainly descended from 
the Burford and Peka Peka studs, which were founded by 
importations in 1937. 

Cheviots first arrived in Australia in 1843 imported by 
the Van Diemen Co. to Tasmania. In 1938 the first stud 
was established by H R Walsh & Son at Mt Barker, South 
Australia from NZ imports. It was then re-introduced into 
Tasmania, where it was crossed with Corriedale ewes, 
and into Victoria. By the early 1960s the breed had spread 
through NSW and Queensland and there were 10,000 stud 
sheep in 209 stud flocks. However they went out of fashion 
and there were only 1,311 ewes registered in 1997 and only 
424 registered ewes in 12 stud flocks in 2009 (Table 1.6). 

Crossing with Merino ewes produces prime-lamb mothers 
and prime wether lambs. The first-cross ewe is backcrossed 
with Cheviot rams to produce prime lambs. Crossing with 
Corriedale ewes produces prime-lamb mothers for mating to 
downs rams. The breed has been used to establish new breeds 
such as the Perendale (Cheviot x Romney) and Montadale 
(Lincoln x Rambouillet (Columbia) x Cheviot).

The wool has traditionally been the basis of the famous 
Scottish tweed. The word Cheviot in Britain is often used 
to describe all non-Merino cloth. The wool is used for 
sportswear, light suitings, blankets, rugs and hosiery yarns. 

The Cheviot sheep has a distinctive white face with erect 
ears (Figure 1.11). Its high-bulk wool is free of coloured fibres 
and is harsh to handle. The breed is claimed to be resistant 
to footrot, fleece-rot and fly strike and the rams are noted for 
their working ability due to their mobility and hardiness. 
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Figure 1.11. Cheviot ewe.  Source: Anon (2008c).

The shortwools 

As the name suggests, shortwool (or downs) sheep have 
short staple lengths (5-9 cm) and finer fibres (25-34 µm) 
than longwools. The wool lacks lustre and style, has a harsh 
handle and high bulk or springiness. The light fleeces (2-3.2 
kg) are mainly used in woollen blends, hosiery, dress fabrics, 
flannels, blankets and tweeds. Except for the Dorset and 
Ryeland the sheep have coloured points and therefore have 
lower skin values. They are used for prime lamb production 
by crossing with other breeds, as they are early-maturing 
and have high dressing percentages. Figure 1.12 shows the 
most common times of marketing lambs in different areas of 
Australia. The purebred sheep are usually run in cool climates 
with good pasture. 

The background, distinguishing characteristics and 
relative merits are shown in Tables 1.4 and 1.9. The origin 
of the breed is obscure, but the Dorset appears to have some 
longwool traits, such as white points, some down traits, such 
as early maturity, fecundity and short wool and some Merino 
traits, such as a long breeding season. 

S O N D J F M A M J J A S O N D J F M A M J

a

b

c

d
mating lambing main period   'out of season'

marketing

a) Early: irrigation areas of southern NSW and northern Vic
b) Mid-season: wheat sheep zone of NSW, SA, WA and northern Vic
c) Late: Vic, southern tablelands NSW, east coast Tas, south eastern SA, south western WA
d) Summer: central and northern tablelands of NSW, Tas

Figure 1.12. Lamb mating, lambing and marketing times in 
different areas. Source: Cannon et al. (1973).

Table 1.9. Relative merits of shortwool breeds.

Maturity Mature liveweight Fleece weight : liveweight

Early High High

Southdown Dorset Horn Shropshire

Dorset Down Poll Dorset Hampshire

Shropshire Suffolk Suffolk

Hampshire Ryeland Ryeland

Ryeland South Suffolk South Suffolk

South Suffolk Dorset Down Southdown

Poll Dorset Shropshire Poll Dorset

Dorset Horn Hampshire Dorset Down

Suffolk Southdown Dorset Horn

Late Low Low

Dorset Horn 

Dorset Horn sheep first arrived in Australia at Adelaide from 
Dorset County and Somerset in the south of England in 
1895, and the first flock was registered with the Australian 
Society of Breeders of British Sheep in 1920. Their origin 
and development in Australia are described elsewhere 
(Fogarty, 1979; Anon, 1980). In 1923 there were 17 flocks of 
pedigree Dorset Horns with a total of 808 ewes. The number 
of registered sheep rose rapidly until 1943, stabilised from 
1943-53 then rose rapidly until 1968, when 1,058 flocks 
contained 113,762 registered ewes. However, since 1968 
numbers have dramatically declined, due to the rapid increase 
in the popularity of the Poll Dorset. The proportion of Dorset 
Horn ewes joined in Poll Dorset flocks had declined from 
71% in 1958 to 2% in 1984. 

In common with most British breed flocks, the Dorset 
Horn breed suffers from small flock sizes. Some 90% of 
the flocks contain less than 200 ewes and 75% of flocks are 
less than 20 years old (Fogarty, 1978b). In 1974 the total 
inbreeding relative to foundation animals was high (12.5%), 
mainly due to the extensive use of a few foundation animals. 

The small South Australian stud, Newbold (200-350 
ewes), Flock No. 4, was founded in 1917 and dominated the 
breed up until the 1950s. In 1954 over 53% of Dorset Horn 
rams in Australia had Newbold rams’ blood somewhere in 
their four-generation pedigrees.

Gradually Newbold was supplanted by NSW studs, 
such as Balmoral, Marylebone and Lindsbury and Victorian 
studs such as Deepfields. The combined genetic contribution 
of these four flocks was over 60% in 1974. However, 
competition from the Poll Dorset has seen most of these 
larger studs dispersed. In 2008, 1,164 Poll Dorset breeders 
were registered with Lambplan compared to only 95 Dorset 
Horn breeders (Chapter 8).

Limited foundation animals and the use of sib and sire x 
daughter matings in an attempt to ‘fix’ favourable genotypes 
by line breeding have increased inbreeding and help explain 
poor reproductive and survival rates and the low genetic 
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variation for growth rate and fat depth. Importation of 
unrelated genotypes is necessary for the breed’s continued 
improvement (Fogarty, 1978b).

The Dorset has proved popular due to its long breeding 
season, early maturity and lack of dark wool fibres. The Dorset 
x Merino has a lower wool return than the more popular BLM 
cross; however, some producers use this half breed to produce 
high quality second cross lambs in hotter areas.

Poll Dorset

The Poll Dorset was evolved in Australia by the introduction 
of the poll gene from the Corriedale and Ryeland. Its main 
pioneers were W. Dawkins at Newbold (SA) in 1937, L. Stuart 
at Valma (Tas.) in 1941 and R. Wilson at Kismet (NSW) in 1943. 
Newbold Poll Dorset stud was founded when a Corriedale ram 
was accidently mated with a Newbold Dorset Horn ewe. The 
polled ewe progeny was mated to a Newbold Dorset Horn ram 
in 1940, to produce a polled ram lamb, Newbold Poley No. 1. 
Over the next 15 years the Newbold breeding program aimed 
to breed a Dorset Horn without horns. The program would 
have been quicker if more poll ram matings had been carried 
out as the horn gene is sex influenced. Valma stud initially 
joined Dorset Horn rams with Ryeland ewes, while Kismet 
stud initially mated Ryeland rams with Dorset Horn ewes. 

Backmating programs to eliminate undesirable 
characteristics, especially horns, for seven generations ensured 
that a minimum of 95% Dorset Horn blood was present before 
flock registration. 

In 1954 the Australian Poll Dorset Association was formed, 
Newbold being the No. 1 Flock. By 1984 there were 1,465 
registered Poll Dorset studs, which had fallen to 597 registered 
stud flocks in 2009 (Table 1.6), compared to only 20 Dorset 
Horn studs. 

The shortwool sires most commonly used to produce prime 
lambs in the 1980s were Poll Dorsets (60%), Dorset Horns 
(15%), Southdowns (10%), Suffolks (9%), South Suffolks 
(4%) and Ryelands (2%) (Anon, 1980). Recently the majority 
of Merino ewe matings for first cross lamb production has 
been to Suffolk (26%), Dorset (24%), Border Leicester (21%), 
dual purpose (6%), Merino (5%) and composite ram breeds 
(2%) (MLA, 2008). 

Stud breeding of purebred sheep provides rams to the 
industry. Crossing with crossbred ewes in late spring produces 
prime lambs for the early spring market (Figure 1.12). Matings 
with Merino, Polwarth or Corriedale ewes produce prime 
wether lambs and crossbred ewes suitable for prime second-
cross lamb production. Poll Dorsets have contributed to the 
development of new breeds, such as the Dormer and Hyfer. 

The wool of the Dorset and its crosses is used in the 
production of woollen and worsted yarns and cloths, dress 
fabrics, flannels, hosiery, hand-knitting wool, speciality felts 
and wool-filled quilted products. The wool of all the downs 
breeds has high bulk and is ideal for bulky knitwear and 
duvets. 

Dorset Horn rams (Figure 1.13) can be recognised from 
their horns, with a symmetrical curl (two revolutions), which 

are smoother and lighter in colour than those of the Merino. 
Dorsets are distinguishable by their white points, horn-coloured 
feet and pink nose and lips (Figure 1.14). They have large 
frames and thick bones compared with other downs breeds. 

Figure 1.13. Dorset Horn ram and ewe.  Source: M. Trotter.

Figure 1.14. Poll Dorset Tattykeel Premium, Supreme All 
breed Sydney Royal Show 2005.  Source: P. Weston.

Southdown 

This is the oldest of the down breeds. John Ellman of Glynde, 
near Lewes, East Sussex developed the breed around 1,800 from 
the speckled-faced heath sheep of the chalk downlands. The 
Southdown was then used to improve the native heath sheep of 
other down counties during the 19th century - to develop, for 
example, the Suffolk, Hampshire and Oxford Down. 

The Southdown breed was exported widely. The Reverend 
Samuel Marsden imported the breed shortly after his arrival 
in Australia in 1793. In NZ the Canterbury frozen lamb trade 
was established by the use of Southdown rams on Romney 
Marsh or Leicester ewes. In 1974 the import ban on sheep 
from NZ was lifted and Southdown rams and ewes were 
subsequently imported into Australia.

It is the smallest of the British breeds, renowned for its 
high-quality meat, high dressing percentage and ease of 
lambing. Carcasses are claimed to be shapely, succulent, 
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tender, fine-grained and delicately flavoured, with an even 
distribution of fat and small bones. There are few objective 
comparison data but Southdowns are thought to fatten at an 
earlier age and weight due to their lower mature body weight 
(see Chapter 16). Breeders are trying to increase its size. 

The breed is mainly run in the cooler, high-rainfall 
districts. It is difficult to breed from down rams in November-
December, particularly in hotter districts, due to the ram’s 
poor libido and sperm production at that time of year. 

Matings with crossbred ewes produce late-spring, light 
prime lambs. When mated to Romney × Merino ewes, 
Southdown rams produce very high-quality lambs. Matings 
with other breeds, such as the Romney, also produce prime 
lambs. 

The wool of this breed is relatively fine, webby and bulky. 
It is used in hosiery and hand-knitting wools, dress fabrics, 
flannels and tweeds. 

The distinguishing characteristics of the Southdown 
(Figure 1.15) are its small, compact flame with thick 
hindquarters, short stapled fleece and brown muffled face. 

Figure 1.15.  Ivydowns Lemond 11/03, Supreme 
Champion Southdown Ram, Royal Melbourne Show 2004.   
Source: N. Reynolds.

Suffolk 

The Suffolk originated from matings between blackfaced, 
horned, heath sheep (Old Norfolk Horn) and the Southdown. 
It has been recognised as a breed since 1810. The Norfolks 
- a large-flamed, hardy and prolific breed - had poor carcass 
characteristics improved by crossing with the Southdown. 

The breed is noted for its fecundity, growth rate and large 
mature size so that lean lambs can be marketed at heavier 
weights. The Suffolk is very popular in England, but the 
occasional presence of dark pigmented fibres in the fleece 
wool makes it the least desirable down wool and restricts 
its use in Australia. For this reason the White Suffolk breed 
(Dorset × Suffolk) was developed (Table 1.4). Due to its head 
and body shape the Suffolk has a relatively low incidence of 
dystocia. Breeders are currently importing larger and leaner 
sheep from the United States and NZ. 

Crossing with crossbred ewes produces prime lambs. 
Crossing with purebreds, such as the Merino also produces 
prime lambs, particularly in South Australia.

The wool of the Suffolk is used in hosiery, hand-knitting 
wools, tweeds, flannels and dress fabrics. The distinguishing 
features of the breed (Figure 1.16) are the bare black head, 
ears, face and legs and the slight Roman nose.

Figure 1.16.  Suffolk ram.  Source: Suffolk Sheep Society of 
Australia (2008).

South Suffolk

In 1929 Mr George Gould of Canterbury, NZ, crossed Suffolk 
rams with Southdown ewes and vice versa and then interbred 
the offspring. In 1940 the breed was recognized by the NZ 
Sheepbreeders’ Association. In 1938 in Australia the breed was 
initiated at Culcairn, NSW and was considered fixed after a period 
of 6 years. South Suffolks were first imported in Australia from 
NZ in 1946 by C Kennedy, Cunderdin, WA. Most studs are in 
WA. The first flock book was published in 1959. The Australian 
South Suffolk has developed closer to the Southdown than in NZ 
so imports have continued to increase breed leanness. The breed 
has characteristics intermediate between the two original breeds.

The wool is used for hosiery, hand-knitting yarns, tweeds, 
flannels and dress fabrics. The distinguishing characteristics 
are its brown head and legs. The head is not as bare of wool 
as the Suffolk.

Ryeland

This old breed originated in the rye-growing areas of 
Herefordshire and Wales. Earlier it was called the Leominster 
after the main town in the area and produced a light, fine fleece 
similar to the Spanish merino. The introduction of English 
Leicester blood resulted in a breed similar to the Shropshire and 
Southdown but larger. It is considered to be footrot-resistant so 
can be run in wetter areas and can withstand harder conditions 
than the Southdown. The breed has seen little expansion with 
most studs being very small. The Ryeland’s continued public 
profile is due to the dedicated commitment of one large stud 
breeder. There are currently only 15 Ryeland studs in Australia 
consisting of less than 600 breeding ewes in total, with over 
half the ewes owned by only two breeders.
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The wool, although longer and more stylish than downs wool 
is still used in woollens such as hosiery, hand-knitting wool and 
paper felts and worsteds such as tweeds and broadcloth. The 
Ryeland (Figure 1.17) is distinguished by its developed brisket 
and white face with black nostrils.

Figure 1.17.  Malung 13 of 2001, Reserve Champion Ram 
Melbourne Royal 2006.  Source: Pear Tree Farm.

Wiltshire Horn

The oldest sheep breed in Australia is the Wiltshire Horn. It may 
be descended from the breed brought to Britain by the Romans as 
the original British meat sheep. In the 18th century the Wiltshire 
Horns were likely to have been the main western Downs breed 
(west of the river Adur which cuts Sussex in half) and the eastern 
Downs breeds related to Southdowns (downs referring to hills in 
the UK). The Dorset Horn and the Hampshire Down are thought 
to have been created using different crosses between Wiltshires 
and Southdowns, the former retaining the horns, the latter 
retaining the polled gene. Two hundred years ago, at the time 
Australia was settled, they were one of the most abundant sheep 
in Britain but have since declined in popularity. The Wiltshire 
Horn Society started in 1923.

A flock first arrived in Australia in 1951. Non-stud, commercial 
purebreds or crossbreds can never be upgraded by backcrossing 
to become stud sheep, i.e. Appendix flocks are not allowed. The 
Australian Wiltshire Horn Sheepbreeders Association website in 
2008 listed 36 studs.

Among their claimed features are high fertility and fecundity, 
good mothering, large frame often with long bodies, good 
muscling and lean meat, intelligence and an ability to do relatively 
well in poor conditions. Most documented comparisons of the 
performance of Wiltshire Horn lambs with other breeds suffer 
from low numbers of rams or flocks tested, e.g. Hopkins and 
Brooks (1990); Kenney (1997), so are inconclusive.

There are horns in both rams and ewes and their wool is 
naturally shed in spring. The belly, legs, face and crutch are bare 
all year round (Figure 1.18). Wool recommences growing around 
autumn when days shorten but the exact timing depends on the 
temperature. Back crossing to Wiltshires needs to occur three or 
more times to get fully shedding cross bred sheep. A comparison 
of various Wiltshire x Merino crosses has been reported by Rathie 
et al. (1994). Most Wiltshires develop black spots on the face and 
horns with increasing age. 

Figure 1.18.   Wiltshire Horn ram.  Source: D. Horton.

They have a lower flocking instinct than Merinos, preferring to 
graze alone during the day and then flock together at night. They 
are difficult to work with dogs but can respond to the human 
voice. Small farmers often run Wiltshires because the shedding 
means they don’t need to find shearers for a small flock and also 
don’t need to crutch, mules, dip or spray sheep for lice or flies. 
Wiltshires are an old breed, and genetically very distinct, so there 
should be high hybrid vigour in first and second cross lambs. 
Being a British breed they are seasonal breeders (Chapter 9). 

Wiltshires can be used as a highly profitable second enterprise 
in an organic enterprise such as fruit trees or olives or grapes. The 
sheep can be used to keep the grass down naturally between trees, 
without affecting the organic status of the farm, and at the same 
time produce organic lamb. Along with Dorpers and Damaras, 
their popularity for free range lamb production with increasingly 
hot and dry conditions may increase (D. Horton, pers. comm.).

Merino derived breeds  

Corriedale 

In the 1860s Mr. J. Little, Manager of the Corriedale estate in 
the South Island of NZ, began crossing Romney and Merinos 
to increase his returns from Romneys. Dissatisfied, he crossed 
Lincoln rams on large-framed Merino ewes in 1878 on his own 
property on the Canterbury Plains and interbred the offspring. 
The conformation of the resulting sheep remained poor. 

Meanwhile, in 1874, Mr W. Davidson, Manager of ’The 
Levels’ estate in South Canterbury, started the foundation flock 
of the Corriedale breed. He crossed Lincoln rams with 1,000 
medium-wool Merinos and interbred the progeny. The ’Levels’ 
blood was later used to found many studs in NZ and Australia, 
but not until 1924 did the NZ Sheepbreeders Association accept 
the breed. 

In 1882 Mr H. Corbett of Victoria and in 1888 Mr A. 
MacKinnon of Tasmania established studs using the same 
procedures as Mr Davidson. In 1911 Mr D. Macfarlane of 
NSW imported the first ’Levels’ Corriedales. 

Breeders in both countries added some Border Leicester 
blood to improve growth rates and Romney blood to improve 
conformation. The seventh generation of interbred sheep 
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is considered fixed and in 1922 the Australian Corriedale 
flock register was established. All sheep registered with the 
Association are tattooed in the ear with the letter ’C’. 

The Corriedale quickly became popular, producing a more 
valuable fleece than the British breeds while at the same time 
having better fertility than the Merino and producing prime 
lambs or hoggets when feed conditions were satisfactory. 
The Corriedale is hardy and adaptable to a wide range of 
environments, with the finer wool strains (58s/56s) being 
run in the high-rainfall zone and better areas of the wheat-
sheep zone and the stronger ones (56s/50s) being run in the 
marginal cropping areas. The wool from the stronger strains 
fetches a similar price per kilogram as stronger, crossbred 
wool. Corriedales used to be the second most popular breed 
after the Merino, but their numbers have been overtaken 
by composites, Dorpers and Dohne Merinos (A. Ball, pers. 
comm.). They are also popular in other countries, particularly 
South America (Chapter  4) and NZ (Chapter 3). 

Crossings with Border Leicester, Romney or Leicester 
sheep produce crossbred ewes for mating with shortwool 
breeds for prime lambs. Matings with Poll Dorsets (especially 
cast-for-age ewes) produce early (autumn) prime lambs. 
Matings with Merinos produce a comeback (75% Merino). 
Comeback sheep produce heavy fleeces of about 24 µm 
and the ewes can be used as prime lamb mothers. Purebred 
Corriedales and comebacks can be fattened for sale as lambs, 
hoggets or mature sheep, depending on feed conditions. 
Ewes are run for wool production and production of wether 
prime lambs. 

The wool of the Corriedale is used for blankets, rugs, 
hosiery, hand-knitting wool, woollen fabrics and yarns, 
worsted cloth and army uniforms. Locks and crutchings can 
be blended with cross-bred wool to produce coats and suits. 

The distinguishing characteristics (Figure 1.19) of the 
breed are the white woolly face with topknot and the black 
nostrils and feet. 

Figure 1.19.  Sweetfield Santiago 43/05, Grand Champion 
Corriedale ram at the Australian Sheep and Wool Show, 
Bendigo, 2007, pictured as a milk-tooth ram. Source: 
Australian Corriedale Association (2008). 

Bond 

Originally known as the ’Commercial Corriedale’, this breed 
originated in 1909 when Thomas Bond of Lockhart, NSW, 
mated his Saxon/Peppin Merino stud ewes to stud Lincoln
rams and selected the progeny to suit the local environment 
(400 mm rainfall). In 1932, 3,000 of his ewes were registered as 
stud Corriedales. In the late 1970s the five major studs involved 
in breeding the ’Commercial’ Corriedale (Aloeburn, Pastora, 
Triggervale, Wandinong and Poligolet) formed a cooperative to 
promote and market this strain. In 1979 the name of the sheep was 
changed to Bond Corriedale; in 1983 three of the studs resigned 
from the Corriedale Association and in 1984 the Australian Bond 
Sheep Breeders Association was formed at Lockhart, NSW, 
initially with 28 registered studs. In 2008 there were only 7 NSW 
and Victorian studs listed on the Association’s website (Glen Iris 
(Flock 1), Triggervale (3), Almond Vale (4), Pindari (5), Norwig 
(7), Woodend (9), Fairview (10) and Westwood (13)).

Objective comparisions between Bond and traditional 
Corriedales are not documented. The Bond studs were active 
in marketing and promotional activity. Bond breeders selected 
sheep for soft-handling wool and have not culled for non-black 
lips and feet, producing sheep finer in the wool than traditional 
Corriedales. The main studs selected sheep on the basis of 
clean fleece weight and fibre diameter, large frames and early 
maturity. Ewes have been selected on rearing ability. The sires 
are also selected on subjectively appraised skin thickness, which 
is indirectly related to fleece weight (Coy, 1982). Bond breeders 
claim to have the best balance between the body weight and 
fertility of the first cross ewe and the fleece weight and fineness 
of the Merino. It lies somewhere between the Corriedale and 
Polwarth in wool characteristics but may have better growth rates 
than the Corriedale. The wool is popular with hand spinners.

Polwarth

Mr R. Dennis commenced breeding a fixed type of comeback 
sheep at ‘Tarndwarncoort’ in the County of Polwarth, Victoria, 
in 1880 to suit the cold, wet local conditions. Its fleece dried out 
more quickly than the Merino’s and it also produced better prime 
lambs. Comeback sheep were more profitable on small mixed 
farms in Victoria and Tasmania than Merinos but managerial 
difficulties were involved in maintaining separate purebred and 
crossbred flocks on the one property.

Two other properties pioneered the development of the 
breed: ‘Eeyeuk’ and ‘Carr’s Plains’ in Victoria, all owned by 
members or relations of the Dennis family (Dennis, 1982). Mr 
H. Wettenhall, who was married to Mary Dennis, leased ‘Carr’s 
Plains’ from the family and in 1887 established a fixed comeback 
flock that he named ‘Ideals’ and ‘Carrsdales’. Each of the Dennis 
properties and others striving to produce the same type of sheep 
used ‘Carr’s Plains’ Merino rams, bred from a daughter stud of 
Ercildoune, which was based on Saxon blood.

Early exports of sheep to South America came from the 
‘Carr’s Plains’ flock and South American Polwarths are still called 
‘Ideals’ today (Chapter 4). With one exception, all registered 
Polwarth flocks are connected to the first three flocks and so are 
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fairly even in type. A meeting in Melbourne in 1919 formed the 
Polwarth Sheep Breeders Association and adopted a procedure 
to fix the type,

Polwarths are tatooed with a ‘P’ in the ear to indicate 
Association registration. From 1948 the stud book was restricted 
to flocks based on sheep from flocks already registered. With 
75% Merino blood, the Polwarth is intermediate between the 
Merino and Corriedale in fleece and carcass characteristics, i.e. 
it has better quality wool than the Corriedale but poorer size and 
quality of carcass and lower fertility.

The breed does well in cold districts with over 500mm 
annual rainfall and in country with light sandy soils. Thus it is 
found in southern parts of Australia, mainly in Tasmania. Its 
popularity there has been affected by regular slumps in demand 
for superfine wool. The hardier, dual-purpose Polwarth has been 
a more reliable economic commodity than Saxon superfine 
commercial sheep. Few Polwarths are run in NZ due to difficulty 
in obtaining ewes.

They are run for wool production. Cast for age ewes are 
mated to Downs breeds for prime lams production. Crosses with 
longwools produce first-cross ewes which are mated to downs 
breeds for second-cross prime lamb production.

The wool is used in a wide variety of woollen and worsted 
materials, hard-wearing suits and knitwear, coats, frock and dress 
fabrics, hand-knitting wool, gaberdines (twill fabrics) and felts.

The distinguishing features (Figure 1.20) are that, although 
similar to the Merino, the Polwarth is free of neck folds and has 
mottled nostrils; the hooves may have dark streaks. 

Figure 1.20.  Polwarth ram.  Source: Polwarth Sheepbreeders’ 
Association of Australia (2008).

Comeback 

These sheep are produced by crossing large-framed Merino 
rams on Corriedale, Polwarth and Zenith flocks with the aim of 
producing a heavy-cutting sheep with wool resistant to fleece-
rot in the high-rainfall districts. Since the early 1960s, some 
comeback breeders have interbred sheep to fix a type of sheep, 
as did the earlier Corriedale, Polwarth and Zenith breeders. The 
Comeback Sheep Breeders Association was formed in 1976, 
and registered comeback studs sell rams that meet Association 
inspection standards. 

Comebacks are similar to strong-wool Merinos, except for an 
absence of neck folds and more open faces. The presence of more 
Lincoln blood than in a Merino means that they produce better-
quality first-cross prime lambs when crossed with Dorset rams in 
pasture-improved areas and they have been selected for fleece-
rot resistance in the higher-rainfall areas. The uses of comeback 
sheep are similar to those given above for Polwarth sheep. 

Zenith 

This is another example of a fixed comeback sheep. It was 
founded by L. Barret of ‘Trelawney’, Donald, Vic., in 1947 on 
Merino and Lincoln blood. The breed is confined to the wheat 
districts of the Riverina and the border areas of NSW and Victoria. 
The Breeders Association was founded in 1953. The Zenith has 
a similar appearance to Polwarths and comebacks, although its 
wool tends to contain more grease and colour due to its particular 
Merino ancestry. 

The Zenith has similar uses to Polwarth and comeback sheep; 
that is, wool production and mutton and first and second cross 
prime lamb production, but in the wheat-sheep zone rather than 
the high-rainfall zone. 

Cormo 

The Cormo was founded in 1960 when I. Downie of ’Dungrove’, 
Bothwell, Tasmania crossed stud Corriedale rams with 1,200 
Saxon Merino ewes and selected offspring with fibre diameters 
of 21-23 µm, the best growth rates, clean fleece weights and plain 
bodies, that were twins. These formed a ram breeding nucleus, 
which was closed to outside blood but not to the commercial 
flock. From 1972 the rams were selected on an index (Chapter 
8). 

With the Saxon origin of the Merino ewes, the Cormo sheep 
produce a finer fleece than the Polwarth and in a more restricted 
fineness range than comeback sheep, due to the objective selection 
methods and the smaller number of breeders involved. The Cormo 
has similar uses to all Merino-derived, dual-purpose breeds - that 
is, wool production, mutton and export wethers, crossing with 
British breeds and Merinos to produce dual-purpose sheep and 
prime lamb production. There are now more Cormo sheep in NZ 
(~65,000) than in Australia.

Gromark 

The Gromark breed was developed in 1965 by A. Godlee 
at Tamworth, NSW. Twelve Border Leicester rams in three 
syndicates (twins and triplets) were joined to 430 Corriedale 
ewes. The sheep were then interbred and rams selected on 
the basis of birth status, adjusted weaning weight, off-shears 
yearling weight, hogget greasy fleece weight and occasionally 
fibre diameter and scanogram fat depth. 

The aim was to produce a dual-purpose easy-care breed 
producing heavyweight lean lambs but retaining a heavy 
fleece. A breed society was formed in 1979 and, although 
in only small numbers, the breed is present in all mainland 
States. Its equivalent in NZ is the Borderdale. 
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Gromark sheep have two commercial uses. They form a self-
replacing prime-lamb flock, with wethers and surplus ewe lambs 
sold. Mated to Merino ewes, they produce prime-lamb mothers, 
with a fine crossbred fleece, and export wether lambs.

British derived breeds

Perendale 

NZ trials comparing the Romney (introduced in 1853), the 
South Country Cheviot (introduced in 1845) and the Cheviot x 
Romney cross were started at Massey College by Professor G. 
Peren in 1938. The half-bred was originally developed in 1912 
for use on the drier, poor hill country where fertility of the 
Romneys was unsatisfactory. In 1960 the Perendale Society 
was formed. Perendale sheep were defined as the progeny of 
second and subsequent crosses of Cheviot-Romney crossbred 
sheep, i.e. Perendale or Cheviot-Romney cross rams on 
Cheviot-Romney cross ewes. 

As they require little supervision at lambing, have good 
mothering ability and survival traits and are easy to move and 
handle, the sheep are considered easy-care. Breeders base 
selection on traits such as alertness, hardiness, free movement, 
ease of mustering, good production on rough feed and high 
weaning percentage (Elliott and Cottle, 1988). 

The breed has the combined hardiness and mobility of 
the Cheviot with about 80% of the wool production of the 
Romney. Its characteristics, breeding and management are set 
out in detail by Peren (1982). The sheep are often shorn every 
6 (second-shear) or 8 (early-shorn) months in NZ. 

They are run for wool and production of purebred prime 
lambs on hill country. Crosses with Merinos or Corriedales 
produce crossbred prime-lamb mothers. Cast-for-age Perendale 
ewes are crossed with down rams to produce heavyweight, 
lean prime lambs. Crosses with crossbred ewes produce lean 
heavy lambs. 

The wool of the Perendale has high bulk (due to its Cheviot 
ancestry) and receives a price premium (Elliott, 1984). The finer 
Perendale wools are used in bulky apparel, such as knitwear 
and wool-filled quilted products, while coarser Perendale wool 
has similar uses to wool from Romney’s, Border Leicester’s 
and Coopworths, much of which is used in carpets, blankets 
and tweeds. The animal looks like a woolly Cheviot. 

Coopworth 

The Coopworth was developed in the early 1960s at Lincoln 
College by Professor Ian Coop, who crossed the Border 
Leicester and Romney Marsh then interbred selected progeny 
of that cross. The breed was registered in 1968, following 
selection based on fertility, growth rate, fleece weight, 
mothering ability and easy-care features. After the initial gains 
through hybrid vigour, the reproductive rate continued to rise 
on interbreeding, due to intensive selection. 

In NZ the sheep were developed for the pasture-improved 
lowland areas, complementing Perendales in hill country. 

Registered stud breeders are controlled by the Coopworth 
Society, which regularly audits flock records and inspects 
stock. Members must use performance records to select stock. 
Rams offered for sale must have the following information: 
birth rank, rearing rank, adjusted weaning weight, hogget 
fleece weight, quality number and grade, dam’s fertility, dam-
of-sire’s fertility and breeding index. 

Many of NZ’s Coopworth breeders are also involved in 
group breeding schemes (see Chapter 8); for example, the 
Rangitikei Coopworth Breeding Society had 25 members (11 
registered) with 50,000 ewes. 

Australia first imported Coopworths in 1975. They are 
now found in all the lamb-producing districts, and must also 
be performance-recorded. 

Coopworths on average cut about 92% as much wool as 
Romneys; all these long-wool breeds produce 3-4 times more 
wool in summer than winter due to the effects of photoperiod 
(see Chapter 23).  The main commercial uses are the same 
as for Perendales. The Coopworth looks like a large Romney 
(Figure 1.21) except that its legs are clear of wool. 

Figure 1.21. A four month old Glenholm stud ram. Source: 
Coopworth Sheep Society of Australia Inc. (2008). 

South African breeds

The shift from conventional wool producing sheep to dual-
purpose breeds has taken place at different rates in various 
regions of South Africa (SA). For example in the Southern 
Cape, dual-purpose sheep trebled in number between 1986 
and 1991.  A number of dual-purpose breeds have emerged 
e.g. Letelle (superfine), Walrich, Dohne Merino, SA Mutton 
Merino. As a result of having similar phenotypes, the Dohne 
Merino and Walrich merged in 1982. 

The Merino, Dohne Merino and SA Meat Merino (SAAM 
-known as the SA Mutton Merino in South Africa) breeds 
make an important contribution to the SA sheep industry 
(Cloete et al. 2001, Chapter 5). The Dohne Merino and 
SAAM adapted very well to SA conditions, and became the 
main dual-purpose breeds. Both breeds are exported to other 
parts of the world. 
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Favourable prices for lamb and mutton since 2001 have 
sparked Australian farmers’ interest in these breeds that are 
better suited to meat production than the Merino. There have 
been breed comparisons in SA and Australia with results 
affected by the various assumptions, such as relative wool and 
meat prices. For example, Kopke et al. (2005) used a whole-
farm bio-economic model to assess the likely profitability of 
these breeds in a southern coastal region of Australia. They 
concluded that Merinos were more profitable than Dohnes 
or SAMMs, but experienced a greater variance in profit 
(lower in bad years and higher in exceptional years). They 
suggested little economic merit in disinvesting in one breed 
to fully switch to another and that existing Merino producers 
were advised to consider alternative ways of improving the 
profitability of their Merino enterprise, such as increasing 
stocking rates or altering their flock structure to include more 
profitable enterprises such as first cross prime lambs. These 
results have been disputed by others, e.g. McMaster (2006), 
claiming the productivity of Dohnes was underestimated.

Exotic sheep breeds, including the Dorper, Awassi, 
Karakul and Damara, are in the highest risk category for 
producing medullated and pigmented fibres (Chapter 25). 
Their agricultural role is in meat production and adaptation 
to harsh environmental conditions.

South African Meat Merinos

In SA, the German name Deutsche Fleisch Merino (a 
common meat sheep in Germany, Austria and Poland) was 
translated into Afrikaans as Duits Vleis Merino and then into 
English as German Mutton Merino. The first ten ewes and 
a ram were imported to SA from Germany in 1932 by the 
Department of Agriculture. Selection for better wool quality 
and conformation and adaptability to farming regions in SA 
led to the SA breed being recognised in 1971, when the breed 
name was changed to the SA Mutton Merino. 

The SA Mutton Merino is a dual purpose mutton-wool 
sheep. The SAMM is bred specifically to produce a slaughter 
lamb at an early age (~35 kg at 100 days of age) as well as 
producing Merino wool without high feeding levels. The breed 
is known for its adaptability and efficient feed conversion, 
being popular in SA in feedlots. In judging SAMMs the 
emphasis is more on meat conformation than wool (40%). 
Lambing percentages in excess of 150% occur under good 
grazing conditions with ewes having good milking ability. 
The SAAM is a polled breed with the rams having mature 
masses of 100-110 kg (Fig. 1.22) and ewes having mature 
masses of 70-80 kg. SAMM rams have almost entirely 
replaced British breeds as terminal sires in the harsh regions 
of SA, where they (and their crosses) are more adaptable. 

They were first imported into Australia in 1996 and offer 
farmers an additional source of genetic material to produce 
sheep meat from a large framed sheep with a long loin. The 
breed can produce heavier lambs as it is a later maturing breed. 
The SAAM is not a seasonal breeder so three lamb drops in 
two years is possible in good conditions. Ewes produce 3.5 

- 4.5 kilograms of medium/strong Merino wool. The breed 
would appear a suitable animal for the more extensive, low 
rainfall regions of Australia for meat production.

Figure 1.22.  SAMM ewe, Wool Expo, Armidale, NSW.  
Source: C. Godwin.

The first imports of SAAM semen from Australia into NZ 
were made by D. Cottle, J. Booker and W. Dalley in 1999.  A 
total of 25 SAAM ewes and 4 rams were imported in 2000 
from WA. Backcrossing of first cross SAAM-Corriedales and 
subsequent imports of SAAM embryos and semen increased 
pure SAAM sheep numbers. In 2007 the foundation Prime 
SAMM Stud Flock 1 was dispersed into three flocks.

Dohne Merinos

A breeding program utilizing a variety of crosses, including 
Peppin–type Merino ewes and German Mutton Merino sires 
was set up at the Agriculture Department’s Dohne Agricultural 
Research Station, in the Eastern Cape of South Africa in 1939. 
Crosses between local Merinos and the German Mutton Merino 
were very successful and the resulting progeny grew well. The 
progeny were interbred and selected for high fertility, rapid 
lamb growth rate and fine wool under commercial conditions. 
It was originally intended for semi-intensive farming in the 
Eastern Cape sourveld regions. Since then it has proved itself 
as adaptable under widely divergent conditions, ranging from 
the arid Karoo to the higher potential cropping–pasture regions 
of the Western Cape and the Free State (Chapter 5). This has 
resulted in sustained growth for the breed and expansion to 
other areas in SA. The SA Dohne Breed society was formed in 
SA in 1966. Selection since 1970 has incorporated performance 
recording and progeny testing. 

Importation of embryos to WA commenced in 1988 and 
in 1999 to NSW. In October 2000 the inaugural meeting of 
the Australian Dohne Breeders Association Ltd (ADBA) 
was held at Katanning, in Western Australia (WA). By 2007 
there were 1,270 registered adult Dohne sheep and over 50 
registered ram breeders. 

Dorper

The breed was developed in SA in the 1930’s by crossing 
Blackhead Persian ewes with a Dorset Horn ram (Milne, 
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2000). They were bred by the South African Department of 
Agriculture to produce a high quality carcass under extensive 
conditions in the more arid regions. It is now farmed in other 
areas as well, and is the second most common sheep breed in 
SA after Merinos (Chapter 5).

The Blackhead Persian was selected for its non-selective 
grazing, coat shedding, hardiness and good mothering abilities. 
The Dorset Horn was selected for its rapid growth rates and 
carcass attributes. The Breeding program resulted in the 
development of the black headed and white headed Dorper. 

The breed was introduced into Australia in 1996 for 
extensive conditions and has the potential to be developed for 
domestic and export meat markets. Lambing percentages in 
SA of 150% are not uncommon. Rams reach sexual maturity 
at an early age, rams have been observed to start working by 
five months. Dorper sheep are less-selective grazers. Dorpers 
utilise shrubs and bushes to a greater extent, but grass to 
a lesser extent, in relation to Merino sheep (Brand, 2000). 
The Dorper also utilise a larger number of different plant 
species than Merinos. Dorpers walk less to select food which 
consequently leads to shorter grazing times and less separate 
grazing periods. Dorpers consume less herbage per metabolic 
body weight compared to Merino sheep. 

Live weight gains that allow lambs to reach about 36kg 
in 100 days have been obtained from first cross animals 
grown in the Mallee region of Victoria with carcasses with 
fat scores of 2-3. The Dorper has a high quality, thick skin 
(Chapter 28). The skin comprises a high percentage of 
the enterprise income (20%) in SA. Dorpers do not need 
shearing, crutching, mulesing or jetting. The Dorper wool’s 
fibre diameter averages about 22 µm.

Figure 1.23.  Dorper ewes and lambs in South Africa.  
Source: S. Cloete.

Fat tails

In general, Middle East markets have a preference for lean 
carcasses in the 8–12 kg weight range from fat tail breeds. 
The lower rainfall wheatbelt areas and the rangelands are 
billed as the regions suited to production of these animals. 
The breeds that are present within WA are the Awassi, 
Afrikanner, Namaqua, Damara and Karakul. Comparisons 
of the performance of first cross lambs have been run and 
Rogers and Young (2001) found lambs sired by a Damara 
ram grew faster and were consistently heavier than lambs 
sired by Karakul and Afrikanner rams at each weighing.

Awassi

Other local names for the Awassi are Ivesi, Baladi, Deiri, 
Syrian, Ausi, Nuami or Gezirieh. In Iraq, Lebanon, Jordan, 
Israel, Turkey and Cyprus it is the most numerous and 
widespread breed of sheep (Epstein, 1977), valued for its 
meat, milk and wool. Awassi attract a premium in Middle-East 
markets as Arab consumers prefer fresh meat from young lean 
rams, particularly of the indigenous fat-tail breeds. The tail is 
like a camel’s hump, the large tails act as an energy store and 
can weigh up to 12 kilograms on large rams. The tail fat is 
sweeter than subcutaneous fat.

The program to import Awassi sheep to Australia was an 
initiative of the WA Department in 1987 (Lightfoot, 1988). 
In 2004 the one-millionth Awassi sheep was exported from 
Fremantle, WA to the Middle East. Embryos were originally 
collected from the improved dairy flock of the Cyprus 
Ministry of Agriculture based on the Ein Hamd Ihud and 
Sadeh Nahum studs from Israel. A flock was built up on the 
Cocos Islands before being released to mainland Australia 
from quarantine in October 1993. There has been widespread 
concern that the pigmented fibres and kemp of Awassi could 
contaminate the Merino clip (Hatcher et al., 2000). It has an 
open, lofty and moderately lustrous fleece of carpet wool 
with distinct wide crimps. The fleece consists of an outer 
coat, undercoat and kemp and is characterised by brown to 
black colouration on the head, neck and hocks with white 
body wool. The ears are long and drooping. The breed was 
identified as having potential to supply premium meat markets 
in the Middle East, as well as replacing domestic imports in 
the sheep dairy and carpet wool industries. 

Figure 1.24.  Awassi ewe in Canterbury, NZ.  
Source: M. Willis. 
For this breed total lactation yields of 300 litres are common 
(Chapter 11).  

Damara

The Damara was originally from Eastern Asia and Egypt and 
moved down to the present day Namibia and Angola. The 
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Damara is a fleece-shedding breed that includes a variety 
of colours (tan, brown, black and white spotted) and was 
first imported from SA in 1996 with the Dorper. The fleece 
is usually pigmented and has a high content of medullated 
fibres. Damaras wool averages around 20-21 µm. Damara 
sheep browse material in a similar manner to goats.

Usual paddock mating of Merino ewes to Damara rams 
did not produce pronounced contamination (Fleet et al., 2001; 
2002c). This result reflects the usual low proportion of rams 
involved and the relatively brief close exposure period for 
each Merino ewe; though other situations may be more serious 
(AWEX, 2007). Merino ewes rearing Damara crossbred 
lambs and Merino lambs running with Damara crossbred 
lambs produced wool with extremely high concentrations of 
dark and medullated fibres (DMF) that remained excessive if 
shorn 3.5 month after weaning (Fleet et al., 2001; 2002c).

DMF contamination can be detected from wool sale lot 
core sample tests as the fault is dispersed through fleeces 
and the sheep mob (Fleet et al., 2001; Fleet et al., 2002b; 
Balasingam et al., 2007). DMF contaminants persist in 
processing. Only some of the fault is separated to secondary 
products (Fleet et al., 2006a; 2006b; 2007; 2008).

Carpet-wool breeds 

Woollen carpet yarns are made of speciality carpet wools, basic 
carpet wools and filler wools (Chapter 26).  Speciality carpet 
wools have a complete lack of crimp and a high fibre diameter 
and are heavily medullated. Basic carpet wools should have 
good colour and strength and come from the Romney and 
its crosses. Filler wools, often short and discoloured, include 
crutchings, pieces and bellies. The percentage of a woollen 
carpet yarn made from speciality carpet wool and hairy 
crutchings ranges from 15% in loop, high-twist and shag 
tufted carpets to 30% in woven Axminster. 

The main producers of speciality carpet wool in Australia 
are the Drysdale, Tukidale, Elliotdale and Carpetmaster 
breeds. All except one were developed in NZ. Many breeds are 
used elsewhere for this purpose, e.g. the Scottish Blackface, 
Swaledale and Red Kempy Welsh (Chapter 24). 

Carpet-wool sheep were introduced to Australia in 
the 1970s. They are mainly run in the high-rainfall, clean-
woolgrowing areas of Tasmania, Victoria and NSW. Most 
breeders upgrade from Romney flocks and the breed is also 
used as a prime lamb producer, being dual-purpose due to its 
Romney background. 

Drysdale 

In 1929 Dr F. Dry at Massey University started studying 
Romney sheep with undesirable hairiness in their fleeces. 
Particular attention was centred on a ram donated by a Mr 
Neilson, which had a high incidence of coarse halo hairs 
in its birth coat. It passed this trait to its offspring and Dr 
Dry isolated a major gene responsible for inducing the 
growth of coarse, medullated fibres and horns. The gene 

was named the Nd gene after Neilson and Dry. Dry (1955) 
found that heterozygous lambs (Nd/n) had a reduction in 
halo hairs behind the shoulder, and the ewes were polled, 
which helped distinguish them from purebreds (Nd/Nd). At 
marking, breeders look for a patch of crimpy wool behind 
the shoulder. 

The adult Drysdale fleece contains 0-8% kemp, 10-30% 
medullated fibres (40-90 µm) and over 50% fine secondary 
fibres (15-60 µm) by fibre count. The medullated fibres 
are longer and heavier than the rest and so characterise the 
appearance of Drysdale fleeces. 

Only in 1946 did Dr Dry begin to consider using the breed 
for carpet manufacture (Elliott, 1981) and its commercial 
development did not start until 1962, when purebred Drysdale 
rams from the Massey flock were leased to Overseas Carpets 
(N.Z.) Ltd, a British company. This company contracted 
farmers to use these rams on Romney ewes to produce wool 
for its carpet mill. In 1965 the company changed to Carpet 
Wool Development Ltd (North and South Island) formed 
by the farmers, manufacturers and Massey University. The 
company bought the wool at premium prices, 10-30% above 
the ruling price for good style 46/48s Romney fleece wool. 
Nd/Nd rams were bought by the company, and leased back to 
producers. 

The company controlled breed development up to 1975, 
after which breeders could sell rams direct to other breeders 
and growers. During this time WRONZ (now AgResearch) 
conducted processing trials showing Drysdale wool could 
replace Scottish Blackface wool. 

In 1975 growers formed the Drysdale Carpet Wool 
Co-operative Society Ltd to handle and market the clip. In 
1984 NZ had 571,000 Drysdales producing all the local 
manufacturers’ wool requirements, with about 50% exported 
to Europe, Australia and Japan. In 2008 there were over 
600,000 Drysdale sheep. In 1971 the NZ Drysdale Sheep 
Breeders’ Association was formed, which recognised both 
Nd/Nd and Nd/n sheep as Drysdales. 

Drysdale sheep were introduced into Australia in 1975 
with the importation of 19 pregnant ewes and one ram. In 
1979 the Australian Drysdale Sheep Breeders’ Association 
was formed in Tasmania. In 1990 there were about 118 
stud breeders and 200 commercial breeders, with about 
20,000 sheep. In 2004 the Rare Breeds Trust of Australia’s 
website listed the Carpetmaster, Booroola Merino, Zenith, 
Shropshire, Dorset Down, Elliotdale, South Dorset Down, 
Cormo, Lincoln, English Leicester, Ryeland, Drysdale and 
Tukidale breeds as endangered (<500 ewes).

The wool was sold through Carpet Wool Marketers Ltd, 
which also processed Tukidale, Elliottdale, Carpetmaster 
and Romney wool. The company consisted of growers and 
Hycraft Spinners and annually negotiated a fixed price for all 
lines of wool and acted as a broker. 

All carpet-wool breeds are run for carpet-wool production. 
They can all be regarded as dual-purpose, due to their good 
marking percentage and growth rate for prime lambs in favourable 
districts, heavy carryover lambs or export wethers. Shearing is 
best done twice a year for the ideal 75-125mm wool length.
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Tukidale 

The breed originated on Mr M. Coop’s property ’Tuki Tuki’, 
Havelock North, NZ, from a mutant, hairy ram born out 
of season in 1966 from a Romney ewe hogget. The sheep 
possessed the T gene (Nt), which was dominant and different 
from the Nd gene, as carriers could not be distinguished 
except by progeny testing. Due to breeding restrictions with 
the Drysdale, the ram was bred from and the Tukidale breed 
started. 

The first Tukidale rams were imported from NZ in 1975 
by a group of producers at Oberon in the Central Tablelands, 
NSW, who mated two rams with 300 Romney and Dorset 
Horn ewes. In 1976, with some Walcha producers, they 
imported more rams. Ram sales commenced in 1977 at 
Oberon and 1978 at Walcha. In 1978 the Tukidale Sheep 
Society of Australia was formed, which conducted its first 
stock sale in 1979. 

Most of the breed is found in the tablelands and slopes of 
NSW, with some expansion into Victoria. Due to the problems 
of identifying heterozygotes and the better liveweights of 
Drysdales (Elliott, 1981) it is surprising that Tukidales 
overtook Drysdales. The breed also has the problems of kemp 
fibres and horns in both male and female carriers. 

Elliottdale 

The development of the Elliottdale breed began in 1963 at the 
Elliott Research Farm near Burnie in Tasmania. The CSIRO 
at Prospect, NSW, had made an importation of Drysdale 
semen just before a NZ embargo. A ram bred following 
insemination to BLM ewes was sent to Burnie. 

By 1967, after 5 years of mating this ram and its progeny 
from 65 Romney ewes selected for hairiness, it was officially 
concluded that the Nd 

gene was absent, and 25 sheep out of 800 
were retained. In 1970 the earlier results were reconsidered 
in view of the negligible effects of Merino introductions on 
subsequent N gene expression. Continued breeding of the 
flock from 1967-72 greatly improved the proportion of lambs 
showing N-type birthcoats. 

In 1972 seven rams were mated to 100 Romney ewes and 
all the progeny appeared to be N-type, and a major gene was 
seen to be segregating when these progeny were mated. From 
1973-78 the flock was increased by mating homozygous, 
progeny-tested rams to carrier or N-type ewes. In 1978, 
63 rams were sold to producers with Romney flocks in the 
five southern States. From 1978 the flock was maintained 
at 500 homozygous ewes. Every February, rams are sold to 
producers with at least 100 Romney or Elliottdate ewes. 

All Elliottdale ewes are polled and the majority of rams 
have half horns, with a range from polled through to full horns. 
Production is similar to the Drysdale. Research suggests the 
E gene is on a different chromosome to the Nd 

gene, with 
purebreds identifiable from carriers at marking, similar to 
Drysdales (Anon, 1984). The Elliottdale Sheep Breeders 
Society has always proclaimed the breed as Australian. 

Carpetmaster 

The breed originated from a Perendale flock owned by 
Professor K. Cumberland of Clevedon, near Auckland, 
NZ. He purchased a hairy

 
Border Leicester x Romney ram 

from Mr L. Johnstone at Te Puke. The ram ’Lindsay’ was 
heterozygous for a dominant gene, subsequently called the Nj 

gene (for Johnstone), and was mated to Perendale ewes from 
Clevedon, six other studs and two Perendale breeding groups 
that had relatively coarse fleeces for the Perendale. 

A breeding program was designed (with the help of Dr. 
Dry) to develop a Perendale flock with all the sheep carrying 
the Nj gene (sometimes called Nk). This breed was called the 
Carpetmaster. The Nd,

 
Nj and Nt genes are all alleles of the 

same gene. Nj and Nt could be identical. 
In 1974 the first NZ carpet-wool sheep imported into 

Australia were eight ewes and one ram from Clevedon. The 
breed has slowly built up by the upgrading of Perendale and 
Romney flocks. In 1983 the Australian Carpetmaster Sheep 
Breeders Association was formed. The sheep are found in all 
five southern States in low numbers. 

The sheep has the easy-care attributes of the Perendale, 
with a higher fleece weight. In common with the other carpet 
breeds it has high-yielding, heavily medullated wool and has 
high lambing percentages and survival rates (due to the hairy 
lamb birthcoat). It is also a dual-purpose breed producing 
heavy, lean lambs. 

Comparisons between breeds, strains 
and bloodlines 

Many comparisons are published in journals, only a selection 
are presented here, with an emphasis on breeds in Australia. 
Production characteristics vary between different breeds, 
strains or bloodlines of sheep according to a combination 
of genetic differences, environmental differences and 
interactions between the two (Chapter 8). Genetic merits can 
be compared by production competitions or trials, comparing 
ram sources, flock reference schemes or sire reference 
schemes (Cottle, 1988). For comparisons to be valid, care 
must be taken in sampling flocks or sires in each breed or 
strain, and progeny should be given equal opportunity to 
perform. Ideally the comparisons should be made in a range 
of environments to account for any genotype-environment 
interactions. The variation within breeds, strains or bloodlines 
is often larger than the mean difference between breed, strain 
or bloodline averages. 

Comparisons between Merino strains and bloodlines 

Dunlop (1962) conducted an extensive comparison of fine-, 
medium- and strong-wool strains at CSIRO research stations 
at Armidale, Cunnanulla and Deniliquin from 1951-55. The 
results of this comparison (averaged over years and locations) 
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are shown in Table 1.10. As expected, the strong-wool Merinos 
produced longer, coarser fibres and had higher fleece weights. 
While having higher feed conversion efficiencies, the relative 
worth of strong-wool sheep depends on other biological and 
economic factors (Chapter 15). Wool growth differences 
between strains and high and low wool producers have a 
biological basis (Hynd, 1989) outlined in Chapter 15.

Table 1.10. Mean production values for fine, medium and 
strong wool Merinos over 5 years at three locations. 

Strain
Trait Fine Medium Strong
Clean fleece weight (kg) 2.5 3.2 3.9
Fibre diameter (mm) 19.7 20.8 24.3
Staple length (mm) 8.4 9.9 11.6
Hogget liveweight (kg) 30.0 33.6 37.2
Skin Fold score 5.5 4.7 4.0

Source: Dunlop (1962).

The relative ranking of the strains was the same in all 
locations. Lax and Jackson (1987) re-analysed these data and 
found the genetic correlations between locations and sexes 
for body weight, greasy fleece weight and yield were nearly 
1, whereas clean fleece weight correlations were 0.5-0.9. 
This suggests that clean fleece weight is affected more by 
genotype x environmental interaction (Chapter 8). 

Differences between strains tend to be higher when 
production levels are high (Woolaston, 1987). Variations in 
performance between Merino strains and bloodlines were 
studied in randomly bred and identically managed flocks 
at Trangie, NSW (Atkins, 1979; Rogan, 1984; Mortimer et 
al., 1985).  Dunlop’s studies revealed no large differences in 
number of lambs born or weaned per ewe joined, after autumn 
matings, in contrast to results from Trangie. Hodge and Beard 
(1981) found Bungaree ewes (strong-wool) weaned 10% 
more lambs per 100 ewes lambing than Peppin ewes when 
mated to Border Leicester rams in autumn. Dun et al. (1966) 
found strong-wool strains had better reproductive rates than 
medium-wool strains when mated in spring but worse rates 
when mated in autumn. The parent stud of the strong-wool 
strain studied had spring-mated for 120 years which could 
explain this result.

Industry estimates of production from the different strains 
of Merino ewe are given in Table 1.11. The variation between 
strains or bloodlines implies that choice of bloodline and 
crossing bloodlines offer options for genetic improvement 
in some Merino flocks. Atkins et al. (2007) presented the 
performance differences between many commonly used 
Merino bloodlines from an analysis of 63 wether and ewe 
comparisons conducted in NSW (21), SA (1), WA (32), 
Tasmania (1), Victoria (6) and Queensland (2) from 1996-
2006 (Table 1.12) using average wool and meat prices during 
this period.

Bloodlines with a higher fleece weight will usually have a 
lower wool quality (Table 1.12). Popularity of the bloodline 
in a particular area can influence choice of bloodline.

Table 1.11. Industry estimates of clean wool production 
(kg/year) from Merino ewes on stud properties. 

Strain Commercial flock Stud flock
Saxon 2.2 3.1
Saxon x Peppin 2.8 3.9
Spanish 3.6 4.6
Peppin 4.2 4.9
Peppin x South Australian 4.3 5.3
Medium South Australian 4.5 5.4
Strong Australian 4.5 5.3
Extra-Strong Australian 4.3 4.9

Source: Hogan et al. (1979).

Individual Merino sires from major blood lines have been 
compared annually since 1987 in the central progeny test 
schemes with about 50 ewes inseminated to each sire to obtain 
25 or more progeny. Since first being published in 1994, 
Merino Superior Sires has provided woolgrowers with the 
ability to compare hundreds of Australia’s top Merino sires 
that have been evaluated via linked analyses at one or more of 
the 10-14 evaluation sites operating across Australia.

Comparisons of Merinos with other breeds or first 
crosses 

The relative prices for wool and meat also affect economic 
comparison of breeds of sheep (Chapter 8). The economic 
returns for wool are always higher for the Merino but surplus 
stock returns must also be considered. These are mainly 
influenced by relative reproductive rates and growth rates of 
lambs. 

These parameters were studied in 1964-72 at Temora by 
Atkins (1980) and Atkins and Gilmour (1981). The ewe breeds 
studied were BLM fixed halfbreeds, Corriedales, Polwarths, 
South Australian strong Merinos and Peppin Merinos (Table 
1.13). The descending order of merit of the breeds on 
birthweight and growth to weaning was BLM, Corriedale, 
South Australian Merino, Polwarth and Peppin Merino. 
The ranking on clean fleece weight was South Australian 
Merino, Corriedale, BLM, Peppin Merino and Polwarth, 
with the Merino strains having the best fleece weight:fibre 
diameter ratios. The ranking on reproductive performance 
was BLM, Corriedale, Peppin Merino, Polwarth and South 
Australian Merino. The genotype × environment interaction, 
as indicated by breed x year interaction, suggested that the 
rankings would stay the same in different environments, with 
differences between breeds becoming larger the better the 
environment (Figure 1.25).

Atkins and Gilmour (1981) joined ewes of each of these 
breeds to their own breed of ram or to Dorset Horn rams. 
The ranking of both purebred and crossbred lambs was in 
the same order as the previous studies, crossbred lambs 
growing at a faster rate (+33%). Differences between ewe 
breeds in crossbreed performance were halved compared 
with the differences between them in purebred performances. 
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South Australian Merino lambs had the lowest dressing 
percentages, while Polwarths had the greatest fat depth at the 
12/13th ribs. 

Fine-wool Merinos were compared with Corriedales and 
Polwarths for wool production by Mullaney et al. (1969). 
Fogarty (1978a) summarised the lambing percentages 
obtained in a number of breed comparison trials comparing 
the Merino with a number of Merino crosses. More lambs 
were produced by BLM ewes than other longwool crosses 
and dual-purpose breeds when joined in autumn. The Dorset x 
Merino had a superior lambing percentage in spring joinings, 
but it was less popular due to its lower wool income. The 
Hyfer, a self-replacing breed developed at Cowra, was based 
on 1/4 Booroola Merino, 1/4 Trangie high-fertility strain and 
1/2 Dorset. The Dorset was chosen for its longer breeding 
season (Fogarty, 1978a). 

Kleeman et al. (1981, 1982) studied lamb growth in 
Suffolk-sired lambs from Merino, BLM and Poll Dorset x 
Merino dams, with the lambs being mothered to ewes of 
their own breed of dam or to ewes of the other breeds. This 
approach enabled these workers to determine that the lamb’s 
genetic potential for growth and the maternal environment 
were of equal importance in determining the superior 
growth of lambs born and reared by first-cross Merino dams 
compared with those born and raised by Merino dams. They 
concluded that strong-wool Merino dams were more efficient 
than first-cross ewes in converting feed to clean wool but 
the efficiency of lamb production did not differ. The higher 
carcass weights of lambs from the first-cross ewes could be 
explained by differences in intake (118 Merino ewes had the 
same organic matter intake as 107 Poll Dorset × Merinos or 
100 BLM ewes). 

Table 1.12.  Estimated bloodline effects for production traits (deviation from average), components of wool type and gross 
margin performance (2002-07 prices) for the 20 highest GM/DSE Merino bloodlines (high- medium accuracy).  

Merino Bloodline GM/
DSE
%

CFW
%

FD
µm

YLD
%

FDST
µm/yr

CFWST
%/yr

BWT
%

CV
%

Style SL
mm

Col SS
N/ktex

No. of
teams

Barrackville 10.9 -1.4 -1.2 -0.7 -0.41 -2.38 -3.6 -0.7 2.53 86 1.15 34 4 
Bogo 15.6 0.6 -1.4 -0.7 -0.11 0.36 -3.4 -0.3 2.53 89 1.22 35 5 
Edale 10.3 -11.1 -2.0 -1.5 -0.28 -0.13 -5.3 -1.2 2.30 84 1.25 35 2 
Gilgunyah 13.9 -7.0 -2.0 2.7 -0.65 -1.70 -4.5 -2.1 2.35 83 1.07 36 2 
Greendale 18.1 4.0 -1.3 -0.6 -0.14 0.94 -3.7 0.6 2.62 90 1.39 33 3 
Greenland 10.9 -5.9 -2.0 -1.8 -0.35 1.40 -2.9 -1.7 2.51 74 1.15 34 2 
Grindon 11.3 -11.5 -2.2 -3.9 -0.51 -1.50 -5.2 -1.3 2.20 88 1.29 37 3 
Gringegalgona 9.5 -3.4 -1.4 -1.6 -0.30 1.02 -2.1 -1.2 2.57 92 1.17 35 6 
Jilliby 9.8 0.2 -0.6 -0.9 0.27 2.00 -5.7 0.5 2.61 88 1.30 34 2 
Kerrsville 14.1 -4.1 -1.8 1.4 -0.24 0.65 -5.7 -1.3 2.52 86 1.02 40 3 
Merryville 13.7 -8.7 -2.1 -0.7 -0.51 0.02 -4.8 -0.6 2.46 82 1.10 34 11 
Middle View 10.2 -4.7 -1.2 -1.3 -0.36 0.48 -6.2 -1.2 2.53 84 1.17 37 9 
Mirani 20.8 -3.5 -1.8 2.3 -1.21 -1.63 -5.3 -2.1 2.54 93 1.25 30 2 
Nerstane 11.0 2.3 -0.8 1.6 -0.26 -1.03 -4.5 -1.6 2.55 95 1.14 37 3 
Quamby Park Poll 10.3 -7.7 -1.9 1.0 -0.49 -1.85 -3.2 -1.7 2.47 82 1.12 35 2 
Tallawong 21.9 2.0 -1.7 1.0 -0.29 -0.79 -3.6 -0.7 2.42 93 1.14 34 2 
Umbledah 18.1 -6.4 -2.3 -2.7 -0.52 -0.35 -4.7 -0.4 2.26 90 1.29 36 2 
Wallandoon East 14.3 -7.5 -2.2 -0.9 -0.64 -0.68 -3.4 -1.4 2.60 89 1.16 34 2 
Wattle Dale 14.1 -0.5 -1.6 -1.4 -0.59 -0.64 -1.8 -0.4 2.38 84 1.32 35 4 
Yalgoo 10.0 -11.1 -1.9 -0.2 -0.24 1.60 -5.3 -2.1 2.51 86 1.11 35 5 
Averages 32.01 4.5 20.7 70.2 53.1 19.8 2.61 89.5 1.28 35

Source: Adapted from Atkins et al. (2007).
    

GM/DSE: Bloodline gross margin per dry sheep equivalent, expressed as percentage deviations from the average. The 2002/03 to 2006/07 
markets were used to calculate values. 
CFW & BWT: Clean fleece weight and body weight expressed as percentage deviations from the averages. 
FD & YLD & CV: Fibre diameter, yield and CV are expressed as deviations from the average. 
FDST: Fibre diameter stability – annual change in fibre diameter with age, expressed as a deviation in microns per year. 
CFWST: Clean fleece weight stability – the annual change in clean fleece weight with age, expressed as a deviation in percent per year. A 
positive deviation indicates that the bloodline will become higher in clean fleece weight in older animals. 
Style: Spinners, best, good, average, and inferior grade (coded 1 to 5 respectively). 
Staple length (SL): Average staple length, measured in mm 
Colour (Col): Fleece colour – no colour, light unscourable and medium unscourable (coded 1 to 3 respectively). 
Staple strength (SS): Average staple strength 
No. of teams: The number of wether or ewe teams representing that bloodline. 
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Table 1.13.   Comparison of lamb growth and survival, hogget and adult ewe performance over 7 years.
Breed Birth weight (kg) Growth rate (g/day) Lamb survival to weaning (%)

Single Multiple Single Multiple
BLM 4.5a 261a 224a 84a 80a

Corriedale 4.3b 226b 197b 86a 77a

Polwarth 3.7c 197d 174c 81a 70b

SA Merino 3.7c 209c 189b 83a 65b

Peppin Merino 3.4d 192d 164d 84a 78a

Greasy FW (kg) Clean FW (kg) Fibre diameter (µm) Liveweight (kg) Lambs weaned / ewe 
joined

BLM 4.3ab 3.0a 27.2a 47a 1.22a

Corriedale 5.2c 3.5b 25.1b 42b 0.96b

Polwarth 4.2b 2.7c 22.1c 34c 0.85cd

SA Merino 5.5d 3.5b 23.1d 38d 0.78d

Peppin Merino 4.3a 2.8c 20.3c 33c 0.88bc

Values in a column followed by the same superscript are not significantly different (p>0.05)
Source: Atkins (1980).
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Figure 1.25. Fitted regression lines for a) greasy fleece weight, b) clean fleece weight and c) growth rate to weaning of each 
breed in each year on the yearly means. Source: Atkins and Gilmore (1981).

Chang and Evans (1985) reported the results of mating all 
possible combinations of Dorset Horn, strong-wool Merino 
and Corriedales and slaughtering all ram offspring at 21 
months of age when their carcass weight was about 28 kg. 
The Dorset Horn and its crosses produced more edible meat 
per sheep and the Corriedale tended to produce the most fat 
trim. Hybrid vigour for excess fat trim was 10-30%. 

In the USA, Sakal et al. (1993) studied 4 month old wether 
lambs born to Targhee ewes (named after the National Forest 
near the Experimental Station  in Idaho where the first animals 
grazed in 1926) and fine wool and strong wool Australian 
Merino, Rambouillet (Dubois and Texas) and Targhee rams. 
The Targhee was initiated by crossing Rambouillet, Lincoln, 
and Corriedale ewes to the Station’s best Rambouillet rams 
to produce a fine, fixed Comeback breed. The Australian 
Merino strains, particularly the fine wools, grew more slowly, 
were less efficient in post-weaning growth and had higher 
carcass fat content than the US breeds at a constant slaughter 
weight.

In NZ, Kirton et al. (1995) mated 15 different ram breeds 
to Romney cast-for-age ewes and studied 7,885 lambs. They 
found lambs slaughtered at the same average age (age-
adjusted carcass weights) were heaviest from the Dorset 
Horn, Poll Dorset, Hampshire, Border Leicester, Suffolk, 
Dorset Down, South Suffolk, and South Dorset Down rams 
and those sired by the Cheviot, Southdown, English Leicester 
and Ryeland were intermediate. The Lincoln, Merino and 
Romney sired carcasses were lighter and had the lowest 
dressing percentages. The short wool breeds such as the 
Southdown, Dorset Down, and Poll Dorset/Dorset Horn 
dressed 2-3% higher. Lambs sired by the Southdown followed 
by the Ryeland had the fattest carcasses and those sired by 
the Suffolk, Cheviot and Dorset Horn produced the leanest 
carcasses. The Southdown, Dorset Horn, South Dorset Down 
and Poll Dorset crosses had the largest eye muscle areas for 
carcasses of similar weight.

Atkins and Thompson (1979) studied lambs from Dorset 
Horn and Border Leicester rams joined to Merino, Corriedale 
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and BLM first-cross ewes. Lambs sired by Dorset Horn rams 
were slightly larger at birth and weaning, and reached their 
slaughter weights at a younger age, than lambs sired by Border 
Leicester rams. Lambs from BLM ewes grew 10% faster than 
lambs from Corriedale ewes. The progeny of Merino ewes 
were always slowest-growing, and this was more marked at 
higher weights. Carcasses from the slower-growing genotypes 
tended to be larger in skeletal size and had a lower dressing 
percentage than carcasses from faster-growing genotypes, 
when adjusted to the same carcass weight. Fat depth at the 
12th-13th rib increased, on average, by 20% for each 10% 
increase in carcass weight, over the range of carcass weights 
examined (34, 44 or 54 kg liveweight). The rate of increase 
in carcass fatness was significantly lower in lambs sired by 
Dorset Horn rams and lambs from Merino ewes, compared 
with lambs of the other breeds.

Hopkins et al. (1997) compared carcasses from 198 lambs 
sired by a selection of Poll Dorset, Texel, Border Leicester 
and Merino rams, born to BLM and Merino ewes. Merino 
cryptorchid lambs were significantly leaner, adjusted for 
carcass weight, than BLM lambs. Merino lambs had poorer 
conformation scores and muscularity values, particularly 
compared to Poll Dorset × BLM and Texel × BLM carcasses. 
Carcasses from Texel sires had higher muscularity values 
than those from Poll Dorset sires. BLM carcasses had the 
lowest muscle:bone ratio and Texel × Merino the highest. 
BLM carcasses were fatter than other crosses. 

Gardner et al. (1999) compared the sensitivity to stress in 
6 month old wether lambs destined for slaughter of Merino, 
Poll Dorset x Merino and Poll Dorset x BLM crossbred 
lambs fed the same diet but subjected to different levels of 
stress pre-slaughter. The muscle tissues of lambs subjected to 
low pre-slaughter stress had higher glycogen concentrations, 
lower muscle pH and no significant loss of glycogen. Under 
commercial slaughter conditions, the muscle of Merino lambs 
had the lowest glycogen concentration post mortem, the 
highest pH and loss of glycogen between pen and slaughter. 
Second-cross lambs had higher myoglobin concentrations 
than Merino lambs indicating greater pigmentation of their 
muscle. Thus higher proportions of Merino genes were 
associated with a greater sensitivity to stress.

Fogarty et al. (2005a) evaluated lamb and ewe performance 
from Border Leicester, East Friesian, Finnsheep, Coopworth, 
White Suffolk, Corriedale, and Booroola Leicester rams 
joined to Merino and Corriedale ewes for growth, carcass 
and wool traits. The East Friesian cross carcasses were the 
leanest (FatGR 11.1 mm). 

Schoeman (2000) compared the Merino with Dorper and 
Dorper crosses, Afrino, Dohne Merino, SA Mutton Merino 
and Finnish Landrace composite lines in Kenya. Post-
weaning mortality rates in Kenya were high (49%) among 
Dorper lambs compared to the local Red Maaisai breed, 
owing to a higher susceptibility to gastrointestinal parasites. 
Total weaning weight and efficiency of Dorper and Dorper 
crosses were higher than Merino, Afrino, Dohne Merino, SA 
Mutton Merino, but lower than in Finnish Landrace composite 
lines. Both Dorper and Dorper cross-breeds reached target 

slaughter weights earlier than Merino, Afrino, Suffolk and Ile 
de France crosses. The Dorper was superior in reproductive 
and growth traits to the woolled and indigenous breeds.

Comparisons of terminal prime-lamb sires 

Comparisons of prime lamb breeds for growth rates have been 
conducted over a range of environments and breed crosses 
(Mathews, 1920; Thompson, 1943; Woolaston, 1975, Fogarty 
et al., 2005b). The early work of Mathews (1920) suggested 
the best first-cross ewes were BLM, Leicester x Merino or 
Lincoln x Merino. When these were crossed with Southdown, 
Shropshire and Dorset Horn rams the best financial returns 
came from Southdown x BLM lambs for high-grade export 
carcasses to Britain, or Dorset Horn × BLM lambs for the 
domestic market. Later work also showed that Dorset Horn 
and Suffolk sires and Dorset Horn × Merino and BLM dams 
produce fast-growing progeny in all environments. 

Clements (1977) reviewed trials conducted in the 1970s 
comparing terminal prime-lamb sires. Breeds of similar 
mature size differed less than individual sires within breeds. 
He suggested that superior sires would probably develop 
from: hybrid sires (2, 3 or 4 breed crosses); synthetic sires 
(selection within a gene pool of several breeds); or exotic 
sires (breeds not currently present in Australia). Clements’ 
order of merit for lamb growth rate was Suffolk, Dorset, 
South Suffolk, Hampshires, Ryeland, Cheviot, Southdown, 
Romney then Lincoln. When lambs are slaughtered at a 
constant percentage of their mature liveweight, carcass 
characteristics differ little between breeds (Chapter 16). 
Therefore, when sires are compared by slaughtering lambs at 
a constant liveweight, differences in composition are found 
as small breeds, e.g. Southdown, are more mature, that is, 
fatter.  The differences between breeds are relatively small, as 
shown by the results of Woolaston (1975) in Table 1.14.

Table 1.14.  Average daily gain (ADG - g/day) to 35 and 45 
kg liveweight and mean age at these weights. 

Breed ADG to 
35kg

Age at 
35 kg 
(days)

ADG 
35 – 45 kg

Age at 
45 kg 
(days)

Suffolk 207 171 177 227
Dorset 170 195 164 256
Lincoln 157 215 129 288

Source: Woolaston (1975).

Cotterill and Roberts (1979) conducted a detailed study of the 
carcass characteristics of crossbred lambs from three breeds 
of sire (Polled Dorset, Suffolk and Lincoln) and five breeds 
of dam (Dorset Horn x Merino, Dormer x Merino, BLM, 
South Australian Merino and Peppin Merino).  The best lean 
carcasses resulted from Suffolk x (Dorset x Merino) lambs 
(Table 1.15).  However this doesn’t take into account the 
full value of the lamb.  The most valuable skins came from 
crosses involving the Lincoln, Border Leicester and Romney 
sires, due to the longer staple and heavier, less ribbed skins.  
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There is often a reduction in skin value where black-pointed 
breeds are used (such as Suffolk, South Suffolk, Hampshire) 
due to pigmented fibres and black patches on the pelts.

Table 1.15.   Growth and carcass characteristics at 35 kg 
carcass weight of crossbred lambs. 

Growth rate (g/day)
Pre-

weaning
Post-

weaning
Eye muscle 
depth (mm)

Rib fat 
depth (mm)

Sire breed
Poll Dorset 198 130 28.4 3.8
Suffolk 209 129 27.7 3.7
Lincoln 187 118 26.4 4.6
Dam breed
Dorset x Merino 204 124 28.5 4.0
Dormer 205 126 28.4 3.7
BLM 209 132 26.9 4.8
South Australian 
Merino

189 123 27.2 3.8

Peppin Merino 184 126 26.3 3.9

Source: Cotterill and Roberts (1979). 

Leymaster and Jenkins (1993) studied 325 lambs, sired by 19 
Texel and 20 Suffolk rams, born to mature, half-Finn sheep 
ewes in the USA. Texel-sired lambs had greater survival to 
weaning and similar birth and weaning weights compared 
with Suffolk progeny. Texel progeny weighed less at 6 
months of age, producing lighter, leaner carcasses of shorter 
length. Texel-sired lambs deposited proportionally more 
subcutaneous and less intermuscular fat than did lambs sired 
by Suffolk sires. 

Fogarty et al. (2005b) reported the results from the large 
maternal sire central progeny test, where 91 sires, including 
Border Leicester (18), East Friesian (12), Finnsheep (12), 
Coopworth (9), White Suffolk (7), Corriedale (6), Booroola 
Leicester (6), Hyfer, English Leicester, Gromark, Merino, 
Romney, Poll Dorset, Cheviot, SAMM, South Hampshire 
Down, Texel, White Dorper, Wiltshire Horn and the 
composite breed (Coronga), were compared at 4 sites (Cowra, 
NSW, Hamilton and Rutherglen, Victoria and Struan, South 
Australia). Common sires were used to provide genetic links 
across the sites and years to enable combined analysis of the 
data. The major focus was on evaluation of the progeny from 
2,700 first cross ewes which were grown out and mated for 
3 lambings and their 11,000 second cross slaughter lambs. 
Average gross margins had a range of $19/ewe/year among 
sire breeds of the first cross ewes. The range in average gross 
margins among maternal sires was twice that between breeds 
with considerable overlap of the breeds, e.g. the 18 Border 
Leicester sires had a range of $41/ewe/year (from $67-$108) 
- this means $20,000 higher annual profit for a 1,000 ewe 
enterprise by having first cross ewes sired by top rather than 
average sires. Lamb turnoff rate was the major profit driver 
with lamb growth rate and carcass fat levels also contributing 
to the proportion of lambs meeting carcass specifications. 
There was some variation in ranking of sire breeds (and sires) 
with the production system (autumn and spring joining) and 
environment.

It is not surprising that the most popular breed of prime 
lamb produced in Australia is the Poll Dorset x BLM 
considering the availability of Merino ewes, the hybrid 
vigour of first-cross ewes and the growth rate of Dorset-
sired lambs. East Friesian and other breeds offer alternative 
terminal sires to the Dorset, depending on the target market 
for lambs (Chapter 15).

World distribution of sheep

The first migration of sheep to other parts of Asia, Europe 
and Africa involved wild sheep. Later migrations of humans 
to these regions were accompanied by domesticated sheep, 
which by 2000 BC included white woolly sheep. Hairy sheep 
were gradually displaced by woolly sheep in all except the 
humid tropical areas, where hairy sheep had a number of 
adaptive traits that aid in heat tolerance, including better 
ventilation in the coat, small body size, long legs, large ears 
and the presence of fat reserves in the viscera, tail or rump 
rather than in sub-cutaneous tissues. Tropical sheep also have 
strong constitutions and a resistance to diseases, which aid 
survival in poor conditions. 

Cattle have a number of advantages over sheep in the 
humid tropics. Their grazing habits are better suited to rank 
tropical pastures, they can be used as work animals and they 
suffer less from predation. Their greater production of meat 
and milk per head can sometimes be advantageous. Both 
cattle and goats have higher heat tolerance. However, sheep 
out-perform cattle in the arid tropics due to their superior 
water and nitrogen economy (Coop, 1982). Their small size 
can be beneficial in mountainous country and small-farming 
situations. Less than 40% of sheep are found in the tropical 
zones -most of these are in the semi-arid tropical areas. The 
major sheep-producing areas are in temperate zones. 

World sheep population 

The world’s sheep population has recently declined to 1.02 
billion in 2006 (IWTO, 2007) – one sheep for about every 
six people. Nearly half the sheep are in Asia and the Near 
and Middle East which have dense sheep populations (Figure 
1.26), as do temperate zones with high pasture production 
rates, e.g. NZ, southern areas of Australia and the United 
Kingdom. NZ and Australia have by far the most sheep 
per head of human population. China and Australia have 
the most sheep, with Australia running ~10% of the world 
sheep population (Table 1.16). Sheep numbers in countries 
fluctuate from year to year with seasonal and economic 
conditions (Global Livestock Production and Health Atlas, 
2009). World numbers increased rapidly in the 1950s, due 
mainly to increases in Australia, the Soviet Union and NZ. 
Sheep numbers remained static in the 1960s. During recent 
years numbers have declined substantially in Australia, the 
former Soviet Union and NZ. Numbers slightly declined in 
most other countries but increased in China and  India.
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The number of sheep properties/farms/ranches in some 
other countries are as high as in Australia as sheep farms are 
smaller. For example, in 2002 there were only 6.6 million 
sheep in the USA but there were a similar number (64,170) 
of sheep farms/ranches as in Australia. Large USA sheep 
operations are located primarily in the west (Texas, California, 
Wyoming, Colarado) and run 80% of the sheep, however 
small producers comprise the majority of sheep operations. 
Over the past 200 years, the USA sheep population has moved 
from 7 million in the early 1800’s, peaked at 56 million in 
1945, then declined to less than 6.1 million in 2004. At the 
same time, industry emphasis has switched from wool to meat 
production. Sheep numbers in the USA increased slightly in 
2005 and 2006, the first time since 1990.

Australia and NZ (Chapters 2 and 3) dominate the global 
lamb, mutton, and wool trades due to their higher wool and 
meat production per sheep and relatively small domestic 
markets for meat and wool products. 

World wool trade 

In 1986/87 Merino wool made up 42% of world wool 
production, crossbred wool accounted for 31%, while the 
remainder, mostly carpet wool, made up 27% (IWS, 1987).  
In 2006, 38% of world production was less than 24.5 µm 
and 41% over 32.5 µm (IWTO, 2007). In 1986/87 Australia 
produced 29% of the world’s greasy wool, more than 50% of 
the world’s Merino wool and 70% of traded apparel wool. In 

2004 Australia accounted for 58% of the world production 
of apparel wool, 67% of Merino wool production and 95% 
of the world’s superfine wool (Figure 1.27). About 90% of 
Australia’s and about 60% of the world’s wool is used in 
apparel, the destination for most fine and superfine wool 
(Chapter 27). In 2005/06 world clean wool production 
had fallen to 1,228 million kg or 1.228 million tonne, the 
lowest level since World War II (Table 1.17), with Australia 
producing 26.5% of the world’s clean wool production.

The main countries competing in the export of Merino 
wool are Australia and SA. Argentina has difficulties with 
the preparation, presentation and supply of fine wools, which 
makes the country less competitive; sheep in Russia have 
lower clean fleece weights and all wool is used domestically. 
NZ and Australia are the main exporters of crossbred wool. NZ 
produces about 40% of clean wool over 32 µm and exports 70% 
of traded coarse wool. The pattern of wool trade for the major 
exporters is shown in Table 1.18. Russia has a large impact due 
to its large production and consumption levels, while Australia 
has a major impact on production levels and Europe and Asia 
have major impacts on consumption levels. The main raw wool 
importers in 2006 were China (39%), India (11%), Italy (8%), 
Germany (6%), UK (5%) and Belgium (4%), with China and 
India markedly increasing their predominance in world wool 
trade over the last 20 years.

Since World War II Australia has exported decreasing 
quantities of wool to Europe and more to Japan, Korea, 
Taiwan and China. China is now the world’s largest producer 
of wool textiles. Recently Australian exports to Japan have 

Figure 1.26. Sheep density per square km. (2005). Source: Global Livestock Production and Health Atlas (2009). 
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Table 1.16. Countries with the highest sheep numbers (‘000 head) in 2006.
 1990 1995 2000 2004 2005 2006
China 113,508  117,446  131,095  157,330  170,882 173,899
Australia 170,297 120,862 115,500  99,252 101,125 99,500
India  48,700 54,131 57,900 57,900 57,900 57,900
Former USSR 138,564  90,499 48,145 53,775 54,600 54,600

Russia n/a 31,818 12,603  14,669  15,494 15,494
Kazakhstan n/a  24,273  8,725 10,789 10,789 10,789
Uzbekistan n/a  9,053 8,000 8,200  8,200 8,200
Other CIS n/a  25,168 18,748 20,042 20,042 20,042
Baltic States n/a  188  69 75 75 75 

Iran 44,581  50,889 53,900 53,000  53,000 53,000
Sudan  20,700 37,180  42,800 42,800 42,800 42,800
New Zealand  57,852  48,816 42,260 40,049 39,879 40,098
Pakistan 25,698  29,065  24,084 24,700 24,700 26,488
Turkey 43,647 35,646  28,000  25,000 25,000 25,000
Spain 22,739 23,058  23,962 23,486 23,486 23,486
United Kingdom  30,147 28,797 27,591 24,688  23,933 23,933
South Africa  29,500 25,300 23,600  22,300 22,200 22,200
Ethiopia  22,960 21,750 21,000 19,000 19,000  19,000
Algeria 17,697  17,302  17,616  17,300 17,300 17,300
Morocco  13,514  13,389 17,300 16,000  16,000  16,000
Argentina  28,571 21,626 13,562  14,500  15,000  15,476
Brazil  20,015 18,336 14,785 15,000 14,182 14,182
Peru 12,257 12,570 13,700 14,100 14,100  14,100
Nigeria 12,460 14,000  14,000 14,000  14,000 14,000
Syria 14,509 12,075  13,505 13,500 13,500 13,500
Total World 1,189,238 1,068,912 1,014,705 1,007,835 1,020,051  1,023,496

Source: adapted from IWTO (2007).
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Figure 1.27. Global and Australian production and consumption of Australian wool (Clean Wool Equivalent)
Superfine (<19.5µm), Fine (19.5-24.5µm), Medium (24.6-32.5µm), Broad (>32.5µm)
Source: adapted from data supplied by B. McGahan.  

declined to less than 1% from a high of 41% of all wool 
exports in 1972-73.  A range of statistics for wool and textile 
production and trade are published in IWTO’s annual Market 
Information report (IWTO, 2007).

Wool’s share of the total fibre market has declined 
substantially from 10% in 1961. Wool has a larger share 
of some markets, such as suits and sweaters (IWTO, 2007; 
Chapter 15). The relative production figures for textile fibres 

in the world in 1986 were wool 5%, cotton 45%, cellulosics 
(e.g, rayon)  9%, synthetics 39% and flax 2%. In 2007 
these figures were wool 1.9%, cotton 37%, cellulosics 5%, 
synthetics 60% and flax 1% (IWS, 1987; IWTO, 2007). 
Synthetic production has grown at the expense of all other 
fibres. Wool in total lost nearly 30% of its world volume of 
consumption over the period 1994-2004 (Figure 1.28).
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Figure 1.28.   Trends in global wool demand (mkg clean) 
up to retail stage 1995-2005.  Source: adapted from data 
supplied by K. Stott.  

Figure 1.29 shows that per capita wool consumption (3 year 
average (2003-2005) net domestic availability of apparel at 
retail) is related to personal and family income levels (GDP per 
head in 2005 on a purchasing power parity basis). Demographics, 
lifestyles, consumer typologies and product attributes also 
influence consumption  (IWTO, 2004; Chapter 27).

Table 1.17. Countries with the highest wool production (clean equivalent tonnes).
 1990 1995 2000 2004 2005 2006
Australia 723,667  472,510  438,295  336,969  332,280  325,628
China 103,181 121,618 127,919 165,326  174,957  175,635
New Zealand 230,737  213,400  193,300 164,755 158,498 171,568
Former USSR 240,599 126,689 71,697 80,755 81,567 80,247

Russia  102,034  41,855 17,658 20,509 20,700 20,925 
Kazakhstan  60,438  33,548  13,172  16,376 16,778  15,284 
Uzbekistan 19,350  14,625  11,876 13,964  13,964 14,025 
Turkmenistan  12,000 14,475  13,483 13,650  13,650  13,650 
Azerbaijan 5,040 4,050  4,912  5,535  5,625 5,625 
Kyrgyzstan 19,972 6,895  5,595  4,979  4,963  4,923 
Other  CIS  21,349  10,990  4,897 5,619 5,763  5,691 
Baltic States  416  251  104  123 124 124

Argentina  93,967  56,566  38,911  46,976 49,622 47,880
India 34,160  33,152 38,080  38,080 38,080  38,080
Uruguay  68,125  59,791 40,601 27,118 27,871 34,116
United Kingdom 50,630  46,769 39,080  29,190 29,125  29,252
South Africa  58,954  41,379 28,731  28,132 28,024  27,678
Turkey  42,500  35,000  30,000 27,000  27,000  27,000
Iran 20,070  22,905  24,255  24,255 24,255 24,255
Sudan 10,500 19,000  22,500  22,500 22,500 22,500
Pakistan 19,713  22,344  16,338  16,674 16,674 16,674
Spain 16,723  17,078 17,597  16,239  16,031  16,031
Morocco  14,000  14,400  15,200  15,200 15,200 15,200
Syria  15,070  12,235 12,254  10,560 10,560 10,560
Ireland  17,570 14,890  14,220 10,540 9,940  10,540
USA 24,372 17,330 12,317 10,068 9,975 9,683
Chile  9,918  11,020  9,860 8,758 8,700 8,700
Mongolia  12,027 11,172  12,369 8,721  8,550  8,550
Total World 2,006,952 1,520,237 1,343,368 1,220,209 1,220,122  1,228,670

Source: adapted from IWTO (2007).
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Figure 1.29.  Per capita apparel wool consumption and 
income. Source: adapted from ABS (2005) data.

World sheep meat production and trade 

The main types of meat produced in the world are pork, 
poultry, beef (including veal and buffalo) and sheep meat. 
Prices, production, consumption, imports and exports of 
these meats and future trends are covered in detail by Spencer 
(2003). China (28%), Australia (7%) and NZ (6%) produce the 
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largest live sheep trade is from Australia to South West Asia and 
North Africa. In 1996 live sheep made up 26% (290 kt of 1,100 
kt) of the weight of total sheep meat traded (Boutonnet, 1999). 
Sheep meat’s share of the market is decreasing (Boutonnet, 
1999). Sheep meat is the most expensive meat in developed 
countries. Consumption is dependent on cultural factors and 
increases as populations and incomes grow (Figure 1.31). 

Australia and NZ supply the major portion of world exports 
of both mutton and lamb, being the largest exporters of these 
respectively. Lamb exports make up about half of the shipped 
weight of carcass in both countries. During the 1950s and ’60s, 
world sheep meat trade was dominated by exports to the UK. 
In 2006, 90% of NZ’s sheep meat was exported and 44% of 
this was still exported to the EU.

After 1973, when England and Ireland joined the EU, 

Table 1.18. Major grower country exports of raw and semi-processed wool in 2006 (tonnes). 
Australia NZ Uruguay South Africa Argentina Total

Wool Type Export
Greasy 385,428  42,301  13,760  6,861  6,737  475,087 
Scoured 28,480 113,903 4,237  3,403  6,049 156,072 
Carbonised 17,708  1,006  - 2,997  - 21,711 
Top and other carded/combed wool 7,985  1,352  25,039  6,558 21,341 62,275 
Noil and waste  1,818 453  3,022  1,406 2,885 9,584 
Subtotal - raw and semi-processed wool 441,419  59,015  46,058  41,225 37,012 724,729 
Woolled sheep and lambskins 490,668  7,079  1,926  13,984  1,500 515,157 
Total  932,087 166,094  47,984  55,209  38,512 1,239,886
Raw and Semi-processed Wool Destinations 
China/Hong Kong/Macao 270,903  43,300  24,219  11,030 5,479 354,931 
India 33,565  15,061  808  2,279  613 52,326 
Taiwan 16,078  1,410 - 12  471 17,971 
Japan 5,093  5,518 677 154 454 11,896 
Thailand 4,583  1,734 47 -  - 6,364 
Korea S 4,883 270 175 470  190 5,988 
Other Asia/Oceania  6,485  11,359 -  -  103 17,947 
Total Asia and Oceania  341,590  78,652  25,926  13,945  7,310 467,423 
Italy 46,324  15,257 8,512  7,526 6,738 84,357 
Germany 6,926  7,000  4,420  5,192 9,013 32,551 
United Kingdom  1,336  20,548  1,110  1,686  853 25,533 
Belgium 273  10,898 214 223  132 11,740 
Turkey  2,378  4,995  1,242 48  2,652 11,315 
Spain 1,383  492 294  1,565 511 4,245 
France  629  371 138 619  83 1,840 
Other Western Europe  129  3,751 464 307 - 4,651 
Total Western Europe 59,378  63,312  16,394  17,166 19,982 176,232 
United States Of America 3,202  4,243 446 398 362 8,651 
Mexico 414 37 206  -  2,653 3,310 
Uruguay  812 56 - 73  794 1,735 
Other America  451 538  1,386 195  4,179 6,749 
Total Americas 4,879  4,874  2,038 666 7,988 20,445 
Czech Republic 21,029  1,596  328  7,348 635 30,936 
Bulgaria 3,331 970  62  1,232  1,038 6,633 
Hungary  1,963 - - -  - 1,963 
Poland 16 1,065  39 - - 1,120 
Other Eastern Europe/Baltic/CIS 821  3,005  60  12 - 3,898 
Total Eastern Europe/Baltic states/CIS 27,160  6,636 489  8,592 1,673 44,550 
Other countries  8,412  5,541 1,211 856  59  16,079 
Total (actual weight) 441,419 159,015  46,058  41,225 37,012 724,729

Source: IWTO (2007).

most sheep meat in the world (Table 1.19). Chinese statistics 
are imprecise (Waldron et al., 2007). Pan (2007) reported that 
Chinese production of sheep meat increased from 2.3 to 4.4 
million tonnes between 2000 and 2005 compared to production 
in 2005 of pork (50.1), farmed fish (33.9), wild fish (17.1), 
poultry (14.6) and beef (7.1).

International trade of sheep meat and live animals represents 
only about 7% of international meat trade and consumption 
of sheep meat accounts for 4.6% of world meat consumption 
(Barnard, 2006). The major exporters of sheep meat carcasses 
and cuts (Figure 1.30) are NZ (EU – takes 46% of exports, 
South West Asia and North Africa – 19% and North Asia – 
13%), Australia (South West Asia and North Africa – 45% and 
North Asia – 11%) and Central and Eastern European Countries 
(EU -40% and South West Asia and North Africa – 40%). The 
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this trade shifted towards the Middle East countries and parts 
of Asia, particularly Japan in the early 1970s. Future trade 
depends heavily on the political and economic climates in the 
Middle East and the EU. 
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Figure 1.30. Top ten mutton and lamb exporters in 2007 
(intra EU trade not counted). Source: MLA (2008).

NZ, Australia and Uruguay have the highest per capita 
consumption of sheep meat (AMLC, 1989), while the USA 
has the highest per capita overall meat consumption (Figure 
1.31). Some countries with high per capita income but low 
meat consumption are those which have a high seafood intake. 
The relationship between income levels and consumption of 
meat follows a similar pattern to wool (Figure 1.29).

World sheep-milk production

In 1988, 9.1 million tonnes of sheep’s milk was estimated 
to have been produced throughout the world for human 
consumption, most being made into cheese (FAO, 1988). The 
major production (million tonnes) was confined to Middle
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consumption. Source: DAFF (2005).

 
eastern countries such as Turkey (0.2), Iran (0.7), China (0.6) 
and Iraq (0.6), and to southern and central Europe in countries 
such as France (1.1), Italy (0.6), Greece (0.6), Romania (0.5) and 
Spain (0.2). Asia and Europe together account for about 82% 
of the total milk production from sheep. Africa produces about 
17%, mainly in Sudan (0.6), Somalia (0.4) and Algeria (0.2). 
Australia is a very minor producer, with only 300 sheep being 
milked commercially in 1986 (Chapter 18) and about 5,500 in 
2008, with the largest operation milking 800 ewes daily, year 
round (G. Duddy, pers. comm.).

Sheep milk production has increased with the main 
producers in 2005 (million tonnes) being China (1.2), Italy 
(0.8), Turkey (0.8), Greece (0.7), Syria (0.6), Sudan (0.5), 
Spain (0.4) and Iran (0.4) (FAO, 2008).

World production of sheepskins

In 1986 world production of fresh sheepskins was 1.2 million 
tonnes (FAO, 1987). The region producing the most sheepskins 

Table 1.19. World Mutton and Lamb Production (kt carcass).  

1998 1999 2000 2001 2002 2003 2004 2005 2006
China  1,239    1,335   1,440      1,540   1,680     1,892   2,240      2,420      2,540
EU 1,000
Australia   617    629   714   678   634   543   573   616   669
New Zealand   545   518   533    562   521   546   509    520    539
Iran 400
Turkey 300
United Kingdom   375   392   383   267  307   306   314    310    331
India 250
Spain   233   221   232   236   237   236   231    235    227
Syria 200
Pakistan 150
Algeria 150
Russian Federation  156   124   119   114   115   114   125   134   136
France   135    132   133  134   128   129   102   99   99
United States   114   113    106   101   101   92    90   85   84
Italy   70   70   65   62   58   58   59   59   59
Argentina   48   45   50   50   50   52   52   52   52
Romania   53   54   49   48   51   62   67   50   54
Uruguay   55    51   51    51    31   27   27   27   19
Ukraine   17    15    9   8   8   8    8   8  9
Total 7,318  7,383    7,591      7,608   7,664   7,847   8,188    8,462     8,633

Source: adapted from ABARE (2007) data.
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was Asia (30%), which runs the largest number of sheep (Table 
1.1) and produces most mutton and lamb. However, the main 
individual countries producing sheepskins were Australia (13% 
of the total), the Soviet Union (11%), NZ (10%) and China (7%). 
World annual trade in sheepskins in 1986 was about 200,000 
tonnes. The major exporters were Australia (about 50% of the 
total) and NZ (25%). The EU imported about 75% of world export 
supplies. Eastern European countries and North America took 
approximately 10% each.  In 2006 Australia exported 490,668 
tonnes of sheepskins and lambskins, South Africa 13,984t and 
NZ 7,079t (see Chapter 28).

The future

Most industries go through life cycles. For example the 
Australian wine industry has moved from the growing to the 
mature phase, where market requirements are more complex 
(Figure 1.32).
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Figure 1.32.  The wine industry life cycle.  Source: Rabobank 
(2007).

Failure to innovate results in commoditisation and ultimately 
a declining phase. Innovation in the product or the business 
model can result in a second phase life. Anticipating the 
market, creating higher value market segments and innovating 
to create value are usually more important than increasing sales 
volumes. It is interesting to consider which country’s wool 
industries are ready for a second or subsequent life. Continued 
growth, however, is predicted in demand for animal protein, 
including sheep meat (Figure 1.33). 

The world’s population doubled in 41 years between 1962 
and 2003 from 3.1 billion to 6.2 billion, while Australia’s 
population almost doubled from 10.8 to 19.7 million during 
this period (ABARE, 2008). Meat and wool markets can be 
expected to grow in countries with fast growing populations 
and increasing wealth, such as China, India and other east 
Asian countries (Figure 1.34). 
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Figure 1.33. Predicted future global animal protein demand 
(million tonnes). Source: Braks (2008).
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regions.  Source: adapted from ABARE (2009) data.
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Sheepmeat Council of Australia www.sheepmeatcouncil.

com.au
South African Meat Merino (SAMM) samm.net.au
Southdown www.southdownaustralia.com.au
UNE wool www.une.edu.au/study/wool-science
US Department of Agriculture (USDA) www.usda.gov
Wiltshire www.wiltshirehorn.asn.au/index.htm
World Meteorological Organisation www.worldweather.org
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Wool is Best www.woolisbest.com
Wool on the Web www.woolontheweb.com
Wool search www.woolsearch.com.au
Woolmark www.merinos.com.au
Woolmark www.wool.com
Woolmark Market Intelligence www.woolmark.info
Woolmark Korea www.wool.or.kr
Woolmark Japan www.wool.co.jp
WormBoss www.wormboss.com.au
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Overview

Australia is an important global food, fibre and beverage 
producer. In 2007 Australia produced the most greasy wool 
and lupins in the world and was ranked second for sheep 
meat production, fourth for chickpeas, fifth for canary seed 
and triticale, sixth for beef, broad beans and nuts, seventh 
for sugar cane and lentils, eight for barley, oats and rapeseed 
and ninth for peas and horse meat production (FAO, 2009). 
Wool remains a significant enterprise for almost a third of 
Australia’s commercial farms.  Over 50% of Australia’s 72,000 
broadacre farms carry sheep and these farms occupy almost 
40% of all agricultural land. In 2004-05, wool accounted 
for 6.7 % of the gross value of farm production, and exports 
of Australian wool were valued at $2.8 billion - Australia’s 
fourth most important agricultural export behind beef, wheat 
and wine (ABARE, 2006). Traditionally, the state of the wool 
market has been the most important industry issue but the 
sheep meat sector has become increasingly important.

Australian primary industries are relatively unassisted. 
In 2005 the financial value of transfers from consumers 
and taxpayers as a result of government policy measures 
to support all Korean farmers was 63% of farmers’ gross 
incomes, 56% for Japanese producers, 32% for European 
Union (EU) producers, 16% for US producers, while only 5% 
for Australian producers and 3% for NZ producers (OECD, 
2006). These subsidy levels for sheep meat producers in the 
EU were 53%, 13% in the US, 13% in Australia, while NZ 
sheep meat producers received only 1% subsidy.

Sheep and farm numbers

In 1860, there were 21 million sheep in Australia and by 1891 
numbers peaked at 106 million (more than in 2009) and most 
grazing areas suitable for sheep had been occupied. In 1906 
Australia had the highest recorded number of sheep in the 
world (86.7 million), followed by Argentina with 74.4 million. 
From 1891 to the present, sheep numbers have increased 
slowly compared with the initial rapid growth from 1788 to 
1891 (Figure 2.1). A peak of 180 million sheep was reached 
in 1970, including 85.5 million breeding ewes. Following a 
depression in wool prices, sheep numbers stabilised around 
130-145 million in the mid 1970s and early 1980s and 
reached a peak of 174 million in 1989-90. The peak was due 

mainly to falling grain and beef prices and international wool 
promotion activity and the Australian Wool Corporation 
reserve price scheme, which was introduced in response to the 
1970 market collapse. The rapid increase in the stockpile to 
over 4 million bales and stockpile debts of $3 billion in 1991 
generated much debate about price support (Chapter 25). The 
reserve price scheme ceased in 1991 and sheep numbers have 
fallen since then mainly due to lower wool returns compared 
to other enterprises and drought (Figure 2.1). 
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Figure 2.1. Sheep numbers and wool production in Australia 
1906-2006.  Source: Pink (2008).

Widespread droughts have often caused considerable 
variations in livestock numbers (BOM, 2008). Severe 
drought affects some part of Australia about once every 18 
years with intervals between severe droughts varying from 
4 - 38 years. Bad droughts have occurred in 1864-66 (all 
States except Tasmania), 1877-78, 1880-86 (southern and 
eastern States), 1892-93, 1895-1903 (the Federation drought 
- sheep numbers halved - most devastating drought in terms 
of stock losses), 1911-16 (loss of 19 million sheep), 1918-20 
(all States except parts of Western Australia (WA)), 1922-
23, 1925-26, 1927-29, 1929-30, 1940-41, 1942-45 (loss of 
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30 million sheep), 1946-47, 1963-68 (widespread drought, 
1958-67 longest in central Australia), 1967-68 (loss of 20 
million sheep), 1972-73 (mainly eastern Australia), 1982-83 
(most intense in terms of areas affected), 1991-95 (El Niño 
- average rural production fell 10%) and 2003-2009. With 
continuing drought, in 2009 sheep numbers had dropped to 
their lowest since 1916 (Table 2.1).

The production of greasy wool in relation to the number 
of sheep from 1977-2007 (Figure 2.1, Table 2.1) suggests that 
wool cuts per head have been gradually increasing by ~0.015 
kg per year.  A study of records from 1945-1985 (Table 2.2) 
showed a similar increase, which suggests subjective selection 
methods were inefficient then, as the clip became coarser in 
this period and there was an increased use of fertiliser (Rose, 
1987). The average per head greasy fleece weight in 2006/2007 
was only 4.08 kg, lower than the long term average (Table 2.2), 
due to drought and the finer clip profile. 

As the number of sheep and lambs shorn each year is higher 
than the opening and closing numbers, due to the shearing of 
animals that die or are slaughtered, wool cuts per head should 
be based on different sheep numbers from those shown in 
Table 2.1. An example of the pattern of Australian wool 
production and sheep disposal is given in Table 2.3. 

The Australian flock is composed of about 86% Merinos, 
10% crossbreds and 4% other breeds (Mounter et al., 2007). 
From 2002-2005, on average, 41% of lambs sold were first 
cross, 34% were second cross and 25% were Merino, so just 
over 50% of sold lambs had Merino genes. The supply and 
use of non-Merinos (in 2002-03) is shown in Figure 2.2. 
Non-Merinos run in the wheat sheep zone (3.8 million ewes, 
0.3 million wethers, 4.8 million lambs and 0.8 million ewe 
hoggets) and high rainfall zone (2.2 million ewes, 0.2 million 
wethers, 2.7 million lambs and 0.5 million ewe hoggets). Prime 
lamb producers are predominately located in the Riverina, the 

Table 2.1.  Summary of Australian wool statistics 1977- 2008.  
Sheep 

numbers
Greasy wool production (kt)c Clean yieldac Closing stocks

(at June 30)d

Average price (c/kg)

Year    (million)ab shorn         total % ‘000 bales       kt EMIe           
(clean)        

Auction
(greasy)

1977-78 127.5 605.5 677.0 62.3 896.6 137.7 354.7 187.1
1978-79 130.5 643.6 705.7 62.9 353.8 55.8 391.7 205.2
1979-80 132.7 642.4 708.5 62.9 208.5 33.2 462.0 243.6
1980-81 131.4 637.9 701.2 62.8 188.3 30.3 478.8 256.0
1981-82 135.0 661.0 717.2 63.0 509.3 81.5 501.9 264.7
1982-83 130.5 581.3 641.5 62.3 928.1 150.0 516.3 269.9
1983-84 135.1 614.8 671.2 63.2 1,233.9 207.0 540.3 293.8
1984-85 145.7 691.1 752.7 64.2 979.6 168.1 586.0 317.8
1985-86 150.4 694.2 762.1 64.3 924.3 159.1 594.9 342.1
1986-87 153.2 740.5 813.7 64.4 381.5 65.7 697.4 395.5
1987-88 156.5 771.4 842.7 64.9 9.2 1.5 1,117.4 632.7
1988-89 164.9 838.8 898.9 65.3 188.3 31.8 1,091.7 647.3
1989-90 173.8 959.8 1,030.9 65.8 3,064.7 542.0 969.2 555.3
1990-91 166.6 912.3 989.2 65.6 4,607.4 820.1 699.6 413.8
1991-92 151.0 727.5 801.2 65.1 4,068.8 724.3 592.6 358.8
1992-93 140.5 760.8 815.1 66.0 3,950.1 703.0 519.2 313.5
1993-94 132.6 775.8 828.3 65.8 4,184.3 740.0 547.0 330.1
1994-95 120.9 679.4 727.9 64.6 3,597.4 632.2 788.0 504.4
1995-96 121.1 640.9 684.9 65.7 3,226.4 573.6 658.1 386.7
1996-97 120.2 685.1 731.4 65.9 2,556.6 452.3 669.8 403.0
1997-98 117.5 639.8 689.6 65.6 2,173.1 383.7 733.2 444.3
1998-99 115.5 639.9 687.6 65.5 2,104.0 375.6 550.2 323.4
1999-00 118.6 642.3 666.0 65.6 1,476.4 263.4 627.0 357.3
2000-01 110.9 589.9 645.1 65.8 796.5 141.4 764.0 512.0
2001-02 106.2 536.9 587.2 66.1 429.8 81.0 841.0 526.7
2002-03 99.3 501.8 551.1 64.8 123.9 105.0 1,049.0 682.0
2003-04 101.3 466.3 509.5 64.4 707.7 156.3 820.0 533.0
2004-05 100.6 474.8 519.7 64.2 888.3 157.0 766.6 484.9
2005-06 91.0 472.5 519.9 64.1 896.7 157.6 713.3 463.7
2006-07 85.7 450.2 502.3 62.9 583.8 103.0 864.1 543.5
2007-08 80.4 400.0 442.7 62.6 n.a. n.a. 945.0 591.6

a Sheep and lambs. 
b Before 1982, includes livestock holdings on establishments with an estimated value of agricultural operations (EVAO) of $1,500 or more. Be-
tween 1982 and 1986, includes livestock holdings on establishments with an EVAO of $2 500 or more and from 1987, an EVAO of $5 000. 
c July–June years. 
d Australian wool held by the Australian Wool Corporation from 1977-78 to 1990-91 and by the Australian Wool Realisation Commission from 1 
July 1991 to December 1993. From July 1993 to 2004, includes stocks held on farms and unsold wool held in brokers’ stores. From 2005, stocks 
held on farms is unavailable, therefore the value is derived. 
e Wool International eastern market indicator from 1977-78 to 1994-95. Australian Wool Exchange eastern market indicator from 1995-96 onward. 
(Original market indicators for the period 1991-92 to 1993-94 can be calculated by dividing by 1.064. For the years between1983-84 to 1990-91, 
divide by 1.114. For 1982-83 and earlier years, divide by 1.136). 
Source: adapted from ABARE (2008a).
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Table 2.2.  Changes in greasy fleece weight and lamb marking percentages 1946-1985.   
State GFW (kg) Range Regression 

coefficient
Lamb marking (%) Range Regression 

coefficient
NSW 4.51 3.83-5.07 .02 72.3 58.4-84.6 0.32
WA 4.78 3.94-5.37 .02 65.5 56.6-73.2 0.14
Vic 4.54 4.10-5.03 .01 82.7 68.7-88.9 0.02
SA 5.79 5.22-6.55 .02 77.0 68.2-84.9 0.16
Qld 4.53 3.66-5.22 .02 53.2 32.7-66.1 0.12
Tas 4.31 3.46-4.86 .03 89.7 81.5-96.5 0.11
Australia 4.68 4.17-5.25 .02 72.0 61.7-81.7 0.21

Source: Rose (1987).

Table 2.3.  Australian sheep disposal and wool production 2000-2007.    
Unit 2000-01 2001-02 2002-03 2003-04 2004-05 2005-06 2006-07

Sheep disposal
Opening numbera million  118.6  110.9  106.2  99.3  101.3  102.5 92.7
Lambs marked million  38.2  37.7  33.9  36.3  37.4  35.7 34.1
Lambs slaughteredb million  18.6  17.4  16.9  16.6  17.3  18.7 20.2
Sheep slaughteredb million  16.6  14.4  13.7  10.4  11.4  11.8 13.3
Live sheep exports million  5.9  6.4  5.8  3.8  3.2  4.2 4.1
Sheep deathsc million  4.7  4.2  4.5  3.5  4.2  10.7 3.5
Closing numberd million  110.9  106.2  99.3  101.3  102.5  92.7 85.7
Wool production
Number shorn

million  130.5  122.6  116.7  105.1  108.4  104.6 110.3

Cut per head kg   4.52   4.38   4.30   4.44   4.38   4.41 4.08
Wool production (greasy)
–  shorn kt  589.9  536.9  501.8  466.3  474.8  461.0 450.2
–  on skins kt  55.3  50.4  49.3  43.2  44.9  48.8 52.1
–  total kt  645.1  587.2  551.1  509.5  519.7  509.8 502.3
–  clean yield % 65.8  66.1  64.8  64.4  64.2  64.1 62.9

a Sheep and lambs at 1 July on enterprises with estimated value of agricultural operations (EVAO) of $5,000 or more. 
b For human consumption only, but excludes slaughtering on farms. 
c Calculated residually. 
d Sheep and lambs at 30 June on enterprises with an EVAO of $5,000 or more.
Source: ABARE (2008a).
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wheat-sheep zone of New South Wales (NSW), the Murray 
River region and the high rainfall areas in southwest Victoria 
and eastern South Australia (SA). Production zones and the 
distribution of Merinos are covered in more detail later.

 Farms in NSW have always run the most sheep, one-third 
of them in 2007 (Table 2.4). WA has now overtaken Victoria 
as the state running the second most sheep. However there are 
concerns that WA Merino numbers have dropped so low that 
they are becoming non-sustainable (Dolling, pers. comm.).

The number of sheep farms, especially those running 
less than 2,500 sheep, has been declining along with sheep 
numbers (Figure 2.3). In 2007, as one would expect from 
relative grazing pressures (Chapter 14), there were more farms 
running Australia’s 25 million beef cattle than its 86 million 
sheep  (Table 2.5). Most arable farms run livestock as well 
as growing crops. In 2007 23.5 million ha of Australian land 
was planted to crops (not including hay, seed and pastures), 
402 million ha was farmed but not cropped and 344 million 
ha was non-agricultural (ABS, 2008b). Sheep graze on about 
85 million ha of land so, on average, each sheep grazes 1 ha 
or 2.5 acres.
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Figure 2.3.   Numbers of small, medium and large sheep farms in 
Australia. Source: adapted from ABARE (2008a) data.

Wool production and export

The average fibre diameter of the Australian clip decreased 
by 1 µm (micron) in the 15 years from 1992-2006 (Figure 
2.4).  In 2007/2008, superfine wool (<18.5 µm) made up 20% 
of the Australian clip,  35% of the clip was less than 19.5 
µm and 60% of the clip was less than 21.5 µm. 100 tonne of 
wool less than 14.5 µm was tested in 2007/2008 compared to 
only 0.2 tonne in 1991/1992 (Chapter 25). There has been a 
reduction in strong Merino and fine crossbred (21.6-24.5 µm) 
production due to relative wool prices and more favourable 
prices for sheep meat, beef and grains. While drought 
conditions have affected the clip’s fibre diameter, many 
breeders have selected finer sheep (Chapter 8) in response to 
projected demand for lighter weight apparel (Chapter 27). 
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About 87% of all wool passing through the Australian auction 
system comprises combing fleece and oddment types (Table 
2.6) that are ultimately processed in the worsted system 
(see Chapter 26).  The remaining 13%, being the shorter or 

Table 2.4.  Sheep numbers and farm numbers by states in 2007.  
Australia States (2007)

2006 2007       NSW Vic. Qld SA WA Tas. NT ACT

Sheep

Sheep (‘000) 66,345 62,291 20,854 12,472 3,507 7,891 15,498 2,022 0 46

Lambs under one year (‘000) 24,684 23,420 7,753 4,702 872 3,750 5,638 694 0 12

Total sheep and lambs (‘000) 91,028 85,711 28,607 17,174 4,378 11,641 21,136 2,717 0 58

Lambing

Ewes mated to produce lambs (‘000) 42,713 41,518 14,357 8,229 1,520 5,503 10,534 1,350 0 26

Lambs marked (‘000) 35,075 34,064 11,597 7,413 921 4,890 8,058 1,165 0 19

Lambs marked to ewes mated (%) 82.1 82.1 80.8 90.1 60.6 88.9 76.5 86.3 0.0 73.5

Agricultural businesses with sheep (no.)

Sheep 47,296 45,955 16,781 11,699 1,673 6,982 7,017 1,760 1 40

Lambs under one year 37,672 36,236 13,412 9,058 1,156 6,038 5,315 1,227 0 30

Total farms with sheep 48,547 47,296 17,319 12,075 1,721 7,185 7,138 1,817 1 40

Source: ABS (2008a) 
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carding wools such as locks, crutchings and lamb’s wool, 
enters the woollen system.  Noils combed out during worsted 
processing raise the amount of wool entering the woollen 
trade by 5-10%.  About two-thirds of carding types were 
carbonised and/or scoured in Australia in the 1990s but this 
processing has also moved offshore. 

On average about 55% of the Australian wool clip carries 
more than 1% vegetable fault. Lunney (1981) found no 
long-term trend in vegetable fault levels in Australian wool 
from 1940-1980. During this period the highest level of FNF 
(free or nearly free) wool was 51.8% of the Australian clip 
in 1951/52 and the lowest level was 37.5% in 1970/71. In 
2006/2007 only 37% of the bales in the clip were FNF. The 
composition of the clip in 2006/2007 for first hand wool is 
shown in Tables 2.6 and 2.7.

The percentages of wool bales sold with different levels 
of subjectively assessed faults are shown for Australia and 
the northern (Newcastle, Sydney), southern (Melbourne, 
Geelong, Adelaide, Launceston) and western (Fremantle) 
regions in Table 2.8. There are differences between states in 
relation to the proportion of bales carrying discolouration, low 
staple strength and level of vegetable fault. Queensland and 
NSW generally have about 20% less wool in the FNF category 
than the Australian average, whereas Tasmania and Victoria 
usually have about 25% and 15% more respectively due to 
pasture improvement. There is a tendency for higher levels of 
discolouration in NSW and Queensland clips suggesting an 
effect of summer-dominant rainfall patterns on greasy colour. 
On the other hand, the higher incidence of tender wool is 
associated with winter-dominant or Mediterranean climates 
in the southern and western regions. 

Table 2.5.  Number of Australian businesses with agricultural activity 2007-2008.  
NSW Vic. Qld SA WA Tas. NT ACT Aust.

Nursery production (undercover plus outdoors) 260 216 183 37 49 42 17 1 804

Turf growing 113 37 151 13 48 1 2 - 366

Floriculture production (undercover plus outdoors) 211 249 119 83 75 29 9 - 775

Mushroom growing 37 23 52 3 3 3 - - 120

Vegetable growing (undercover plus outdoors) 1,069 927 1,082 599 379 324 47 2 4,429

Grape growing 1,134 1,859 93 2,323 538 98 15 2 6,062

Kiwifruit growing 43 9 - - 13 - - - 65

Berry fruit growing 74 107 131 16 29 31 1 - 390

Apple and pear growing 186 223 48 129 176 125 7 2 896

Stone fruit growing 231 257 157 191 85 58 1 - 981

Citrus fruit growing 454 221 205 260 77 13 - - 1,230

Olive growing 101 47 19 58 34 - - - 259

Other fruit and tree nut growing 1,423 287 1,445 199 259 58 164 2 3,837

Sheep farming (specialised) 4,068 3,549 362 1,362 1,316 473 - 18 11,148

Beef cattle farming plus feedlots (specialised) 14,066 8,719 13,506 1,429 2,468 1,203 230 19 41,640

Sheep-beef cattle farming 3,635 1,651 487 816 351 276 - 10 7,226

Grain-sheep or grain-beef cattle farming 5,154 2,511 1,332 1,864 2,023 163 9 1 13,059

Rice growing 43 3 - - - - - - 46

Other grain growing 3,242 3,009 1,352 3,131 2,964 25 - - 13,723

Sugar cane growing 490 - 3,264 - 4 - - - 3,758

Cotton growing 152 - 142 - - - - - 294

Other crop growing 171 194 330 50 30 50 10 - 836

Dairy cattle farming 1,223 5,538 762 454 320 495 - - 8,792

Poultry farming (meat) 345 230 124 75 62 26 - - 862

Poultry farming (eggs) 154 105 73 49 28 8 - 1 417

Deer farming 28 42 16 31 18 3 - - 138

Horse farming 565 495 419 81 116 18 - 4 1,697

Pig farming 177 107 170 114 55 19 - - 642

Beekeeping 140 145 52 59 62 25 6 - 488

Other livestock farming 247 171 81 49 45 18 5 - 616

Total agriculture 39,236 30,931 26,159 13,475 11,627 3,583 522 62 125,594

All other industries 5,203 3,246 2,962 1,522 1,457 617 83 19 15,110

Total all industries 44,439 34,177 29,121 14,996 13,084 4,200 605 82 140,704

Source: ABS (2008a). 
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Table 2.6.  Number of bales of first hand combing wool sold classified by vegetable fault levels (% category). 
Category Free or 

Near Free 
(0.0-1.0)

Light Burr 
and/or 
Seed

Medium 
Burr and/or 

Seed

Heavy Burr 
and/or 
Seed

Total

Merino 
589,813 

(37%)
664,730 

(42%)
247,825 

(16%)
94,323 

(6%)   
1,596,691

Crossbred/Downs/Carpet
124,191 

(54%)
74,780 
(32%)

24,561 
(11%)

7,714 
(3%)   

231,246

Total
714,004 

(39%)
739,510 

(40%)
272,386 

(15%)
102,037 

(6%)  
1,827,937  

Source: AWEX (2008).

Table 2.7.  Number of bales of first hand carding wool sold by vegetable fault levels (% category). 
Category Free or 

Near Free 
(0.0-1.0)

Odd Burr 
or Light 

Seed

Light 
Carbonising 

(2.1-7.0)

Carbonising 
(7.1+)

Others Total

Merino 
37,239 
(18%)

36,036 
(18%)

104,775 
(51%)

27,318 
(13%)

233
(0%)

205,601

Crossbred/Downs/Carpet
15,208
(25%)

15,906
(26%)

24,337
(40%)

4,688
(8%)

417
(1%)

60,556

Total
52,447
(20%)

51,942
(20%)

129,112
(49%)

32,006
(12%)

650
(0%)   

266,157

 Source: AWEX (2008).

Table 2.8.  Number of bales with various fault levels in the 2006/2007 wool clip.  
Fault Australia North South West

No. bales
Colour                     Light (H1) 278,487 139,429 70,846 68,212 

Medium (H2) 22,718 9,997 5,660 7,061
Heavy (H3) 671 253 180 238

Scourable (M) 85,623 35,702 32,737 17,184
Water (N) 3,247 556 559 2,132

Strength        Part Tender (W1) 468,195 117,166 206,049 144,980
Tender (W2) 201,409 40,731 88,496 72,182

Very Tender (W3) 29,025 4,933 12,155   11,937

Stain                        Light (S1) 42,583  14,513 19,283 8,787  
Medium (S2) 46,957 20,295 13,018 13,644

Heavy (S3) 16,926 3,191 10,960 2,775

Cott                         Light (C1) 85,047  28,080  14,475  42,492
Medium (C2) 14,930 4,548 2,623 7,759

Heavy (C3) 2,060 303 412 1,345

Jowls                        Light (J1) 14,728 5,056  7,354  2,318 
Medium (J2) 3,263 874 1,045 1,344

Heavy (J3) 825 163 394 268

Dermatitis               Light (A1) 6,143 429 2,341  3,373 
Medium (A2) 1,646 104 552 990

Heavy (A3) 149 13 17 119
Necks (E) 14,458 8,277 4,513 1,668
Doggy (G) 8,028 2,444 4,416 1,168
Mud (D)* 1,657 793 335 529
Brands (R)* 16,753 4,331 5,918 6,504
Black and Grey (Y)* 23,425 3,172 5,242 15,011
Kemp (P)* 40,923 10,047 21,008 9,868
Shanks (K)* 13,966 7,894 3,489 2,583
Dags (Q)* 29,427 6,839 12,971 9,617
Skin Pieces (V)* 2,765 549 747 1,469
Total bales 2,358,085 742,312 1,066,347 549,426

*Includes scales 1 to 3
Source: adapted from AWEX (2008).
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Australia’s international trade has changed markedly over 
the past century in the composition of imports and exports. In 
1906 Australian imports cost £45m ($89m), made up mostly 
of apparel and textiles (£13m/$25m or 28%) from the United 
Kingdom (UK) and Germany. Imports of manufactured metals 
and machinery, mostly boilers and pumps, were also significant 
(20%). Exports returned £66m ($133m) and resulted in a £22m 
($43m) trade surplus. The single largest commodity exported was 
wool destined primarily for the UK, contributing £23m ($45m or 
34%) to exports. 

Prosperity in the wool industry peaked in 1950-51 when 
the average greasy wool price reached 144.2 pence per pound, 
(equivalent to ~$45 per kilogram in 2006, compared to the actual 
price of ~$6 per kilogram in 2006-07). This was nine times 
greater than the 1945-46 UK contract price, and almost 14 times 
greater than the average for the 10 seasons ending in 1938-39 
(10.39 pence per pound). This short-lived but extreme increase in 
price was due to the American demand for wool generated by the 
Korean War. During this period Australia was said to be ‘riding 
on the sheep’s back’. A related sharp increase in sheep numbers 
occurred (Figure 2.1). In 1950-51 the gross value of wool 
production had increased to 56% of the total value of production 
of all agricultural industries, compared with 17% in 1945-46. 

Since the 1950s, the destinations for exports of wool have 
moved from the UK and Europe to Asia. China’s share of 
Australia’s exports of greasy, carbonised and scoured wool, top, 
noils and waste (volume based) has risen across all micron ranges 
from 1996-2006 (Figures 2.5-2.8).
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Figure 2.5.   Australian Wool Exports by Destination -  
19 Micron and Finer Wool Source: Woolmark (2008).
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Figure 2.6.   Australian Wool Exports by Destination – 20 to 
23 Micron Wool Source: Woolmark (2008).
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Figure 2.8.   Australian Wool Exports by Destination –  28 
Micron and Broader Wool Source: Woolmark (2008).    

Sheep meat production and export

Most Australian mutton is produced in NSW (31%), Victoria 
(28%), WA (20%) and SA (12%), while Victoria (45%) and 
NSW (22%) produce the most lamb (Table 2.9).  

Figure 2.9 shows Australian production of mutton, 
lamb and live sheep (number exported multiplied by annual 
average carcass weight) for domestic consumption and export 

from 1990 to 2006. About 70-75% of mutton carcasses are 
exported but only 30-40% of lamb carcasses, up from 10% 
in 1987/88. About 25% of adult sheep destined for slaughter 
enter the live sheep trade.  

Domestic per capita consumption has declined in the long 
term. The per capita consumption of lamb in 1968, 1972, 1976, 
1988, 1992,  1998 and 2007 was 20.5, 22.6, 15.6, 14.8, 12.2, 
10.9 and 11.2 kg respectively, while per capita consumption of 
mutton in these years was 18.8, 26.5, 5.1, 8.0, 8.0, 5.9 and 3.2 
kg respectively (ABS 1999, 2008a). Total domestic expenditure 
in 2006-07 was $2 billion for lamb and $400 million for mutton. 
Australian per capita sheep meat consumption is still amongst 
the highest in the world (Figure 1.31).
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Figure 2.9.   Supply and utilisation of sheep meats (ktonnes). 
Source: adapted from MLA (2000-2007) data.

Table 2.9.  Livestock slaughterings and products by state in 2007. 
Australia States 2007

2006 2007 NSW Vic. Qld SA WA Tas. NT ACT

Livestock slaughterings

Cattle (‘000) 7,580 8,162 1,750 1,567 3,831 342 449 218 5 0

Calves (‘000) 821 919 232 575 62 5 4 41 1 0

Sheep (‘000) 11,830 13,271 3,889 3,978 1,000 1,414 2,614 377 0 0

Lambs (‘000) 18,666 20,158 4,457 9,100 327 3,251 2,523 499 0 0

Pigs (‘000) 5,370 5,322 1,601 788 1,270 1,047 568 43 5 0

Chickens (‘000) 437,864 453,910 150,245 126,303 89,576 0 0 0 0 0

Livestock products

Meat

Beef (‘000 t) 2,050 2,196 453 370 1,107 90 114 60 1 0

Veal (‘000 t) 28 31 15 12 3 0 0 1 0 0

Mutton (‘000 t) 244 271 83 75 20 33 54 7 0 0

Lamb (‘000 t) 382 413 89 185 6 72 51 10 0 0

Pig meat (‘000 t) 389 382 110 58 94 78 39 2 0 0

Chicken meat (‘000 t) 773 812 292 236 140 0 0 0 0 0

Wool

Shorn wool (incl. crutchings) (t) 472,517 450,529 139,060 95,447 22,559 74,163 105,799 13,190 0 310

Other wool (t) 47,414 51,775 12,458 19,787 1,992 7,179 9,010 1,314 0 37

Total wool produced (t) 519,931 502,304 151,518 115,234 24,550 81,342 114,809 14,504 0 347

Source: adapted from ABS (2008b).

2006

1996
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The general trend in trade has been an increase with countries 
closer to Australia and a reduction with the UK, which in 
1970/71 took 13% of Australia’s mutton exports and 43% 
of its lamb exports, compared with only 3% of its mutton 
exports and 5% of its lamb exports in 1987. In 1970/71 the 
Middle East took 8% of Australia’s mutton exports and 1% of 
its lamb exports, compared with 26% of its mutton and 36% 
of its lamb and nearly all its live sheep in 1987. This trend has 
continued (Table 2.10). 

The major importers of mutton in 2006 were Saudi Arabia, 
South Africa and the USA, while the USA, EU and Japan 
imported most lamb (Table 2.10). About 70% of lamb exported 
to Japan is chilled in boneless form, significantly higher than 
for any other export market. Shoulder cuts make up 68% of 
lamb exported to Japan. The consumption of lamb in Japan 
has continued to extend past the traditional area of Hokkaido 
to the main island of Japan, including Tokyo. Australia holds 
an estimated 50% of the total lamb market in Japan.

The EU is protected by import quotas which currently 
limit Australian sheep meat exports to 18,786 tonne per 
annum (Table 2.11).  Above these access levels, high tariffs 
apply. In the original EU of six member nations, access for 
sheep meat was not an issue.  France operated its own system 
of opening and closing its borders to imports.  In 1973, Ireland 
and the UK joined the EU and in 1980 a sheep meat policy 
was introduced.  The EU negotiated a series of Voluntary 
Restraint Agreements (VRAs) with non-EU suppliers.  These 
supplying countries agreed to limit exports to the EU in 
return for a lower rate of duty, which was eventually reduced 
to zero. VRAs were removed after the signing of the Uruguay 
Round agreement in 1986 and individual country tariff rate 
quotas (TRQs) with high above-quota duties replaced them. 
In 2008 most live sheep and sheep meat imports entered the 
EU via TRQs, subject to zero customs duty.  The TRQs are 
administered by supplying countries and are managed on a 
calendar year basis.  

Table 2.10.  Volume of Australian exports of sheep meat and live sheep, by destination. 
Unit 2000 2001 2002 2003 2004 2005 2006 2007

Muttonab

Canada kt  2.2  2.4  1.5  1.1  1.6  1.6  1.9 0.8
Chinese Taipei kt  11.6  12.1  14.7  10.2  13.1  11.3  9.4 7.9
CIS kt  1.6  1.6  2.3  0.5  1.9  5.4  11.5 8.1
European Unionc kt  8.5  7.6  8.6  5.5  8.4  9.0  8.3 8.1
Japan kt  11.1  10.4  10.4  6.6  9.0  8.3  7.0 6.9
Korea, Rep. of kt  1.0  1.0  1.2  0.8  1.0  1.1  0.9 0.8
Malaysia kt  7.7  7.3  7.1  5.2  6.6  5.9  7.7 6.4
Papua New Guinea kt  6.4  5.5  5.5  4.6  5.9  3.9  3.2 4.3
Saudi Arabia kt  20.9  29.8  24.5  22.5  19.5  22.7  23.9 23.2
Singapore kt  7.6  7.6  6.6  6.2  6.4  5.6  6.0 5.9
South Africa kt  38.4  24.7  15.7  9.3  12.6  15.0  19.9 15.3
United States kt  21.5  18.8  20.9  20.1  14.6  16.1  18.8 16.5
Other kt  47.7  55.5  54.0  31.6  38.6  42.4  48.8 50.7

Total kt  186.2  184.2  172.7  124.1  139.2  148.4  167.1 155.0

Lamba

European Unionc kt  14.5  14.4  14.1  16.4  14.9  12.3  13.3 14.2
Japan kt  5.1  6.1  5.8  6.0  7.7  11.7  12.1 8.7
Papua New Guinea kt  14.8  11.9  10.0  9.6  11.6  12.4  11.9 11.6
South Africa kt  11.1  3.6  1.3  1.6  2.3  3.8  5.3 4.3
United Arab Emirates kt  7.2  7.2  8.4  7.1  5.8  6.9  10.7 12.6
United States kt  20.9  28.4  28.8  31.0  31.9  40.8  40.8 44.0
Other kt  40.4  42.0  39.8  38.1  44.2  56.6  58.4 70.6

Total kt  113.9  113.6  108.2  109.7  118.5  144.5  152.4 166.0

Live sheep
Slaughter sheep ’000 5,321 6,699 6, 024 4,738 3,394 4,184 4,163 3,772
    Middle East ’000 5,282 6,596 5,931 4,634 3,356 4,144 4,137 3,744
      Bahrain ’000   405   388   386   411   490   521   557 562
      Egypt ’000   349   271   139   16   0   0   0 0
      Jordan ’000   713   542   583   499   930   885   685 268
      Kuwait ’000 1,473 1,540 1,570 1,499 1,260   891   962 930
      Oman ’000   531   481   353   259   289   359   320 540
      Qatar ’000   308   308   282   181   137   180   192 192
      Saudi Arabia ’000   641 2,141 1,873 1,411   0 1,072 1,193 1,032
      United Arab Emirates ’000   817   682   466   225   196   231   209 186
      Other ’000   46   242   279   134   53   5   20 35
    Singapore ’000   17   13   6   7   9   16   9 6
    Other ’000   22   90   87   98   29   24   17 22
Breeding sheep ’000   100   112   39   4   3   1   4 1

Total ’000 5,421 6,812 6,063 4,742 3,397 4,185 4,167 3,773
a Shipped weight; b Includes young sheep and hogget; c Twenty five countries.
Source: ABARE (2008a).
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Table 2.11.  Sheep meat annual quota access levels to the 
EU for third countries and the prior VRA tonnage levels.  
 Original VRA volume 

(tonnes)
Current TRQ volume 

(tonnes)
Australia 17,500 18,786
New Zealand 205,000 227,854
Argentina 19,000 23,000
Uruguay 5,220 5,800
Iceland 600 1,475
Chile 0 6,000
Norway 0 300
Turkey 0 200
Other* 0 412

*Includes Greenland and Faeroes.
Source: MLA (2008).

The sheep meat TRQs include lamb and mutton and also goat 
meat.  The TRQs are based on a carcass weight equivalent 
basis.  This means that for every kilo of bone-in product, one 
kilo of quota is used, but for boneless product a formula is 
used, e.g. 1kg of boneless lamb uses 1.66kg of quota.

The export of live sheep (mainly Merino or Merino-
cross wethers) commenced from WA in the early 1950s with 
small shipments to Christmas Island, Mauritius, Singapore 
and Malaysia (BAE, 1983). The Middle East sheep trade 
commenced with the shipment of 8,343 head in 1960/61 to 
Kuwait. The Kuwait trade grew slowly and not until 1967 
did it exceed exports to Singapore. Trade commenced to 
Saudi Arabia and Bahrain in 1962, to Qatar in 1964 and to 
Iran and Libya in 1966. The trade grew modestly in the 1960s 
and early ’70s, with 1 million sheep exported in 1972, but 
increased rapidly after 1974, following rises in oil prices, with 
over 7 million sheep exported in 1983. From 1983 increased 
competition from North African countries and NZ, reducing 
oil revenues and changing government policy in Libya reduced 
the market. Recently 4-6 million sheep have been exported 
annually (Table 2.8). The main destinations of live sheep 
exports are the Middle East (Saudi Arabia, Kuwait, Jordan and 
Bahrain), with over 75% of stock leaving through the ports of 
Fremantle and Adelaide.

Saudi Arabia only emerged as an important market for 
Australian sheep after 2000 (Drum and Gunning-Trant, 2008). 
In 2003, Saudi Arabia imposed a ban on sheep imports from 
Australia but imports resumed in 2005. Demand for live animals 
stems from religious and cultural preferences in contrast with 
many south east Asian countries where it is a consequence 
of the lack of refrigeration. Despite investment in intensive 
breeding units, domestic production is limited by the arid 
conditions. While fresh water is plentiful as a result of heavy 
investment in desalinisation plants and subsidised supply, feed 
is largely imported. The domestic supply of animals has been 
unable to satisfy demand. In 1980 the Middle East population 
consumed 923,000 tonnes of sheep meat, of which 52% was 
produced domestically, 25% was imported carcass and 23% 
came from imported live sheep. 

Sheep from north Africa are cheaper than those from 
Australia but have higher disease risks, including rinderpest, 
foot and mouth disease and rift valley fever (Drum and 
Ganning-Trant, 2008). The governments of Bahrain and 

Kuwait have shielded consumers from the increasing price of 
imported live sheep by subsidising the price of sheep meat. 
However, only meat produced from animals slaughtered 
domestically are eligible for the subsidy. Saudis able to drive 
to Bahrain purchase sheep meat there to take advantage of the 
subsidy (Johar, 2007).

The principal method of selling live sheep in the Middle 
East is in the ‘souk’, or traditional market, where animals are 
sold and slaughtered for their buyers. The animal is slaughtered 
in view of the client and the meat from that animal is given to 
the client. Meat souks are found in larger cities and sell both 
fresh and frozen (imported) meat (Sunderman and Johns, 
1994). Demand for freshly slaughtered sheep meat peaks 
during times of religious festivals such as the Muslim Hajj 
pilgrimage (Drum and Ganning-Trant, 2008).

Australia and NZ have historically been the largest two 
source markets for chilled and frozen sheep meat to the region. 
Sheep meat exports from China to the Middle East are destined 
principally for Jordan, whereas Australian exports of sheep 
meat are destined mainly for Saudi Arabia and the United 
Arab Emirates, where only 10% of the population are citizens. 
These citizens have a preference for Iranian goat meat, whereas 
expatriates buy more sheep meat, including imported frozen 
product (Johar, 2007).

Production of sheepskins and by-products

In descending order of financial importance, livestock by-
product exports from Australia consist of cattle hides, sheep 
and lambskins, edible offal, tallow, meat meal and inedible 
offal.  The value of production and exports of these by-products 
is about 20% of the corresponding value of carcass meat. 

The majority of sheepskins for tanning are obtained from 
crossbred sheep.  Merino sheep skins are thinner and have ribs 
running across the flesh side, which make them less suitable 
for tanning.  Merino pelts are used for chamois and second-
grade leather goods, which compete with synthetics.  The 
most valuable component of Merino skins is the ‘slipe’ wool 
(Chapter 28).  Hence their price follows the price of wool.  
Relative production of sheepskins and lambskins is as expected 
from slaughter figures (Table 2.6).  

In 2000/01 Australia’s exports of all skins ($790 million) 
and leather ($520 million) represented just over 1% of the 
country’s total export earnings, and 95% of skins comprised 
cattle and sheep hides. Australia is a dominant player in 
sheepskins, accounting for about 18% of the global trade (FAO, 
2008). Total skin exports accounted for about 6% of the global 
skin trade. China, USA and Italy have higher tariffs on finished 
leather than Australia (China’s most favoured nation rate for 
leather varies from 9-14% and general tariff rate is 50%, whilst 
Australia’s rate is 5%).

Nearly all Australian lamb and sheepskins are exported. 
France (centred around Mazamet) and Spain used to import 
most skins, whereas now most go to China and Turkey as both 
countries produce and export goods manufactured from skins. 
In 1980/1981Australian tanneries utilized only 1 million skins 
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and exported 84 tonnes of processed skins and leather, while 
3,063 tonnes were used domestically. In 1995 around 80% 
of the 32 million skins produced were exported unprocessed 
(Gordon, 1995). 

In 1985/1986 the main destinations of woolled sheep skins 
were France (45,077 tonnes), Spain (18,826 tonnes), Yugoslavia 
(7,384 tonnes), West Germany (3,119 tonnes) and

 
Italy (3,607 

tonnes). In 2005 Australia produced 129,478 tonnes of 
sheepskins (limed or pickled but not tanned) and 112,646 tonnes 
of woolled skins out of a world production of 1,790,630 and 
470,707 tonnes respectively, with Australia exporting 109,041 
tonnes of woolled skins out of a world trade of 289,443 tonnes. 
The woolled skins mainly went to China (50,402 tonnes), 
Russia (10,878 tonnes), Turkey (4,265 tonnes) and NZ (2,879 
tonnes) with none exported to France (who mainly imported 
from Spain) and only 219 tonnes went to Spain (FAO, 2008). 
In 2007/2008 Australian exported 490,668 tonnes of woolled 
skins from 30 million sheep and lambs (IWTO, 2007).

In 2001, Australia exported US$160 million of raw sheep or 
lamb skins, A$2.4 million FOB of (otherwise) pre-tanned sheep 
or lamb skins and almost no processed sheep or lamb skin 
leather. In 2001, Australia imported US$89,734 of raw sheep or 
lamb skins, A$1.8 million FOB of pre-tanned sheepskin mainly 
in the tanned or retanned (excl. pre-tanned, chamois, patent, 
patent laminated and metallised leather) category and US$3.2 
million of sheep or lamb skin leather. The Australian leather 
industry had consolidated to a small number of players who 
have progressively developed specialist niche and ultra niche 
products for domestic and export market consumers. In 2001 
the largest leather producers were China which produced 417 
million m2 (msm), Italy 192 msm, India 132 msm and Korea 90 
msm, with 56% of leather going into footwear (International 
Council of Tanners, 2008).

In 2008 there were 10 full member companies listed on the 
Australian Association of Leather Industries website and 17 
members of the Australian Hide, Skin and Leather Exporters 
Association.

Edible offal accounts for about 3% of the live weight of 
lambs, while meat meal accounts for 9%, tallow 4%, hide/skin 
20% and inedible offal 5%. The main sheep meat offal items 
collected for edible use are hearts, kidney, liver and intestine 
runners, with tripe, brains and tongues collected to a lesser 
extent.  Inedible offal may be exported for use in non-edible 
products such as pharmaceuticals, or used in the rendering 
process. Best returns are obtained when inedible offal is sold to 
the pet food industry. The main rendered co-products produced 
in Australia are tallow and meat, bone and blood meal. 

About 44% of edible offal is exported. In 1980/81, 8,818 
tonnes of sheep edible offal were exported, with 8 tonnes of 
edible tallow and 403 tonnes of inedible sheep tallow. In 2005 
most sheep edible offal was imported by Saudi Arabia (5,710 
tonnes), China (4,612 tonnes), South Africa (2,476 tonnes) 
and Hong Kong (774 tonnes).  Europe and Russia are also 
important offal export markets. In 2007 offal exports to these 
regions totalled 18,363 tonnes.

Approximately 70% of total (beef/sheep/goats) tallow 
production is exported. Most tallow is imported by China, 

Taiwan, Nigeria, Pakistan and Korea. Tallow competes with 
palm stearin in most markets, and since production of palm 
oil overwhelms tallow production, tallow prices tend to follow 
palm stearin.

Value of the Australian sheep industry 

The gross value of the rural production in Australia has been 
increasing (Table 2.12). However, the real net value of rural 
production has been declining and the importance of agriculture 
and the sheep industry in the Australian economy has declined 
significantly. In 1950/51, with peak prices, wool production 
was valued at £651,902,000 and accounted for 56% of the gross 
value of all rural industries. In 1960/61 wool production value 
had declined to £340,431,000 and 25% of rural production 
(ABS, 2003). In 1951/52, agriculture contributed 26% of 
gross domestic product (GDP) compared with about 4% from 
1985 onwards, largely due to the growing contribution of the 
tertiary sector (52% of GDP in 1951/1952 increasing to 72% in 
1985/1986). The sheep industry has contributed about 15-20% 
of the gross value of rural production recently. In 2006/07 wool 
production ($2.7 billion) accounted for 8% of rural production 
value with mutton ($0.4 billion) and lamb ($1.4 billion) 
accounting for 1% and 4% respectively (Table 2.12). 

The sheep industry is more important for its contribution to 
Australian export income (Table 2.13), although agriculture’s 
contribution has declined significantly in the last 50 years. In 
2006/2007 agriculture contributed only 17% of total export 
income compared with 80% in 1951/1952 due to increases in 
both the mining and manufacturing sectors. The sheep industry 
(wool and meat) contributed about 44% of export income 
in 1988/1989, with wool contributing 11% of Australia’s 
earnings of foreign currency. In 2006/2007 wool and meat only 
contributed 15% of rural export income and 3% of total export 
income. Wool, once the largest single-commodity source of 
export income, is now only the fifth largest after coal, beef, 
wine and wheat (ABARE, 2008a).

Structure of the Australian sheep industry

Sheep are run under a wide range of environmental conditions 
on up to one-quarter of the area of the continent (769 million 
ha) mainly in the southern half of Australia (Figure 2.10). The 
major factor influencing these environmental differences relates 
to rainfall pattern, in terms of the average annual rainfall, when 
this rainfall is predominantly received (summer, winter, uniform 
or non-seasonal, i.e. within-year seasonality) and the variation 
in rainfall from year to year. These patterns influence the pasture 
base used for wool production, influencing both wool productivity 
per unit area of grazing land and wool quality issues. Rainfall 
patterns also impact on sheep productivity via aspects of sheep 
health and disease, especially in relation to parasitic infection, 
given that moisture and temperature are key factors influencing 
the prevalence of many sheep diseases (Chapter 20).
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Table 2.12.  Gross value of rural production ($million).

Commodity 1951/52 1961/62 1971/72 1981/82 1991/92 2001/02 2006/07

Crops

Grains and oilseeds  334  492  746 3,652 4,021 10,875 5,080

Other  331  516  852 2,660 6,143 10,738 12,888

Total  665 1,008 1,598 6,312 10,164 21,613 17,968

Livestock slaughterings

Cattle and calves  188  329  718 1,890 3,802 7,142 7,988

Sheep and lambs  77  135  216  647  461 2,118 2,057

Other  60  87  203  754 1,481 2,175 2,291

Total  325  551 1,137 3,291 5,744 11,435 12,336

Livestock products

Wool  645  745  660 1,789 2,980 2,713 2,282

Other  288  430  576 1,307 2,272 4,146 3,635

Total  933 1,175 1,236 3,096 5,252 6,859 5,917

Livestock and livestock products 1,258 1,726 2,373 6,387 10,996 18,294 18,253

Gross value of rural production 1,923 2,734 3,971 12,699 21,160 39,907 36,221

Net value of rural production  947  953 1,178 2,499 1,776 12,648 4,940

GDP (nominal prices) 7,419 15,388 34,626 172,469 417,055 735,714 1,046,164

Gross value of rural production/GDP 26% 18% 11% 7% 5% 5% 3%

Source: adapted from data supplied by C. Gunning-Trant; BAE (1954, 1984); ABARE (1993, 2008a).

Table 2.13.  Value of exports of rural origin ($million f.o.b.).  

Commodity 1951/52 1961/62 1971/72 1981/82 1991/92 2001/02 2006/07

Crops

Grains and oilseeds  215  372  597 2,466 2,493 7,564 4,426

Other  58  130  286 1,022 3,139 8,523 8,548

Total  273  502  883 3,488 5,632 16,087 12,974

Meat

Beef and veal  10  118  389 1,037 2,750 4,189 4,634

Mutton  1  16  89  168  280  492  458

Lamb  3  5  18  53  104  577  748

Live sheep  1  0  6  175  88  392  289

Other  40  22  28  44  82  817  606

Total  55  161  530 1,477 3,304 6,467 6,735

Wool

Greasy  556  662  524 1,427 2,653 2,270 2,316

Semi processed  90  84  57  367 1,058 1,119  393

Skins  26  48  50  99  118  297  356

Total  672  794  631 1,893 3,829 3,687 3,065

Dairy and other livestock  95  178  370 5,966 1,844 5,686 5,015

Total livestock exports  822 1,133 1,531 9,336 8,977 15,840 14,815

Total rural exports 1,095 1,635 2,414 12,824 14,609 31,927 27,778

Total exports 1,481 2,468 5,685 23,694 69,997 156,102 215,647

Rural export income (%) 74% 66% 42% 54% 21% 20% 13%

Source: adapted from data supplied by C. Gunning-Trant; BAE (1954, 1984); ABARE (1993, 2008a).
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Figure 2.10. Land use in Australia. Source: ANRA (2006).

Flocks are most numerous in districts receiving 300-750 mm 
rain per annum with a pasture growing season of 5-9 months 
(Figure 2.11).  The Australian Bureau of Agricultural Resource 
Economics (ABARE - formerly the Bureau of Agricultural 
Economics, or BAE) has conducted annual farm industry surveys 
since 1953. Recent survey reports can be downloaded from the 
ABARE website. These provide average performance figures 
for the sheep (at least 200 sheep), mixed livestock/crop (at least 
40 ha grain) and sheep/beef (at least 50 beef cattle) industries. 
The sheep, lamb and wool industries are also surveyed in more 
detail less regularly with about 1% of properties being sampled 
(stratified according to area and flock size). 

For the purposes of these surveys, sheep-grazing regions are 
divided into the pastoral zone, wheat-sheep and high-rainfall 
zone, on the basis of climate (Figure 2.12). The major factor 
differentiating between the zones is average annual rainfall 
(mm), ranging from 500-1000 for the high rainfall zone, 400-
700 for the wheat-sheep zone and 150-400 for the pastoral zone. 
These differences in annual rainfall generate differences between 
zones in patterns of pasture growth and the opportunities for 
other enterprises such as cropping (Figure 2.12). 

Figure 2.11.  Length of pasture growing season.   Source: 
Prescott and Thomas (1949).

Rainfall pattern exerts a strong influence on the start and duration 
of the pasture growing season, species composition (e.g. 
grasses, legumes, broad-leaved weeds, shrubs), pasture stability 
(e.g. annuals or perennials), pasture quality and palatability and 
the scope for pasture improvement (Chapter 18).

Figure 2.12.  The three sheep production zones of Australia, 
showing pasture growth curves for improved pastures in selected 
locations. Source: adapted from Chapman et al. (1973).

The number of farms in each of the zones fluctuates with 
season. In 2003 around 55% of sheep ran in the wheat–sheep 
zone with only 12% in the pastoral zone (although ~80% of 
the area grazed by sheep is pastoral zone rangelands) and 
33% in the high rainfall zone (Figure 2.13). Lamb producers 
are mainly in the higher rainfall areas (Figure 2.14). 

Figure 2.13.  Wool production (kg) in different wool  
statistical areas in 2000-2001.  Source: Martin et al. (2004).

As the feed supply increases from the pastoral zone to the 
high-rainfall zone the form of sheep enterprise changes 
from dry sheep (Merino wethers) to breeding and finishing 
enterprises. The main sheep breeds, percentage of wethers, 
lambing percentages and average wool cuts in each State 
(Table 2.2 and 2.4) reflect the different proportions of the 
three grazing zones that each State contains.

Different combinations of these sheep enterprises in each 
of the zones mean a continual movement of sheep from low 
rainfall areas to higher rainfall areas by rail, truck or droving. 
For example, the main stock flow patterns in NSW include: 
5-6 year-old Merino ewes from the pastoral zone which are 
bought by first-cross breeders in the ’marginal’ cropping 
areas of the outer wheat belt and near-eastern plains. Young 
crossbred ewes from those areas are bought by prime-
lamb producers from the south-west slopes, central slopes, 
tablelands and irrigation areas.
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Figure 2.15.  Proportion of broadacre farms in the slaughter 
lamb industry in 2005-06.  Source: ABARE (2007).

Within any one state, there are differences between regions in 
terms of capacity for production per hectare, sheep genotype 
and wool quality, largely reflecting environmental and genetic 
(strain) differences (Table 2.14).

More than 75% of all sheep are run on properties with over 
3,000 sheep, while about 50% of Australian wool clips come 
from properties with less than 1,000 sheep (Figure 2.3).  In 
2002-2003, farms producing less than 11,000 kg (~60 bales) 
of wool accounted for over 60% of wool producing farms, 
but produced only 27% of the total wool produced (Martin 
et al., 2004). Similar to the situation with wool producers, 
the fewer, larger lamb enterprises produce the most lambs 
(Table 2.15). 

About 30% of wool properties are defined as wool specialist 
farms deriving the majority of their income from sheep and 
wool and they produce about 38% of the nation’s clip (Table 
2.16). The rest are mixed enterprise farms receiving a high 
proportion of income from crops or beef cattle. The majority 
of wool production occurs on larger wool specialist farms and 
mixed enterprise farms. Specialist wool producers predominate 
in the high rainfall zone, whereas mixed enterprises are 
predominantly located in the wheat sheep zone.
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Figure 2.14.  Distribution of sheep by zones.   Source: adapted from Martin et al. (2004).

Table 2.14.  Between-region variability in wool production: average specialist wool farm in NSW in 2000-01.  

Tablelands Centre West
North West Slopes and 

Plains
Riverina West

Wool cut per head (kg)
Wool cut per ha (kg)
Stocking rate (*DSE per ha)
Fibre diameter of main fleece line (µm)
Greasy wool price (c/kg)

4.1
13.4
5.3

21.1
794

3.9
14.4
6.2

22.8
738

4.7
4.3
1.1

20.4
381

4.9
11.2
3.5

21.1
466

5.3
0.8
0.4

22.3
333

* DSE – dry sheep equivalents
Source: Shafron et al. (2002).

Table 2.15.  Distribution of broadacre slaughter lamb producers in 2000-2007 by number of slaughter lambs sold.   

 Number of  producers  % share of producers   
% share of  slaughter lamb 

value of production
Less than 200 slaughter lambs   5,291   24  3

200 to 500 slaughter lambs  6,038   27  12

500 to 1,000 slaughter lambs  6,100  27  26

1,000 to 2,000 slaughter lambs  3,423  15  27

More than 2,000 slaughter lambs   1,436   6  32

Total  22,288   100   100

Source: ABARE (2008b).
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Table 2.16.  A summary of major differences between specialist 
wool enterprises and mixed enterprises in 2001-02.

Total Number of Sheep Farms = 39,156
Enterprise Type

Specialist 
Wool

Mixed  
Enterprise

Number of wool-producing farms (%) 30 70

Total wool production  
   (% of specialist + mixed)

38 62

Contribution to farm income (%)
     Wool
     Stock sales – sheep
     Stock sales – beef
     Crops
     Other

 
47
30
9
9
5

 
16
16
11
51
7

Location (%)
     Pastoral zone
     Wheat-sheep zone
     High rainfall zone

 
12
39
50

4
70
26

Average farm business profit ($) 1,910 62,474

Source: Barrett et al. (2003).

ABARE surveys report average statistics for each zone (e.g. 
BAE, 1983) or for specialist wool versus mixed enterprise 
farms (Martin et al., 2004). Averages figures provide no 
information on the large variability in production that 
occurs within and between years and between high and low 
performing farms (Table 2.17).

The higher performing group had larger, more diversified 
cropping farms with younger owners. The major factor 
contributing to differences in farm income across enterprises 
relates to the amount of clean wool produced per unit area of 
grazing land (Table 2.18). This production variable usually 
accounts for 40-60% of variation in farm income. The other 
determinants of variation in farm income are the value of the 
wool per kg (10-20%), number of surplus sheep sold (20-30%) 
and sale price of surplus sheep (5-10%). The other driver of 
farm profitability relates to the costs of producing wool made 
up of harvesting (shearing and crutching) (25-30%), sheep 
and wool marketing (22-33%), pasture improvement and 
supplementary feeds (10-30%), animal health (10-18%) and  
labour costs (5-10%).

Table 2.18.  Determinants of wool enterprise income and 
the major factors that relate to them. 
Determinant of farm 
income

Related factors

Clean wool production 
per hectare

Wool cut per head; yield; stocking rate

Sale price of wool Fibre diameter; staple length and strength; 
vegetable matter content; greasy wool 
colour; style; wool type; wool faults; 
marketing factors

Number of surplus 
sheep sold

Lambing rates; flock structure; mortality 
rates

Sale price of surplus 
sheep

Liveweight; condition; wool growth; age

Table 2.17. Characteristics of specialist wool producers by rate of return performance group (2001-2003).  
        Specialist Mixed enterprise

Bottom 25% Average Top 25% Bottom 25% Average Top 25%
Farm population 11 279 2,7271
Physical

Area planted to crops ha. 44 68 114 355 536 786
Beef cattle at 30 June no. 34 67 140 113 159 137
Sheep at 30 June no. 1,790 3,328 5,704 1,653 2,515 3,033
Wool production kg 8,007 15,655 28,180 8,010 12,386 15,005
Wool cut /sheep shorn kg/hd 4.2 4.3 4.4 4.3 4.5 4.6
Merino wool share % 93 91 90 94 90 90
Stocking rate dse/ha 0.6 0.9 1.1 0.7 1.5 1.8
Fibre diameter - main line µm 21.1 21.5 21.9 22.1 22.4 22.7
Labour units no. 1.8 1.9 2.2 2.1 2.3 2.6

Farm receipts
Wool % 53 50 43 23 17 13
Sheep sales % 20 18 17 14 10 8
Lamb sales % 9 9 11 4 5 5
Beef cattle sales % 9 8 9 18 11 7
Crops % 5 9 15 33 50 61
Other % 5 5 5 7 7 7

Financial
Wool receipts /sheep shorn $/hd 22.1 24.1 23.8 21.5 23.3 24.1
Wool price received c/kg 608 673 816 519 582 585
Receipts / labour unit $/lu 48,688 97,997 179,154 86,235 167,461 239,773
Total cash receipts $ 87,098 182,818 391,927 173,116 387,655 621,401
Less total cash costs $ 90,863 137,472 231,364 199,096 276,001 361,048
Farm cash income $ -3,765 45,346 160,563 -25,980 111,654 260,353
Farm business profit $ -68,814 -10,508 121,825 -113,068 29,742 186,539
Total capital $ 887,791 1,430,820 2,010,817 1,372,296 2,124,297 2,400,069
Rate of return % -7.1 0.3 7.6 -7.1 2.8 10.2

Other items
Total off farm income $ 31,165 23,934 19,059 26,887 23,027 19,939
Disposable income / family $ 30,604 61,379 145,275 13,419 107,006 207,139
Disposable income as wages % 59 21 6 100 11 4
Age of owner manager years 57 56 49 55 53 50

Source: adapted from Martin et al. (2004).
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Benchmarking exercises (Chapter 17) help elucidate the 
characteristics of higher performing sheep farms in any district 
or zone (Patterson and Beattie, 1997; Sackett and McEachern, 
2003). For example, Patterson and Beattie (1997) found that 
farms in the top 20% (based on profit indicators) achieve 
higher wool cuts per head and maintain higher stocking rates 
compared to average farms, resulting in markedly higher wool 
production per hectare (Table 2.19) . Those strategies working 
to the benefit of the top 20% appear to be associated with 
pasture and grazing management, breeding and genetics and 
reducing the costs of production (e.g. feed and animal health 
regimes and efficiency of labour usage). These higher stocking 
rates need to be assessed in the context of the longer term 
sustainability of the total production system (Chapter 19).   

Table 2.19.  A comparison of average performance for all 
farms and the top 20% of farms (based on profitability) in 
the South West Victorian Monitor Farm Project in 1996-97.  

All farms Top 20%
Wool production:
kg per head
kg per hectare

4.9
46.0

5.2
55.5

Stocking rate (DSE per ha) 11.5 13.2

Net wool price ($ per kg clean) 4.50 4.52

Sheep sale price ($ per head) 18.64 20.21
Total cost of production ($ per kg 
wool)

5.91 4.31

Profit ($) per kg wool sold -0.05 1.97

Source: Patterson and Beattie (1997).  
 

Sackett and McEachern (2003) used cost of production/kg 
clean wool, price received/kg clean wool, price as a percentage 
of the micron indicator, kg clean wool/adult shorn, average 
adult fibre diameter, percentage income from wool, kg clean 
wool/ha, kg clean wool/ha/100mm rain, percentage of DSE’s 
as wethers, mid-winter stocking rate (DSE/ha), percentage of 
potential stocking rate, DSE/labour unit and enterprise size 
(annual average DSEs) as key performance indicators when 
comparing bottom, middle and top flocks. Top 20% flocks 
had 40% of the cost of production of the bottom 20% flocks, 
3.5 times more kg wool/ha and twice the mid-winter stocking 
rate. Annual variations in individual farm profitability reflect 
variations in productivity, product value and production costs. 
Annual product value variation is by far the largest variation, 
up to 40% either side of the enterprise average.

Pastoral zone 

The pastoral zone includes the arid and semi-arid regions of 
all mainland states except Victoria and the Northern Territory 

(Figure 2.12). In this zone the annual rainfall (mm) ranges 
from 250-650 in Queensland, 200-400 in NSW to 150-250 in 
SA and WA, with wide fluctuations from year to year. Rainfall 
has an almost exclusive summer incidence north of 25°C, is 
about equal in summer and winter in central NSW and falls 
predominantly in winter in SA, the southern zone and WA. 

Land use is characterised by extensive grazing of native 
pastures. Cropping is marginal, as the growing season is less 
than 5 months (Figure 2.11) due to inadequate rainfall. 

Sheep are run in the southern part of the pastoral zone. 
Because of the low stocking rate only about 8-20% of the 
total sheep population is run in this zone.  There is a wide 
range in property size and carrying capacity in the zone.  A 
small number of very large properties increase the average 
size (46,074ha in 1980) markedly. Paddocks range in size 
from 1,000-12,000 hectares.

Most sheep in the pastoral zone are run in central 
Queensland and western NSW, where the rainfall is higher 
than in other States and the average property size is about 
25,000 ha with a carrying capacity of about 3 ha per sheep. 
In WA where rainfall is lower, the average property size is 
140,000 ha, with a carrying capacity of 25 ha per sheep, or 
four sheep per square kilometre (BAE, 1983).   Nearly all 
sheep in this zone are strong wool Merinos. About 15-20% 
of Australia’s Merinos are found in this zone and surplus 
station-bred sheep are sold to properties in the other zones.  

Capital equipment is usually limited to fences, bores, 
yards and motor vehicles. Buildings are limited to housing and 
shearing sheds. Sheep husbandry is often limited to shearing, 
marking, mulesing and dipping, so the number of sheep per 
labour unit is very high (Chapter 17). Due to low lambing 
percentages and survival rates, maintenance of sheep numbers 
is a major problem. Flocks here retain sheep for a longer period 
and have a low turn-off and a higher proportion of breeding 
ewes (55-70%) than in other zones (Figure 2.16).  Most 
pastoral land is held on a leasehold basis, which may partly 
explain the low capital investment in permanent improvements 
such as fencing and water supplies for stock (Chapter 21).

 

Wheat-sheep zone 

The wheat-sheep zone is characterised by regular cropping, in 
addition to the grazing of sheep and cattle on a more intensive 
basis than in the pastoral zone. Rainfall is generally sufficient 
to allow the introduction of improved pasture

 

species, usually 
as part of a crop and grazing rotation (Chapter 18). 

Although the zone has a growing season of less than 9 
months and only occupies 11% of the land in Australia used 
for sheep grazing, it supports most of the nation’s sheep. The 
annual rainfall (mm) varies from about 600-700 in Queensland 
and 400-650 in NSW to 250-500 in Victoria, SA and WA. 
With the wide use of subterranean clover in the 1930s,

 

rotations of clover and wheat were developed over large parts 
of the southern section of the wheat belt and most improved 
pastures are found in this zone. Ley (land under temporary 
pasture) farming is described in Chapter 18. Before 1930 the 
high- rainfall zone maintained most of the sheep population. 
Average property size in the wheat- sheep zone varies from 
about 2,900 ha in Queensland, where rainfall is lower, to 710 
ha in Victoria. The average carrying capacity is about eight 
times that in the pastoral zone, varying from 0.6 sheep per ha 
in Queensland to 1.6 sheep per ha in Victoria (BAE, 1983).
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The wheat-sheep zone contains many of the Merino 
studs and about 65-70% of Australia’s Merinos. Strong- and 
medium-wool Merinos account for over 95% of the sheep in 
the SA and WA sectors. Most sheep in this zone are run in 
NSW.  Other forms of production in the zone are: the crossing 
of Border Leicester rams to Merino ewes; the crossing of first-
cross ewes to short- wool British breeds in more favourable 
areas, such as Victoria and NSW; and breeding Corriedales 
and Polwarths (Chapter 1). The main irrigation districts are 
within the zone and some of the larger properties produce 
prime lambs on irrigated pastures and/or crop stubbles. 

High-rainfall zone 

This zone covers the area adjacent to the coast of the three 
eastern mainland states, small parts of SA and WA, and the 
whole of Tasmania. Due to the higher rainfall and hillier 
topography, it is more suitable for intensive grazing of 
pastures and fodder crops than for the production of grain. 

It has the smallest area of the three zones, but contains 
about 30-40% of the total sheep population (Figure 2.14). 
The annual rainfall (mm) is 600-1,000 in NSW, 500-1,000 
in Victoria, WA and Tasmania, and 500-750 in SA. Average 
property size is only about 30% of that in the wheat-sheep 
zone -but the carrying capacity being 350% higher (3.2 
sheep per ha) ensures similar sheep numbers per property - 
and ranges from 417 ha in Victoria to slightly over 1,000 ha 
in NSW and Tasmania. Most sheep in this zone are run in 
Victoria. About 80% of sheep in the zone are Merinos, mainly 
fine-wool. The proportion of Merinos is highest in WA and 
lowest in Tasmania and Victoria. Generally these are grazed 
on the less improved areas while crossbreds, comeback and 
dual-purpose breeds (Chapter 1) are grazed on more favoured 
terrain. Corriedales and Polwarths are grazed in the wetter 
areas. In 1986, 40% of Tasmanian sheep were Polwarths with 
a further 10% being Polwarth-Merino crosses or comebacks 
(Butler et al., 1993).  

Pasture improvement is widely practised in this zone. 
Many of the soils are leached podsols, deficient in phosphorus, 
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nitrogen and various trace elements. An average of 75% 
of the grazing land on each property has sown improved 
pasture species with about half the land being fertilised. The 
proportion improved varies from 44% in Tasmania, where 
much terrain is fairly mountainous, to 90% in Victoria. Most 
pasture improvement has taken place in the last 30 years, 
using lime-coated and inoculated seed applied with single 
superphosphate (Chapter 17). The relatively high moisture and 
high stocking rates make it more difficult to maintain sheep 
health, due to internal parasites, footrot, fleece-rot, blowflies, 
and bacterial diseases (Chapter 20). High productivity per 
unit area is offset by increased management costs. 

Early stage wool processing in Australia

About 95% of Australian wool production enters international 
trade. In the 1980s there was a trend towards increased wool 
processing (Chapter 26) in Australia before export but this 
has recently declined rapidly (Table 2.6). Of the 1985/1986 
wool exports, 73.5% of their value was from greasy wool, 
12.7% scoured wool, 3.8% carbonised wool, 4.0% top and 
5.7% woolled sheepskins. Savage (1988) reported that 21.5% 
of greasy wool was scoured in Australia in 1986-1987, 3.8% 
was carbonised and 4.7% converted to top. Exports of 84.2 
million kg scoured wool, 20.6 million kg carbonized wool and 
20.6 million kg of tops were worth in excess of $1billion in 
1986/87. The main scope for expanded domestic processing 
was the scouring, carding and combing of worsted wools but 
this processing has moved offshore.

The tonnage of wool exported in various forms from 
1999-2007 is shown in Table 2.20. In 2007/2008 wool exports 
(weight basis) consisted of 88.5% greasy, 5.7% scoured, 
3.7% carbonised, 1.7% top, 0.3% noil and 0.1% waste.  This 
contrasts with NZ (Chapter 3) where about 60% of wool is 
scoured before export and 11% of wool is exported as yarns 
or final product, such as carpets to Australia. However the 
NZ wool processing industry is also contracting with lower 
sheep numbers.

In 1990, 22 firms scoured and/or carbonised wool and five
 

of these also processed wool tops. The number of scouring 
and carbonising plants fell from 46 in 1969 to 19 in 1980. 
However, with structural adjustment toward larger plants, 
output rose. The number of combing plants remained stable at 
8-10 in the 1970s (Richardson, 1981). In 1990 most scouring 
plants were in Victoria (9), WA (4) and NSW (4), the last 
State having 3 top-making plants. From 1975-1990 there was 
a trend towards inland locations for processing plants.  Due 
to effluent-control problems in overseas countries, cheaper 
energy in Australia, reduced freight costs for scoured wool 
and government assistance, early-stage processing was 
expected to increase and did for awhile. Most plants had some 
foreign ownership or capital. Vertically integrated foreign 
companies can minimise payment of large import duties by 
their associated overseas spinning companies.  Just 58% of 
the total global capacity of combing machinery was used in 

2003 despite plant closures in Australia, Italy and Taiwan 
(Woolmark, 2004).

Recently the Australian processing industry has 
experienced large problems with throughputs dramatically 
reducing. Downstream processors are faced by ever rising 
levels of competitive imports.  Added to this, the WTO lifted 
global textile quotas in 2005 and there have been progressive 
reductions in Australian tariffs which will continue until 2015.  
Nine scouring, carbonising and topmaking plants were either 
closed or mothballed from 2000-2008.  In 2009 there were 
only 2 topmaking plants and 7 scouring/carbonising plants in 
Australia (Table 2.21). Michells only carbonize in Australia 
with their topmaking plants moving offshore. Before 2003 
Canobolas Topmaking (Orange), Warwick Wool Processors 
and Conagra Scouring in Melbourne closed and Fox and 
Lillie at Melton closed their topmaking activities and only 
scoured wool. 

The principal international early stage processing 
companies are Chargeurs (Europe, China and elsewhere), 
BWK (Europe), Standard Wool (Europe), Dewavrin (Europe), 
Modiano (Europe), Itochu (Japan and Australia), Cheil 
(Korea), Jaya Shree (India) and Indorama (Thailand).There 
are also a large number of processing plants in China and 
India.  Russia has a significant, but antiquated, processing 
industry. Australia’s declining and China’s increasing share 
of world top making production is shown in Figure 2.15. 
The differential tariff (1% greasy wool, 3% tops) and VAT 
regimes (13% greasy, 17% tops) favour the importation of 
greasy wool into China with 97% of Australian exports being 
in the greasy form (Table 2.17). 
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Table 2.20.  Exports of raw and semi-processed wool (kilotonnes) to the main markets in 1999-2007.  
2000-01 2001-02 2002-03 2003-04 2004-05 2005-06 2006-07 2007-2008

China   324   280   207   211   266 320 376 304
Chinese Taipei   40   37   27   21   21   17   11 0
Eastern Europea   5   6   8   9   9   11   4 2
European Unionb

    Czech Republic   21   14   9   14   13   19   15 18
    France   35   25   21   19   11   1   0 0
    Germany    37   22   17   16   10   7   3 2
    Italy   135   109   80   62   63   47   41 37
    United Kingdom   8   4   3   3   2   2   1 0
    Other 30 22 14 10 12 8 8 1
    EU   267   196   146   124   110   85   67 59
India   44   32   25   27   31   34   30 24
Japan   26   19   13   11   7   7   8 4
Korea   44   49   34   10   9   8   7 6
Thailand   14   12   13   13   11   8   5 5
Turkey   23   17   15   14   6   6   5 3
United States   12   7   5   3   4   4   4 2
Other   55   47   38   60   75   43   48 68
Total   854   701   532   502   547   543   566 477
Scoured 
China  7.4  5.6  5.9  4.2  1.9  2.0  3.1 0
India  9.2  5.8  4.1  3.6  3.1  3.0  2.9 0
Italy  13.0  7.5  5.2  4.7  5.8  3.0  2.2 1.2
Japan  7.4  5.6  4.3  4.3  2.4  2.5  3.0 1.4
Korea  6.7  6.8  2.3  1.2  0.6  0.1  0.0 0
Malaysia  1.4  1.6  2.1  1.4  3.1  5.2  3.0 0
Thailand  8.2  7.7  8.5  8.1  6.2  5.2  3.5 2.5
Other 21.4 10.9 6.5 5.8 7.6 8.8 8.0 16.8
Total  74.7  51.5  38.9  33.3  30.7  29.8  25.7 21.9
Carbonised
China  7.2  6.7  6.4  7.0  6.8  5.5  4.1 2.0
Hong Kong  2.7  1.2  0.7  0.1  0.2  0.1  0.0 0
Italy  5.8  3.5  1.7  2.8  3.7  2.8  3.0 0.5
Japan  2.2  2.0  1.4  1.4  0.9  0.8  0.9 0.2
Korea  7.4  8.5  7.1  2.9  3.9  3.9  3.9 3.3
Turkey  1.0  0.8  0.9  1.3  1.3  1.1  1.1 0.9
Other 5.0 4.4 4.2 3.2 2.2 1.8 2.9 3.6
Total  31.3  27.1  22.4  18.7  19.0  16.0  15.9 10.5
Tops and sliver
China  11.1  9.2  6.6  1.1  0.2  0.2  0.1 1.1
Chinese Taipei  0.9  0.9  0.6  0.2  0.0  0.0  0.0 0
Italy  12.3  12.8  8.4  1.0  0.1  0.1  0.2 1.3
Iran  2.7  1.5  0.9  0.1  0.0  0.0  0.0 0
Japan  3.8  2.4  1.5  0.3  0.0  0.1  0.1 0.1
Korea  7.8  9.5  7.2  0.7  0.0  0.0  0.0 0.3
Mexico  2.4  1.5  1.0  0.2  0.0  0.0  0.0 0
Other 11.6 9.3 6.5 16.7 16.1 7.9 6.7 4.4
Total  52.6  47.1  32.7  20.3  16.4  8.3  7.1 7.2
Noils and waste
China  0.5  0.2  0.1  0.2  0.2  0.0  0.0 0.1
France  0.6  0.4  0.4  0.1  0.9  0.4  0.3 0.1
Germany  0.1  0.0  0.7  0.5  0.0  0.0  0.0 0
Italy  4.0  5.0  3.0  1.9  0.6  1.0  0.8 0.8
Japan  0.4  0.2  0.1  0.1  0.0  0.0  0.0 0
Korea  1.2  0.8  0.4  0.1  0.0  0.0  0.0 0
United Kingdom  0.2  0.1  0.1  0.0  0.0  0.0  0.0 0
Other 0.9 0.6 0.5 0.6 0.4 0.1 0.3 0
Total  7.9  7.3  5.3  3.5  2.1  1.5  1.4 1.0

Total - raw, semi-processed and wool on skins
a Albania, Bosnia and Herzegovina, Bulgaria, Croatia, Slovak Federal Republics, Estonia, Latvia, Lithuania, Macedonia, Poland, Romania, 
Slovenia and Serbia. b Regarded as twenty five countries. 
Source: adapted from ABARE (2008a). 
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Meat processing in Australia 

Industry restructuring has occurred as processors have 
adjusted to tighter supply conditions, continued shortages 
in skilled labour and uncertainty over future livestock 
numbers (MLA 2007a). There has been a move towards 
two shift operations in order to combat plant overheads and 
improve efficiencies. This has served to further concentrate 
throughput capacity and influence some plant closures. The 
processing industry is coming to the end of a long period 
of re-investment which has encompassed new slaughter 
floors, boning rooms, upgraded chiller and freezer provisions 
in addition to improved effluent and odour management 
measures.  The combined turnover of the largest 25 red 
meat processing companies in 2006/2007 exceeded $10 
billion (MLA 2007b). The largest sheep meat processors in 
2007 were Swift Australia (Tasman Group Services - with 
throughputs of small livestock of 8,000/d at Brooklyn, 3,000/d 
at Cobram, 2,500/d at Devonport, 1,500/d at Longford), T&R 
(8,000/d at Murray Bridge and plants at Lobethal and  Port 
Pirie), Fletcher International Exports (Albany and Dubbo), 
Midfield Meat International (Warrnambool), Southern Meats 
(Goulburn), JSA Jackson and Son (Tamworth), MC Herd 
(Corio), V&V Walsh (Bunbury), G&B Gathercole (Carrum, 
Tatura, Wangaratta) and Norvic Food Processing (Wodonga).    
M C Herd is the largest privately owned domestic plant in 
the southern hemisphere. The largest 25 red meat processors, 
with 49 plants in 2006, processed around two-thirds of the 
sheep meat production (Figure 2.18). 

Technical changes in Australia’s meat processing industry 
are covered in Chapter 30. Hopkins et al. (2008) recently 
reviewed developments.
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2004

2003

2002

2001

2000
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0 500,000 1,000,000 1,500,000 2,000,000 2,500,000
Metric tonnes

Beef production by top 25
Sheepmeat production by top 25

Other beef processors
Other sheepmeat processors

Figure 2.18.  The largest processors’ share of processing 
capacity in 2000-2006. Source: MLA (2007b).

Future developments

The Australian sheep industry may be heading for a period 
of expansion (ABARE 2008c). Strong prices for both wool 
and sheep meat, combined with signs of improved seasonal 
conditions would prompt producers to hold on to their breeding 
stock. However, it would take several years before any such 
expansion in the sheep flock flowed through to an increase in the 
size of the Australian wool clip. Consequently, wool prices are 
forecast to remain steady as the supply-demand situation remains 
finely balanced. Any decision to increase Merino numbers for 
wool production will depend on the predicted relative returns 
from wool, meat and crop enterprises.

Table 2.21.  Australian based early stage processing plants in 2008. 

Company Location Ownership

EP Robinson Geelong, Vic Robinson/Laycock families Australia

Fletcher International Exports Dubbo, NSW Fletcher family Australia

Michell Australia Salisbury, SA Michell family Australia

Goulburn Wool Scour Goulburn, NSW CIL France

Jandakot Wool Washing Rockingham, WA CIL/*Standard Wool France/*UK

Grampians Wool Hamilton, Vic Fox and Lillie group/Graham Smith Australia

Riverina Wool Combing Wagga Wagga, NSW Chargeurs group France

Victoria Wool Processors Laverton, Vic Kim family/Nippon Keori Australia/Japan/Korea

*Australian Topmaking Services Parkes, NSW BWK/Elders group Australia/Germany

*Clyde Wool Scouring Geelong, Vic Fox and Lillie/Jackson group Australia

*Geelong Wool Combing Geelong, Vic BWK/Elders group Australia/Germany

*Fox and Lillie Woolcombing Melton, Vic Fox and Lillie/Lempriere groups Australia

*Lachlan Industries Cowra, NSW Kanebo Japan

*Melbourne Scouring Company Laverton, Vic McKendrick family Australia

*Port Phillip Wool Processing Williamstown, Vic Itochu/Nippon Keori Japan

*Closed or sold out since 2003
Source: Australian Wool Processors Council (2003), P. Morgan (pers. comm.).
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Wool prices would be expected to decline if the Australian 
wool clip expanded and/or the Australian dollar appreciates 
in relative value against the US dollar or currencies that are 
closely tied to it, such as the Chinese yuan.

Australia has become very dependent on China as the 
largest consumer of Australian raw wool, which China 
processes and manufactures into a range of commodities 
from textiles to clothing. Substantial quantities of these 
products are exported to developed country markets. Since 
the largest export market for wool products is the USA, 
changes in US demand will have repercussions along the 
supply chain. Indeed, the duration and severity of the current 
economic slowdown in the USA creates uncertainties for 
Chinese exporters of wool products. Chinese imports of 
raw wool from Australia will be affected by expectations of 
Chinese processors about future US orders for wool products. 
Any perceptions on the part of Chinese buyers of a softening 
in US demand for wool apparel and textiles could translate 
into lower Chinese imports of raw wool, thereby putting 
downward pressure on Australian wool prices. European 
buyers, who have been less affected by the appreciation of 
the Australian dollar, should continue to demand finer micron 
wools in the future (Chapter 27).

The demand for Australian wool is affected not only by its 
own price and exchange rates, but by consumer preferences 
for different fibres and the relative price of substitute fibres 
such as cotton, as well as synthetic fibres. The share of 
synthetic fibres used in textiles and apparel has been rising 
for forty years. Currently about half the fibre used across the 
world is synthetic fibre (Chapter 1). 

The ratio of wool prices to synthetic fibre prices averaged 
4:1 in 2007, compared with a six year average of 3.5:1 from 
2000-2007. This ratio suggested that there was likely to be 
some substitution of lower cost fibres for wool. There is 
uncertainty about world oil prices and their impact on future 
prices for synthetic fibres. However it can be expected that 
strong growth in Chinese and Indian domestic demand for 
consumer goods such as clothing from a burgeoning middle 
class will put upward pressure on the demand for synthetics. 
Assuming that prices of synthetics are maintained at current 
levels, the wool to synthetic price ratio is expected to trend 
down putting downward pressure on wool prices in the future 
(ABARE, 2008a).

Given the versatility of cotton and synthetics in the world 
fibre market, the continued success of the wool industry depends 
not only on the relative price competitiveness of wool but also 
on its ability to remain in demand as a desirable fibre in products 
sold to consumers (Chapter 27). The continued promotion and 
marketing of wool as a key component of various textiles that are 
used across a range of fashion items is needed.

Technological advances in the production of textiles have 
allowed the wool industry to benefit directly from niche 
markets that cater to changing consumer preferences. One 
such example is an apparent trend in consumer preferences 
back towards natural fibres (IWTO, 2004). Advances in the 
processing and treatment of wool yarns have enabled the 
re-emergence of wool in sportswear. Initiatives by the wool 

industry to market those characteristics of wool deemed 
desirable by certain consumer groups have the potential to 
maintain demand for raw wool. Such activities will be an 
essential component of the Australian industry’s efforts to 
compete successfully against less costly fibres.

Export demand for Australian mutton and lamb is 
expected to continue to increase in future (Chapter 1) while 
domestic consumption of sheep meat will be limited by 
Australia’s future population growth. The fragility of the 
Australian environment and its finite natural resources may 
place a sustainable upper limit to Australia’s population of 
about 25 million, which could be reached by 2050 (Flannery, 
1994). With projected increasing energy costs, carbon trading 
schemes and climate change (Garnaut, 2008) there may 
be a move back to domestic consumption of more locally 
produced, differentiated products, including sheep meats. 
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Overview 

New Zealand (NZ) had 40 million sheep in 2006, the sixth 
largest national population in the world total of 1 billion 
(Table 1.16, Chapter 1).  The population is decreasing as in 
other countries, down to 34 million in 2008.  Sheep production 
is reliant on introduced pastures, grazed all-year round on 
13,760 mainly family-owned and operated farms with a mix 
of other enterprises.  The farms produce mostly commodity 
raw materials (meat, wool, skins) with around 90% of 
products exported after early stage processing.  Ultimate sale 
is to consumers in Europe, North America and North Asia 
for whom natural features of the production system, quality 
of product and reliability of supply are important. NZ is a 
major contributor to international trade in lamb meat, mutton, 
coarse wool and sheep skins. 

Information on the historical development of the NZ 
sheep production and processing industries is available in 
McLauchlan (1981), Calder and Tyson (1999), Carter and 
Cox (1982), Carter and MacGibbon (2003), Wolfe (2006), 
Anon (2007) and McIntyre (2008).   

Pastoral basis

The predominant food source for NZ’s sheep production is 
grazed pastures, supplemented by conserved pasture (hay, 
silage) and a small, but tactically important, contribution 
from forage crops (brassicas, herbs). A relatively mild 
climate allows sheep to graze outdoors all year. Housing of 
sheep and feedlots are almost non-existent, and there is minor 
use of feed by-products from other farming and industrial 
enterprises (such as grain and straw from arable crops). 

Grazed pastures occupy 11 million ha of NZ formerly 
in native grassland, forest, and wetland vegetation.  Major 
events in increasing sheep production from pastures were the 
replacement of the native vegetation with introduced grasses 
(from the 1870’s), application of fertilisers to overcome 
soil deficiencies and replace nutrients removed in animal 
products (from the 1880’s), breeding of improved grasses 
(from  the 1930s), an emphasis on the value of clovers in the 
pastures (from the 1950’s), aerial application of fertiliser and 
seed to uncultivable hill country (from 1950’s), a surge in use 
of permanent and temporary paddock subdivision to increase 
pasture utilisation, maintain vegetative growth and ration 

feed supplies (from 1970’s), and the availability of improved 
endophytes in grasses (from the 1990’s). 

In 2007-08 sheep had access to (often in common with 
the other farmed species) some 8.9 million ha of pasture. 
That is 18% less than 10 years earlier as alternative land uses 
(nature conservation, dairy cattle farming, lifestyle blocks) 
have increased. The distribution of sheep between the main 
regions is shown in Figure 3.1.

Figure 3.1. Sheep numbers by production region in 
2007-2008. BOP – Bay of Plenty. Source: adapted from Meat 
and Wool New Zealand Economic Service data.

The pastures are typically dominated by introduced grasses, 
clovers and herbs chosen for their ability to support high levels 
of animal production when grazed. They have a long life 
(only 2.0% by area renewed in 2006-07) and require limited 
inputs to be sustainable, so pastoral systems require less 
energy to operate than farming systems based on short-term 
crops, feedlots, or housing of animals. A major feature of the 
pastures is the use of clovers to biologically fix atmospheric 
nitrogen. This distinguishes NZ sheep pastures from farming 
systems that are dependent on nitrogen fertiliser.  Other than 
nitrogen, chemical elements removed from the farm when 
sheep products are sold are replaced as fertiliser, a point of 
distinction from exploitative farming systems that do not 
replace removed nutrients and therefore deplete the soil’s 
natural supply of elements. 

A high level of pasture utilisation and conversion into 
animal products is a central plank of the efficiency of 
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NZ pastoral farming.  It is favoured by the mild climate 
producing a relatively predictable feed supply.  It is assisted 
by the natural ability of sheep (as an animal that evolved in 
a highly seasonal environment) to deposit feed surpluses in 
fat deposits and other nutrient reserves in times of plenty and 
to utilise them in times of need. It is enabled by fencing that 
allows the level of pasture utilisation to be controlled.  Most 
importantly, it is due to proactive farmers that monitor and 
forecast variable feed supplies and livestock needs (Webby 
and Bywater, 2007) and make frequent decisions on feed 
allocation and trading of livestock and feed, to match feed 
supply and demand.  This allows them to operate nearer to 
optimum efficiency than in farming systems with less trading 
or where feed supplies are less reliable. 

In NZ’s temperate climate, growth of pasture is fastest in 
spring and slows down during dry summer and cold winter 
periods (Valentine and Kemp, 2007).  Grasses enter their 
reproductive phase over summer and autumn resulting in 
declines in vegetative growth and feeding value that limits 
animal performance in those seasons (Litherland and Lambert, 
2007).  Feed supplies are evened out by transferring feed 
from seasons with good growth conditions to poorer growth 
periods. Pasture is carried over as saved standing pasture, 
hay or silage. Short-term forage crops are used to achieve the 
same end.  In 2006-07 hay and silage was made on 2.6% by 
area of sheep and beef farms and forage crops were grown on 
2.8%.  The scale of these activities has changed little since 
1980.  

Subdivision of farms by permanent and temporary 
fencing into multiple paddocks allows pasture supplies to be 
allocated according to availability of feed and the priority 
for and production target for each animal class. The sheep 
flock is divided into age and sex mobs with different feed 
requirements.  Mobs are moved between paddocks depending 
on feed supplies, production targets of each mob and its 
priority relative to other mobs.

The type of sheep that dominate the NZ flock have natural 
seasonal patterns of wool growth and reproduction (Sumner 
and Bigham, 1993; Smith and Knight, 1998; Chapter 23) that 
align with the seasonal pattern of feed supply. The combined 
effects of seasonality of feed supply and sheep responsiveness 
result in highly seasonal patterns of supply of sheep products.  
The marked seasonal pattern of lamb processing is illustrated 
in Figure 3.2.

Natural values 

Along a continuum of land uses from natural ecosystems to 
factory farming, NZ sheep farming systems span extensive and 
intensive pastoralism retaining some natural features while 
providing advantages of some control over environmental 
variables (Figure 3.3). 

That control is sufficient to support NZ’s reputation for 
reliable supply of high quality and safe products.  However 
it is the natural aspects of the production systems that are 
attractive to consumers in the main markets of Europe, North 
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Figure 3.2.  Seasonal pattern of lamb processing for export. 
Source: Meat & Wool New Zealand Economic Service data.

America and North Asia who want products from ethical 
production systems. NZ farming systems are by no means 
entirely natural. Soils, water, air, landscape, flora and fauna 
have been modified by and for farming.  Constraints are 
placed on farmed animal’s behaviour patterns. The position 
occupied in Figure 3.3, however, lies between unsustainable 
exploitation of native grasslands on one hand and energy-
intensive and factory farming on the other.   
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Figure 3.3.  Location of NZ sheep and beef farming along a 
continuum of land use forms.

NZ shares international concerns over the global and 
local impacts of climate change.  It is a signatory of the 
Kyoto agreement on climate change and has developed an 
Emissions Trading Scheme to penalise activities that generate 
greenhouse gases. It leads the world search for means of 
reducing greenhouse gas production from ruminant livestock 
farming, through the Pastoral Greenhouse Gas Research 
Consortium. 

Nutrient and water use, water quality, pest, weed and 
disease control and animal and plant biosecurity issues are 
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addressed by management plans and codes of practice ranging 
from national scale down to individual farms.  Some plans 
and voluntary codes of practice are backed by regulations 
of the national government (e.g. laws relating to importation 
of new organisms, use of natural resources, animal welfare) 
or local government (e.g. by-laws for water use and quality, 
modification of vegetation and landscapes, noxious weed and 
pest control), while others are voluntary on an individual farm 
scale (e.g. fertiliser use, soil protection).  Some are required 
for farmers to be eligible to supply particular markets (e.g. 
quality assurance schemes of European supermarkets and 
woollen garment manufacturers). 

Farmers do more than react to external incentives. They 
have their own personal sense of responsibility to the land and 
animals they manage. They are well aware that their practices 
have to be sustainable in the long term if they are to continue 
their business and so are used to trading off short-term financial 
considerations against the longer-term considerations. The 
sense of stewardship is illustrated by the fact that farmers have 
voluntarily protected natural and cultural features on 106,000 
ha in 3,500 covenants with the Queen Elizabeth II National 
Trust since 1980. A further 334,502 ha has been transferred 
from farming to nature conservation with government 
encouragement (Donnelly, pers. comm.).

Farmers allocate feed supplies to their sheep, control their 
breeding activity, and manage their health risks to cope with 
the challenges created by variable climates and diseases.  
Nevertheless sheep grazing in groups outdoors are able to 
exhibit more of their natural behaviour patterns than housed 
animals and those in feedlots. They graze fenced paddocks 
varying in area from less than 5 to over 20,000 ha, commonly 
between 5 and 20 ha. Farm flocks are divided into mobs so 
that age and sex groups can each be managed efficiently 
according to their needs and those of the farmer. The mobs 
commonly contain a few hundred to a few thousand sheep.  
Outside the mating periods they are usually single sex mobs 
and outside the lactation period young and mature animals 
are usually separated.  

NZ sheep have been bred to retain their natural ability to 
forage, breed and resist diseases. They are more independent 
of human care then sheep (and other farmed species) that 
have been bred for more controlled production systems.

NZ is fortunate to be free of some serious diseases 
(like foot and mouth disease, scrapie, and blue tongue) and 
predators that plague other nations’ sheep industries, and has 
biosecurity policies to maintain that status. 

The use of natural feeds, ability of the animals to exhibit 
many of their natural behaviour patterns and sustainable 
production systems are features valued by many of the 
consumers to which NZ sheep products are sold.  

Emphasis on exports

With around 90% of production exported (Table 3.1), financial 
returns from NZ sheep products are highly dependent on 
demand for them in international markets and currency 

exchange rates.  NZ products are a major part of the global 
across-border trade in sheep meat, coarse wool and skins.  
They are mostly exported from NZ after only minor early stage 
processing. After further processing wool and skin products 
are often re-exported by the importer, to third countries where 
they are consumed.

Table 3.1.  NZ sheep product exports in 2007-08 (includes 
by-products, June year).

 Value of exports % of NZ 
 (NZ $ million) production
 exported

Lamb 2,448 91
Mutton 458 89
Wool - raw and processed 883 90
Skins - raw and processed 224  >95%*

* Estimate only
Source: Meat & Wool New Zealand Economic Service data.

Family owned small businesses  

Most farms having sheep and beef sales as the predominant 
source of income are family owned businesses.  The 
ownership structures in Table 3.2 are legal entities that 
include companies, estates, trusts and more often partnership 
between family members.  There are corporate landowners 
operating large or multiple farms and a variety of informal 
and formal relationships between farms that share resources 
(e.g. machinery syndicates) or have supply arrangements 
(e.g. sale or profit sharing arrangements for supply of 
store stock from breeding farms to finishing farms).  Some 
farms contract to supply produce to the specifications of 
particular manufacturers (e.g. Merino wool for Icebreaker) 
or retailers (e.g. Rissington Breedline lambs to Marks and 
Spencer).  However farmers usually supply undifferentiated 
commodities to processing companies which add marginal 
value before export. 

Table 3.2.  Numbers of NZ sheep and beef farms in 
different forms of ownership.

 Single Partner- Other Total 
 owners  ships ownerships farms

1990-91 15,485 3,000 1,115 19,600
2000-01 11,720 2,835 1,185 15,740
2006-07 10,175 2,735 760 13,670

Source: Meat & Wool New Zealand Economic Service data.

The family farms employ few permanent staff.  The average 
number of waged staff on all farm types in 2006-07 was 1.72, 
including 1.14 working owners.  Additional specialist labour 
is often contracted for specific tasks like shearing, fertiliser 
application, administering of animal health care, and business 
advice.  Short-term employment of specialist labour appears to 
be increasing, creating new businesses in rural communities.  
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Relative to the number of sheep, permanent labour is lower 
than in countries where sheep are farmed on smaller units or 
housed (Chapters 5-7).  This is possible because of the use of 
temporary labour, efficiencies due to the (comparatively) large 
scale NZ farms, more reliable supplies of grazed feed, wide 
use of technology to replace labour (e.g. use of easily movable 
electric fences to ration feed supplies), and sheep that have 
been bred to retain a natural low dependence on human care.

Mix of enterprises and skills

Few of the 13,670 farms for which the predominant source 
of income was meat and wool in 2006-07 have sheep as the 
sole source of income. The majority also have beef cattle and 
some have deer and goats (Table 3.3). Off-farm employment 
and investment is a common source of income.  Less common 
enterprises are pasture and forage crops for sale to other 
farmers, arable crops and tourism enterprises. 

The mix of enterprises places high demands on the decision 
makers and labour.  A wide range of knowledge and skills is 
required, spanning biological and physical aspects of farming 
and the natural environment, purchasing inputs and marketing 
outputs, business administration, and regulatory processes.  On 
the majority of farms most of the skills are provided by one or 
two people who are the decision makers as well as supplying 
much of the labour.  For their business to be successful they 
have to balance multiple factors and make trade-offs.  Just as 
importantly they and their businesses need the flexibility and 
resilience needed to cope with variability in markets, climates, 
and landscapes. The extent of this variability means that it is 
not realistic for NZ sheep farm businesses to operate with the 
precision seen in simpler, single enterprise businesses like 
feedlots, factory farms and dairy cattle farms. 

Since 1995-96 sheep have provided around 60% of sheep 
and beef farm revenue.  The most notable change has been the 
halving in wool’s contribution (Table 3.4) a direct and indirect 
result of the deterioration of wool’s value relative to meat 
(Figure 3.4).

Table 3.3.  Production and financial characteristics of the average NZ sheep and beef farm in the Meat & Wool New Zealand 
Sheep and Beef Farm Survey in 2006-07. 

Area  Gross Farm Revenue ($)
Total Farm Area (ha) 716 Wool 38,698
Effective Area (ha) 645 Sheep 132,526
  Cattle 76,876
Stock Numbers  Dairy Grazing 7,381
Sheep  3,160 Deer + Velvet 2,689
Cattle  280 Goat + Fibre 25
Deer  34 Cash Crop 28,139
Goats  1 Other Revenue 12,783
Sheep per Cattle Beast 11 Gross Farm Revenue 299,117
Total Stock Units (s.u.)*  4,268 
Stock Units per hectare 6.6 Expenditure ($)
Stock Units per Labour Unit 2,481 Fertiliser, Lime & Seeds 38,448
  Repairs and Maintenance 19,954
Labour Units 1.72 Interest 47,937
  Other 163,668
Fertiliser  Total Farm Expenditure 270,007
Total (Tonnes) 86.4  
  Farm Profit Before Tax 29,110
Kilograms per Effective Ha. 134  
Kilograms per Stock Unit 20.2 Comparison Per Stock Unit  ($/S.U.)
  Gross Revenue  70.08
Production  Expenditure  63.26
Wool Sold (kg) 14,385 Farm Profit  6.82
Wool Sold (kg/sheep) 4.55 Interest  11.23
Lambing Percentage 125.8  
Calving Percentage 83.6 Gross Margins 
  $ per Sheep Stock Unit 40.96
Prices  $ per Cattle Stock Unit 45.62
Wool Net (cents/kg) 266.6 $ per Deer Stock Unit 26.52
Lamb Export ($) 53.79  
Ewes Mixed Age ($) 40.15 Capital Structure ($)
Cows ($) 565 Total Assets 5,127,957
Steers 2.5 Yr ($) 986 Total Liabilities 1,042,541
Hinds Mixed Age ($) 203 Net   Worth 4,085,416
Stags 2 Yr+ ($) 273 Net Worth as % Total Assets 80

* Stock Units for animal species and classes are based on annual energy requirements as listed in Table 4 of Woodford and Nicol (2004). 
A breeding ewe is 1.0 stock unit.   
Source: Meat & Wool New Zealand Economic Service data.
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Table 3.4.  Recent changes in revenue sources for the 
average NZ sheep and beef farm in the Meat & Wool New 
Zealand Sheep and Beef Farm Survey (% total revenue).

  
Wool Lamb Total Cattle* Deer Arable Other
  meat sheep   crop

1995-96 26.4 28.4 61.9 21.6 2.6 9.7 4.2
2000-01 15.9 41.1 61.6 26.2 2.0 7.4 2.8
2005-06 13.6 33.7 60.5 27.3 1.0 8.3 2.8
2006-07 12.9 44.3 57.2 28.2 0.9 9.4 4.3

* includes returns from beef and from dairy cattle grazing
Source: Meat & Wool New Zealand Economic Service data.

Average farm characteristics

Of the near 13,670 sheep and beef farms, Meat & Wool New 
Zealand records annual production and financial performances 
of 550.  Characteristics of the average farm are presented in 
Tables 3.3, 3.4 and 3.5.  Information from different classes of 
farm in Table 3.16 allows comparisons between classes.  

In recent years the number of livestock per farm has 
increased as a result of the increased average farm area, not due 
to an increase in stocking rate (Table 3.5). Farmer responses to 
improved prices for lamb relative to wool (Figure 3.4) have 
improved lamb production traits faster than wool production 
traits (Table 3.5).  Lambing percentage, lamb carcass weight 
and mutton carcass weight all increased by 25-30% from the 
early 1990s to 2005 (Figure 3.5).  Performances have fallen 
off in the last few years as a result of summer droughts, loss of 
some of the most productive land to other land uses and due to 
poor product prices. The very poor financial result in 2007-08 
(Table 3.5) is the worst outcome in the last 50 years,
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Table 3.5.  Recent trends in characteristics of the average NZ sheep and beef farm in the Meat & Wool New Zealand Sheep 
and Beef Farm Survey.

 98-99 99-00 00-01 01-02 02-03 03-04 04-05 05-06 06-07 07-08*

Physical Coefficients          
Effective Area (hectares) 558.00 569.00 589.00 593.00 599.00 600.00 623.00 664.00 645.00 645.00
Labour Total    1.57 1.59 1.63 1.70 1.74 1.67 1.76 1.74 1.72 1.72
Number of sheep          
Total Stock Units (s.u.)   3,660.00 3,753.00 3,894.00 3,978.00 4,168.00 4,081.00 4,193.00 4,274.00 4,268.00 4,235.00
Stock Units per hectare   6.60 6.60 6.60 6.70 7.00 6.80 6.70 6.40 6.60 6.60
Production Coefficients          
Lambing Percentage    113.80 115.60 116.30 116.60 121.60 119.80 125.90 125.60 125.80 121.00
Shorn Wool (kg per head) 4.88 4.80 4.86 4.86 4.91 4.92 5.06 4.92 4.65 4.72
Financial Coefficients          
Economic Farm Surplus ($/ha) 24.65 75.44 129.39 158.18 104.03 59.23 63.40 10.93 -5.59 -22. 64
Economic Farm Surplus ($/stock unit) 3.76 11.44 19.57 23.58 14.95 8.71 9.42 1.70 -0.84 -3.45
Rate of Return on Total Farm Capital (%)   1.00 3.10 4.60 4.40 2.40 1.20 1.10 0.20 -0.10 -0.30

*Estimate only Source: Meat & Wool New Zealand Economic Service data.



78   A.R. Bray and E. Gonzalez-Macuer

International Sheep and Wool Handbook

Sheep numbers and types

Sheep were brought to NZ from 1773 onwards as a source of food 
for sailors and early European settlers.  Farming, based on wool 
production, established from the 1840s.  Numbers grew steadily 
from 1850 to reach 33 million 100 years later then doubled in 
the next 33 years to peak at 70 million in 1983 (Figure 3.6; Table 
3.13). The surge in numbers from 1950 was created by post-
World War II overseas demand for wool and meat.  In the 1970’s 
and early 1980’s, further growth was supported by government 
subsidies.  The withdrawal of those subsidies in the mid 1980’s, 
the deterioration of wool prices and growth of competing land 
uses resulted in a decline in sheep numbers.  In 2008 they had 
fallen to the 1950 level of 34 million.
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Figure 3.6.  Sheep numbers in NZ since the establishment of 
sheep farming.  Source: adapted from Carter and Cox (1982) 
and Meat & Wool New Zealand Economic Service data.

The establishment and early growth of sheep farming 
was based on wool from Merinos grazing natural tussock 
grasslands.  As pastures were established in wetter 
environments and export meat markets were developed, more 
suited breeds like the Lincoln, English Leicester and Romney 
Marsh breeds were crossed with Merinos.  The exporting of 
meat became possible with the introduction of ships able to 
transport frozen meat in 1882.  From this point the relative 
importance of wool over meat has reversed to the point where 
meat is now the dominant source of income. This has been 
driven by changes in price relativities, recent changes in 
which are presented in Figure 3.4.  

The long term market trends are reflected in the change in 
importance of breeds and emergence of new crossbred sheep 
types (Table 3.6).  

Dual purpose sheep producing meat and coarse wool 
were dominant throughout a large part of last century and 
continue to be most numerous (Table 3.7).  The NZ Romney 
breed has been the pre-dominant individual breed over that 
period. Currently over 60% of the genes in the national flock 
are estimated to be of Romney origin.  As well as those in 
purebred Romneys there are those in breeds derived from 
Romneys, including Coopworth, Perendale and a variety 
of recently developed “composite” breeds (included in the 
“Mixed” or “Other” components in Table 3.7).

Table 3.6.  Emergence in sheep breeds as emphasis has 
changed from wool to meat production.

1850  1900    1950                      2000

Wool  Wool and Meat  Meat and Wool      Meat
     
Merino     
 Merino x longwool   
   Corriedale   
    Romney  
                          Perendale 
                          Coopworth 
                                     Composites

Table 3.7. Breed composition of the NZ sheep flock (%).

 1983-84 1988-89 1995-96 2000-01 2006-07
Sheep (millions) 69.7 60.6 47.4 42.3 38.5

 
Romney 40 46 58 48 39
Mixed    8 13
Coopworth 19 13 10 17 12
Perendale 15 8 7 6 10
Merino 2 4 7 6 5
Corriedale 5 4 5 9 3
Other 18 25 13 7 18

Source: Meat & Wool New Zealand Economic Service data.

A feature of the NZ sheep scene has been the development 
of new sheep types suited to local conditions and export 
markets. NZ Romneys are now visually quite different from 
the English Romney Marsh breed from which they originated. 
Larger changes have been achieved by crossing traditional 
breeds, selecting within the progeny for the desired type and 
then fixing the new type by breeding among the selected 
progeny. Historically, the most successful of these have been 
the Corriedale originally bred from Lincolns and Merinos in 
the early1900s, the Coopworth (originally Border Leicester 
x Romney) and Perendale (Cheviot x Romney) in the 1950s.  
Since the 1990’s a variety of “composite” breeds that include 
Romney, Finn, Texel, East Friesian or Poll Dorset components 
have been developed.

Animals and germplasm from these derived breeds and 
traditional breeds have been exported to influence sheep 
production in many countries. Much of the demand for 
NZ genetics is for highly productive animals that are not 
reliant on high levels of human care. Objective methods of 
selecting sheep for breeding are widely used and have been 
effective in generating rapid genetic gains in not only meat 
and wool production traits but also for resistance to diseases 
(like internal parasites, footrot, and facial eczema) and for 
the ability to give birth naturally without human interference 
(Amer, 2009). 
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Wool 

The total value of wool exports has declined gradually since 
1990-91 (Table 3.8) as a result of falling amounts exported 
(Table 3.9, reflecting the falling sheep numbers in Figure 3.6) 
and falling prices per kg (Figure 3.4).  Wool production per 
sheep has changed little (Table 3.5, Figure 3.5).  A loss of 
revenue from raw wool has been offset in part by an increase 
in the value of processed wool products exported (Tables 3.8 
and 3.10). Processed products provided 31% of export wool 
returns in 2007-08 compared with 17% in 1990-91.

Table 3.8.  Value of NZ wool exports from 1990-01 
(NZ$’000s, FOB).

 Raw fibre Processed products Total 

1990-91 962,575 191,606 1,154,181
1995-96 1,033,997 214,347 1,248,344
2000-01 886,115 288,808 1,174,923
2005-06 688,757 308,285 997,042
2007-08 612,674 270,201 882,875

Source: Meat & Wool New Zealand Economic Service data.

Table 3.9. Amount and value of unprocessed wool fibre 
exported.  
 Greasy  Scoured Slipe 
 tonnes NZ$’000 tonnes NZ$’000 tonnes NZ$’000

1990-91 54,642 261,400 143,218 684,433 5,356 16,742
1995-96 49,823 249,305 140,417 761,299 5,438 23,393
2000-01 49,152 293,661 127,840 584,035 2,345 8,419
2005-06 46,966 200,326 112,821 483,536 1,198 4,895
2007-08 40,405 187,028 113,028 452,548 3,494 12,082

Source: Meat & Wool New Zealand Economic Service data.

Over 70% of the unprocessed wool has the grease removed 
(scoured or slipe wool) before export (Table 3.9). 

The main end-uses and estimated proportion by weight of 
wool in 2001 are indicated in Figure 3.7.  In 2006-07 it was 
estimated that 79% was used to make carpets (Ross, pers. 
comm.).
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Figure 3.7.  Main end-uses of NZ wool (proportion by 
weight) in 2001. Source: Ingham, pers. comm. 

The main markets for NZ wool are in the European Union, 
Peoples Republic of China and NZ (Figure 3.8). Much of the 
wool is later re-exported to a third country for final stages of 
manufacture and/or retail sale. Consumers in North America 
(39%) and European Union (35%) were the largest buyers of 
carpets rich in NZ wool in 2006-07 (Ross, pers. comm.).   
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Figure 3.8. Market shares of the 168,725 tonnes of clean 
wool produced in NZ in 2006-07. Source: Meat & Wool New 
Zealand Economic Service data.

The breed composition of the national flock (Table 3.7) is 
reflected in the weights of wool in the fibre diameter classes 

Table 3.10. Value (NZ$’000s) of processed wool products exported.

 Tops/  Carpet Carpets Rugs Woven Other Total 
 sliver yarn   apparel

 
1990-91 5,556 51,483 64,507 16,735 3,083 50,242 191,606
1995-96 14,630 39,352 72,327 26,122 10,025 51,891 214,347
2000-01 21,863 81,736 95,990 37,140 17,262 34,817 288,808
2005-06 17,888 93,371 104,455 25,213 19,226 48,132 308,285
2007-08 14,833 120,952 72,885 3,254 17,979 40,298 270,201

Source: Meat & Wool New Zealand Economic Service data.
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in Table 3.11.  Sumner et al. (2008) estimated the relative 
economic value of characteristics (like fibre diameter, length 
and discolouration) affecting the processing performance of 
coarse wool for sales from 2003 to 2007. They were similar 
to those estimated in 1991.  They were no more than a few 
cents per kg clean wool, providing insufficient incentive 
for growers of coarse wool to pay attention to any wool 
trait other than fleece weight. That does not mean that wool 
characteristics have not changed as a result of associations 
with other traits (e.g. as a result of cross breeding to improve 
lamb production).  

Table 3.11. Weight of wool (tonnes, clean) exported, by 
fibre diameter class.

 Fine  Medium  Coarse Coarse Total
   (fine  (coarse
   crossbred) crossbred)

 
2004-05 7,008 20,231 41,493 65,194 133,927
2005-06 7,717 25,524 44,690 70,501 148,433
2006-07 6,175 25,587 40,746 71,016 143,525
2007-08 5,625 23,004 41,915 66,364 136,909

Source: Meat & Wool New Zealand Economic Service data.

Sheep meat

In recent times, meat from lambs less than one year old has 
been the main source of farm revenue.  Currently 85% of 
sheep meat returns are from lamb (Table 3.12). Despite the 
decline in the size of the total sheep population since the 
early 1980s (Figure 3.6 and Table 3.13) the number of sheep 
processed for export has not declined nearly as much, due 
to an increase in lambing percentages.  This together with 
a 30% increase in average carcass weight (Figure 3.5) from 
near 13 kg has seen the amount of lamb exported increase 
slowly but steadily from the early 1990s (Figure 3.9), while 
the sheep population has fallen from 55 to 34 million.  

Table 3.12.  Value of NZ sheep meat exports from 1990-01 
(NZ$’000s, June year).

 Lamb Mutton Total 

1990-91 977,777 171,818 1,149,595
1995-96 1,139,133 197,865 1,336,998
2000-01 1,893,225 232,605 2,125,830
2005-06 2,164,681 240,805 2,189,486
2007-08 2,171,726 360,938 2,532,664

Source: Meat & Wool New Zealand Economic Serviced data.

Countries in the European Union market are the dominant 
market for sheep meats (Figure 3.10).

Table 3.13.  Numbers of sheep (‘000, September year) 
processed for meat exports.

  No. processed for export
 Sheep Lambs Adults
 population (‘000) (‘000) 

1927-28 25,649   5,947 2,005
1937-38 31,306   9,167 2,188
1947-48 32,682 11,956 2,626
1957-58 42,382 15,050 1,987
1967-68 60,030 24,451 6,026
1977-78 59,105 25,106 5,444
1987-88 64,244 28,866 5,336
1997-98 46,077 25,822 5,014
2007-08p 34,151 26,363  6,219

p = provisional
Source: Meat & Wool New Zealand Economic Service data.
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Figure 3.9.  Amount of sheep meat exported. Source: Meat 
& Wool New Zealand Economic Service data. 
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Figure 3.10. Market shares of the 573,200 tonnes of sheep 
meat produced in NZ in 2006-07 (carcass weight equivalents 
of lamb and mutton, June year). Source: Meat & Wool New 
Zealand Economic Service data.

Presently no live sheep are exported for slaughter.  Meat is 
exported in cut, boneless or carcass form (Table 3.14). Since 
1980 the proportion exported as whole carcasses has declined 
markedly and chilled exports have increased.  
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Table 3.14.  Form in which lamb meat was exported (%, 
carcass weight equivalents, September year).

 Chilled Frozen Frozen Frozen
  carcass cuts boneless

1980-81 0 82 18 0
1990-91 3 41 55 1
1995-96 7 31 54 8
2000-01 14 10 65 11
2005-06 18 3 67 11
2007-08 20 4 66 9

Source: Meat & Wool New Zealand Economic Service data.

Pivotal technological events in the development of sheep 
meat industries have been the introduction of frozen meat 
shipments in 1882, introduction of accelerated ageing and 
conditioning of carcasses in meat processing plants from 
the early 1980’s, a shift from fat, light lambs to lean, heavier 
lambs from the 1980s, and the growth of chilled shipments 
from the late 1980’s. Two features that have enabled rapid 
genetic improvement in sheep meat production have the use 
of objective sheep breeding criteria from the 1970’s and the 
importation of new sheep breeds in the 1980’s.

The increase in lamb carcass leanness since the 1980’s 
(Bray, 2004) was noteworthy as it occurred over a period in 
which carcass weight increased from 13.2 kg to 17.5 kg in 
2005, contrary to the change expected from knowledge of 
growth and development principles (Chapters 8 and 16). 

Sheep skins and by-products

In 2007-08 22.4 million lamb skins worth NZ$159 million 
were exported as were 7.7 million adult sheep skins worth 
NZ$58 million.  83% of the value came from raw skins not 
tanned, 15% from tanned skins and 2% from further processed 
leather and wool-on items.  While the main initial markets 
were the Peoples Republic of China and South Korea (Figure 
3.11) the main locations in which consumer goods made from 
the skins were sold were in North America and Europe.

Peoples 
Republic of 
China, 46%

South Korea, 
33%

European Union, 
10%

Turkey, 5%

India, 4%

Other, 2%

Figure 3.11.   Value of lamb skin export markets, by country 
2007-08. Source: Meat & Wool New Zealand Economic 
Service data.

The skins are a by-product of meat and wool production, 
their number and characteristics (Chapter 28) being 
determined by requirements for lamb meat and strong wool.  
The characteristics of skins from the breeds in Table 3.7 
and their progeny sire by meat breed terminal sires makes 
garment manufacture the biggest end use. 

 Other by-products of the sheep meat and wool industry 
that earn substantial export revenue include edible offal, 
tallow, lanolin and meat and bone meal.

Composition and structure of NZ sheep 
production 

Sheep are farmed throughout NZ, with more in the drier eastern 
side and south of both main islands (Figure 3.1).  High fertility 
land of easy contour and with reliable water supplies (either as 
rain or irrigation) is more commonly used for horticulture or 
dairy cattle.  Sheep and beef cattle are most common on land 
of more variable fertility and climate, much of it hill country 
(Table 3.15). Sheep breeding flocks on hill farms commonly 
sell weaned lambs to more intensively farmed properties where 
they are grown to weights suitable for meat processing.  

In recent years the amount of land of easy contour and 
consistent pasture growth available for sheep and beef farming 
has declined. Sheep and beef farms have been converted to 
dairy cattle farms or they supply feed to dairy farms. Dairy 
herd heifer replacements and dry cows may be transported to 
the sheep and beef farm and fed there, or feed (e.g. silage) may 
be transported from sheep and beef farms for feeding on the 
dairy cattle farms. Land diverted to the dairy cattle industry is 
likely to have been previously used to grow young sheep and 
cattle destined for meat production.  The loss of access to this 
land means that more lambs have to be grown to processing 
weights on hill country with less reliable pasture growth and 
quality.

Meat & Wool New Zealand records annual production 
and financial performance of 550 farms representative of 
eight farm classes. The farm classes are defined in Table 3.15 
and their main characteristics are presented in Tables 3.16. 
There are significant differences between farm classes in the 
importance of sheep. When data from the farm classes are 
combined to create national averages (Tables 3.3, 3.4 and 3.5) 
average values for each of the farm classes are used, weighted 
for the size of the farm class.  

Meat and wool processing industries

Most meat, wool and pelts and by-products are exported with 
minimal processing.  In the case of meat further value may 
be added closer to the market.  In the case of wool and skins, 
much of the processing occurs in importing countries with 
low cost structures.  The products are then often exported to 
other countries where they are consumed (Chapter 26). 
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Table 3.15.  Farm classes used in the Meat & Wool New Zealand Sheep and Beef Farm Survey.

South Island High Country – 220 farms, 25.5% of area, 4.3 % of stock units.1. 
Extensive run country located at high altitude carrying fine wool sheep, with wool as the main source of revenue. Located mainly in 
Marlborough, Canterbury and Otago. 

South Island Hill Country – 850 farms, 16.5 % of area, 9.5% of stock units2. 
Mainly mid-micron wool sheep.  Mostly carrying between two and seven stock units per hectare. While some stock are finished a 
significant proportion are sold in store condition.  

North Island Hard Hill Country – 1,258 farms, 11.1 % of area, 14.4% of stock units.3. 
Steep hill country of low fertility soils with most farms carrying six to ten stock units per hectare. While some stock are finished a 
significant proportion are sold in store condition. 

North Island Hill Country – 4,258 farms, 19.3 % of area, 30.0% of stock units.4. 
Easier hill country of higher fertility soils than Class 3. Mostly carrying between eight and thirteen stock units per hectare. A high 
proportion of stock sold is in forward store or prime condition. 

North Island Intensive Finishing – 1,767 farms, 5.4% of area, 9.0% of stock units.5. 
Easier contour farmland with the potential for high production. Mostly carrying between eight and fourteen stock units per hectare. A 
high proportion of stock is sent to slaughter and replacements are often bought in.  

South Island Finishing-Breeding Farms – 2,988 farms, 14.9 % of area, 21.0% of stock units.6. 
A more extensive type of finishing farm, also encompassing some irrigation units and frequently with some cash cropping. Carrying 
capacity ranges from six to eleven stock units per hectare on dryland farms and over twelve stock units per hectare of irrigated units.  
Mainly in Canterbury and Otago. This is the dominant farm class in the South Island.  

South Island Intensive Finishing Farms – 1,706 farms, 4.8% of area, 9.1 % of stock units.7. 
High producing grassland farms carrying about ten to fourteen stock units per hectare with some cash crop. Located mainly in 
Southland, South and West Otago.  
South Island Mixed Finishing Farms – 623 farms, 2.6% of area, 2.9 % of stock units.8. 
Mainly on the Canterbury plains with a high proportion of the revenue being derived from grain and small seed production as well as 
stock finishing.

Source: Meat & Wool New Zealand Economic Service.

There are major differences between farm classes in the importance of sheep. 

Table 3.16.  Production characteristics of eight sheep and beef farm classes in 2006-2007.

 SI SI NI NI NI Intensive SI Finishing SI Intensive  SI Mixed
 High  Hill  Hard Hill Hill  Finishing  -Breeding  -Finishing  -Finishing

Physical Coefficients        
Effective Area (ha) 10,212.00 1,711.00 775.00 399.00 268.00 441.00 249.00 361.00
Labour Total 2.93 1.89 1.91 1.66 1.50 1.66 1.54 2.51
Number of sheep 10,170.00 5,014.00 4,789.00 2,653.00 1,653.00 3,307.00 3,006.00 2,318.00
Total Stock Units (s.u.) 11,299.00 6,512.00 6,681.00 4,113.00 2,961.00 4,092.00 3,096.00 2,687.00
Stock Units* per ha 1.10 3.80 8.60 10.30 11.00 9.30 12.40 7.40
Production Coefficients        
Lambing Percentage 88.40 115.20 120.20 127.40 125.40 128.40 142.20 132.10
Shorn Wool (kg/sheep) 4.03 4.17 4.72 4.61 4.38 4.69 5.06 2.89
Financial Coefficients         
Economic Farm Surplus ($/ha) -0.62 -5.77 6.65 -31.04 -58.07 -28.04 24.82 269.94
Economic Farm Surplus ($/s.u.) -0.57 -1.52 0.77 -3.01 -5.62 -3.03 2.00 36.27
Rate of Return on Capital (%) -0.10 -0.20 0.10 -0.30 -0.40 -0.30 0.20 1.50

Source: Meat & Wool New Zealand Economic Service data.
Companies actively involved in trading and processing of meat and wool are listed in the Trade Directory pages at www.

meatandwoolnz.com. A map of meat processing facilities 
is listed under Publications at that website.  Information 
on the listed companies is also provided.  Development 
and rationalisation of the processing companies has been 

continuous in response to domestic and global competitive 
forces on commodity industries, as discussed by Calder and 
Tyson (1999), Carter and MacGibbon (2003) and McDermott 
et al. (2008). 
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Value of NZ sheep industry 

After being a major contributor to the NZ economy from the 
late 1800’s through much of the 1900’s the sheep industry 
now contributes only about 10% of NZ’s export returns, 
principally from lamb (Table 3.17). Calculations in 1995-96 
(Davison, pers. comm.) indicated that the multiplier for 
benefits to the NZ economy of the sheep industry were 2.8 
for short-term effects, rising to 3.1 when longer term effects 
were added.

Table 3.17.  Value of sheep products (NZ$ million per year 
– September basis).

  Wool Lamb Mutton Co- Total % of
    products  NZ exports

1995-96 1,060 1,219 199 647 3,125 15.5 
2000-01 888 1,894 252 744 3,778 11.9 
2007-08 883 2,240 388 377 3,887 9.6 

Source: Meat & Wool New Zealand Economic Service data.
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Overview

The South American sub-continent is a vast and variable area 
that includes 12 independent countries and many different 
ecological conditions, from tropical areas in the north to 
temperate climates in the centre and semi-desert conditions 
in the south. Wool is by far the most important animal fibre 
in South America; however other animal fibres like alpaca, 
llama, and mohair are also produced in large quantities, 
whereas vicuña, guanaco, angora and cashmere have a 
great potential for development but the amount produced at 
present is low. Sheep meat also contributes to profit in sheep 
enterprises and its production has increased in recent years. 

The production of wool and sheep meat is concentrated in 
the Southern Cone of the sub-continent (Argentina, Uruguay, 
Chile and south of Brazil) where climate is temperate or 
semi-arid. Further north, with the exception of the Altiplano 
region -the highlands of the Andes mountains- the production 
of these products is not possible due to the tropical climatic 
conditions. The three main areas producing wool are shown 
in Figure 4.1. The largest one includes the majority of 
Argentina, southern Chile, Uruguay and southern Brazil. In 
that area, wool or dual purpose sheep breeds (derived from 
the Merino) are the most important. The second area, the 
Criollo sheep region, includes the northern part of Argentina, 
and the Altiplano regions of Bolivia and Perú. The third area, 
in the northeast of Brazil (a very dry region), has wool-less 
hair sheep kept for meat and leather production.
The sheep population and estimated wool production in 2008 
in South America are presented in Table 4.1.

The countries more specialized in the production of wool 
(Argentina, Uruguay, Chile and Brazil) have close to 60% 
of total sheep numbers, but account for 85% of the wool 
produced (fine and medium wools). The types of wools 
produced in South America, by fineness, are shown in Table 
4.2. 

Figure 4.1. Sheep producing areas in South America. Source: 
R Cardellino (unpubl. data).

Two well defined socio-economic regions involved in wool 
production can be distinguished in South America:

1.  Small holder production systems: Low input, low 
productivity small farms with subsistence economies in the 
Altiplano region (including Bolivia, Perú and northwest of 
Argentina). The predominant breed is the Criollo sheep or 
non-defined Criollo crosses. Normally the native population 
also owns a few camelids and goats. 

2.  Commercial production systems: Include farmers whose 
main objective is not subsistence, with a variety of sizes 
depending on the region, but oriented mainly to the 
production of wool as a business. Main areas include 
Argentina (in the regions of Patagonia, Mesopotamia, and 
Province of Buenos Aires), Uruguay, Chile and southern 
region of Brazil. 
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Table 4.1. Sheep population and wool production in South 
America.
Country Number 

of sheep 
(millions)

Wool 
production 

(mkg greasy)

Type of 
wool

Production 
system

Argentina 16.0 65.0 Fine-
medium

Commercial-
Smallholders

Uruguay 10.4 41.0 Medium-
fine

Commercial

Chile 3.9 11.2 Medium Commercial

Brazil   13.8 10.5 Medium Commercial-
Smallholders

Perú 14.7 12.0 Coarse-
Medium

Smallholders

Bolivia 9.0 4.0 Coarse Smallholders

Total 57.5 143.7   

Source: Cardellino and Mueller (2008).

Table 4.2. Wool production by fineness in South America 
(Mkg greasy). 
Country Fine 

(<24.5 µm)
Medium

(24.6 - 32.5 µm)
Coarse and 

Criollo  
(> 32.5 µm)

Total

Argentina 40.3 22.7 2.0 65.0

Uruguay 12.0 27.0 2.0 41.0

Chile 0.2 10.8 0.2 11.2

Brazil 1.0 8.5 1.0 10.5

Perú 0.0 5.0 7.0 12.0

Bolivia 0.0 0.0 4.0 4.0

Total 53.5 74.0 16.2 143.7

Source: Cardellino and Mueller (2008)

The volume of production of different natural animal fibres 
in South America is over 140 million kg greasy with wool 
production being the most important. In addition, the animal 
industries have socio-economic implications. There are more 
than 600,000 farmers/peasants involved, of which most are 
small holders with subsistence units. However, the commercial 
farmers, particularly those involved in the production of wool 
in the southern regions, are also very important. 

As a result of fluctuating wool prices, meat production has 
increased in sheep enterprises. Production in Uruguay and 
Chile is mainly export orientated with demand from diverse 
markets. In Argentina and Brazil meat is more focused on 
domestic consumption, leaving little surplus production for 
trading (Table 4.3). 
A global review of the most important characteristics of 
commercial sheep production in Uruguay, Argentina, Brazil 
and Chile follows. 

Table 4.3. Main features of sheep meat production in South 
America.

 Uruguay Argentina Brazil Chile
Sheep population 
(million head)

10.3 16.0 13.8 3.900

Annual slaughter 
(million head)

1,526.0 1,461.0  n.a. 0.763

Meat exports (tonne) 15,716.0 6,096.0 - 5,079.000
Domestic 
consumption(kg/hd)

6.2 2.5 0.5 0.330

Source: Cardellino and Abella, adapted from DICOSE (2007) 
INAC (2007), SAGPyA (2007), ODEPA (2008), MAPA (2008).

Uruguay

Uruguay is located in the south of the Americas bounded on the 
South by the Atlantic Ocean and the estuary of the River Plate. 
Uruguay has a total area of 18.5 million ha, 85% of which can 
be considered as productive and it is used predominantly for 
agriculture and grazing livestock production. The climate is 
temperate, with average temperatures of 12o C in winter and 24o 
C in summer, and an average of 30 frosts per year. Annual average 
rainfall values range from 1,100-1,300 mm but with significant 
variation within and between years. Therefore, periods of drought 
are common. Despite the uniformity of climate throughout the 
country, the great diversity of soils types determines the types 
of native pastures (75% of the total area) with a predominance 
of perennial summer species, which constitute the basis for the 
production of wool and meat and very few native legumes.

The ecosystem is mainly composed of natural rolling 
pastures and low hills that allow the grazing of sheep and cattle 
all year round. Although sheep are run in all parts of the country, 
the flocks are mostly concentrated in less productive zones with 
greater proportions of shallow soils or hilly landscapes, such as 
the basaltic area in the north and the hills in the eastern parts of 
Uruguay (Figure 4.2). 

The gross value of sheep industry exports in 2007 was more 
than U$S300 million (Trifoglio JL, 2008) which accounts for 
10% of total export income. Wool production in 2008 was about 
40 million kg (greasy), mainly exported in the form of wool tops 
(63%). Six local combing mills, with modern technology, process 
the local production and also greasy wool imported from other 
South American countries (Argentina, Chile, Brazil and Perú), 
but also from Australia and New Zealand. Wool tops are exported 
to China (28%), Germany (25%) and Italy (14%), for different 
uses such as hand and machine knitting yarns, upholstery and 
also apparel. Exports of greasy wool, about 20% of the clip, are 
mainly destined for China (88%).

Sheep meat exports, were 15,716 tonne in 2007 (INAC, 
2008) and have two principal destinations: the European Union 
and Brazil. Saudi Arabia, Libia and Egypt are minor markets. 
Live sheep exports (hoggets and wethers) are very small in 
quantity (364,086 head in 2007) and are mainly exported to 
the Middle East and Brazil. Rams for breeding purposes are 
also exported to other South American countries.
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Figure 4.2. Regions of Uruguay: shaded areas show 
places with sheep as main source of income on farms.  
Source: DIEA (2000).

With the exception of dairy farms, most of the livestock farms 
are mixed, running both beef cattle and sheep. There are 
approximately 30,000 farms with sheep (DIEA, 2000), but the 
income from sheep is only a minor proportion of total income. 
Most have other sources of income, either beef cattle or cropping, 
so sheep production often plays a secondary role. Those more 
dependant on sheep meat and wool income are, in general, of 
smaller size and located on less-fertile soils where more profitable 
activities are not possible. Typical commercial sheep production 
systems are low-input enterprises. Traditionally, wool has been 
the main product. However in recent years, the importance of 
sheep meat (mainly lambs) has increased significantly. Fat 
lambs are finished on pastures for slaughter with carcass weights 
between 17-20 kg at 6-11 months of age. 

Most sheep flocks are self replacing ones, with breeding 
ewes and replacements. The proportion of wethers is close to 
10% of the overall sheep population. Autumn mating and spring 
lambing is the most common practice in order to match sheep 
requirements with pasture production. The average percentage 
of lambs weaned per ewe joined varies between 73% and 85% 
(DIEA, 2003) with significant variation between years due to 
changing climatic conditions. However, many farmers who have 
adopted good management practices consistently wean above 
100% (SUL, 2005). 

The sheep population in 2008 was estimated at 10 million, 
while the beef cattle population was close to 12 million (DICOSE, 
2008). On a national basis, on average, livestock numbers (sheep 
and cattle) represent an average stocking rate of 0.80 livestock 
units per grazing ha (1 livestock unit = 1 cow = 5 ewes). The 
predominant breeds are Corriedale (60%), Merino (20%), and 
Polwarth (12%).  These breeds can be defined as dual-purpose 

as they generate income from the sale of wool and sheep meat 
(fat lambs, surplus offspring and cast for age animals). All types 
of wool are produced and the diameter distribution is a direct 
consequence of the sheep breeds present. The majority (70%) of 
the wool produced can be defined as mid-micron wool, between 
25-32 microns, while the rest (30%) correspond to wools below 
24.5 microns. The production of fine and superfine Merino 
wools (less than 19.5 microns) is increasing, mainly to satisfy 
the demand of local weavers and also to be exported as tops. 
Uruguayan wool has a low incidence of dust penetration and tip 
weathering, good staple length and strength, scouring yield and 
very low vegetable matter (Cardellino, 2003). 

SUL has been involved in long term programs to improve 
shearing methods and clip preparation standards in the shed 
with the support of the local wool industry. Most wool is now 
harvested under the standards of the code of practice for clip 
preparation named “Acondicionamiento de lanas”. The Tally-
Hi shearing method has now reached 90% adoption and 75% of 
fleeces are classed and skirted in the shearing sheds, removing 
bellies, pieces, locks and stains. Pricing is generally based on 
an assumed 90:10 fleece:oddments ratio with a single price 
offered by local processors and greasy wool exporters for each 
lot on a greasy basis. A premium of 2 cents/kg greasy is paid 
for wools with the SUL’s blue tag certifying the standard of clip 
preparation and 4 cents/kg for SUL’s green label tag, provided 
by accredited shearing contractors. These accredited contractors 
–shearers and wool handlers- take responsibility for higher clip 
preparation standards and pressing the wool in 200 kg non-
contaminant bales. In 2008 nearly 40% of the clip had green 
label accreditation and further increases are expected (E. Pesce, 
pers. comm.). The predominant marketing system is the direct 
sale to local processors and exporters (there is no auction selling 
system). The use of on farm pre-sale objective measurements 
of wool is increasing as a consequence of processor or exporter 
demand. These certified test results are widely used as a basis for 
pricing of wools for woolgrowers.

Future developments

Recently, sheep production systems have been subjected to very 
strong economic pressures as a consequence of depressed wool 
prices, increases in the cost of production and the competition of 
alternative enterprises with better economic performance (beef 
cattle, dairy cattle, cropping, forestry, etc.). 

Due to market signals, reductions in fibre diameter are 
expected to continue in all types of wools. With this objective, 
there is an opportunity for farmers to adopt effective breeding 
methods as a low cost means of increasing production and profit. 
Most breeds have their own genetic evaluation systems  and there 
is scope for a higher adoption rate among studs and commercial 
farmers. On farm fibre diameter measurement (with OFDA 
2000) is also increasingly being used for ranking of animals and 
genetic selection.

At present and due to sanitary restrictions (the last episode 
of foot and mouth disease was in 2001) Uruguay is restricted 
from exporting sheep meat with bone to many countries, 
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including the EU and NAFTA. The sanitary status in 2009 was 
“free of F&M with vaccination”. Better perspectives for sheep 
production can arise if access to high-value sheep meat markets 
opens up. 

Argentina

Sheep may be found everywhere in Argentina though with 
large differences in density, prevailing breeds and production 
systems. Major sheep breeding regions are: Patagonia, Pampa, 
Mesopotamia and Northwest (Figure 4.3). Patagonia had two 
thirds of the 16 million sheep in 2008, the Pampa region ran 
15%, Mesopotamia 10% and the Northwest of the country the 
remaining 10%. 

Figure 4.3. Map of Argentina showing province  boundaries, 
sheep producing regions and sheep density (each point represents 
5,000 sheep).  Source: adapted from SENASA (2008). 

Argentinean Patagonia is a vast barren area south of parallel 
40°, thus it is a temperate to cold region with average winter 
temperatures around 0°C and average summer temperatures 
around 14°C. Pacific Ocean prevailing Westerly-winds blow 
dry, cold and strong across Patagonia to the Atlantic Ocean. 
This makes the region desert-like with annual rainfalls ranging 
from 100-300 mm falling mainly in winter. Heavy snow falls are 

common in winter, frosts can occur throughout the year. Climate 
in the Island of Tierra del Fuego and Magellan Strait region 
has a more Atlantic influence and is cold but more humid and 
stable, whereas the central region of Patagonia has more extreme 
weather conditions.

Large rivers cross Patagonia from the Andes to the Atlantic 
Ocean and some irrigation areas have developed along them with 
intensive fruit production. Patagonia has become a strong tourist 
attraction due to its marine wildlife, fly-fishing areas, winter sports 
and Andean scenery. This phenomenon increased land values 
and promoted agro-tourism business for many traditional sheep 
farms. In addition oil exploitation and oil services also generate 
revenues on many farms but, with these exceptions, sheep 
production is the only income for most Patagonian farmers.

Sheep are run on rangelands where Poa ligularis, Poa 
lanuginosa, Stipa tenuis and Festuca pallecens are the main 
forage species. Stocking rates vary from 2 hectares per sheep 
in the best areas located in the more humid parts of the South 
and West to 8 hectares per sheep in dry central Patagonia. In 
the poorer ranges of the central North Patagonia, Merinos are 
the exclusive breed whereas in the southern more humid areas 
most sheep are dual-purpose Corriedale and Merino-Corriedale 
crosses and synthetics.

Sheep graze free without shepherds in large flocks even in 
winter and are gathered for shearing, marking and selection/
culling. Reproduction is seasonal with mating in May (autumn) 
and lambing in October, while earlier in the more temperate 
northwest of the region. After lambing many farmers move their 
stock to summer grazing areas at higher altitude in the Andean 
foothills. Conventional shearing time is in summer although an 
increasing number of farmers prefer pre-lambing shearing at the 
end of the winter. Shearing at this time of the year is risky but has 
management advantages and improves wool quality. Marking is 
at the end of lambing and weaning occurs about four month later. 
Surplus lambs and cast for age animals are sold in summer. 

In Patagonia there are about 8,000 sheep farms; of which, 
70% have up to 1,000 head of sheep (13% of the total sheep 
population), whereas 30% have more than 1,000 head of sheep 
and 87% of total sheep population. Thus sheep are found either 
in many small family holdings or in larger company farms. 
Sheep productivity varies between farms and between years but 
in typical Merino farms, marking percentages are 60-70%, adult 
greasy fleece weights 3.5-4 kg, clean yield is 60% and average 
fibre diameter of adult fleeces is 20.3 microns. Merino wool grown 
in the Andean foothills is known for its low vegetable matter 
content and softness. Meat and wool contribute equally to Merino 
farmer’s income. On Corriedale farms, marking percentages are 
70-80%, ewe greasy fleece weights 4-4.5 kg, clean yield is 70% 
and average fibre diameter is 29 microns. Corriedale wools of the 
Magellan Strait area and Tierra del Fuego are well recognized for 
their whiteness (Y-Z values of -2 to 2; Meat & Wool, 2009). On 
these farms meat contributes at least 60% of farm income.

The second most important sheep breeding area is the Pampa, 
a flat region with rich soils dedicated to intensive cropping, dairy 
and beef industry in the center east part of the country. Sheep 
numbers respond quickly to changes in wool and mutton prices 
but the general trend has been a decline in numbers as cropping 

1 dot - 5,000 sheep
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is more profitable and cattle are easier to manage than sheep. 
Climate is temperate with mild winters and summers, with 
temperature averaging 12°C and 25°C, respectively. Average 
annual rainfall is 1,400 mm. Sheep are run in mixed farming 
systems, largely as a secondary activity and often as a source of 
household meat and occasional cash from wool sales. 

In the Pampa, with few exceptions of flocks larger than 
1,000 head, the typical flock size is 200 head. Main breeds are 
Corriedale, Romney Marsh and Lincoln. Rams of meat breeds 
like Hampshire Down and Texel are used for terminal lamb 
production. A few dairy sheep farms based on the German East 
Frisian breed exist. Sheep in the Pampa graze inferior sections 
of the farm, wheat stubbles and sometimes rotate on pastures 
previously grazed by cattle. Marking percentages are 75-85% 
and fleece weights 4-4.5 kg in Corriedale flocks. Sheep are run 
for meat, with lambs sold at 25-30 kg live weight, wool being 
a byproduct. Small volumes of carpet wools are produced from 
Lincoln sheep which in the past were run in large numbers.

The third sheep production region is the Mesopotamia, 
located between the Paraná and the Uruguay rivers which join 
into the Rio de la Plata River close to Buenos Aires. The region 
is humid subtropical with high average summer temperatures. 
Here sheep are also a minor component of the prevailing mixed 
livestock systems. Corriedale, Polwarth and Romney Marsh 
sheep in flocks of 200 or more animals are most common. 
Sheep graze together with beef cattle on native pastures and are 
considered critical in weed control. Again sheep are run for meat 
although breeders also make a profit from wool sales. Polwarth 
ewes in this region produce 3.5 kg fleeces (70% clean yield and 
24 microns). Marking percentages average 70% and lambs are 
sold at an average 28 kg live weight. 

Finally, a fourth region is the northwest of the country, in 
particular the Andean highlands which extend to East Bolivia 
and Peru. The region is at 3,500-4,000 m altitude, with large 
temperature amplitude and summer rains, which favour 
rangelands. Sheep are kept together with llamas and sometimes 
goats in smallholder units providing meat for the household and 
local markets and wool for handcrafts and clothing. Livestock 
are continually managed by shepherds on rangelands. The 
main sheep breed is the native criollo with different degrees of 
upgrading to Corriedale. Live weight and general productivity of 
these sheep are low, but other breeds have failed to adapt to this 
harsh environment and low input systems.

Meat and wool production

About 1.5 million sheep are slaughtered in slaughter houses 
yearly; on farm slaughter is estimated to be at least 3 million. 
Urban yearly per capita consumption of sheep meat is less than 
1 kg but on farm consumption is 20 kg, somewhat higher in 
Patagonia than in the rest of the regions. Overall, 70% of sheep 
meat is marketed internally and 30% is exported. The main export 
destination is the European Union (Spain, Great Britain and 
Portugal). Most sheep meat is exported from the southern part of 
Patagonia. Patagonia’s sanitary status allows the exportation of 
fresh meat with bone. A group of farms organize yearly exports 

of about 300,000 lambs. In addition an equivalent of about 4,000 
tonne of dry sheep skin is exported mainly to China.

The annual wool clip ranges between 65,000-75,000 tonne 
greasy. Wool exports in 2007/2008 reached 40,000 tonne clean, 
mainly to Germany and China followed by Italy and Mexico 
(these countries accounted for 70% of exports). Nearly half of 
the wool is exported as tops and only 20% is exported greasy.   

Overall the Merino and Corriedale breeds account in equal 
share for 83% of the total sheep population, 7% are Criollo and 
crossbred sheep and about 3% are Polwarth, Romney and meat 
breeds. This breed composition is reflected in the wool fibre 
diameter distribution of the clip, 45% is Merino averaging 20.3 
microns and 40% is Corriedale averaging 29.0 microns. 

Argentina’s national wool quality program, identified as 
“Prolana,” is based on the “Tally Hi” shearing method, with 
skirting and classing in the shearing shed following supervised 
protocols and attracting price premiums. Close to 40% of 
the national wool clip, largely of Patagonian origin, follows 
these protocols. Wool bale core testing is a standard procedure 
in Patagonia and partly so in the Pampa and Mesopotamia 
regions. Two IWTO certified wool laboratories offer core test 
services including additional measurements (staple strength 
and staple length). Average wool quality figures over a 10 year 
period of Prolana lots are summarized in Prolana (2007). An 
increasing number of farms are applying a quality protocol for 
the certification of “Fine organic wool from Patagonia” which 
reached 1,000 tonne and is increasing. Codes of good practice 
and other differentiation initiatives are becoming common.

Future developments

Argentina’s sheep population increased from 2002-2008, 
reaching 16 million in 2008. This growth is related to improved 
international wool prices, favorable domestic currency policies 
and adoption of production technologies. In these years Argentine 
wool growers benefited from improvement in world wool prices 
and from a massive devaluation of its currency by the end of 2001 
giving a considerable boost to its export industries, including 
wool. In the same year a national Law aimed at the recovery of the 
sheep industry was passed. This Law set up government accounts 
to finance stock recovery, farm infrastructure, feed production, 
breeding plans, etc. The “Prolana” program, large scale sheep 
health programs and central progeny testing have been financed 
with funds associated with this law. Ram candidate performance 
testing, including fleece sample analyses, has been adopted by 
major ram suppliers. Genetic evaluations, including across flock 
evaluations, are also increasing, in particular in the Merino breed 
(AACM 2009), less so in Corriedale, Polwarth and meat flocks. 
Artificial insemination (AI) with fresh semen is practiced and 
some laparoscopic AI with frozen semen, often using imported 
stock. 

However sheep expansion has probably reached its peak. 
Agriculture keeps expanding, pushing livestock towards more 
marginal areas. Internal costs have risen and labour for sheep farms 
is scarce. Future emphasis will probably be more on meat. Sheep 
meat is less dependent on international prices and has a growing 
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domestic market. Interest in meat breeds and crossbreeding is 
increasing and meat production may grow, in particular in the 
Pampa and Mesopotamia regions. In Patagonia emphasis will be 
on production of high quality wool and production levels will 
continue to depend on climate.

Brazil

Brazil is a federal republic of 26 states and a federal district, 
located in eastern South America, with a population of 184 million 
(IBGE, 2007) and a territory of  8,514,215 sq km, the fifth largest 
country in the world. Mostly situated in the southern hemisphere, 
92% of its area lies within the tropics. It extends 4,395 km from 
north to south (5° 16’ N to 33° 44’ S latitude) and 4,319 km from 
east to west (34° 48 W to 73° 60 W longitude). Low altitudes are 
predominant and the country has a variety of warm climates with 
mean temperatures above 20ºC: equatorial, tropical, highland 
tropical, coastal-tropical, semi-arid and subtropical. Five different 
regions are recognized: south, southeast, northeast, north and 
center-west (Figure 4.4).

The smallest region is the south (577,214 sq km or 6.75%) 
comprising the states of Rio Grande do Sul, Santa Catarina 
and Paraná. Its climate is mostly subtropical, temperate in the 
south and tropical in the north. The southeast includes the states 
of Espírito Santo, Minas Gerais, Rio de Janeiro and São Paulo 
(927,286 sq km  or 10.85%) and has 42.3% of Brazil’s total 
human population. Tropical atlantic climate predominates in 
coastal areas. The highlands have tropical climate with occasional 
frosts. The northeast includes the states of Alagoas, Bahia, Ceará, 
Maranhão, Paraíba, Pernambuco, Piauí, Rio Grande do Norte 
and Sergipe (1,561,177 sq km or 18.26%). Most of the region is 
an eroded highland and is divided into mata (Atlantic rainforest), 
agreste (transition), sertão (semiarid interior) and polígono das 
secas (arid interior). The economy is based on sugar, cocoa and 
cotton and extensive animal production. The north comprises the 
states of Acre, Amapá, Amazonas, Pará, Rondônia, Roraima, 
Tocantins (3,869,637 sq km or 45.27%) with equatorial climate, 
large rivers in the Amazon basin and covered by tropical forests. 
The economy is mostly extractive (wood, rubber, minerals). 
The center-west includes the Federal District and the states of 

Goiás, Mato Grosso and Mato Grosso do Sul (1,612,077 sq km 
or 18.86%). Landscapes are chapadões (eroded plains) and to the 
west is the pantanal (flood plains). The climate is semi-humid 
tropical with summer rains. The economy is based on extensive 
cattle production.

The first flocks in Brazil originated from animals brought 
by the Portuguese colonists from the Iberian peninsula, the 
Azores and the Canary Islands and from Africa during the slave 
trade. In the twentieth century several waves of imports of new 
breeds changed the predominant original genotypes. Brazil has 
14 million sheep, of which 3.5 million belong to wool-, double-
purpose, meat breeds and their crosses, and 10.5 million are 
hair sheep. These two types occur respectively in the two main 
regions of sheep production in Brazil, the south, where wool 
sheep predominate and the northeast, with almost 100% hair 
sheep (Table 4.4). 

Table 4.4. Numbers of sheep (million) in the different regions 
of Brazil in 1970 and 2006 and relative percent change.

Region 1970 2006 Change Breed types

South 12.5 4.0 -68% All wool types

Southeast 0.3 0.8 +167% Mostly hair sheep

Northeast 4.6 7.8 +70% All hair sheep

North 0.1 0.5 +400% All hair sheep

Center-West 0.2 0.9 +350% Mostly hair sheep

Total Brazil 17.7 14.0 -21% +/- 65% hair sheep

Source: IBGE (2006).

Overall, from 1970 to 2006 the Brazilian flock fell by 21%. There 
was a very large reduction in the south (68%) and an increase in 
the northeast (70%). Main sheep breeds (Table 4.5) and their uses 
are presented in Table 4.6

The Jesuits brought old Spanish types to the south which 
spread and multiplied but were absorbed in the first part of 
the twentieth century by Merino types and later by imported 
Australian Merino, Polwarth, Corriedale and Romney Marsh 
with the purpose of improving wool production. Nevertheless 
more than half of the flocks remained as SRD (sem raça definida 

Table 4.5. Main sheep breeds existing in Brazil and relative importance of traits in their breeding objectives.
Wool breeds Wool Meat Hair breeds Meat Skins
Australian Merino
Ideal (Polwarth)
Corriedale
Romney Marsh
Hampshire Down
Suffolk
Texel1

Ile-de-France
Poll Dorset
Border Leicester3

Bergamácia Brasileira5

Crioula2

+++++
++++

+++
++

+
+
+

++
+
+
+

+++1

+
++

+++
++++

+++++
+++++
+++++
+++++
+++++
+++++

++++
+

Santa Inês
Morada Nova
Rabo Largo
Somalis Brasiliera
Cariri
Dorper3,4

White Dorper3,4

++++
+++
+++
+++
+++

+++++
+++++

++
++++

++
++
++
++
++

1Origins: French, Dutch, German; 2Colored wool; 3Limited purebred flocks; 4Partially wool-hair; 5Dairy
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= undefined breed). Hampshire Downs were also imported as a 
meat breed. Wool production reached a peak in 1970 of about 
33,500 tonnes and thereafter declined steadily to less than a third 
of that amount in 2008. The interest for producing sheep meat 
grew after 1990 and imports were made of Suffolk, Hampshire 
Down, Texel, Ile-de-France and Poll Dorset. More recently, but 
in limited quantities, Border Leicesters were also imported. Studs 
multiplied these as purebreds but they were commercially used 
as sire breeds in unplanned crossings with females of the wool 
breeds. Wool quality declined considerably with increases in 
fibre diameter and colored fibres and decreases staple length. In 
the north of this region, due to lack of wool type females, the 

Figure 4.4. Regions in Brazil. Source: IBGE (2000).

Table 4.6. Overview of the diverse uses of sheep genetic resources in Brazil.
Type of breeds used in matings % Number Main regions
Wool breeds x wool breeds
(Australian Merino, Ideal, Corriedale and Romney Marsh)

20 2.8 South

Meat breeds x meat breeds
(Hampshire Down, Suffolk, Texel, Ile-de-France, Poll Dorset, Border Leicester,  Dorper)

10 1.4 South, Southeast

Wool breeds x meat breeds 10 1.4 South, Southeast
Hair breeds x hair breeds
(Santa Inês, Morada Nova, Rabo Largo, Somalis Brasiliera, Cariri)

45 6.3 Northeast

Hair breeds x meat breeds 15 2.1 Northeast

Source: Benítez et al. (2008).

meat breeds are used as purebreds with limited crossing among 
them.

After several centuries of adaptation to the semi-arid 
conditions of the northeast, the hair sheep populations (Santa 
Inês, Morada Nova, Rabo Largo, Somalis Brasileira and Cariri 
breeds) are considered naturalized and constitute an important 
genetic resource to be both conserved and improved. They 
represent around 65% of the total sheep in Brazil. Santa Inês 
originated from crosses among Bergamácia Brasileira, Morada 
Nova, Somalis Brasileira and SRD. These sheep have short 
and silky hair, meat with low fat content and high quality 
skins. These ecotypes are adapted to dry conditions, high 
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temperatures, extensive management and low feed availability 
and quality. These animals have high resistance to parasites and 
low productive indexes under extensive management. However, 
when management and nutritional conditions are improved they 
have shown positive responses. More than 60% of hair sheep 
in this region do not belong to any distinguishable breed, being 
classified as SRD. These animals are the product of uncontrolled 
mating among animals belonging to subsistence farmers. Hair 
sheep are dual purpose animals being used for meat and skins. 
They constitute the basic animal protein source for less developed 
rural populations and recently they have been the genetic base 
for expansion of sheep numbers. Due to deficiencies of these 
breeds for quality meat production, in particular conformation, 
some crosses with exotic genotypes of the more traditional meat 
breeds occur (Table 4.5). A non-purebred Santa Inês type is also 
being developed by crossing with meat breeds, notably Suffolk 
and more recently Dorper.

Wool production is mainly restricted to the Rio Grande do 
Sul in the south, and has dropped from 33,600 tonnes in 1970 
to 11,200 tonnes in 2006. In 1970 there were 12 cooperatives 
in the state and a simple subjective classification system by 
fineness, color and staple length was in place. There were also 
several factories producing tops in Rio Grande do Sul and 
São Paulo. Due to crossing with meat breeds, wool quality 
has diminished and wool prices have reduced  to an average 
of around $US1-1.5/kg, which barely covers shearing costs. 
The traditional cooperative channels for commercialization 
of wool no longer exist and wool is bought by intermediaries 
who resell it to exporters, mainly through Uruguay, or to the 
internal market in São Paulo. Without a specific quality goal, 
in particular fine diameter, staple strength and white color, the 
wool produced in Brazil is unlikely to achieve acceptable prices 
and therefore wool production is not an attractive proposition 
under present conditions.

Sheep meat production has been indicated as a priority in 
national development plans (Benítez et al., 2008). However, 
the increase in the participation of breeds specialized in meat 
production has not been reflected in substantial increases in the 
availability at commercial level of quantities of sheep meat or 
an improvement in quality. The sheep meat industry is not well 
organized partly because consumption is at the farm level or in 
informal contexts, and partly because packing plants give priority 
to the slaughter and processing of beef cattle. Brazil is the largest 
beef exporter in the world. Statistics for quantity and quality of 
sheep meat production in Brazil and by regions, are unreliable. A 
national estimate of sheep meat production in 2006 was 76,000 
tonnes. The state of Rio Grande do Sul, in the extreme south of 
Brazil, even with the drastic decrease in the number of sheep, is 
responsible for around 70% of this production, being the main 
supplier of sheep meat for the centre-west and the southeast. 
Almost all imported sheep meat comes from Uruguay which 
provides around 60% of sheep meat to fulfil domestic demand.

Sheep skin production has grown and processing has 
achieved a high degree of specialization. Skins obtained from 
hair sheep, as compared with wool sheep, achieve better market 
prices due to higher elasticity and resistance and a finer texture. 
These qualities make them more versatile for multiple uses in 

the shoe and clothing industries. Sheep skins from Brazil are 
considered amongst the best in the world (Brazil-FAO, 2003) and 
are in demand internationally. The Northeast is the main region 
producing sheep skins and is also an important processor area. 
The industrial capacity for processing is around 12.2 million 
skins per year but production is only 7.6 million skins per year. 
The difference is made up by importing raw skins from other 
sources.

Dairy sheep production in Brazil is relatively new, as recent 
as 1992, and started with importations of Lacaune sheep. The first 
dairy under official veterinary inspection is located in the State 
of Rio Grande do Sul (Figure 4.4) and processes milk coming 
from a flock of 1,200 sheep. Another plant located in the Sierra of 
Rio Grande do Sul, a region of Italian immigration, is processing 
milk from 750 sheep. Main products are yoghurt and cheeses 
(feta, blue, pecorino toscano, fascal and ricotta). Dairy sheep 
in Brazil offer in the short term good production and business 
opportunities because of well defined market niches and well 
defined quality products. These are in demand by descendents 
of Italian and German immigrants in the southern regions 
who currently consume these products but rely on imports. In 
this context agritourism is also associated with these specialty 
products.

Future developments

Sheep production in Brazil is important socially and economically. 
It is a wide spread agricultural activity for subsistence farmers with 
very small flocks, especially in areas of environmental stress (hot 
and dry) in the northeast. It also is a traditional extensive activity 
involving large flocks in the south, and it is attracting more people 
seeking profitable agribusinesses in the southeast and south but 
also in other regions, considered new to sheep production. It has the 
potential to contribute, in the short term, to an important increase 
in the production of food of animal origin both in quantity and 
in quality. The sheep meat production, processing and marketing 
chain can be improved and its components better coordinated. 
Given that per capita annual consumption of sheep meat in Brazil 
is low, estimated at around 0.5-0.7 kg, there is ample room for 
expansion, especially if sheep meat reaches the supermarkets 
with improved marketing strategies. If wool production is to be a 
profitable proposition for sheep breeders, it will have to identify 
market niches, produce wool of the quality demanded by industry, 
achieving in consequence better prices. This requires a focus on 
specific objectives. There is no indication at present that this will 
take place in the short or medium term. Sheep skin production 
offers a good opportunity for additional income for the sheep 
meat producer since processing plants in Brazil are demanding 
more skins than currently produced and rely on imports. The 
sector requires better overall organization and some state support 
at least in the early stages of development. Dairy sheep and dairy 
products are niches that have large potential, at least locally, but 
are currently underdeveloped.

The characterization, conservation and genetic improvement 
of the naturalized genetic resources represented by the hair sheep 
population is a national priority. This strategy can provide for 
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sustainable production based on these adapted breeds in the arid 
conditions of the northeast of Brazil.

Chile

Chile is a long and narrow territory in the western part of South 
America, between the Andes mountains and the Pacific Ocean, 
with variable climate and soils. In consequence there is also a 
large variation in production systems along the country.

The sheep population in Chile in 2008 is estimated at 3.9 
million head. Its distribution is shown in Figure 4.5. Over half 
of the sheep population (2.2 million) is located in Magallanes, 
the southern Region of Chile (Region XII). In this area, sheep 
production is the most important, and almost the only possible 
agricultural industry. It has developed over the last 120 years, so 
it is now part of the local culture.

It is possible to define three main areas with present or future 
potential for the sheep industry (Figure 4.5). 

Region of the Country
Sheep 

numbers
%

I Tarapaca 10,104 0.26
II Antofagasta 10,588 0.27
III Atacama 5,232 0.13
IV Coquimbo 84,215 2.17
V Valparaiso 30,485 0.78
VI O`Higgins 157,648 4.05
VII Maule 155,120 3.99
VIII Bio Bio 173,287 4.46
IX Araucania 277,774 7.14
X Los Lagos 315,160 8.10
XI Aysen 304,930 7.84
XII Magallanes 2,205,270 56.71
RM: Metropolitana 24,517 0.63
XIV Los Rios 116,158 2.99
XV Arica y Parinacota 18,229 0.47
Total 3,888,717 100.00

Figure 4.5. Regions of Chile and sheep distribution.  
Source: INE, 2007.

First the Interior and Coastal Central Rangeland includes the 
regions O`Higgins, Maule, and Bío-Bío, covering 1.3 million 
ha. Currently, the main focus is on meat production; however in 
the past it ran a typical dual purpose sheep industry (producing 
meat and wool). Annual rainfall varies from 350-1,000 mm, with 
predominance of extensive management systems with stocking 
rates of 0.8–1.0 sheep/ha, and lambing percentage ranging from 
80-90%. The main breeds are Suffolk, German and French 
Merino, and their crosses. Most of the land is operated under 
subsistence agriculture, in very small farms and flocks, with low 
incomes. However, with the use of some improved pastures, ex.: 
Phalaris + Subterranean Clover, the potential in this area can be 

improved, increasing stocking rates to 4–7 sheep/ha, and 120% 
lamb marking. When irrigation is possible, the stocking rate can 
increase to 20–25 sheep/ha. (Squella et al., 2005; Squella et al., 
2006; Crempien, 1999).

Marketing of sheep products is informal and unstructured, 
mostly at the “farm gate”. Only a small proportion of animals are 
marketed through the auction system. Recently, a modern sheep 
slaughter house was installed in the region at Chillan.

Secondly, the South Area is composed of the regions: 
Araucanía, Los Lagos, and Los Ríos, and it has higher potential 
for sheep production. The annual rainfall varies between 1,200 
– 2,500 mm, with average stocking rates of 2 – 5 sheep/ha. 
Most sheep are kept in small flocks, and the main breeds are 
Romney Marsh, Austral (Romney Marsh x Finnsheep), Suffolk, 
Hampshire, and their crosses. Normal marking percentage is 
80%, with marketing systems very similar to the interior and 
coast. Wool is a by-product and it is common to pay shearers 
with the wool of the shorn animals.

Stocking rates of 10–14 sheep/ha could be achieved by 
improving management, and 25 sheep/ha is achievable under 
irrigation. Over 100% lamb marking is a possible objective 
(Urrutia and Herve, 2008; Teuber, 1996; Siebald, 2005). This 
area, with the rainfall and pasture quality available, is capable of 
running over 15 million sheep.

Finally, the Southernmost Zone (Patagonia) includes the 
regions of Aysen, and Magallanes. It is a vast rangeland being 
very cold and dry, and is mainly used for extensive livestock 
operations. The situation of the two sub- regions is very different. 
Aysen, with a continental climate, has seen a large decrease in 
sheep and an increase in cattle. In 2008 it had only 7.8% of the 
Chilean sheep population. Because this area has a high productive 
potential for beef meat, sheep have been pushed to the drier areas 
with similar production conditions as those in Magallanes, with 
Corriedale being the main breed. Magallanes, the most southern 
region of Chile, runs over half of the national flock with more 
than 3.5 million ha. of rangelands for grazing. The regional 
average stocking rate is 0.8 sheep/ha, with an annual rainfall of 
220 mm in the east to 550 mm in the west.

In Magallanes, the main breed is Corriedale (over 90%), 
with some operations introducing different Merinos strains and 
crosses during the last two decades. Increasing meat prices have 
seen increased use of terminal crosses, mainly Suffolk rams. 
Average lambing percentage is below 80%.

Land is owned by medium to big producers, and the most 
common situation is flocks over 5,000 sheep. Meat and wool 
markets are well developed in Magallanes, and strongly oriented 
to export. In general, no grading system is used for classing 
wools. The region has the potential to increase the number of 
sheep by over 30%, through the pasture improvement of 600,000 
ha. of rangeland.

Future developments

As a consequence of several Free Trade Agreements signed 
by the Chilean government with different countries, the sheep 
meat market will grow. The focus needs to be placed on special 
markets, using the good reputation of the recognized clean 
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production coming from Patagonia, the sanitary conditions of the 
country, and the Free Trade Agreements already in place.

The only region where sheep is part of the local culture is 
Magallanes. It will be harder to improve the sheep industry in other 
parts of the country. Recently a “Sheep Consortium” has been 
established, integrated by different players in the sheep industry 
(private, and public), to organise a national genetic evaluation 
program, use on farm fibre measurement, and introduce training 
programs for farm labour. The objective is to lift national sheep 
production, in order to increase and improve the availability of 
meat and other sheep products for export.
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The relative aridity and poor soils limit the potential of 
South Africa for intensive and semi-intensive plant production. 
Cropping potential is limited, as only 16.5% of the overall area of 
86.2 million ha allocated to farming is potentially arable (Abstract 
of Agricultural Statistics, 2008).  Expressed relative to the total 
land mass of 105.2 million ha, the arable portion constitutes only 
12.4% (Figure 5.2 and Table 5.1).  

Land use in almost the entire western part of South Africa 
is thus limited to pastoral usage (Land types V to VII).  Limited 
areas with potential for cropping occur in the eastern part of the 
country and on the western seaboard of the Western Cape (Land 
types I to III).  Of the 14.2 million ha potentially arable land, 12.9 
million ha are utilised (Abstract of Agricultural Statistics, 2008).  
More than 80% of farmed land is only suitable for extensive 
livestock utilisation (Livestock Development Strategy for South 
Africa, 2006).  A total area of 71.9 million ha are thus used for 
extensive livestock farming (Abstract of Agricultural Statistics, 
2008).
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Farming in South Africa

Agricultural potential of South Africa

Most land in South Africa has limited agricultural potential. The 
global humidity index (AGIS 2007a) indicates that most of South 
Africa is situated in the arid and semi-arid zones (Figure 5.1).  

Almost the entire western and north-western parts of the 
country are situated in the arid zone. The south-western, southern, 
central and northern parts are mostly designated as semi-arid. 
Only the mountainous parts of the Western Cape, a small part 
of the southern seaboard and the eastern seaboard and adjacent 
interior, as well as the Mpumulanga and Limpopo escarpment, are 
classified as dry-subhumid and humid zones. The annual rainfall 
in almost the entire western half of the country, except for small 
areas in the South-Western Cape mountains and the Southern 
Cape seaboard, averages below 400 mm (AGIS, 2007b).  

Figure 5.1. Global humidity index values for South Africa. South African provinces are: EC – Eastern Cape; FS – Free State; 
G – Gauteng; KZN – KwaZulu-Natal; L – Limpopo; MP – Mpumulanga; NC – Northern Cape; NW – North West; and WP – 
Western Cape. Source: AGIS (2007a).
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Table 5.1. South African land class categories. 

Class Description

I Few limitations restricting land use.  It may be used 
profitably and safely for cultivated crops.  Soils are level 
and deep with a good water-holding capacity and drainage.  
Soils are easily cultivated, fairly well supplied with plant 
nutrients and respond well to fertiliser.  Soils need ordinary 
management and the climate is suitable for cropping. 

II Some limitations reducing the choice of crops or requires 
moderate conservation practices.  It may be used for 
cropping, but with less latitude in the choice of crops and 
cultivation methods than Class I. 

III Severe limitations that reduce the choice of crops or require 
special practices.  It may be used for cultivated crops, but 
with more restrictions pertaining to crops and cultivation 
methods than for Class II land.

IV Very severe limitations that restrict the choice of crops and 
require very careful management.  It may be used for crop 
production, but with more restrictions than Class III land.

V Little or no erosion hazard, but with other limitations restricting 
usage to pasture, range, woodland or wildlife food and cover.  
These limitations restrict plants to be grown, and prevent 
normal tillage practices.  Land is nearly level, may be wet 
or frequently flooded, stony with climatic limitations, or 
combinations of the mentioned conditions.

VI Severe limitations making it unsuitable for cultivation and 
constrain usage to pasture, range, woodland or wildlife food 
and cover.  Limitations that cannot be corrected include steep 
slopes, severe erosion hazard, the effects of past erosion, 
stoniness, shallow topsoil, low water-holding capacity, 
salinity or sodicity and severe climate. 

VII Severe limitations making it unsuitable for cultivation and 
constrain usage to pasture, range, woodland or wildlife food 
and cover.  Restrictions are more severe than for Class VI 
and cannot be corrected, including very steep slopes, erosion, 
shallow soil, stones, salts, sodicity and severe climate.

VIII Limitations precluding use for plant production and restricts 
land usage for recreation, wildlife, water supply and 
aesthetic purposes.  Limitations that cannot be corrected 
include erosion, erosion hazard, severe climate, stones, low 
water-holding capacity, salinity or sodicity.

Source: adapted from AGIS (2007c).

Contribution of agriculture to the South African 
economy

Although agriculture (including forestry, hunting and fishing) is 
important for the South African economy, its contribution to gross 
domestic product (GDP) has declined substantially from 10% in 
the late 1960’s to below 3% in 2006 (Figure 5.3).  A comparable 
decline in the importance of agriculture to GDP has been observed 
in other countries, e.g. Australia (Chapter 2).  In South Africa, 
the contribution of mining (together with quarrying) increased 
to 20% in 1980, before declining to 7-8% in recent years (Figure 
5.3).  Manufacturing contributed more than 20% to GDP prior to 
1996, but its contribution has declined to about 18.5% in recent 
years.  Trade (including wholesale and retail trade, catering and 
accommodation) has consistently contributed 12-15% of GDP.  
GDP increased from 12,140 million South African Rand (ZAR) 
in 1970 to ZAR 1,543 billion in 2006.  

Vink and Kirsten (2002) reported that South African 
agriculture has been relatively undistorted by state intervention 
in the form of subsidies and other means of support for producers 
after deregulation in the mid 1990’s.  The producer support 
estimate (PSE) for South African farmers in 2007 was the lowest 
among the non-OECD countries reported by the OECD (2009) 
(Figure 5.4). The PSE varies between commodities with the sugar 
industry receiving the highest level of support. Support levels for 
livestock are considered as intermediate, while support for the 
cropping industries was negligible (OECD, 2007). The South 
African level of PSE is  substantially lower than average levels

Figure 5.2. South African land capability. The land class legend description is given in Table 5.1. Source: AGIS (2007c). 
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Figure 5.3.  The contribution (%) of various sectors of 
the South African economy to the gross domestic product. 
Source: Abstract of Agricultural Statistics (2008).
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Figure 5.4.  Estimates of government intervention in the 
agricultural sectors of some non-OECD countries in 2007 as 
indicated by the producer support estimate (PSE). Source: 
adapted from OECD (2009). 

in OECD countries (OECD, 2006).  PSE levels are exceedingly 
variable between OECD countries, with PSEs over 70% in 
Iceland, Norway and Switzerland and below 5% in Australia 
and New Zealand (Chapter 2).  The lower levels of support are 
comparable with that received by South African farmers.  Farmers 
in industrialised countries generally receive more support from 
their governments.

The number of commercial farms in South Africa from 1996 
to 2002 declined by 25% from 60,938 to 45,818 (Abstract of 
Agricultural Statistics, 2008).  The largest percentage decline 
(59.9%) was in the Limpopo province (7,273 to 2,915 farms) 
followed by  Eastern Cape (31.0%), North West (28.8%), Western 
Cape (26.4%), Free State (24.3%), KwaZulu-Natal (19.8%), 
Northern Cape (9.2%) and Gauteng (5.8%).  The number of 
farms in the Mpumulanga province increased by 9.2% from 
4,675 to 5,104.  

In 1985 1.18 million of 8.69 million (13.6%) economically 
active people were engaged in the agriculture, hunting, forestry 
and fishing sectors (Abstract of Agricultural Statistics, 2008).  

This percentage declined to 5.9% in 2002 (0.96 million of 16.41 
million).  The number of farm employees and domestic servants 
on farms declined from 1.64 million in 1971 to 0.63 million in 
2005 (Abstract of Agricultural Statistics, 2008).  A total of 0.425 
million people are employed in the livestock sector, implying that 
2.13 million people depend on livestock farming for their income 
(Livestock Development Strategy for South Africa, 2006).  

After construction, agriculture generates the largest 
employment multiplier per ZAR invested, with better opportunities 
for permanent employment (Livestock Development Strategy 
for South Africa, 2006).  Employment multipliers in the 
livestock processing sector (meat products, animal feeds, and 
dairy products) are generally even higher than those in the 
primary livestock industry (Mokoena, 1998).  Nine of the top 
10 employment generators in South Africa are in the agriculture 
or the agricultural processing sectors, e.g. meat products, animal 
feeds, dairy products, oils, fats and canning.  Apart from its 
obvious importance for food security, agriculture is thus very 
important for the sustainability of pastoral areas.

The driving force behind employment creation in the 
livestock industries is the linkages with the secondary processing 
industries.  An increase of 1% in the contribution of South African 
agriculture to GDP is associated with a 2% increase in GDP 
itself (Van Rooyen et al., 1997).  The importance of agriculture 
to the local economy is thus underestimated if only the direct 
contribution to GDP is considered.           

      

Livestock farming in South Africa

Vast areas of South Africa can only be used for extensive livestock 
production (Figure 5.2) and the carrying capacity of most areas 
are low, as indicated in Figure 5.5.  The entire western and central 
parts of South Africa have a grazing capacity of less than one 
large stock unit per 12 ha.  A higher potential grazing capacity is 
mostly confined to the north-eastern part of the country and the 
eastern seaboard.    

The larger area used for livestock farming results in the 
relative income from livestock being higher than either field crop 
and horticulture income (Table 5.2).

Table 5.2.  Relative income (South African Rand - ZAR) 
derived from the different agricultural sectors in South 
Africa from 1997/98 to 2006/07.  

Year Sector (ZAR million) Total
(ZAR million)Field crops Horticulture Livestock

1997/98 13,238 10,582 19,346 43,166

1998/99 14,916 11,948 17,916 44,780

1999/00 14,429 12,668 19,707 46,803

2000/01 17,923 13,140 21,086 52,150

2001/02 27,258 16,049 25,138 68,446

2002/03 23,074 19,558 30,020 72,652

2003/04 20,519 21,479 31,014 73,012

2004/05 17,769 20,396 32,943 71,107

2005/06 18,106 19,925 37,228 75,259

2006/07 24,309 22,737 44,750 91,795

Source: Abstract of Agricultural Statistics (2008).
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Small stock (e.g. sheep, goats) contribute only 8-10% of 
animal product income in South Africa (Table 5.3).  The 
bulk of this income is derived from meat (60.6%) and 
wool (31.4%) with 7.9% from mohair and only 0.2% from 
karakul pelts.  Most livestock income is derived from poultry 
(42-48%), beef and veal (16-28%) and milk (13-19%).  Thus 
sheep and goats with a gross turnover of ~ZAR 3 billion do 
not contribute the highest income from the livestock sector 
(Table 5.3). 

Sheep numbers in South Africa declined from ~30 million in 
the early 1980’s to about 22 million in 2007 (Figure 5.6).  Cattle 
and goat numbers remained fairly constant at ~8 million and 
~2 million respectively for the entire period, while pig numbers 
increased from about 900,000 in the 1970’s to ~1.6 million in 
2007.  Thus sheep are the most abundant livestock species in 
numbers.   
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Figure 5.6.  Numbers of the key livestock species in South 
Africa for the period from 1970 to 2007. Source: Abstract of 
Agricultural Statistics (2008).

Figure 5.5. The grazing capability of South Africa. Source: AGIS (2007d).

Table 5.3.  Relative income (South African Rand - ZAR) derived from the different livestock industries in South Africa from 
1997/98 to 2006/07.  
Year Livestock species (ZAR million) Total (ZAR 

million)Small stock Poultry Beef Milk Pigs Ostriches Other

1997/98 1,685.0 9,289.1 3,169.1 3,644.1 793.5 226.2 538.9 19,345.9

1998/99 1,665.4 8,396.3 3,151.2 3,268.1 646.9 175.8 612.2 17,915.9

1999/00 1,903.9 8,775.1 4,187.6 3,105.7 784.1 247.3 702.9 19,706.6

2000/01 2,110.9 9,847.9 3,445.1 3,734.5 803.1 320.9 823.9 21,086.3

2001/02 2,385.6 11,617.6 4,632.1 4,257.5 918.3 327.6 999.6 25,138.3

2002/03 3,079.0 13,400.1 5,753.0 4,880.9 1,346.4 362.3 1,198.1 30,019.7

2003/04 2,834.2 13,642.4 6,411.7 5,198.7 1,385.7 299.6 1,241.8 31,014.1

2004/05 2,700.2 14,406.3 7,329.1 5,316.2 1,490.3 337.6 1,363.0 32,942.7

2005/06 2,922.5 16,008.8 9,516.0 5,306.1 1,486.1 416.5 1,572.2 37,228.2

Source: adapted from the Abstract of Agricultural Statistics (2008).
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Sheep farming in South Africa

The sheep industry’s importance to the national economy is 
declining due to its relatively modest contribution to overall 
farm income and the decline in sheep numbers over the past 
three decades.  The industry ranges from arid environments 
with a carrying capacity of less than one large stock unit per 
40 ha to fairly intensive enterprises in the pasture–cropping 
regions and intensive horticultural areas (Figures 5.1, 5.2 and 
5.5).  However, sheep farming allows sustainable production in 
extensive pastoral areas where no alternative farming ventures 
can be practiced, such as the vast extensive Karoo regions of the 
central part of South Africa.  The dry western and central districts 
have sheep production as the dominant industry (Figure 5.7) 
and it is the dominant enterprise in 20.5% of the total area of 
the Free State, 37.7% of Western Cape, 50.8% of Eastern Cape 
and 82.0% of Northern Cape (AGIS, 2007e).  Sheep farming 
also complements cropping, with sheep utilizing crop residues 
and the by-products of preferred ley-farming systems (Chapter 
14).  In years of crop failure, due to drought or disease, and 
during periods of unstable grain prices, farmers depend on sheep 
farming (in some regions in combination with beef cattle and/
or goats) as their only means of providing a livelihood for their 
families and employees.  

Many rural communities depend on sheep for their existence 
and the maintenance of a viable local society. Without the income 
from their products many rural towns would cease to exist.  The 
industry also benefits all participants in the associated slaughter, 
wool processing and tanning industries.  Until recently lamb 
production was regarded as a by-product of the wool industry, 
however lately 65-88 % of income from woolled sheep is derived 
from meat.  Contributions are even higher in the case of mutton 
and dual-purpose sheep (Hoon et al., 2000).

Sheep breeds

Terblanche (1979) identified 20 important sheep breeds in South 
Africa. This section focuses on breeds that are registered (South 
African Livestock Breeding, 1998) and/or considered as South 
African landrace breeds (Farm Animal Conservation Trust, 
2003).  

Breeds registered by the South African Stud Book Association 

Breeds registered by the South African Studbook Association 
can be ranked by the number of weaning weights recorded at the 
National Small Stock Improvement Scheme (NSIS). About 55% 
of records from 2005-2008 were from the major wool breeds 
(Merino and Dohne Merino) (Figure 5.8).  The next important breed 
was the Dorper meat breed (~24% of records) with most records 
contributed by Black-headed Dorpers (20.3%). The remaining 
3.9% of records were derived from White Dorper flocks.  Other 
important breeds were the white-woolled South African Mutton 
Merino dual-purpose breed (6.1%), the terminal sire breeds, i.e. 
Dormer (6.0%), Ile de France (2.9%) and the Merino Landsheep 
(1.6%), and the white-woolled Afrino dual-purpose breed (1.6%).  
Minor other breeds include the Van Rooy (0.8%), Meatmaster 
(0.8%), Damara (0.6%) and Suffolk (0.2%).  The historical 
background and distribution of each breed (listed alphabetically) 
contributing more than 1% of the records to the NSIS follow: 

Afrino: A composite, consisting of 25% Merino, 25% Ronderib 
Afrikaner and 50% SA Mutton Merino.  It was developed from 
1969-1976 at the Carnarvon Experimental Site in the North 
Western Karoo (Olivier et al., 1984), and registered as a synthetic 
breed in 1980.  The Afrino is a white-woolled breed for wool 
and meat production in extensive areas, and has a fairly localised 
distribution in the central parts of South Africa.  The foundation 

Figure 5.7. The most important agricultural enterprises in South Africa districts. Source: AGIS (2007e).
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flock was studied in detail (Snyman et al., 1995; 1997; 1998a; 
1998b).

Dohne Merino: A composite breed developed as a cross between 
the Merino and the SA Mutton Merino at the Dohne Research 
Farm near to Stutterheim in the Eastern Cape from 1939.  Its 
development was prompted by the failure of the dominant 
wool sheep of the time (Merino) to utilise the sour grassland 
regions of the Eastern Cape.  The breed has subsequently 
spread to other regions of South Africa, while it has also spread 
beyond the borders of South Africa.  The national flock has 
been studied in detail (Van Wyk et al., 2008).

Dormer: A composite breed developed from a cross between the 
Dorset Horn and the SA Mutton Merino (originally the German 
Merino) at the Elsenburg Research Farm in the early 1940’s.  
The objective was to develop a terminal sire breed for usage 
on second-flock Merino ewes for the production of high grade 
slaughter lambs.  The Dorset Horn was capable of producing the 
desired carcass characteristics, but did not thrive under South 
African conditions.  The good carcass traits and early growth 
of the Dorset Horn were thus combined with the adaptability 
of the German Merino, the Dormer resulting from the cross.  
The foundation Dormer stud has been studied by Van Wyk et 
al. (1993; 2003).  The Dormer may be over represented in the 
NSIS database, as participation in the scheme was compulsory 
for members of the Breeder’s Association until 2008.  A breed 
analysis of terminal sire breeds, including the Dormer, has been 
conducted by Zishiri (2009). 

 
Dorper: A composite breed developed during the 1940’s for the 
utilisation of the extensive pastoral regions of the South African 
interior (Cloete et al., 2000).  The favourable growth and carcass 
traits of the Dorset Horn were in this case combined with the 
hardiness of the Blackheaded Persian.  The composite breed 
soon became the dominant meat breed in South Africa.  Because 
of its success, it was also exported to other countries.  The Dorper 
breed has been analysed by Olivier and Cloete (2006).  

Ile de France: The breed was introduced to South Africa from 
France during the 1950’s.  It soon established itself as an important 
terminal sire breed over Merino based flocks for slaughter lamb 
production.  The breed improves growth rate even when used as 
a terminal sire on relatively fast-growing Dorper ewes (Cloete et 
al., 2007a).  The performance of the Ile de France breed has been 
studied by Zishiri (2009).

Merino: The breed was imported to South Africa from Spain 
in the early 1700’s and soon became the most important wool 
breed. Wool exports made a large contribution to the balance of 
payments for the then Union of South Africa.  In the early 20th 
century, wool was one of the most important earners of foreign 
revenue, along with gold, diamonds and ostrich feathers.  As 
wool became less important as a textile fibre, the importance of 
the Merino breed declined.  This resulted in a marked change 
in the selection objectives of the breed (Olivier, 1999).  Breed 
analyses were reported by Olivier et al. (1998) and Olivier and 
Cloete (2007). 

Merino Landsheep: The breed was imported from Germany 
during the 1950’s to use as a terminal sire breed for the 
production of relatively lean, fast-growing progeny.  The progeny 
of Merino Landsheep rams on Dorper ewes in a terminal cross 
were substantially leaner than purebred Dorpers (Cloete et al., 
2007a).  Since purebred Dorpers have a propensity towards early 
fat deposition, Merino Landsheep sires also can be crossed on 
relatively fast-growing Dorpers.  The records of the Merino 
Landsheep breed in the NSIS database were analysed by Zishiri 
(2009).

SA Mutton Merino:  The breed was imported from Germany in 
the 1930’s, based on the recommendations of Mr Schuurman, 
after an extended study tour to Germany.  The imports were 
established on the Elsenburg Research Farm.  The breed adapted 
very well to local conditions and spread rapidly.  The so-called 
“German Merino” played an important role in the formation of 
composite breeds, as outlined above.  The name of the breed 
was officially changed to the SA Mutton Merino during the 
1970’s.  Growth records for the breed were analysed by Neser et 
al. (2000), while the yearling live weight and wool traits of the 
foundation stud were assessed by Cloete et al. (2004b).  

Indigenous breeds

Several indigenous fat-tailed and fat-rump breeds have been 
kept in Southern Africa for many centuries (Farm Animal 
Conservation Trust, 2003).  These breeds have almost exclusively 
been associated with specific indigenous tribes.  Some of these 
tribes were nomadic in the western part of the country, while 
others raised sheep with cattle and some cropping in the east.  Fat-
tailed breeds include the Blinkhaar Ronderib Afrikaner, Damara, 
Namaqua Afrikaner, Nguni and Pedi.  The best known breed, 
the Damara, was associated with the nomadic Damara, Herero, 
Namaqua and Kam Karrin herdsman on the western seaboard 
of Southern Africa.  The Damara was originally upgraded at the 
Omatjenne Research station near Otjiwarongo in Namibia from 
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Figure 5.8. The relative contribution of the South African 
sheep breeds contributing records to the National Small Stock 
Improvement Scheme from 2005 - 2008.  Breeds contributing 
> 1% to the overall database are listed individually. Source: 
J.J. Olivier, unpubl. data. 
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1954.  A Breeder’s Society was founded in 1966 and again in 
1986, after being disbanded in 1973 owing to a lack of interest 
(South African Livestock Breeding, 1998).  Damara sheep were 
bred under harsh conditions, where water, grazing and shelter are 
scarce, and are thus believed to be very hardy under marginal 
conditions.  At present the breed is widely distributed in Southern 
Africa, but in modest numbers.  It is notable that Damara ewes 
were mostly used as the maternal ancestor of the most recently 
developed South African composite breed, the Meatmaster. 

Types that are presently known as Afrikaner sheep originated 
from the Middle East and made their way southward with the 
Khoikhoin people.  They arrived in South Africa from 400-600 
AD and migrated along the west coast to the southern tip of 
Africa (Farm Animal Conservation Trust, 2003). When the first 
European settlers arrived in the Cape in the 17th century, the sheep 
was known as Cape fat-tailed sheep.  The animals were multi-
coloured at that stage, but Cape Dutch Farmers began selecting 
against coloured coats in the 18th century.  The Blinkhaar Ronderib 
Afrikaner breed originated from this process of selective breeding.  
The breed is a typical fat-tailed sheep, which is well-adapted to 
arid environments.  Rams from this breed are known to perform 
exceptionally well as teaser rams.  Merino ewes inseminated 
with semen from Merino rams and teased by Blinkhaar Ronderib 
Afrikaner rams were shown to have a 20% higher twinning rate 
than control ewes teased by Merino rams (King, 1994).      

The Van Rooy breed resulted from the crossing of a 
Blinkhaar Ronderib Afrikaner ram with 80 Rambouillet 
ewes in the early 1900’s (South African Livestock Breeding, 
1998).  In later years, infusion of genes from a polled 
Wensleydale ram also contributed to the present-day Van 
Rooy breed, while upgrading from a Black-headed Persian 
and Blinkhaar Ronderib Afrikaner base was also practised 
by some breeders in the expansion phase of the breed.  The 
localised rump fat depots inherited from the Blinkhaar 
Ronderib Afrikaner were not eliminated in the composite 
breed, as it was thought that it would compromise the 
hardiness of the composite breed.  Van Rooy sheep are found 
throughout South Africa, although numbers are limited in 
some regions.  

The South African fat-rump black-headed Persian 
population was founded from North African sheep 
introduced after a shipwreck in 1869 (South African 
Livestock Breeding, 1998).  The breed adapted so well to 
South African conditions that it was used as a dam line in the 
formation of the Dorper breed, where it was used to ensure 
that the resultant composite would be hardy under arid 
conditions.  Various types, like the red-headed and speckled 
Persian, were developed from the black-headed Persian,  
which differs mainly in coat colour.

Production regions and systems

Both pastoral and pasture-cropping areas are major contributors 
to meat and wool production while the productive, sour grassveld 
regions in the eastern parts of South Africa are suitable for running 
sheep with beef cattle.  

Commercial sheep are concentrated in the south-western and 
central areas (Table 5.4 and Figure 5.7). The provinces with the 
most commercial sheep are the Northern Cape (31.0%), Free 
State (23.2%), Eastern Cape (22.4%) and the Western Cape 
(11.4%).  Almost 80% of communal sheep are found in the 
Eastern Cape.  In the communal areas, role players in the industry 
facilitate development of selected shearing sheds, establish group 
breeding schemes, assist adult education and training and erect 
and equip shearing sheds (Cape Wools SA, 2009a). These actions 
enhance production, improve product quality and lead to higher 
economic returns.  Overall, the provinces carrying the highest 
sheep numbers are the Eastern Cape (29.8%), Northern Cape 
(27.2), Free State (20.8%) and the Western Cape (10.0%).  

Table 5.4.  Sheep numbers for the commercial and 
communal sectors by province.

Province Sheep numbers (thousands)

Commercial Communal Total

Western Cape 2,881 20 2,901

Northern Cape 7,811 79 7,890

Free State 5,862 169 6,031

Eastern Cape 5,658 2,967 8,625

KwaZulu-Natal 700 158 858

Mpumulanga 1,645 18 1,663

Limpopo 91 150 196

Gauteng 82 0 82

North West 525 209 734

Source: adapted from the Livestock Development Strategy for 
South Africa (2006).

Of the total clip of 43,518 tonne of greasy wool, 33.2% is produced 
in the Eastern Cape, 23.9% in the Free State, 20.5% in the Western 
Cape, 13.1% in the Northern Cape and 5.9% in Mpumulanga 
(Table 5.5).   Slaughter levies collected at controlled abattoirs 
stem mostly from the Northern Cape (34.6%), Western Cape 
(19.2%), Free State (14.2%), Eastern Cape (12.9%) and Gauteng 
(12.9%).  Only 0.3% of the sheep population is in Gauteng, 
indicating substantial importations from the adjacent provinces 
of Free State, North West, Northern Cape and Mpumulanga.  

No data on breed numbers in each province are available, 
however weaning weight NSIS records from 2005-2008, grouped 
according to Agricultural Research Council (ARC) production 
regions, give some indication of breed distributions (as used for 
Figure 5.8).  These regions will be discussed according to the 
environment, dominant sheep breeds, and production systems.

ARC Region 1: This region is situated on the western and southern 
seaboards of the Western Cape and was the largest contributor 
(29.2%) of weaning weight records.  With a typical Mediterranean 
climate, the sheep enterprise is closely integrated with winter 
grain cropping.  The topography is hilly to mountainous, with 
cropping mostly being practiced on the undulating hills of the 
Swartland (western seaboard) and Overberg (southern seaboard) 
(Figure 5.2).  The main wet season is winter, with the proportion of 
summer rain increasing from the west to east.  Cool, mild winters 
and very dry, hot summers characterise the region.  Winter rain 
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is fairly reliable in the Swartland (thus making cropping more 
sustainable, Figure 5.2), but less predictable in the Overberg.  
Sheep utilise the by-products of ley-farming systems, with lucerne 
(Overberg) and medics (Swartland) usually being cultivated in the 
pasture phase.  Small grain stubble also contributes feed, while 
winter grain cultivars (like oats) are often cultivated as fodder 
crops.  The sheep enterprise adds stability and diversification to 
the more capital and labour intensive cropping operations.

Table 5.5.  Wool production by province (tonne) and 
slaughter levies collected from abattoirs in controlled areas 
(1,000 head) for the 2007/2008 production season.

Province Greasy wool 
production1 (tonne)

Slaughtering at 
controlled abattoirs2 

(1,000 head)

Western Cape 8,928 951

Northern Cape 6,683 1,722

Free State 10,368 704

Eastern Cape 14,469 639

KwaZulu-Natal 778 130

Mpumulanga 2,588 88

Limpopo 11 13

Gauteng 195 637

North West 501 61
1Adapted from the statistical overview of wool production in 
South Africa for the 2007/08 season.  Source: Cape Wools SA 
(2009b).
2Total levies collected at abattoirs per province for the period 
from 1 March 2008 to 28 February 2009. Source: Red Meat Levy 
Admin (2009). 

Sheep farming generally involves the semi-extensive production 
of meat and wool, mostly from wool and dual-purpose dams.  
Terminal crossbreeding with specialist meat-type or dual-purpose 
rams used on wool-type dam breeds are practiced sporadically.  
The main sheep breeds are the Dohne Merino (37.6%), Merino 
(33.1%), SA Mutton Merino (14.7%), Dormer (10.6%) and Ile 
de France (1.1%).    

ARC Region 2: This region can be described as the western part of 
the Eastern Cape, but also includes a portion of the eastern part of 
the Western Cape.  It contributed 10.5% of records. The climate 
ranges from arid in the north to humid in the south (Tsitsikamma 
region, Figure 5.1).  The wetter southern parts, where rain occurs 
throughout the year, are separated by mountain ranges from 
the drier northern parts, with predominantly summer rainfall.  
However, most sheep are kept in the drier north, where extensive 
wool and meat production are combined with the production of 
mohair.  The summer rainfall in this northern part of the region is 
fairly unreliable, and droughts are common.  

The most common sheep breeds were the Dohne Merino 
(34.3%), Merino (32.6%), Dorper (25.4%), Dormer (4.1%) and 
Merino Landsheep (2.0%).

 
ARC Region 3: This region encompasses the Free State province, 
where most of the landscape is fairly featureless plains.  It 
contributed 12.3% of records. The summer rainfall and the 
cropping potential of the province improve from the southwest 

to the northeast (Figures 5.1 and 5.2).  Rainfall in the southwest 
is generally only sufficient to sustain extensive sheep production, 
but summer crops are commonly planted in the north.  In these 
northern regions, semi-extensive sheep farming is practiced 
along with summer crops.  Sheep are also combined with beef 
and winter grains in the more mountainous eastern parts of the 
region.  

The dominant breeds are Dorper (28.2%), Dohne Merino 
(27.1%), Merino (13.3%), Afrino (11.9%), Dormer (11.2%), SA 
Mutton Merino (3.8%) and Meatmaster (3.3%).

ARC Region 4: This region encompasses the entire Gauteng, 
Mpumulanga and Limpopo provinces, as well as the north-
eastern part of North West.  It contributed only 2.7% of records.  
The landscape and farming practices are rich and varied from the 
Springbok plains in the central part to the Drakensberg escarpment 
in the east and the picturesque subtropical Lowveld.  The area is 
considered to be mostly arable, with a fairly favourable climate 
for sustainable cropping and forestry (Figure 5.2).  However, beef 
production replaces sheep production as the extensive livestock 
enterprise in the drier north and northwest, among others because 
of tick-borne diseases (see Figure 5.7).  

The sheep enterprises are mostly based on the running of 
specialist meat or dual-purpose flocks in combination with 
cropping and/or horticultural activities.  The dominant breeds 
were Ile de France (43.8%), Dormer (26.2%), Merino Landsheep 
(12.7%), SA Mutton Merino (11.6%) and Dorper (4.3%).  

ARC Region 5: The KwaZulu-Natal province accounts for this 
region.  The province is situated between the eastern seaboard 
and the Drakensberg in the west.  It only contributed 2.3% of 
records. With a favourable subtropical climate and arable soils, 
plant enterprises are the dominant agrarian activities (Figures 5.2 
and 5.7).  Extensive beef production is practiced as the dominant 
livestock enterprise in the pastoral areas.  Sheep farming is 
combined with the plant industries.  The dominant breeds were 
Dohne Merino (57.0%), Ile de France (23.0%) and Merino 
Landsheep (19.6%).

ARC Region 7: This region comprises of the Kalahari region of 
the Northern Cape, as well as the pasture cropping areas of the 
south-western part of the North West province.  It contributed 
8.6% of records. The summer rainfall is low and unpredictable 
in the west, but increasingly reliable to the east of the region 
(Figure 5.1). Most of the region does not support cropping 
because of an unpredictable rainfall, but dryland summer crops 
may be cultivated in the east (Figure 5.2).  The topography is 
largely featureless. Extensive sheep meat and beef production 
are the dominant livestock enterprises (Figure 5.7).

Sheep breeds adapted to arid conditions dominate, the most 
important breeds being the Dorper (76.3% of records) and the 
Van Rooy (7.3%).  Other breeds, adapted more to the pasture-
cropping regions, were Ile de France (6.8%), Merino Landsheep 
(5.8%) and SA Mutton Merino (3.0%).          

ARC Region 8: This region is the eastern part of the Eastern 
Cape.  It contributed 8.3% of records.  The climate changes from 
arid with limited cropping potential in the west to humid with 
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acceptable cropping potential on the eastern seaboard (Figures 
5.1 and 5.2).  Sheep production systems are mostly extensive 
wool and meat production enterprises, although production may 
be intensified in the sourveld grassland areas, where the Dohne 
Merino breed was developed (Van Wyk et al., 2008).  The bulk of 
the communal sheep are to be found in this region (Table 5.4).

The most important breeds were Merino (60.9%), Dohne 
Merino (23.8%) and Dorper (13.9%).  

ARC Region 9: This region comprises of the vast Karoo ecotype, 
and can be described as arid to hyper-arid (Figure 5.1) with 
limited cropping potential (Figure 5.2).  The region contributed 
26.5% of records, being second only to the Western Cape. The 
summer rainfall (except for the far west and southwest areas 
adjacent to the Western Cape, where winter rain occurs) is low 
and unpredictable, extended droughts being  common.  The 
natural shrub-land is characterised by a low grazing capacity 
(Figure 5.5), making extensive wool and meat production almost 
the only viable farming enterprise (Figure 5.7).  Most farmers 
run pure meat or wool sheep for commercial purposes.  A limited 
number of wool-type ewes are joined to Dorper rams in a terminal 
crossbreeding system. 

Despite the low rainfall, sheep farming is well developed and 
widely practiced.   The most common breeds were the Merino 
(44.0%), Dorper (43.4%), Dohne Merino (8.7%), Damara 
(1.4%), SA Mutton Merino (1.3%) and Van Rooy (1.0%).    

Trends in the national sheep flock

The number of Merino and Dohne Merinos in the national 
commercial flock decreased from 25.0 to 11.1 million from 
1970-1999 (Figure 5.9); then numbers stabilised.  The number of 
meat sheep (mainly Dorpers) rose from 3.7 to 7.8 million from 
1970-1999, then declined slightly.  Other wool sheep (mostly 
the SA Mutton Merino) increased from 2.5 to 5.6 million from 
1970-1999 then also declined slightly.  Karakul numbers fell 
from 2 million in 1970 to below 50,000 in 2008.  
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Figure 5.9. Trends in the national sheep flock (millions) 
from 1970 - 2007. Source: Abstract of Agricultural Statistics 
(2008).

Apart from unstable product prices, stock theft is another 
reason for the decline in sheep numbers since 1992 (Vink and 

Kirsten, 2002).  Sheep farmers are considered to be particularly 
vulnerable to stock theft compared to cattle producers.  Damage-
causing animals, particularly the black-backed jackal (Canis 
mesomelas) and caracal (Felis caracal), are also perceived to 
have a major impact in extensive regions. Although such damage 
is a highly emotional and controversial issue, objective results 
are scarce.  Herselman (2006) reported that the introduction of 
Anatolian dogs as shepherds reduced pre-weaning losses on 10 
farms from 7.6% to 2.9% from 2003-2005.  Post-weaning losses 
were accordingly reduced from 2.9% to 0.6%. Stock losses on 
10 control properties were stable at ~5% before and ~2% after 
weaning.  Smuts (2008) has produced guidelines to deal with 
damage causing animals in a sustainable and ethical manner.  

Increased mining activities in the North West and 
Mpumulanga provinces also impacted negatively on the already 
low sheep numbers in these regions (Table 5.5).

Merino-types (Merino and Dohne Merino) made up 53% 
of total sheep numbers in 2007, non-wool sheep 28% and other 
wool sheep 19% (Table 5.6). Most goats are Boers and Angoras.  
Over 90% of the small stock units are sheep.

Table 5.6.  Small stock numbers and breed composition in 
South Africa.

Category Numbers (millions)

Merino 11.552

Karakul 0.035

Other wool sheep 4.181

Non-wool sheep 6.176

Total sheep numbers 21.924

Goats 2.106

Source: adapted from the Abstract of Agricultural Statistics (2008).

Products

The bulk of sheep meat (mutton and lamb) is consumed locally 
as South Africa is a net importer of sheep meat (Figure 5.10), 
while the bulk of wool is exported (Figure 5.14). 

 

Meat production

Goats’ contribution to the supply of meat is limited because of 
their lower numbers (Table 5.6) and a lucrative informal market 
(Cloete, 2007) not reflected in official figures. Local sheep and 
goat meat production declined from over 200 thousand tonnes 
in the early 1980’s to a minimum of 95 thousand tonnes in 1994 
(Figure 5.10).  This minimum coincided with the decline in 
sheep numbers when wool prices declined in the early 1990’s.  
Local production subsequently increased and fluctuated between 
110 -120 thousand tonnes from 2002-2007.  However, a strong 
demand for sheep meat still exists, as reflected by an increase 
in imports from 6.6 thousand tonnes in 1975 to a maximum of 
56.8 thousand tonnes in 1999.  Subsequent annual sheep meat 
imports ranged between 33-50 thousand tonnes.  As a percentage 
of local production, imports rose from ~4% initially to 22-34% 
since 1995.  Substantial quantities of sheep meat are imported 
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from Australia (Chapter 2). Sheep meat availability on the local 
market fluctuated between 160-220 thousand tonnes before 
1993.  The supply reached a minimum of 119.7 thousand tonnes 
in 1994.  Aided by imports, the total supply of sheep meat on the 
local market subsequently stabilised at 140 -170 thousand tonnes 
per annum.  
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Figure 5.10. Trends in the local production of sheep and 
goat meat, as well as meat imports, for the period 1975-2006. 
Source: Abstract of Agricultural Statistics (2008).

The per capita consumption of poultry almost doubled from 14.2 
kg per annum in 1992 to 27.1 kg per annum in 2006 (Figure 
5.11).  Consumption of beef declined from 19.5 kg per annum in 
1992, but recovered from 12.2 kg per annum in 2001 to 18.9 kg 
per annum in 2007.  Meat from sheep and goats, as well as pork, 
has remained fairly stable at 3-4 kg per capita per annum.  The 
sustainability of the sheep industry is reflected by a willingness 
to import sheep meat, as well as a stable per capita consumption 
and stable sheep numbers in recent years.
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Figure 5.11. The trend in the per capita consumption of meat 
in South Africa for the period 1992-2007. Source: Abstract of 
Agricultural Statistics (2008).

Wool production

South Africa has always been considered as an important 
apparel wool producer.  However, with the fluctuations in wool 
price the local industry has experienced difficult times since 
1991.  The trend in sheep numbers led to a decline in local wool 
production from 81-104 thousand tonnes prior to 1991 to ~40 
thousand tonnes during the 2000s (Figure 5.12).  National wool 
production has been fairly stable at the lower levels since 1999.
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Figure 5.12. The trend in greasy wool auctioned annually 
for the period 1975-2006. Source: Abstract of Agricultural 
Statistics (2008).

The price of wool is largely influenced by average fibre diameter 
(Erasmus and Delport, 1987; Chapter 25).  The bulk of wool 
produced in South Africa has always been a Merino-type below 
27 µm in diameter.  There has been a distinct shift to lower fibre 
diameter in the national clip since 2000 (Figure 5.13).  The bulk 
of wool is now 20.1–21.0 µm, which is about 1 µm finer than in 
2000.  Despite this shift, the quantity of wool below 18 µm has not 
increased substantially.  The majority of South African farmers 
appear cautious about producing superfine wool.  According to 
Olivier and Roux (2007), local farmers consider superfine sheep 
to be non-adapted to the extensive conditions typical of South 
Africa.  
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Figure 5.13.  The distribution of fleece wool in the South 
African clip according to fibre diameter categories for the 
2000/01 - 2007/08 production seasons. Source: Cape Wools 
SA (2008).

The bulk of wool is exported as greasy wool (Figure 5.14). 
Greasy wool exports increased from 19 to 31 thousand tonnes 
from 2003/04 to 2007/08.  The export of processed wool declined 
substantially from 2003-2004. The tonnage of scoured wool 
halved from 4,588 to 2,617 tonnes from 2003/04 to 2007/08. The 
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export of tops  also declined from 8,767 to 5,023 tonnes in this 
period, while wool exported as noils were reduced from 933 to 
269 tonnes.  
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Figure 5.14.  Wool exported as greasy wool, scoured wool, 
tops or noils from South Africa for the period 2003/04 to 
2007/08. Source: Cape Wools SA (2008).

By value, the most important export destinations of South African 
greasy wool from 2000-2005 were the Czech Republic (29.3%), 
China/Macau (25.9%), Italy (12.1%), Germany (10.0%), India 
(8.3%) and France (7.5%). Together these destinations accounted 
for 93% of the value of greasy wool exported. Exports of greasy 
wool to the East (China and India) increased substantially from 
2000-2005 (Figure 5.15).  Exports to Europe either remained 
constant (Czech Republic, Italy or Germany) or declined 
substantially (France).
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Figure 5.15.  Greasy wool exports from South Africa for the 
main overseas destinations for the period 2003/04 to 2007/08. 
Source: Cape Wools SA (2008).

The main export destinations (in value) for scoured wool were 
Germany (31.1%), Italy (27.8%), China/Macau (10.8%), the 

U.S.A. (5.8%), Bulgaria (4.7%) and India (3.5%).  Together, 
these destinations accounted for 83.1% of the value of scoured 
wool exports.  Trends across seasons indicate that export of 
scoured wool to Germany, Italy and the U.S.A. declined from 
2000-2007 (Figure 5.16).  Exports to the East (China/Macau 
and India) remained stable, while Bulgaria only imported a 
significant quantity of South African scoured wool during the 
2005/06 season.   
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Figure 5.16.  Scoured wool exports from South Africa for the 
main overseas destinations for the period 2003/04 to 2007/08. 
Source: Cape Wools SA (2008).

The main export destinations for tops from South Africa (in value) 
were Italy (37.4%), the U.K. (12.4%), Germany (11.4%), France 
(7.6%), South Korea (6.7%), Mauritius (5.9%) and China/Macau 
(5.8%).  Export of tops to Italy almost halved from 2003/04 to 
2004/05 then stabilised at the lower levels (Figure 5.17).  Exports 
to other destinations were stable, except for France, where South 
African top imports declined from 1,273 to 49 tonnes from 
2003/04 to 2007/08 and exports to China/Macau also declined 
(Figure 5.15).  

The export market for South African wool has thus moved 
from partly processed wool to greasy wool.  The emergence of 
China/Macau as a major buyer of South African, Australian and 
NZ greasy wool, has contributed to this trend. 

In 2005 greasy wool was ranked the eighth most valuable 
agricultural export with a compound growth of 5.9% from 1996 – 
2005. Agro-textiles were identified as high achievers in declining 
markets with greasy wool being the largest contributor to this 
cluster.  The only product in the cluster to lose market share was 
wool noils (Daya, 2005). 

Product prices

In the long term meat and wool have had steady increases in price 
(Figure 5.18), but wool has been less stable than meat, with peaks 
in the late 1980’s and in the early part of the 21st century.  The 
price (c/kg) of Merino wool fell below that of meat in 1994/95 
and 2005/2006.
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Figure 5.17.  The export of wool tops from South Africa to 
the main overseas destinations from 2003/04 to 2007/08. 
Source: Cape Wools SA (2008).
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Figure 5.18. Trends in the absolute prices of South African 
Merino wool, wool from other breeds and in sheep meat. 
Source: Abstract of Agricultural Statistics (2008).

The ratio of Merino wool relative to sheep meat prices was1:1-1.5:1 
for most of the period from 1976 - 2007 (Figure 5.19).  Wool 
sheep are regarded as more profitable than meat sheep when the 
ratio is wider than 2:1. This ratio was only reached in the late 
1980’s  when Australian sheep numbers reached a peak of 174 
million, after an earlier all-time record of 180 million sheep was 
reached in 1970 (Chapter 2).  The resulting reserve price scheme 
collapse and stockpile caused world wool prices to be depressed 
for the greater part of the 1990’s (Chapter 2).

Meat sheep increased from ~15% to 32% of the national 
flock from 1975 to 1999 reflecting the effect of the narrow 
wool:meat price ratio on the composition of the sheep flock 
(Figure 5.19).    
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Figure 5.19. The ratio of the absolute price of Merino-type 
wool relative to the price of sheep meat, and non-wool sheep 
as a ratio of the national flock. Source: adapted from Abstract 
of Agricultural Statistics (2008).

Small stock improvement in South Africa

A history of the South African stock improvement scheme 
follows, including the role of scientific research in directing 
sheep improvement, the basic structure of the scheme, outputs 
and achievements, and possible future developments.

History of small stock recording in South Africa and 
objectives of the scheme

Fleece analyses of woolled sheep has been practiced in 
South Africa since 1934, based on the recommendations of 
Dr. V Bosman (Erasmus and Hofmeyr, 1984).  The Fleece 
Testing Centre was established at Middelburg, Eastern Cape 
in 1965, using funds obtained from the wool industry.  The 
woolled sheep performance testing scheme was operated 
from the Centre by the Animal and Dairy Science Research 
Institute (Erasmus and Hofmeyr, 1984).  The National Small 
Stock Improvement Scheme (NSIS) was established in 1964 
(Agricultural Research Council, 2006).  In 2009 the NSIS was 
managed by the Animal Production Institute of the ARC.  The 
NSIS serves as a basis for accurate recording of economically 
important traits in various sheep and goat breeds. Performance 
data combined with pedigree information are used to accurately 
identify animals of superior value free of the bias associated 
with visual appraisal (Agricultural Research Council, 2006; 
Chapter 8).  The NSIS endeavours to combat rising costs by 
improving production levels by the selection of genetically 
superior animals. Income per animal can be improved in a 
number of ways, as indicated in Figure 5.20.  

The traits considered in Figure 5.20 largely correspond to 
those recorded routinely by Sheep Genetics Australia (Chapter 
8).  However, the schemes are different in some respects, 
including the limited human resources and testing facilities in 
South Africa and slightly different selection objectives.  
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Key differences in structure and objectives are outlined below: 

 
Reproduction

Reproduction, defined as total weight of lamb weaned per 
breeding ewe, has been identified as a key trait in Merino 
improvement in South Africa (Olivier, 1999).  This trait is 
seen to be a feasible selection objective for the attainment of 
total ewe productivity, expressed per ewe mated or lambed 
(accurate records pertaining to barren ewes are not kept in some 
databases). It is feasible to record weaning weight for selection 
purposes (at approximately 100 days of age).  The recording 
of weaning weight forms the basis of the calculation of total 
weight of lamb weaned per breeding ewe in wool sheep, where 
direct selection is generally not applied to weaning weight, 
as replacement animals are usually selected after wool traits 
were assessed at yearling or hogget age.  In these breeds, the 
recorded weaning weights are mostly used for the assessment of 
reproduction rate of the dam.      

Impetus for the improvement of reproduction in the 
national flock came from a selection experiment involving a 
Merino flock that was divergently selected for number of lambs 
weaned since 1986 (Cloete et al., 2004a; 2007c).  This regime 
resulted in marked, but slightly asymmetric, genetic responses 
for reproduction.  Selection in the upward direction (H line) 
resulted in direct responses of 1.5 % per annum in number of 
lambs weaned per ewe joined, and 1.8 to 1.9% per annum in 
total weight of lamb weaned per ewe joined.  Corresponding 
direct trends in the downward direction (L line) amounted to 
-0.8 to -1.0% for number of lambs weaned per ewe joined and 
to -1.0 to -1.2% for total weight of lamb weaned per ewe joined. 

Given the importance of number of lambs weaned per ewe in 
the Australian Scheme (Chapter 8) responses in this trait are 
provided as an illustration in Figure 5.21. Figure 5.21 helped 
disproving the conventional wisdom of the 1980’s that it is 
impossible to improve reproduction by selection. It contributed 
to a selection strategy whereby meat output of Merino type flocks 
was improved genetically while maintaining fibre quantity and 
quality (Chapters 8 and 10).  This shift in mindset may have 
contributed to the survival of the wool industry.    

The emphasis on weight of lamb weaned per ewe for woolled 
sheep participating in the NSIS contrasts with the emphasis on 
number of lambs weaned per ewe in the Australian Scheme 
(Chapter 8).  The reason to not use such a composite trait is 
that including lamb weaning weight as a component can lead to 
“double counting”.  This  precludes the utilisation of total weight 
of lamb weaned in the meat and dual-purpose breeds participating 
in the NSIS, where weaning weight is usually included in the 
selection objective.  However, this is not the case in wool breeds, 
and selection for a composite trait has been demonstrated to hold 
advantages over selection for component traits (Snowder and 
Fogarty, 2009).  For example, responses in component traits are 
expected to be in balance with the available resources. Moreover, 
component traits where direct selection responses are difficult 
to achieve (e.g. embryo survival and lamb survival) may also 
benefit from such selection.  Results presented by Cloete et al. 
(2009) demonstrate how composite trait selection benefited lamb 
survival in a designed experiment.

Growth and fibre traits

The South African sheep stud industry remained dominated by      
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Figure 5.20.  The genetic improvement of income per animal as proposed by the NSIS.  Source: adapted from Olivier (1999).



108   S.W.P. Cloete and J.J. Olivier

International Sheep and Wool Handbook

-0.2

-0.1

0

0.1

0.2

0.3

19
86

19
91

19
96

20
01

20
06

Year

G
en

et
ic

 tr
en

d

H Line L Line

Figure 5.21. Genetic trends depicting averaged predicted breeding 
values within birth years for the H and L lines for number of 
lambs weaned per ewe per lambing opportunity.  Regressions 
were forced through the origin.  Source: adapted from Cloete 
et al. (2007c).

traditionalists in the 1990’s and genetic improvement of growth
and fibre traits was impaired as a result.  This deadlock may 
have remained if not for research conducted on the Grootfontein 
Merino stud.  Traditional sheep selection was for overall visual 
excellence (as perceived by the stud’s sheep classers) from1968 
- 1985.  This regime resulted in annual improvements of 0.34 % 
in hogget live weight and 0.48 % in clean fleece weight relative 
to the overall phenotypic means.  However, it also resulted in the 
wool becoming broader by 0.19 % p.a., which was not desirable 
(Erasmus and Delport, 1987).  The visual appraisal selection 
strategy was replaced by a strategy to increase live weight while 
reducing fibre diameter from 1986 - 1999 (Olivier et al., 1995).  
Under this regime, liveweight increased by 0.86 % per annum, 
while fibre diameter decreased at 0.33 % per annum.  Genetic 
trends for both periods are provided in Figure 5.22.  

       
 

-8.00

-4.00

0.00

4.00

8.00

12.00

16.00

19
65

19
70

19
75

19
80

19
85

19
90

19
95

20
00

20
05

Year

G
en

et
ic

 tr
en

d 
(%

)

Live weight
Fibre diameter

Figure 5.22. Average direct predicted breeding values, 
depicting genetic trends for liveweight and fibre diameter in the 
Grootfontein Merino stud from 1968-1999.  The genetic trends 
were standardised by expressing them as a percentage of the 
overall means of the respective traits.  Animals were selected 
for overall visual excellence prior to 1986, while an increased 
liveweight and a reduced fibre diameter were objectives in 
subsequent years.  Source: adapted from Cloete et al. (2007c).

The favourable response in fibre diameter was achieved despite 
an unfavourable genetic correlation between liveweight and fibre 
diameter of 0.16 in the South African Merino industry (Olivier 
and Cloete, 2007).  The studies on the Grootfontein Merino stud 
(Olivier et al., 1995; Cloete et al., 2007c) did much to change 
industry perceptions of the use of a defined selection objective.  
Subsequently, results from the stud demonstrated that it was 
possible to breed for finer animals without sacrificing size and 
robustness, thus refuting long-held traditional beliefs. 

Recording system

During 2008 most NSIS participants (stud breeders as well 
as commercial producers) recorded sire (optional for most 
commercial producers) and dam, gender, birth type, birth date 
and contemporary groups of all lambs. Traits recorded for the 
more prominent breeds are provided in Table 5.8.

Within the scheme, a contemporary group is defined as all 
animals born on a farm within a mating season, limited to 60 
days. Within this group, subgroups for different management 
strategies are allowed, provided that a specific minimum number 
of animals are included in each subgroup.  

In contrast to the Sheep Genetics Australia (SGA) scheme 
(Chapter 8), carcass traits on live or slaughtered animals are not 
recorded, mainly due to their cost and the availability of labour. 
Likewise no recording of internal or external parasites is done at 
present. The large range in production environments (most are 
extensive with low levels of natural challenge) reduces the value 
of such traits in a national analysis.

The percentage of registered breeders participating in the 
NSIS ranges from 10.9% in the Dorper breed to 60% in the SA 
Mutton Merino breed (Table 5.7).  There is thus marked potential 
for further expansion of the scheme in breeds such as the Dorper 
and Merino.

Table 5.7.  The number of registered breeders and ewe 
numbers per breeder in 2008 for the major breeds and the 
number of breeders with animals born during 2006 with 
weights recorded on the national database (INTERGIS).

Breed Number 
of stud 

breeders

Average 
number of 
ewes per 
breeder

Number of 
participating

breeders

Weaning 
weights 
recorded

Dohne Merino 98 261 34
   (72)2

14,270
(18,432)2

Dorper 643 146 70 19,995

Dormer 95 143 34 5,908

Ile de France 60 76 20 1,5753

Merino 305 322 39
   (39)2

24,203
(14,406)2

SA Mutton 
Merino

180 145 108 14,490

2Breeders submitting wool samples
3Pre weaning weights recorded
Source: Schoeman et al. (2010).
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Outputs

The NSIS is obliged to supply or assist commercial breeders 
and stud operations with the development of objective breeding 
goals, real-time availability of breeding values, genetic trends 
within and between flocks, breed analyses and the provision 
of decision support systems via national sire ratings.  Breeding 
values are stored on the national database (INTERGIS) with 
access via the internet.  Sire rankings are indispensable for the 
identification of sires for artificial insemination, thereby assisting 
in the establishment of genetic ties between flocks.

Linear scores for five wool and six conformation type traits 
of Merinos were reported by Groenewald et al. (1999) for the 
National Merino Progeny Test.  These scores evolved to be 
combined in a single score for conformation and for wool in 
wool breeds and in dual-purpose breeds. The Dorper breed 
uses a five-trait scoring system allocating subjective scores for 
conformation, size, fat distribution, pigmentation, fleece covering 
as well as a sixth score for overall type.  Other meat breeds use a 
single conformation score as a means of visual appraisal. 

A further output of the NSIS is to collate the data on individual 
traits of economic importance into a single relative economic 
value for breeds, expressed in ZAR (Table 5.9).  The response 
in the best performing stud is also provided as a reference point.  
The genetic gains for the respective breeds varied from 0.10 ZAR 
per small stock unit (SSU) per annum in the Dormer to 0.82 
ZAR per SSU per annum in the Merino. The absolute genetic 
change in monetary value (ZAR 1.35 per SSU per annum) was 
the highest in the Dohne Merino breed. This response cannot be 
compared to the other breeds due to the fact that reproduction 
was not considered in the selection index (since no reproduction 
data were initially available). Similar gains have occurred in 
Australia, where average monetary gain of 0.14 AUD (ZAR 0.94) 
per SSU were reported by Banks (2005), with more recent results 
described in Chapter 8. The gain in leading Australian Merino 
flocks amounted to 0.56 AUD (ZAR 3.75) per SSU (Banks, 
2005), representing a fourfold advantage over average yields.  

Table 5.9.  Average genetic response in index value (ZAR) 
(sheep born 2000-2006) per breed and per best individual stud 
per breed.

Breed Average response 
(ZAR)

Best individual stud 
(ZAR)

Dormer 0.10 ± 0.061 0.95 ± 0.082

Dorper 0.12 ± 0.030 2.61 ± 0.325

Ile de France 0.58 ± 0.196 1.04 ± 0.696

SA Mutton Merino 0.58 ± 0.031 1.06 ± 0.329

Dohne Merino* 1.35 ± 0.114 2.57 ± 0.414

Merino 0.82 ± 0.089 2.36 ± 0.809 

*Excluding reproduction traits
Source: Schoeman et al. (2010).

Swan et al. (2009) reported that the average annual economic 
response was 1.7 AUD in the Border Leicester breed, 1.8 AUD 
in the Coopworth breed, 0.7 AUD in the Merino breed and 2.0 
AUD in terminal sire breed SGA records.  These responses 
are substantially higher than those previously reported.  The 
responses in dual-purpose and terminal sire breeds were near 
to the theoretical optimum, while the Merino breed realised 
only 30% of the expected gains. 

In the NSIS, when compared to the best stud benchmarks, 
genetic change per breed was well below the optimum (Olivier 
and Cloete, 2007).  Benchmarked internationally against the 
results of Swan et al. (2009), the recent adoption of breeding 
strategies outlined by the NSIS (this chapter) and SGA (Chapter 
8) is much better for the Australian dual-purpose and terminal 
sire breeds compared to their South African counterparts.  There 
in thus much potential for accelerated genetic improvement in 
South Africa. 

Genetic change can be very valuable. Additional income of 
ZAR 2.45 million p.a. accrues in the national Merino flock (~11 
million animals), if the third of hoggets retained are worth an 
additional ZAR 0.82 per SSU p.a.  An additional income of ZAR 
700,000 p.a. is generated in the SA Mutton Merino using the 
same calculations (Table 5.9). This amount is substantial when 

Table 5.8.  Individual traits recorded and individual sire ratings available for the main sheep breeds participating in the 
NSIS.

Traits Breed

Dormer Dorper Ile de 
France

S.A. Mutton 
Merino

Merino Dohne 
Merino

Birth weight (direct and maternal) X X X X

Pre weaning weight (direct and maternal) X

Weaning weight (direct and maternal) X X X X X

Post weaning weight (direct) X X X X

Reproduction (number or weight weaned) X X X X X

Yearling weight X X

Clean fleece weight X X

Fibre diameter X X

Staple length X

Wool and conformation scores X

Relative economic value (ZAR per small stock unit per year) X X X X X X

Source: Schoeman et al. (2010). 
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the relative size of the breed in South Africa is considered (Figure 
5.8), and considering that suboptimal within breed progress is 
extrapolated to only part of the breed.  Banks (2005) indicated 
that such gain in the Australian sheep industries contribute an 
additional 45 million AUD p.a. to the economy.    

Future developments in the NSIS

Currently the NSIS is based on quantitative production traits that 
improve output (Figure 5.20).  No traits that involve the input side 
of the production system are recorded or evaluated at present.  
Such traits may include resistance to internal and external 
parasites, where resistance may be associated with reduced 
inputs in terms of treatment costs as well as improved animal 
welfare.  Responses to selection for resistance to gastro-intestinal 
roundworm infection has been reported (Woolaston and Piper, 
1996; Morris et al., 2005; Greeff et al., 2006), while faecal worm 
egg counts are routinely recorded in some flocks contributing 
data to the national Australian Merino database (Khusro et al., 
2004; Chapter 8).  Similar heritability estimates for faecal worm 
egg counts to those summarised by Safari et al. (2005) were 
computed for South African flocks in Gauteng (Nieuwoudt et al., 
2002), the Karoo (Snyman, 2007) and in the Western Cape (Cloete 
et al., 2007b).  NSIS does not include a measure of resistance to 
roundworms, as is done by SGA (Chapter 8), despite common 
resistance of roundworms to anthelmintics in South Africa (Bath, 
2006).  One of the problems in South Africa is an unpredictable 
challenge in the dry Karoo parts of South Africa.  

It should be feasible to record worm egg counts under natural 
conditions in the pasture cropping areas of South Africa.  Across-
flock analyses of flocks in these regions should help determine the 
feasibility of expanding the NSIS to include these traits there. 

 In contrast to Sheep Genetics Australia, the local infrastructure 
and cost of analyses have resulted in staple strength not being 
included routinely as an objective trait in the NSIS.  Genetic 
correlations from –0.19 to –0.50 were found between fibre 
diameter coefficient of variation (FDCV) and staple strength in 
seven Australian Merino resource flocks (Greeff et al., 1995). A 
comparable estimate of –0.57 was found between these two traits 
in the Tygerhoek resource flock (Matebesi et al., 2009).  FDCV 
can be used as an indirect selection criterion for improved staple 
strength and this approach could be used in the NSIS.

Carcass and meat quality traits are not recorded routinely in 
the NSIS for reasons outlined earlier.  However, effort has been 
made to assess these traits on an experimental basis (Cloete, 
2007).  Research on meat quality is continuing in South Africa 
with the future intention of incorporating such measures in the 
NSIS as is done elsewhere (Chapter 8).

Current and future developments

Global challenges face the international small stock industry, 
leading to reduced sheep numbers.  International markets are 
becoming increasingly competitive, while animal welfare issues 
receive increasing interest from consumer organisations.  The 
South African small stock industry will not escape scrutiny from 

peers and animal rights groups.  The industry should pre-empt 
such challenges, and react to it in a constructive manner, thereby 
meeting market demands.  For instance, with relatively plain 
bodied and high reproducing Merino types constituting the bulk 
of the national ewe flock, the South African wool industry is well-
placed in a quest to produce mules-free products for international 
consumption.  

On other important aspects, such as selection against 
nematode challenge and carcass quality, the local industry is 
lagging behind.  With sheep numbers apparently stable and the 
industry secure for the medium term, investment in technologies 
in these areas is low risk.  Given the extensive nature of the 
pasture base, the local industry also needs to emphasise aspects 
like hardiness and adaptability in breed substitution and/or 
within breed improvement.  The breeding of robust animals, 
able to thrive under challenging conditions, should be part of the 
long term breeding objective.  More research to enable this is 
warranted.    
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The inhabitants of the pastoral areas of northern and western 
China have herded small ruminants (sheep and goats) for 
millennia. The indigenous animals were well adapted to the 
extremely harsh environment in these pastoral areas. In the more 
favoured agricultural areas, especially in central and northern 
China, small ruminants have always played a significant role as 
village “scavengers”. 

Despite the ubiquitous presence of sheep and goats in all 
but the most tropical and wet south eastern parts of the country, 
the development of industries based on these small ruminants 
is a relatively recent phenomenon in China. During the Maoist 
era (1949-1978), cashmere, wool and skins became significant 
products procured by the State in pastoral areas. After the 
liberalisation of livestock product markets in the mid-1980s, the 
cashmere and wool industries began attracting attention but it 
was not until the mid-1990s that the mutton industry (sheep and 
goat meat) became significant. 

China now has the largest sheep flock in the world − 174 
million head in 2006 − and hence almost twice as many sheep as 
Australia, which ranks second by flock size (Chapter 1). China 
produces 2.5 times as much sheep meat as the European Union and 
only Australia produces more wool (Chapter 1). Notwithstanding 
these very impressive numbers, China’s agricultural sector is so 
huge that the total output value attributed to sheep and goats 
(meat, hides, wool, cashmere and goat milk) represented only 
1.8% of the gross value of agricultural output in China in 2004.    

Historical overview

Despite small ruminants being kept by tens of millions of poor 
rural households in most parts of the country since sheep and goats 
were domesticated, official efforts aimed at achieving genetic and 
other productivity improvements for small ruminants have been 
accorded a low priority in China until recently. Much greater 
emphasis has always been given to food crops, non-ruminants 
(pigs and poultry) and, to a lesser degree, large ruminants (cattle). 
Traditionally, the scope for small ruminants to make a significant 
contribution to rural development in many parts of the country 
was not widely recognised either by the Chinese or foreign 
advisors. 

Early sheep breeding efforts

Herders have selected their sheep for thousands of years and 
many local breeds of well adapted, coarse-wool sheep raised 

primarily for their mutton have evolved. When the FAO/UNEP 
Consultation on Animal Genetic Resources Conservation 
and Management was held in 1980, very little was known by 
Westerners about indigenous sheep breeds in China. In one of 
the first English language publications describing Chinese sheep 
breeds, Professor Cheng Pie-lieu and Dr. Helen Newton Turner 
classified the main breeds into three distinct groups (Mongolian, 
Kazakh and Tibetan) but stated that all the breeds were coarse 
or carpet wool types raised primarily for meat and hides (Cheng 
Pie-lieu, 1984). Relatively few resources were devoted to 
scientifically improving these breeds for sheep meat production 
until the 1990s.

On the other hand, the first recorded systematic attempt to 
develop wool sheep capable of growing heavier fleeces of finer 
apparel type wool as well as yielding an acceptable mutton 
carcass, began in 1912 when Rambouillet merino rams were 
introduced from the USA. These rams were crossed with local 
Mongolian ewes in north east China. This breeding program 
continued until 1923 but the political and economic conditions in 
north eastern China were not conducive to sheep breeding. The 
remnants of this Rambouillet genetic infusion possibly formed 
part of the maternal line used in the 1950s for the development of 
the Northeast Fine Wool breed.  

Despite the political and social unrest in China in the 1930s, 
another formal attempt to upgrade local breeds to dual-purpose 
fine-wool/mutton sheep was initiated in north western China 
at Nan Shan about 75 km south west of Urumqi, the capital 
of Xinjiang in 1934 (Figure 6.1). Both Caucasian and French 
Merino Precoce rams imported from the USSR were mated to 
mostly Kazakh and some Mongolian ewes. The Kazakh crosses 
proved the more successful because the native Kazakh sheep 
not only looked more like Merinos but also had longer and finer 
fleeces than the Mongolian sheep. By 1939, the political situation 
around Nan Shan had deteriorated and the breeding technicians 
drove the best of the Kazakh crosses more than 700 km westward 
to what was then a very remote place now known as Gongnaisi 
near the city of Yining in north western Xinjiang not far from the 
Kazakhstan border (Figure 6.1).

In the early 1950s, two new but independent small-scale 
breeding programs aimed at developing fine wool sheep 
commenced. One centred on the upgraded Kazakh sheep at 
Gongnaisi and the other was located in the eastern grasslands 
of Inner Mongolia and north western Jilin Province near the 
city of Baicheng (Figure 6.1) (perhaps, as mentioned above, to 
some extent building on the earlier Rambouillet infusion). Both 
these breeding programs used rams imported from the USSR 
and from Saxony in East Germany with the aim of creating 
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new breeds of dual-purpose sheep producing merino style fine 
wool. Both programs were successful. The national government 
recognised the Xinjiang Fine Wool as the first fine wool breed in 
China in 1954 and the Northeast Fine Wool breed was nationally 
recognised in 1967.

Between 1955 and1980, breeding for fine wool production 
on State farms continued and the numbers of merino-style fine 
wool sheep slowly expanded. The introduction of a considerable 
number of Australian Polwarths in 1965 − just before the onset 
of the “Cultural Revolution” − plus the introduction of some 
Australian Merino rams in 1972 (and subsequently during the 
1980s) made significant additions to the gene pool. This period 
(1955-1980) was very politically turbulent spanning both the 
“Great Leap Forward” and the “Cultural Revolution”, and 
support for fine wool breeding from the central Government 
varied considerably.

Introduction of HRS, wool market reforms, “wool wars” 
and emphasis on fine wool 

Following the formal introduction of the Household Responsibility 
System (HRS) in 1978, the relatively large collectively-owned 
sheep flocks were split up over the next decade and “contracted 
out” in more-or-less equal small numbers to the many private 
households making up the collectives. Subsequently, the village 

collectives “sold” the sheep to the private households. This was 
a gradual process occurring much faster in the heavily settled 
agricultural localities than in the pastoral localities where the 
transfer was sometimes still underway in the early 1990s. Most 
State farms, which raised the majority of the best merino-style 
fine wool sheep, did not disperse their production flocks to the 
private households living on the farms until the late 1990s.  

The central government introduced major reforms to the 
marketing of rural products from January 1985, including 
wool marketing which was no longer to be centrally controlled 
(Longworth and Brown, 1995). Provinces could either continue 
with the old marketing arrangements by which the Supply and 
Marketing Cooperatives under the old Ministry of Commerce 
had a monopoly over the purchasing of wool at administratively 
determined prices or the provincial government could declare 
their wool markets “open”. Some production-oriented provinces 
steadfastly refused to open their wool market to free competition 
(e.g. Inner Mongolia) despite neighbouring provinces (e.g. 
Liaoning) declaring that wool could be freely traded. 

From the wool marketing season in 1985 (May to August) 
free market wool prices increased sharply in line with the prices 
of imported wool but the administered prices lagged well behind 
in areas where the wool market was not free. For a number of 
reasons discussed in Longworth and Brown (1995), the demand 
for domestic fine wool became extreme relative to supply from 
mid-1985 to early 1989. Wool was smuggled out of closed areas 

Figure 6.1.  Map of People’s Republic of China showing the provinces and surrounding countries.  The main areas where sheep 
are raised are in the northern and western provinces.  Source: Atlas of China, China Cartographic Publishing House (2004). 
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and sold in open areas. County governments in closed areas 
keen to collect the product tax on wool sales took drastic steps 
to prevent the smuggling of wool across their county borders and 
the period is now referred to as the “wool war” years (Watson et 
al., 1989; Watson and Findlay, 1992). 

 As world wool prices rose during the 1980s, the central 
ministries of Agriculture (MoA) and Textile Industry (MoTI) 
became much more interested in the development of a Chinese 
fine wool-growing industry. MoA recognised that production 
of higher-value fine wool offered a means of raising incomes, 
especially on State farms controlled by the MoA but also more 
generally in the remote pastoral regions. At that time, MoTI was 
responsible for many large State-owned textile mills and therefore 
wanted to develop the domestic source of better quality raw wool 
to feed these mills, especially the “up-country” mills located 
in northern and north western China (Brown and Longworth, 
1994). 

From 1980 to the early 1990s, there were serious efforts made 
to upgrade the local sheep to better quality fine wools, especially 
in pastoral localities. Major resources were devoted to breeding 
and to the establishment of artificial insemination (AI) networks 
designed to disseminate the improved genetics as effectively as 
possible to the multitude of small privately-owned flocks created 
by the introduction of the HRS. These policy initiatives were in 
line with market incentives at the time and were enthusiastically 
accepted by most private households until fine wool prices 
crashed in 1990. 

Emergence of the sheep meat industry

Following the wool price collapse, official support for fine 
wool-growing diminished. The vast majority of sheep were now 
owned by private households free to make their own breeding 
decisions. Consequently, the decline during the 1990s in official 
interest in fine wool production and in the economic incentives to 
raise fine wool, both had a big influence on the type of sheep the 
households wanted to raise. 

From the mid-1990s, the growing opportunity cost of labour, 
increasing pasture degradation, and other factors raised the cost 
of production and risks associated with fine wool production in 
many areas. Improved marketing and transport infrastructure 
and hence access to the growing market for sheep meat in the 
large northern cities, together with increasing sheep meat prices 
relative to fine wool, also made sheep meat production more 
attractive. Consequently, there was a major switch into raising 
sheep primarily for meat in many pastoral localities at the start 
of the 21st century. There has also been a major increase in meat 
sheep numbers in many agricultural and mixed agricultural/
pastoral localities in northern provinces such as Hebei and, to a 
lesser extent, Jilin, Liaoning and Heilongjiang (Figure 6.1).

The economic incentives to expand sheep meat production 
have been backed up by official policy initiatives to increase 
the production of ruminant meats (and dairy products) to meet 
the increasing consumer demand for a more diversified diet as 
incomes rise. For example, Longworth et al. (2001) document the 
enormous growth of the Chinese beef industry during the 1990s. 

The emergence of the sheep meat industry has been another part 
of the broader “livestock revolution” taking place since the early 
1990s (Waldron et al., 2007).   

As a result of the shift to meat sheep, there has been renewed 
interest in improving some of the indigenous meat sheep breeds 
and to developing new breeds and crosses based on imported 
dual-purpose and specialist meat sheep breeds.

Sheep breeds in China

As mentioned earlier, little was known externally about Chinese 
sheep breeds before the 1980s. The publication Breeds of 
Domestic Animal and Poultry in China (1988) subsequently 
filled this information gap and more recently, the Ministry of 
Agriculture (2003) reported 50 registered breeds of sheep of 
which 31 were native breeds and nine were developed breeds 
from Merino crosses, reflecting the long history of breeding 
aimed at developing fine wool sheep in China. 

Fine wools

Some sheep breeds are recognised at the national level but the 
majority only have provincial recognition. For example, there 
are only three developed fine wool breeds (i.e., merino-style fine 
wools) that have attained national recognition, two of which were 
mentioned earlier (i.e., the Xinjiang Fine Wool and the Northeast 
Fine Wool) and the third is the “Junken” or the Xinjiang Fine 
Wool – Production Construction Corps (PCC) type. Another four 
well-known provincially recognised fine wool breeds (and the 
year in which they received provincial recognition) are: Inner 
Mongolian Fine Wool (1976); Aohan Fine Wool (1978); Gansu 
Alpine Fine Wool (1980); and Erdos Fine Wool (1985). With the 
exception of the Erdos Fine Wools (Figure 6.2), all these breeds 
were developed more-or-less independently at one State farm or 
“stud”.

Recently the four nationally recognised studs have 
significantly reduced their emphasis on fine wool and there have 
been moves to combine the best of the merino-style sheep from 
the four nationally recognised studs (Gongnaisi and Ziniquan in 
Xinjiang, Gadasu in eastern Inner Mongolia and Chaganhua in 
north western Jilin) into a single “Chinese Merino” breed. 

Coarse-wool/meat-sheep 

As mentioned earlier, the native or indigenous breeds of sheep in 
China belong to three groups (Mongolian, Kazakh and Tibetan) 
but all are coarse wool or carpet wool types. Another characteristic 
they have in common is that they are all fat-tail sheep. Within the 
three broad groups, there are many local breeds in the sense that 
they are well recognised in specific localities but may not have 
formal status as a breed even at the provincial level. For example, 
in Inner Mongolia there are local breeds such as Ujumqin, Sunite 
and Helinge’er sheep but the most important formally recognised 
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breed is the Mongolian. The Mongolian sheep is a fat-tail that 
is well adapted to the environment of northern China but which 
grows slowly and is normally turned off for slaughter at a mature 
age. Its meat has a strong taste and a high fat cover making it very 
popular for traditional Mongolian dishes.

Other meat sheep breeds include: Long-tailed Han; Small-
tailed Han; Tong; Lanzhou Large-tailed; and Altay Fat-rumped. 
The Chinese character for “yang” is often attached to both sheep 
and goat breed names (e.g. Tongyang). Of these breeds, the 
Small-tailed Han breed from Shandong Province has attracted 
attention because it is very fecund and fast growing (Figure 6.3). 
Under good conditions, ewes can produce nine lambs every two 
years since they will lamb three times in two years and may 

have three or more lambs per lambing (Waldron et al., 2007). 
This breed has recently been widely used in Inner Mongolia and 
elsewhere to lift meat sheep productivity. Unfortunately, there 
are widespread concerns about the eating quality of the meat, 
especially compared to the traditional Mongolian breed. Efforts 
have been made to improve the taste of the meat by crossing 
with various local breeds and some imported breeds such as Poll 
Dorsets.

There are also some exotic native breeds such as the Tanyang, 
and the Minxian Black Fur Sheep which are raised for their fur-
like wool. There are also special breeds kept because the skins 
of their lambs are highly prized (e.g. Huyang and the Chinese 
Karakul).

Figure 6.2   These recently-shorn good-quality Erdos Fine Wools in Wushen County of Inner Mongolia are being raised by an 
individual private household on some of the better and more productive grasslands in China. Willow trees are grown in these 
more favoured areas where the water table is shallow. These trees are cut for drought feeding.  In Wushen − but not commonly 
elsewhere in China − many households have fenced their allotted/contracted area of grassland with simple perimeter fencing 
and some internal fencing.

Figure 6.3  These Small-tailed Han sheep are scavenging on village wasteland in Heze County, Shandong Province. This 
breed of coarse-wool/meat-sheep has become extremely popular in many parts of China since the late 1990s because of its 
extreme fecundity. However, its meat is not as highly prized as that of the Mongolian breed. 
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Dual-purpose and semi-fine wool sheep 

Initially, the fine wool breeding programs were aimed at creating 
a dual-purpose type of sheep. Gradually, as more pure Merino 
blood was incorporated they became less satisfactory as dual-
purpose animals. Even at the nationally recognised State fine 
wool breeding farms or studs such as Gongnaisi, Ziniquan and 
Gadasu, there has been a marked swing back to bloodlines that 
are genuinely dual-purpose but which still produce wool that 
has some Merino characteristics. Consequently, there has been 
renewed interest in importing dual-purpose Merino-based breeds 
from South Africa such as the Dohne Merino and strong-wool 
Merino strains from Australia (Chapter 1).

There are significant numbers of introduced breeds such as 
Romney, Corriedale and Lincoln rams being used in agricultural 
localities for crossing with local ewes. These breeds produce wool 
that is classified as semi-fine in China and they are considered to 
be dual-purpose sheep. 

There are also some indigenous semi-fine wool breeds 
such as the Qinghai, the Neimonggol (Inner Mongolian), the 
Northeast Semi-fine Wool, and the Tsigai which is only raised in 
Wulanchabu Prefecture of Inner Mongolia. 

Limitations of Chinese statistics 

Livestock statistics in China are notoriously unreliable. 
Furthermore, the definitions of livestock statistical categories 
need to be carefully interpreted. 

Sheep numbers and sheep meat production statistics

Statistical sources and issues concerning sheep and sheep meat 
are discussed by Waldron et al. (2007). These authors examine 
the following issues in particular:

current incentives for over-reporting of sheep numbers and •	
turn-off numbers to meet official policy goals; 
previous tendencies to under-report to meet grazing •	
regulations and minimise production tax implications; 
whether the sheep numbers refer to mid-year (before the •	
annual turn-off) or end of year (mid-winter) counts; 
sheep and goat meat being treated as a single “mutton” •	
commodity  in the statistics; and
“mutton” production being estimated by multiplying •	
estimated number turned-off by an estimated average 
carcass weight, and the potential problems with both these 
estimates.

The reliability of national livestock statistics has been debated 
both inside China and by foreign specialists for some years (Fuller 
et al., 2000; Ke, 2001; USDA, 1998; Ma et al., 2005; Longworth 
et al., 2001). In January 1997, China conducted its first national 
agricultural census collecting, amongst many other things, data 
about livestock on hand at the end of 1996 and the output of 

key livestock products in 1996. These census data allowed the 
traditionally generated official statistics to be checked.  

It was not until 1998 that the necessary adjustments to official 
statistics indicated by the Census were announced. In most cases, 
only the official figures for 1997 were adjusted but sometimes, as 
with “mutton” output, the official data series for several earlier 
years was smoothed downward. The official figure for the total 
number of sheep on hand at the end of 1997 was revised downward 
by 16.3%. This downward adjustment was of the same order as 
that applied to other livestock such as bovines and pigs. On the 
other hand, the revisions required for meat production were much 
larger than for livestock numbers, reflecting the greater scope for 
systematic over-reporting in the case of meat production. The 
official estimate for sheep and goat meat (i.e. mutton) output for 
1997 was revised downward by 27.8 %.

Wool production statistics 

Chinese statistics on wool output are also problematic. 
Traditionally, both sheep numbers and wool output were grouped 
into three categories; “fine and improved fine”, “semi-fine and 
improved semi-fine” and “other/coarse” − usually abbreviated 
rather misleadingly to “fine” “semi-fine” and “other/coarse”. It is 
very important for anyone using Chinese sheep and wool statistics 
to know exactly how these three categories are defined and how 
the composition of each category has changed over time. 

The National Bureau of Statistics (NBS - formerly the State 
Statistical Bureau) has ceased to systematically publish statistics 
on sheep numbers broken down into these three broad categories 
since the early 1990s. Such data are available for some provinces 
but not for “All China”. One possible reason for not publishing 
these data is that the NBS considers these data to be too unreliable. 
Nevertheless, national official wool output statistics are still 
published for “fine”, “semi-fine” and “other/coarse” based upon 
estimates at the village level of the number of sheep in each of 
these three categories. 

These wool output statistics are derived from data collected 
from a sample of villages. Estimates at the village level of the 
number of sheep with wool in each of the three wool categories 
are multiplied by estimates of the average cut per head for that type 
of sheep to obtain estimates of wool output in the three categories 
for the sampled village. These estimates of wool output for the 
sampled villages are then used to generate estimates of county, 
provincial and national wool output in each category.

Defining the three traditional categories

The three traditional categories used in official sheep and wool 
statistics had their origins in the National Wool Grading Standard 
introduced in 1957 (see “wool grading standards” below). Each 
of these official statistical categories includes a very wide range 
of sheep and wool types.

The “fine and improved fine” category refers to sheep that 
produced wool with an average fibre diameter of 25 microns or 
less. In theory according to the MoA, to be called a genuine fine 
wool sheep the indigenous breed must have been backcrossed 
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with pure merino-style rams for 4 generations or more (some 
Chinese breeders consider it should be 6 or more). In practice, 
most local officials and herders consider any sheep that produces 
reasonably homogeneous fine wool with predominantly merino-
style characteristics is a fine wool sheep. An “improved fine wool 
sheep” is one that is somewhere on the way to being up-graded 
to a genuine fine wool. 

The distinctions are similar between “semi-fine” and 
“improved semi-fine” wool sheep which produce fleeces with an 
average fibre diameter of 25.1 to 55 µm. When considering long 
term semi-fine and coarse wool statistics for China it is important 
to note that the definition of “semi-fine and improved semi-fine” 
wool has changed (Longworth and Brown, 1995). Prior to 1993 
semi-fine wool was 58s-46s count (25.1-37 µm). From 1993, the 
definition was broadened to 58s-36s count (25.1-55 µm). How 
quickly this change was incorporated into the grassroots reporting 
systems is not known but the adjustment would have (gradually) 
increased the amount of wool classified as “semi-fine” as opposed 
to “other/coarse” in the official output statistics.

The third statistical category of sheep and wool, “other/
coarse”, is the residual category and includes sheep and wool that 
are too coarse to be classified as semi-fine.

Changing composition of the “fine wool” category

At no level of government is any attempt made to obtain separate 
estimates for genuine fine wool as distinct from improved fine 
wool (the later is really crossbred wool with some merino 
characteristics). Since the early 1990s, with the swing to mating 
genuine fine wool ewes to non-merino rams, a much higher 
proportion of the so-called “fine” wool will have  become only 
“improved fine” (or crossbred) wool. 

Thus, the composition of the “fine” wool category in the 
official statistics has changed significantly since about 1993 with 
there being much more crossbred wool in this category in recent 
times. This explains why, despite the official statistics indicating 
that the output of “fine” wool in China has increased since the 
early 1990s, knowledgeable industry experts believe that the 
output of genuine merino-style wool has declined significantly. 

Greasy versus clean scoured wool output

Chinese wool production statistics are quoted in “greasy” wool 
terms. In China, clean scoured yields are much lower than in 
countries such as Australia as the amount of impurities in the 
wool is much greater. 

The average clean scoured yield for “fine wool” in China is 
probably less than 42% and, for specific lots of wool, it can be 
significantly lower. Clean scoured yields for Australian fleece 
lines are usually over 65% (Chapter 25). Comparisons of fine 
wool production in China with that of other countries should only 
be made on a clean scoured basis. 

Fellmongered wool

Tens of millions of sheep are slaughtered each year in China. 
Whilst some skins are used to make rugs, boots, car seat covers 
etc. with the wool attached, the majority of sheep skins have 

the wool removed and are then used for leather (Chapter 28). 
Therefore, there is a lot of fellmongered wool produced in 
China and it is not clear how this is treated in the official wool 
production statistics. 

Long-term trends, location and scale of 
production  

Despite its limitations, the official data provide the only available 
means of assessing long-term trends and gaining a perspective 
about the location and scale of sheep production in China.

Sheep numbers and their location

Sheep and goat numbers from 1980 to 2006 are presented in 
Figure 6.4. The figure highlights that − apart from the first half of 
the 1980s (when small ruminants were first being contracted out 
to households) and the early 1990s (when fibre and meat demand 
and hence prices were relatively depressed) − numbers have risen 
dramatically over the last quarter of a century. Goat numbers rose 
143% from 1980 to 2006 while sheep numbers increased by 60%. 
Even with the substantial statistical revision to the 1997 data, 
small ruminant numbers have increased markedly since the early 
1990s. In pastoral localities, there have been significant increases 
in grazing pressure worsening the already serious degradation 
of the pastures. There has also been a marked increase in the 
number of sheep raised intensively with substantial inputs of feed 
grain at a time when there has been a substantial increase in the 
demand for such feedstuffs for other rapidly expanding livestock 
industries.  
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Figure 6.4  Year-end sheep and goat numbers in China: 1980 to 
2006.  Source: China Statistical Yearbook (various issues).

Although total sheep numbers have increased remarkably 
since 1990, the growth has not been uniform across China. 
Sheep are primarily located in the pastoral areas of China and 
especially in the north and west of China (Table 6.1; Figure 
6.5). Sheep numbers have declined in the agricultural areas 
of east and southern China where they have been replaced 
by goats. A notable exception is Hebei where sheep numbers 
have increased four-fold since 1980 to now account for more 
than 8% of the national flock. 
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Figure 6.5  Distribution of sheep in China by province: 2006.  
Note: One dot is equivalent to 10,000 sheep. The figure is 
(erroneously) drawn on the assumption  that the sheep are 
evenly distributed throughout a province. 
Source: China Statistical Yearbook (2007).

Inner Mongolia and Xinjiang dominate sheep numbers with 
both these provinces having around 21.5% of the national sheep 
flock. However, the proportion of the national sheep flock in 
Xinjiang has remained almost constant since 1985 while Inner 
Mongolia has increased in importance since 2000. Of the other 
major pastoral provinces, Qinghai sheep numbers have remained 
relatively constant at around 14 million but its share has fallen 
from 13.6% to only 8.4% during the period 1980 to 2006. In Tibet, 
sheep numbers have fallen from 12.7 to 10.7 million from 1980 
to 2006 and so its share of the national flock has almost halved. 
Sheep numbers in Gansu remained relatively constant from 
1980-2000 at around 8.6 million but increased to 12.3 million 
in 2006 in response, at least in part, to the massive nationally-
funded policy initiatives designed to encourage the growing of 
forages and raising of meat sheep to alleviate poverty in some of 
the poorest parts of Gansu (Brown et al., 2009).

Wool production and its location

The official national output data for wool and “mutton” (i.e., 
both sheep and goat meat) for the period 1981-2006 are shown 
in Figure 6.6. 

Table 6.1.  Sheep numbers and proportion of national flock by province: 1980, 1990, 2000 and 2006.
1980 1990 2000 2006

 Number Proportion  Number Proportion  Number Proportion  Number Proportion
 Beijing 92 0.1 263 0.2 689 0.5 795 0.5
Tianjin 113 0.1 306 0.3 493 0.4 546 0.3
Hebei 3,534 3.3 5,119 4.5 10,907 8.2 14,337 8.3
Shanxi 3,742 3.5 4,057 3.6 5,836 4.4 6,638 3.9
Inner Mongolia 18,470 17.4 20,749 18.4 22,473 16.9 37,323 21.7
Liaoning 1,581 1.5 1,938 1.7 1,988 1.5 3,959 2.3
Jilin 1,274 1.2 2,186 1.9 2,988 2.2 3,800 2.2
Heilongjiang 2,704 2.5 2,491 2.2 3,836 2.9 6,501 3.8
Shanghai 170 0.2 83 0.1 95 0.1 14 0.0
Jiangsu 1,092 1.0 534 0.5 286 0.2 190 0.1
Zhejiang 2,240 2.1 1,077 1.0 1,201 0.9 1,044 0.6
Anhui 883 0.8 157 0.1 24 0.0 21 0.0
Fujian 0 0.0 0 0.0 0 0.0 0 0.0
Jiangxi 6 0.0 1 0.0 60 0.0 0 0.0
Shandong 3,590 3.4 5,237 4.6 6,246 4.7 6,098 3.5
Henan 3,829 3.6 1,500 1.3 2,312 1.7 4,947 2.9
Hubei 113 0.1 24 0.0 13 0.0 7 0.0
Hunan 3 0.0 5 0.0 3 0.0 1 0.0
Guangdong 0 0.0 0 0.0 0 0.0 0 0.0
Guangxi 2 0.0 0 0.0 0 0.0 0 0.0
Hainan 0 0.0 0 0.0 0 0.0 0 0.0
Chongqing 0 0.0 0 0.0 2 0.0 1 0.0
Sichuan 3,876 3.6 3,473 3.1 4,194 3.1 4,281 2.5
Guizhou 263 0.2 404 0.4 204 0.2 195 0.1
Yunnan 1855 1.7 1,538 1.4 1,221 0.9 986 0.6
Tibet 12,652 11.9 11,107 9.8 10,748 8.1 10,660 6.2
Shaanxi 1,875 1.8 1,644 1.5 1,355 1.0 2,138 1.2
Gansu 8,563 8.1 8,789 7.8 8,620 6.5 12,288 7.1
Qinghai 14,470 13.6 14,047 12.5 13,695 10.3 14,468 8.4
Ningxia 2,140 2.0 2,273 2.0 2,638 2.0 3,671 2.1
Xinjiang 17,165 16.1  23,814 21.1  31,035 23.3  37,052 21.5
Total China 106,297 100.0 112,816 100.0 133,160 100.0 171,961 100.0

Source: China Statistical Yearbook (various issues).
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From the early 1980s to the mid-1990s, “fine and improved 
fine” wool output was double that of “semi-fine and improved 
semi-fine” wool output and about 50% greater than the production 
of “coarse and other wool”. However, in recent years each of the 
three categories of wool have accounted for around one-third 
of China’s wool production reflecting the large change to dual-
purpose, semi-fine wool sheep and coarse wool sheep which 
broadly mirroring the growth in “mutton” production.

There are eight key wool growing provinces which produced 
80% of all wool and 90% of the statistical category “fine and 
improved fine” wool in 2006 (Table 6.2). 

The national data (Table 6.2; Figure 6.6) suggest that the 
wool industry has experienced three different eras since the early 
1980s. 

The fine wool era during the 1980s − when both the absolute 
level of, and the relative proportion of, “fine and improved fine” 
wool production increased faster than the other two categories. 

The semi-fine wool era during the 1990s − when “semi-
fine and improved semi-fine” wool output expanded faster than 
“coarse wool” production and much faster than “fine wool and 
improved fine” wool. 

The coarse wool era in the 2000s − when coarse wool 
production expanded the fastest. 

These eras have been repeated in all the key wool growing 
provinces. For example, fine wool production in Inner Mongolia 
increased sharply in the 1980s with its share of all wool in Inner 
Mongolia rising from 34 % to 55 % from 1981-1991, with 
both the absolute output and relative shares of both semi-fine 
and other/coarse wool declining (Table 6.2). Whilst the relative 
proportion of fine wool production in Inner Mongolia continued 
to increase slightly during the 1990s (at the time it was falling at a 
national level) it declined in the 2000s. However, less of the “fine 
wool” category has been genuine merino-style fine wool since 
the early 1990s. Inner Mongolia has seen a substantial relative 
shift towards the production of coarser wool since around 2000 
(Table 6.2). 

In the other major wool growing province, Xinjiang, the 
trends in the statistics from 1881-1991 are confused by the 
classification of a significant amount of semi-fine wool as fine 
wool prior to 1991.  From 1991, the amount of production 
classified as fine remained at around 28 kt but it declined from 
58% to 36% from 1991- 2006. The amount of genuine merino-
style fine wool would have declined significantly since the mid-
1990s while coarse wool production expanded from 19% to 41% 
from 1991- 2006. 

Inner Mongolia produced around one quarter and Xinjiang 
around one-fifth of the Chinese wool clip in 2006 (Table 6.3), 
while Xinjiang and Inner Mongolia each had around 21% 
of China’s sheep numbers (Table 6.1). The other six key 
provinces all had a significant share of total wool production 
with each accounting for 4-9%.

Table 6.3. Proportion of Chinese total greasy wool production 
by wool category in the eight major wool growing provinces: 
2006.
Province or 
autonomous 
region

Total 
wool

Fine and 
improved 
fine wool

Semi-fine and 
improved 

semi-fine wool

Other/
coarse 
wool

(%) (%) (%) (%)

Hebei 8.6 5.2 12.6 8.3

Inner Mongolia 25.3 39.9 12.7 21.9

Jilin 5.5 12.0 3.6 1.1

Heilongjiang 6.4 3.2 13.5 3.6

Shandong 4.6 2.5 7.3 4.5

Gansu 5.6 5.5 3.9 7.1

Qinghai 4.2 0.3 3.3 8.6

Xinjiang 20.2 21.5 15.3 23.0

Sub-total 80.4 90.1 72.2 78.1

All China 100.0 100.0 100.0 100.0

Source: Editorial Board of the China Animal Husbandry Yearbook 
(2007).

 

0

50

100

150

200

250

300

350

400

450

500

1981 1983 1985 1987 1989 1991 1993 1995 1997 1999 2001 2003 2005

Year

M
u

tt
o

n
 (

ki
lo

to
n

n
es

)

0

20

40

60

80

100

120

140

160

W
o

o
l (

ki
lo

to
n

n
es

)

mutton fine wool Semi-fine wool Coarse wool
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Table 6.2. Greasy wool production by traditional wool category in the eight major wool growing provinces: 1981, 1991, 
2001 and 2006.

Fine & improved fine wool Semi-fine & improved semi-
fine wool

Other/Coarse wool

Province or 
autonomous region

Year Total wool Amount Prop. of total 
wool production

Amount Prop. of total 
wool production

Amount Prop. of total 
wool production

(t) (t) (%) (t) (%) (t) (%)

Hebei 1981 5,789 2,994 52 638 11 2,157 37

1991 11,941 4,881 41 2,616 22 4,444 37

2001 27,475 4,426 16 11,867 43 11,182 41

2006 33,254 6,894 21 14,665 44 11,695 35

Inner Mongolia 1981 47,399 16,044 34 14,012 30 17,343 37

1991 59,701 32,672 55 12,077 20 14,952 25

2001 60,894 35,480 58 11,926 20 13,488 22

2006 98,195 52,609 54 14,749 15 30,837 31

Jilin 1981 5,209 2,224 43 2,204 42 781 15

1991 9,124 7,847 86 1,273 14 4 0

2001 22,276 19,767 89 2,509 11 0 0

2006 21,500 15,799 73 4,200 20 1,501 7

Heilongjiang 1981 10,172 3,117 31 7,055 69 0 0

1991 10,766 4,281 40 6,389 59 96 1

2001 14,540 4,423 30 10,117 70 0 0

2006 25,007 4,254 17 15,629 62 5124 20

Shandong 1981 9705 3085 32 3955 41 2,665 27

1991 21574 10476 49 6660 31 4,438 21

2001 18,378 4,834 26 7,818 43 5,726 31

2006 18,037 3,260 18 8,431 47 6346 35

Gansu 1981 8,734 1,489 17 1,583 18 5,662 65

1991 15,001 4,477 30 1,318 9 9,705 63

2001 14,676 5,354 36 2,999 20 6,323 43

2006 21,738 7,201 33 4,585 21 9952 46

Qinghai 1981 16,694 400 2 4,471 27 11,823 71

1991 17,736 323 2 6,319 36 11,094 63

2001 15,775 346 2 4,308 27 11,121 70

2006 16,483 450 3 3,873 23 12,160 74

Xinjiang* 1981 34,099 27,961 82 - - 6,138 18

1991 49,578 28,534 58 11,740 24 9,304 19

2001 69,921 26,402 38 12,312 18 31,207 45

2006 78,419 28287 36 17,737 23 32,395 41

Sub-total of above 
eight provinces 
and autonomous 
regions

1981 137,801 57,314 42 33,918 25 46,569 34

1991 195,421 93,491 48 48,392 25 54,037 28

2001 243,935 101,032 41 63,856 26 79,047 32

2006 312,633 118,754 38 83,869 27 110,010 35

All China 1981 189,062 74,720 40 39,996 21 74,346 39

1991 239,607 108,613 45 55,839 23 75,155 31

2001 298,254 114,651 38 88,075 30 95,528 32

2006 388,777 131,808 34 116,098 30 140,871 36

*Prior to 1991, semi-fine wool was included in the fine wool category. 
Source: Derived from Longworth and Williamson (1993) and Editorial Board of the China Animal Husbandry Yearbook (various years).



122   J.W. Longworth et al.

International Sheep and Wool Handbook

In terms of the three broad statistical categories:

“fine” wool production is concentrated in •	 Inner Mongolia 
(40%), Xinjiang (22%) and Jilin (12%); 
“semi-fine” wool production is much more dispersed with •	
Hebei, Heilongjiang, Inner Mongolia and Xinjiang all 
having 12-16% of production; and
Xinjiang (23%) and Inner Mongolia (21%) produce most •	
“other/coarse” wool, with Hebei, Gansu and Qinghai also 
producing substantial amounts.

There are only a few prefectures/counties in each of these eight 
provinces that still focus on raising genuine fine wool sheep and 
where these sheep still constitute a significant source of household 
income. Many of the traditional fine wool growing areas 
(Longworth and Williamson, 1993) no longer place emphasis 
on the raising of genuine fine wool sheep. For example, this is 
true of most counties in Akesu, Yili, Bortala, Tacheng, and Altay 
Prefectures in Xinjiang, of most counties in Chifeng Prefecture 
of Inner Mongolia, and of Tianzhu County in Wuwei Prefecture 
of Gansu.  

“Mutton” production and its location

The long-term expansion in the output of “mutton” from 50 to 
475 kt between 1981- 2006 has been remarkable (Figure 6.6). 
As mentioned earlier, the official “mutton” data for 1994-1997 
shown in Figure 6.6 were all revised downwards as a result of the 
January 1997 national census so this output series does not exhibit 
the sudden downward adjustment in 1997 that is evident in the 
corresponding wool production series. Despite the remarkable 
growth in output, sheep and goat meat only increased from 4% to 
5% of total meat production between 1984 and 2004. Therefore, 
the expansion in “mutton” production was in line with the growth 
in output achieved by other meat industries which also grew 
rapidly during this 25 year period (Waldron et al., 2007). 

Unfortunately, it is not possible to obtain any long-term data 
for sheep meat alone. Waldron et al. (2007) using unpublished 
MoA survey data and assumptions, estimated that sheep meat 
output in 2003 was 40.5% of the total “mutton” output. The FAO 
web site (accessed March 2006) showed lamb and mutton as 
53% of the official Chinese “mutton” figure for 2003 and rising 
to around 56% in 2005. It is not known how these estimates were 
obtained. 

Despite the lack of data, it would seem that while both sheep 
and goat meat production started to increase in the mid-1980s 
following the agricultural market reforms of 1985, goat meat 
production grew especially rapidly in the early 1990s. However, 
in the last decade, sheep meat production has increased sharply 
as some households and other enterprises have expanded and 
intensified the raising of sheep for meat.   

 As with wool, Inner Mongolia and Xinjiang produce the 
most “mutton” (Table 6.4).  Henan, Shandong, Sichuan and 
Hebei are also major “mutton’ producing provinces. However, 
of these provinces, only in Hebei is “mutton” mainly sheep meat. 
In Henan, Shandong and Sichuan goats largely displaced sheep 
during the 1990s and the “mutton” produced in these provinces 
in now mainly goat meat.

Table 6.4. “Mutton” (sheep and goat meat) production and 
percentage of total national output by province: 1980, 1990, 
2000 and 2006.

1980 1990 2000 2006

kt
% of 

China
kt

% of 
China

kt
% of 

China
kt

% of 
China

Beijing 1.0 0.2 9 0.8 16 0.6 29.7 0.6

Tianjin 0.6 0.1 8 0.7 20 0.7 27.9 0.6

Hebei 13.0 2.9 80 7.5 246 9.0 353.7 7.5

Shanxi 10.0 2.3 40 3.7 70 2.6 77.3 1.6

Inner 
Mongolia 

77.0 17.3 127 11.9 318 11.6 809.9 17.2

Liaoning 2.0 0.5 13 1.2 34 1.2 76 1.6

Jilin 2.0 0.5 8 0.7 32 1.2 43.5 0.9

Heilongjiang 7.0 1.6 13 1.2 35 1.3 119.7 2.5

Shanghai 1.0 0.2 3 0.3 7 0.3 5.7 0.1

Jiangsu 27.0 6.1 73 6.8 158 5.8 179.7 3.8

Zhejiang 5.0 1.1 10 0.9 26 0.9 36.1 0.8

Anhui 18.0 4.1 30 2.8 112 4.1 175.6 3.7

Fujian 3.0 0.7 5 0.5 13 0.5 22.6 0.5

Jiangxi 0.5 0.1 1 0.1 9 0.3 17.1 0.4

Shandong 31.0 7.0 157 14.7 248 9.1 366.4 7.8

Henan 29.0 6.5 80 7.5 320 11.7 511.7 10.9

Hubei 8.0 1.8 11 1.0 30 1.1 64.5 1.4

Hunan 5.0 1.1 4 0.4 61 2.2 130 2.8
Guangdong 1.0 0.2 2 0.2 4 0.1 7.4 0.2
Guangxi 2.0 0.5 3 0.3 25 0.9 40.7 0.9

Hainan 0.0 0.0 2 0.2 10 0.4 13.9 0.3
Chongqing 0.0 0.0 0 0.0 19 0.7 40.1 0.9
Sichuan 37.0 8.3 37 3.5 162 5.9 209.7 4.5

Guizhou 7.0 1.6 9 0.8 42 1.5 60.4 1.3

Yunnan 6.0 1.4 13 1.2 58 2.1 113.7 2.4

Xizang 24.0 5.4 39 3.7 57 2.1 80.5 1.7

Shanxi 6.0 1.4 22 2.1 54 2.0 101.9 2.2

Gansu 12.0 2.7 38 3.6 75 2.7 143.6 3.1

Qinghai 40.0 9.0 56 5.2 70 2.6 95.7 2.0

Ningxia 4.0 0.9 17 1.6 33 1.2 72 1.5

Xinjiang 65.0 14.6 158 14.8 375 13.7 669.9 14.3

Total All 
China

444.1 100.0 1,068 100.0 2,739 100.0 4,696.6 100.0

Source: China Statistical Yearbook (various issues).

Scale of sheep-raising      

There are no official data on the number or their distribution by 
flock size of small ruminant raising households. However, there 
are some data on the distribution of sheep and/or goat raising 
households by the number of sheep and goats turned-off per year 
per household (Table 6.5; Figure 6.7). Since the over-whelming 
proportion of households raising sheep and/or goats raise both 
types of animals, it is not possible to obtain national data on 
“sheep raising households”.  

Producers that turn-off (sell) less than about 50 head per year 
can be considered unspecialised sheep and goat households. Most 
households selling 50 to 500 head per year are likely to be either 
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agricultural households that have specialised in small ruminant 
production or herder households in pastoral areas. Operations 
turning off more than 500 head can be regarded as commercial 
feedlots and/or State farms or breeding centres.  

In 2002 there were more than 31 million unspecialised 
households that sold less than 5 head per year with another 6 
million households in the 5-19 head per year turn-off category 
(Table 6.5). These two categories of small-scale unspecialised 
producers turned-off 33% and 41% respectively or, in total, 
almost three quarters of all sheep and goats in 2002. These two 
categories of household (especially the less than 5 head per year 
category) include a high proportion of households in eastern 
agricultural areas of China that raise only goats. 

Small scale unspecialised sheep and goat production occurs 
as a sideline activity to other household activities in agricultural 
localities, where just a few head are penned in courtyards over 
night and fed on crop residues or grazed along roadsides during 
the day. However, even in agricultural areas there has been a 
discernable move since about 2002 toward more specialised 
“mutton” production using better feed rations in either breeding 
or feeding operations. As a consequence both of this trend and 
the establishment of many new, much larger, specialist sheep 
raising and fattening operations, the proportion of total turn-off 
accounted for by the unspecialised “less than 50 head per year” 
households is likely to have decreased significantly since 2002.

Household flock sizes are larger in more pastoral and semi-
pastoral localities, where a greater proportion of sheep (relative 
to goats) are raised by each household, especially in Inner 
Mongolia. As mentioned above, since about 2002 the proportion 
of total national turnoff coming from larger more specialised 
production units has increased. This trend has been particularly 
marked in Inner Mongolia where larger more commercial 
production units have more than doubled their share of the total 
Inner Mongolian turnoff (Figure 6.7). Households are also selling 
animals at a younger age and reducing the number of stock kept 
over winter and for multiple years in response to grazing bans 
and restrictions, which increase the incidence of pen-feeding 
and overall feed costs. These younger feeders are sold to, and 

finished by, a growing number of specialised household fattening 
operations in agricultural and semi-pastoral areas, both within and 
outside Inner Mongolia, a phenomenon associated with rapidly 
improving transport infrastructure and market integration.

 

Sheep production systems

Broadly, there are three traditional sheep production systems: 
pastoral, mixed pastoral/agricultural and agricultural. However, 
there has always been a great deal of variation both within 
and between these systems because of the highly variable 
environmental, ecological and economic conditions across China. 
Furthermore, since about 2001, new intensive feedlot-style sheep 
meat production systems have emerged. 

Sheep raising areas are also grouped into pastoral, mixed 
pastoral/agricultural or agricultural localities. These localities do 
not correspond neatly with administrative areas. At the provincial 
level, the so-called pastoral provinces all include examples of the 
three kinds of sheep-raising locality. Even at the county level, a 
county may include all three kinds of sheep-raising locality.

Pastoral localities 

Vast expanses of northern and north western China are extremely 
dry and hot in summer and very cold in winter. Much of the land 
is semi-desert. Before 1949, the relatively few people who lived in 
these areas almost all belonged to ethnic groups now recognised 
among China’s minority nationalities. They were usually nomadic 
livestock herders who moved their stock substantial distances on 
an annual cycle.

Traditional nomadic and semi-nomadic systems

Since the establishment of the People’s Republic (PRC) in 1949, 
large numbers of these nomads together with Han settlers from 
other parts of China, have moved into permanent villages or 
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hamlets. Nevertheless, they have continued the ancient practice 
of moving their livestock from one grazing area to another on 
a seasonal basis (Figure 6.8). Sometimes the summer pasture 
is 200 km or more from the village and the herdsmen and their 
families still follow the livestock and live in yak hair tents for a 
few summer months.

This traditional nomadic or semi-nomadic seasonal grazing 
system is a transhumant grazing system. In winter (November to 
April), the livestock (sheep, goats, cattle, horses and even yaks 
and/or camels in some localities) are grazed near the permanent 
houses during the day and yarded and/or shedded at night. On 
extremely cold days, some animals, especially the sheep, may 
remain in the sheltered yard/shed all day. In most localities 
this would not traditionally occur on more than 30 days during 
the 5-6 month winter season. The pastures located close to the 
permanent homes of the herders which are referred to in China as 
“winter pastures” suffer from extreme grazing pressures and are 
usually the most degraded.

In May/early-June and in late September/October/early-
November, the sheep are grazed on areas referred to as “spring/
autumn pastures” which may be located between the winter 
and summer pasture areas but this is not always the case. These 
pastures are also heavily grazed when the grasses and other 
plants are most vulnerable to damage because they are trying to 
become established (spring) or they are setting seed for the next 
year (autumn). 

Sheep are grazed on areas known as “summer pastures” in 
late-June to early-September. Usually, these summer pasture 
areas are remote and often at a high altitude relative to the herder’s 
residence. In general, they are less degraded than spring/autumn/
winter pastures. Photographs of sheep grazing on lush pastures in 
China almost invariably depict sheep on summer pastures since 
they may resemble the lush grazing conditions that were much 
more common in the past.

Sheep are shorn after winter and usually just before or just 
after they are taken to the summer pastures (Figures 6.9 and 6.10). 
Lambing time varies but is typically in late winter/early spring 

so that the young sheep are growing fastest when the available 
grazing is at its best in late spring and summer.

Figure 6.9.  This Kazakh herder in Hefeng County in north 
western Xinjiang near the Kazahkstan border is shearing his 
sheep in the typical Chinese fashion − by hand on the bare ground 
in the open using long straight-bladed scissors. Shearing usually 
takes place just before the sheep leave for the summer pastures 
or, as here, after they arrive on the summer pastures. The yak hair 
yurt in the background is the temporary summer “home” of the 
herder and his family.

Supplementary feeding during the long winter is traditionally 
based on grass hay harvested from areas of pasture from 
which livestock are excluded the year round known as 
“cutting land”. This hay is supplemented with crop stubble 

Figure 6.8  These Kazakh herders in northern Xinjiang are taking their mixed flock of fine wools and local coloured and 
coarse-wool meat-sheep to summer pastures – note the pack camel on the right. The sheep can often travel 200 km to the 
summer pastures and will often spend a month on spring/autumn pastures on the way to and from the summer pastures. 



126   J.W. Longworth et al.

International Sheep and Wool Handbook

Figure 6.10.  This open-air centralized shearing point situated on bare ground is serving a number of herders with their flocks on 
summer pastures in Sunan County of Gansu Province. It combines traditional hand shearing (at left) and modern machine shearing 
(small electric motors powered by a mobile petrol-driven generator and hanging from the horizontal rail connected to down-tubes and 
hand pieces). Even in 2009, mechanical shearing was rare in China, especially outside Xinjiang. 

(maize, soybean, wheat, oats, etc.) if available. In the past, it 
has not been common for herders to purchase grain or to feed 
self-produced grain to sheep other than pregnant ewes. Now 
most sheep are drenched, dipped and vaccinated to control 
parasites and diseases. Each household (or a small group of 
households) shepherds its own flock while grazing.

Policy initiatives and market incentives modifying traditional 
pastoral systems 

Since 1949, there have been substantial increases in both the 
human and the herbivorous animal populations in the pastoral 
localities of the country. Almost all of the traditional grasslands 
have become subject to some degree of land degradation, some 
to a serious extent (Brown et al., 2008).

Recently, the central government has taken an increasing 
interest in land degradation and the associated low income 
problems in pastoral areas of western China. China’s resolve to 
address these problems is now underpinned by a suite of new and 
revised plans, edicts, laws, regulations, technical standards and 
programs. Together, these form a hierarchical policy framework 
from which China can more effectively tackle these issues 
(Brown et al., 2008). 

Amongst the most significant legislation is the revised 
Grassland Law of 2002, while one of the most important 
programs is the Reduce Livestock Return Grasslands program 
and the various associated resettlement projects. As its name 
suggests, this program aims to keep livestock off the winter/
spring and autumn pastures for much longer periods to allow the 
pastures time to recover, re-establish and set seed. This program 
is currently (2009) being rolled-out across the pastoral areas of 
northern and western China. It involves subsidising the herders 
to build sheds and yards to house the animals and subsidising the 
purchase of feed so that the livestock can be kept off the pastures 

for up to 6 months or more each year. It also often involves 
establishing more substantial winter houses in new areas for 
the herder families where government provided services such 
as education, health, telecommunications, transport, etc. can be 
more easily supplied.

This massive government-funded initiative will alter the 
traditional production systems as sheep will be penned and hand 
fed for many months longer with negative implications for wool 
quality. However, the new arrangements may actually make 
raising sheep for meat more attractive and thereby accelerate the 
swing out of wool production, especially fine wool production. 
Pastoralists will have an increased incentive to reduce winter 
pen-feeding costs by reducing the number of sheep they keep 
over winter by selling offspring at an earlier age and culling 
more heavily before winter, thus increasing turnoff rates. This 
creates incentives to raise locally adapted and improved meat 
sheep breeds which produce more lambs that grow and fatten 
faster than fine wool lambs. At the same time, the demand for 
meat sheep has expanded in many pastoral localities, in part to 
satisfy the increasing demand for sheep meat, but also to satisfy 
the requirements of the increasing number of sheep fattening 
operations.

Pastoral sheep-raising households have regularly eaten some 
of their own mutton on a year round basis. Cattle, on the other 
hand, can only be killed for beef in winter because of the perishable 
nature of such large carcasses. Nevertheless, the proportion of 
sheep in Inner Mongolia used for own-consumption has recently 
decreased from 14% to 8% (Inner Mongolia Autonomous Region 
Bureau of Statistics, 2001-2005). Traditionally, most sheep 
turned-off for slaughter in Inner Mongolia have been destined for 
the local market. However, since about 2000 a steadily increasing 
percentage have been sold out of the province, often for fattening 
in feedlots closer to the major sheep meat markets in the big 
northern cities such as Beijing.
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Rising incomes in urban areas, especially in the large 
northern cities, has created a strong surge in the demand for 
sheep meat. Many urban consumers consider that the pastoral 
areas produce the tastiest mutton because of the varied, “clean 
and green” diet (grasses and herbs etc.) of the sheep (Chapter 
29). Some large nation-wide companies (especially the “Hot 
Pot” companies) often claim to source most of their mutton from 
pastoral localities, especially Inner Mongolia, since as mentioned 
earlier the local Mongolian breed is said to produce meat with a 
particularly good taste.

 

Mixed pastoral and agricultural localities

In some parts of China, especially in pastoral provinces, where 
irrigation is possible using water from snow-fed streams and/
or from underground aquifers or where the rainfall is above 
~300 mm per year, sheep are raised as a major sideline activity 
to cropping. These semi-pastoral areas, including many such 
localities outside the pastoral provinces, account for about 10% 
of the total land area of China.

In these semi-pastoral localities the general availability of 
forages, village wastes and agricultural by-products means that 
sheep are frequently better fed than in the purely pastoral localities 
(Figure 6.11). Sheep from many households in mixed pastoral/
agricultural areas are often herded together during the day and 
the combined flock shepherded by older or young members 
of the family on a wage-like basis. The sheep are shepherded 
around the irrigation areas all year, eating weeds and crop stubble 
etc. In some cases, there may be areas of natural grassland some 
distance from the village to which the sheep are taken in some 
seasons. Sheep belonging to each household come home at night 
and are placed in simple yards and sheds near the house. They 
may remain there on very harsh winter days. 

Figure 6.11.  Sheep in mixed agricultural/pastoral and in 
agricultural localities often enjoy better levels of nutrition 
than sheep in pastoral areas partly because they are allowed to 
scavenge freely even in large urban centres as here in Wuwei City 
in the Hexi Corridor of Gansu Province. 

Whilst often better fed, the average size of the traditional 
private household flocks in mixed agricultural/pastoral localities 
is much smaller, and the standard of sheep husbandry is lower, 
than in specialist sheep-raising pastoral localities. Only a very 
small proportion of households in these mixed localities have 
the potential to produce good quality fine wool. Almost all 
the sheep are raised primarily for meat with the wool being a 
minor source of income.

Semi-pastoral areas often grow significant amounts 
of forage and grain, particularly corn. Many local rural 
development, poverty alleviation and resettlement schemes are 
based around raising ruminants to convert these forages into 
higher value meat outputs (Brown et al., 2009). There can also 
be inflows of young or culled sheep (and cattle) from more 
remote pastoral localities for finishing. 

The generous government assistance available; 
the plentiful supply of suitable grains and forages; the 
opportunities to purchase sheep suitable for finishing; and 
the recent development of improved marketing and transport 
infrastructure in the mixed pastoral/agricultural areas of 
northern China: have led to the establishment of many new 
specialised intensive sheep-raising and/or fattening operations 
in these localities since about 2000.

Agricultural localities

Large numbers of sheep have traditionally been raised in the 
densely populated and farmed agricultural localities of the north 
eastern provinces (Heilongjiang, Jilin and Liaoning), in the 
densely populated agricultural areas in the North China Plain, 
and in provinces such as Henan, Anhui, Jiangsu, Shandong, 
and Zhejiang. However, in recent years goat numbers have 
expanded rapidly in Henan, Anhui, Jiangsu, Shandong and 
Zhejiang and by 2009 have almost completely displaced sheep 
in many parts of these provinces. 

These intensive agricultural localities are relatively warm 
with moderate rainfall. Consequently, the availability of 
roughages and other feedstuffs is good. On the other hand, 
there is little pasture land available for grazing. When weeds 
and other village roughages are readily available, the sheep are 
put together in mixed flocks and shepherded by women or old 
men and boys as in the mixed agricultural/pastoral localities. 
However, most households keep their small flocks (usually 
less than five head) in yards and sheds near the house for much 
of the year and feed them on a “cut and carry” basis. 

The climate, sheep husbandry standards and the production 
methods employed are not conducive to the production of good 
quality fine wool. Almost all sheep produce either semi-fine or 
coarse wool and are raised mainly for meat. As with the mixed 
pastoral/agricultural localities, during the last decade, there 
has been a marked trend to specialisation and intensification 
of sheep raising in northern China. The majority of the sheep 
meat produced in China now comes from these mixed pastoral/
agricultural and agricultural localities.
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Sheep raising units 

Virtually all wool or meat sheep are now owned by, or under 
the control of, individual private households (which are broadly 
classified as either “unspecialised” or “specialised”) or other 
private enterprises.

State farms, which played such a major role in the breeding 
of merino-style fine wool sheep in the past, are now much 
less important. The State farms have virtually all “sold” their 
production flocks to households living on the State farms. They 
have, therefore, largely withdrawn from direct involvement in 
commercial sheep and wool production. However, many have 
retained control of their fine wool “core” flocks and the wool from 
these still represents perhaps half of the best quality genuine fine 
wool grown in China. These flocks serve as a genetic reservoir 
and continue to be used for fine wool ram breeding. Some of 
the largest and best known traditional fine wool sheep-raising 
State farms are also now playing a leading role in developing and 
disseminating improved meat sheep genetics. 

As the State farms withdrew from direct involvement in 
commercial sheep raising at the end of the 1990s, several large 
new government-supported “dragon head” enterprises were set 
up in Xinjiang and Inner Mongolia specifically with the aim of 
encouraging and commercially producing better quality fine wool 
and/or meat sheep. More recently, many new private enterprises 
have entered the emerging sheep meat industry both as breeding 
operations and as large-scale intensive sheep meat producers.  

Unspecialised private households

According to the Ministry of Agriculture (MoA), the formal 
distinction between unspecialised and specialised households is 
based on the proportion of household income generated by the 
activity. That is, households with more than 60 % of the gross 
farm income coming from sheep are considered by the MoA to 
be “specialist” sheep-raising households. 

In practice, households with more than 50 head of adult 
fine wool sheep are usually considered by local officials to be 
specialised fine wool growing households. As pointed out earlier, 
households turning off more than 50 head of sheep and goats for 
“mutton” each year are considered to be specialised sheep and/
or goat producers.  

As discussed above, there were around 38 million households 
who sold 50 or less sheep and/or goats in 2002. These unspecialised 
sheep and/or goat raising households accounted for 74% of the 
total turnoff (Table 6.5). However, relatively few of these would 
have been dependent upon sheep and/or goats as a major source 
of household cash income because more than 31 million of them 
turned-off less than five head.  

Since 2002 many of these unspecialised households have given 
up keeping sheep and/or goats. The increasing opportunity cost 
of labour, supplementary feed and other inputs has discouraged 
them from continuing with this sideline. Nevertheless, the vast 
majority of the sheep in China are still raised by unspecialised 
households. 

Specialised private households
.

Until the mid-1990s, there were few meat-sheep specialist 
households. Most specialised sheep-raising households raised 
fine wool sheep and were concentrated in a few pastoral 
localities. There are no official nation-wide data available on the 
number or distribution by flock size of specialist sheep-raising 
households. However, the unofficial data in Table 6.6 provide a 
snap-shot of the situation in Inner Mongolia in 1991. At that time, 
Inner Mongolia was the major fine wool growing province with 
around 40% of output. Fine wool production was concentrated 
in the Eastern Grassland prefectures plus Yikezhao (now Erdos) 
Prefecture. Although dated, the information in Table 6.6 is 
instructive. 

Table 6.6. Specialised sheep-raising households in Inner 
Mongolia: 1991.

  Prefecture Number of 
Households

Number of 
Sheep

Average number of 
sheep per household 

Huhehote 245 28,723 117

Baotou 512 45,290 88

Wuhai — 2,796 —

Chifeng* 1,608 153,671 96

Hulunbeier* 2,379 500,140 210

Xing’an* 3,273 443,392 135

Zhelimu* 1,820 227,659 125

Xilinguole* 1,600 489,028 306

Wulanchabu 1,354 160,542 119

Yikezhao 1,463 225,002 159

Bayanzhuoer 96 13,746 143

Alashan 47 32,528 692

Total 14,397 2,322,517 161
* These Prefectures are located in the Eastern Grasslands of Inner 
Mongolia. Source:  Chinese Team Members of ACIAR Project 
8811 (1994.)

In 1991, there were only 14,397 specialist sheep-raising 
households in Inner Mongolia of which almost all would have 
been fine wool (or aspiring fine wool) producers. The average 
specialist sheep producer’s flock size was only 161 head but 
flocks were much larger in some prefectures. 

In recent years, many of the households with larger sheep 
flocks have diversified into mixed breed flocks that require less 
management and cash inputs and which are less subject to disease 
and other physical/environmental risks. Specialist sheep raising 
households are now receiving better returns from a combination 
of selling sheep for mutton and (lower grade) wool sales than 
they can get from specialist fine wool production (Figure 6.12).

The price of mutton has trended upward much more rapidly 
than wool since the early 1990s (Waldron et al., 2007). While 
fine wool prices increased dramatically in 2006 and 2007, this 
was a short-term price spike to which households were generally 
unable to respond given the longer-term genetic regression away 
from fine wool sheep that had occurred since the early 1990s.

In recent years as the market for sheep meat has grown, 
significant numbers of previously unspecialised households 
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in agricultural and mixed pastoral/agricultural localities have 
also increased their scale of operations and become specialist 
meat-sheep raising households. Indeed, since about 2001, there 
have been government efforts to establish numerous groups of 
relatively small-scale but specialist meat sheep-raising households 
in certain mixed pastoral/agricultural localities, such a Chifeng 
Prefecture in the Eastern Grasslands of Inner Mongolia. In these 
localities, as pointed out earlier, the raising of meat sheep is also 
likely to be better suited to the new production systems that are 
part of the Reduce Livestock Return the Grasslands program 
being implemented in these localities.

State farms

State farms are production units owned and operated by the State. 
There are many types of State farm because they are controlled 

by different vertical bureaucratic hierarchies and administered 
by different levels of government. In relation to sheep and wool 
production, the only two vertical hierarchies of relevance are 
the Animal Husbandry Bureau of the Ministry of Agriculture 
(MoA) in all wool growing provinces and the Production and 
Construction Corps (PCC) in Xinjiang and Heilongjiang (Figure 
6.13). 

Traditional dominance of fine wool production by State farms

State farms belonging to these two hierarchies have traditionally 
dominated the production of merino-style fine wool in China. 
Longworth and Williamson (1993) estimated that more than 
50% of all the merino-style fine wool grown in China probably 
came from State farms in 1990. 

Until the 1990s State farms at all levels of government 
enjoyed State subsidies and preferential access to scarce resources 

Figure 6.12.  A relatively large mixed flock of Aohan Fine Wools and coarse-wool meat-sheep (and some cashmere goats) 
owned by a specialist sheep-raising household in Balinyou County in the Eastern Grasslands region of Inner Mongolia. 

Figure 6.13.  This central government funded “model” feedlot for young lambs of the Xinjiang Fine Wool (PCC Type) breed is on 
a State farm operated by the Xinjiang Production and Construction Corps (PCC) near Shihezi in northern Xinjiang. This farm is 
experimenting with crossing South African Dohne Merinos with Xinjiang Fine Wools to develop a more dual-purpose type of sheep. 
This State farm was traditionally one of the largest and best fine wool growing enterprises in Xinjiang. It is now primarily a very large 
cotton growing farm. Sheep raising is only a sideline activity. 
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such as machinery, fuel and fertilisers. MoA State farms at the 
provincial or prefectural level and PCC State farms were usually 
better resourced and managed. State farms administered at the 
county or township level were often much smaller and less well 
resourced and managed. In some remote localities in Xinjiang the 
township state farms still operate as township collective farms. 
All State farms (even within the PCC system) are now expected 
to be independent viable economic units and no longer routinely 
receive government subsidies or preferential access to resources.

Decline of fine wool production on State farms 

As a result of being forced to become commercial, many State 
farms have completely abandoned fine wool production in favour 
of other more profitable activities. For example, many of the PCC 
State farms in Xinjiang have ceased fine wool growing in favour 
of cotton production. The total output of fine wool from all the 
PCC State farms was only 6,200 tonne greasy in 2001 compared 
with 7,946 tonne in 1989. The proportion of fine and improved 
fine wool sheep to all sheep in the PCC system declined from 
79% in 1991 to 51% by 2001.

Many small wool-growing State farms under the Animal 
Husbandry Bureau of the MoA have closed down completely. 
For example, the last of three specialist fine wool-growing State 
farms operated by the Xinjiang Animal Husbandry Bureau in 
Zhaosu County in the south of Yili Prefecture in north western 
Xinjiang closed in May 2002.

The amount and quality of wool produced at both Gongnaisi 
(MoA) and Ziniquan (PCC) studs – two of the biggest and 
previously best resourced wool-growing State farms in Xinjiang 
− deteriorated significantly between 1990-2002 as they moved 
into breeding dual-purpose sheep

As mentioned earlier, most of the State farms that are 
still involved in wool have “sold” their production flocks to 
households living on the farm and contracted with some of these 
households to manage the “core” flocks still owned by the farm. 
The State farm may or may not still exercise some control over 
the management of the production flocks and may provide, on a 
fee for service basis, certain husbandry inputs such as veterinary 
services and chemicals.

The “core” flocks, whilst managed by individual households, 
are usually still owned by the State farm and retained as the 
breeding nucleus from which replacement rams are bred. These 
rams are either sold to others for breeding or made available 
(via artificial insemination services) to householders living on 
or near the farm for mating with the commercial flocks of the 
households.

The quality of fine wool from the “core” flocks has generally 
been maintained by most State farms and some township 
collective farms. But these flocks now represent less than 25% 
of the total sheep raised on these farms. Private households, even 
on these farms, have tended to move away from fine wool. As 
a consequence, the “core” flocks still owned by State farms, 
the township collective farms, or by the new Merino Company 
“dragon head” fine wool enterprise established in Xinjiang, 
account for a significant and increasing percentage of the merino-
style fine wool currently grown in China. In recent years the very 

best of this wool − but rarely more than about 1,000 tonnes greasy 
per year − has been prepared according to the Quality Standard of 
Auction Wool, objectively measured, and marketed through the 
Chinese wool auctions organised by the Nanjing Wool Market.

“Dragon heads” and opportunistic private enterprises

Another category of producer has emerged recently, namely 
the larger commercial feeding and breeding companies. These 
companies are known widely as “dragon head enterprises” since 
they are expected to lead the rest of the industry along the path 
to modernisation, much as the head of the dragon leads dancers 
along at Chinese fairs. There are various types of “dragon 
head” companies in the sheep industry, which are encouraged 
and supported by government as a means of modernising and 
developing the industry.

Meat sheep breeding and fattening companies

Significant numbers of investors have moved into the sheep 
breeding and production business, especially for meat sheep. The 
breeding companies develop core flocks of breeding sheep, some 
of which are retained in the main breeding station operated by the 
company. In order to reduce costs, however, most breeding sheep 
are placed with households who raise the sheep under various 
arrangements. For example, the breeding company may lease the 
breeding ewes to the households and provide veterinary chemicals 
and other management services free of charge. The household, 
after a specified period of time, must return the original breeding 
ewes and female offspring to the company but is allowed to keep 
the male offspring and sell the wool.

 
These breeding arrangements are often associated with large 
national government subsidised micro-credit and poverty 
alleviation programs. The breeding company can obtain some of 
the special assistance available and expand its flock for further 
breeding and sale throughout China’s vast (mainly State-run) 
breed improvement system. Of course, the success of such 
ventures depends heavily on the breeds that are in demand within 
the State breeding system. Some companies also sell fat lambs 
and slaughter sheep culled from the breeding program. Some 
of these companies have also sought to expand vertically into 
slaughter and restaurant activities, with mixed success (Waldron 
et al., 2007).

Many new private enterprises, often with local government 
assistance and involvement, have also recently established 
relatively large-scale specialist sheep fattening operations. These 
enterprises are mainly located in mixed pastoral/agricultural 
localities: which have good supplies of grain and other feedstuffs; 
which are close to pastoral areas where suitable sheep can be 
sourced; and which are linked by road and/or rail to the large 
markets in urban areas.  

Even in 2002 when such initiatives were still relatively rare 
there were over 1,500 producers with an annual turning off in 
excess of 1,000 head of sheep and/or goats (Table 6.5). There 
are now thousands of such producers in China, most of whom 
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operate sheep and goat feedlots. On a feed regime of 120 days, 
there might be only 333 head in stock at any one time, which 
is small by Western standards. Furthermore, labour and capital 
costs are high in these commercial feedlots and they often find 
it difficult to compete against smaller less capital intensive 
household fattening operations (Waldron et al., 2007).

Fine wool breeding and production 

The “dragon head” model has also been applied in a much more 
limited way to the production of fine wool sheep and wool. There 
is one such small fine wool breeding and production company 
in Hebei Province near Beijing. However, the Merino Company 
located in the far west of China in Yili Prefecture of Xinjiang 
is the newest and most interesting. This large enterprise consists 
of a complex partnership mix of government agencies, including 
former local (prefecture and county) Animal Husbandry Bureaus, 
and the Supply and Marketing Co-operatives, with the Xinjiang 
Agricultural University also playing a role. Through the partners, 
the company was able to take ownership of about 7,000 fine wool 
sheep and it obtained long term leases over 3,333 ha in seven 
farms spread throughout Yili Prefecture. In addition, the Merino 
Company planned to established supply and procurement 
relationships with a large number of private fine wool growing 
households.  

The major objective of the Merino Company at the time it 
commenced operations in 2000 was to establish and expand 
“core flocks” of the best fine wool sheep available (Figure 6.14). 
These “core” flocks were to breed high quality fine wool rams to 
be sold to other fine wool producing units for use in the continual 
upgrading of the commercial household-owned flocks. This new 
company was also endeavouring to develop better shearing, clip 
preparation and marketing systems to allow premiums for quality 
to be better reflected at the “farm gate” and hence raise returns 
and encourage householders to improve their flocks. The Merino 
Company planned to sell its wool directly to mills. 

The Xinjiang Fine Wool Producers Association is another 
potentially important organisation in the Xinjiang fine wool 
industry. It is notionally comprised of up to 48 State farms and 
township collectives throughout Xinjiang. It was established to 
provide a source of fine wool for another Xinjiang “dragon head” 
company engaged in wool marketing called “Sapale”. The very 
loosely structured Association was barely functioning in 2008, 
although the Sapale Company continued to work closely with 
several township collectives and co-operatives in Xinjiang to 
improve their wool handling and marketing practices. 

It would seem that despite the high degree of political and 
moral support from officials in Xinjiang, the fine wool producing 
“dragon heads” promoted by the government have yet to achieve 
much success. For example, in May 2002 the Merino Company 
was planning to expand its production from its foundation three 
counties, to have “core flocks” in seven counties in Yili Prefecture 
and to contract with many villages and townships in these 
seven counties to purchase and market the wool produced by 
households. This expansion is understood not to have occurred. 
Furthermore, it has not been able to purchase significant 
quantities of wool even in the three original counties because of 
the competition from private dealers and buyers from mills who 
buy the wool for cash on a mixed-grade, whole-of-clip basis. The 
Merino Company approach involving better clip preparation and 
the payment for wool on a grade-by-grade basis − which usually 
also involves some delay in part or full payment − has not proven 
popular with the herders.

 

Wool marketing

The market for greasy wool was partially “opened” from the 
beginning of 1985. When wool prices collapsed in mid 1989, 
the wool market was once again regulated and the Supply 
and Marketing Cooperatives became the buyers of last resort 
(Longworth and Brown, 1995). However, since early 1992 the 

Figure 6.14.  These plastic-covered “glass house” like sheds and holding yards have been provided as winter housing and lambing 
quarters by the Merino Company (a fine wool “dragonhead” company) for some of their “core flocks” of Xinjiang Fine Wool ewes 
and lambs. These sheep were being raised under contract to the Merino Company by herder households in Yili Prefecture in north-
western Xinjiang.
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greasy wool market has mostly been open to free competition 
everywhere in China.

Wool marketing channels

The marketing channel for a non-perishable product such as wool 
should be straightforward involving: shearing, some sorting and 
classing of the fleeces, purchase of the wool from the growers, 
possibly some re-sorting and regrading and consignment 
building, followed by sale and delivery to the processor. Prior to 
the introduction of the Household Responsibility System after 
1978, when almost all genuine fine wool was grown on State 
farms and collective farms, the marketing channel for fine wool 
in China conformed to this straightforward model.   

However, since the mid-1980s there have been major changes 
in the way wool, especially fine wool, is produced and marketed 
in China (Brown et al., 2005). Millions of small independent 
households now produce and sell very small amounts of mixed-
grade wool. Collecting and aggregating these small parcels into 
larger more homogeneous consignments suitable for processing 
is a massive undertaking. Furthermore, there is an enormous 
range of wool types produced with a great variety of potential 
end-uses. 

The vast majority of wool is only suitable for lower-quality 
generic end-uses such as low-grade woollen yarns and fabrics, 
carpets, upholstery, felting, insulation, and for use as packing 
material. These low-value end-user markets are served by a 
multitude of low technology small scours and wool processing 
mills mainly located in the eastern provinces especially Hebei, 
Jiangsu and Guangdong. Wool marketing channels need to 
connect the millions of small wool-growing households scattered 
across north and north-western China with these small processors 
in the eastern provinces.

A relatively small and declining proportion of the domestic 
wool clip is suitable for use by modern woollen textile mills 
(making blankets, hand knitting yarn and some apparel fabrics). 
An even smaller fraction of the wool clip may find its way 
into modern worsted mills on the eastern seaboard where it is 
ultimately made into higher value worsted yarns and fabrics. 

The demise of the “grassroots” SMCs

From 1956, when wool was designated a commodity subject 
to State production quotas, until the mid 1980s, the Supply 
and Marketing Cooperatives (SMCs) under the old Commerce 
Department were the sole procurement agency empowered to 
procure quota wool and virtually all over-quota wool, on behalf of 
the State. Wool was only one of many agricultural commodities, 
and a relatively minor commodity, the marketing of which was 
completely monopolised by the SMC village, township, county, 
provincial and national hierarchy. At its peak in the late 1980s, the 
SMC network was enormous operating over 63,000 agricultural 
product purchasing and procurement points at the grassroots 
village- and township-levels and over 10,000 warehouses and 
transport agencies at township and higher levels throughout 
China. Wool was procured by the SMCs at fixed prices which 
were administratively determined and then distributed to the 

large State-owned mills as part of the National Plan (Longworth 
and Brown, 1995).

Once the wool market was liberalised to varying degrees 
from 1985, many other agencies began to compete with the 
SMCs and, by the mid 1990s, the SMC vertical hierarchy was 
handling only about 50% of the total clip. Not only were there 
now many other participants active in the wool market, but also 
most herders − even those living on State farms − had acquired 
increasing freedom to market their wool as they wished. During 
the later half of the 1990s, the purchasing of wool from the 
households was almost completely taken over by private traders 
and other enterprises. 

By the end of the 1990s, the enormous grassroots SMC 
network − which during the State Planning Era, had total 
monopoly power over the procurement of all types of animals 
and animal products from the communes, collectives and State 
farms and supplied “items for daily living” to tens of millions of 
rural households − had all but disappeared.

However, the higher-level SMCs have continued to be major 
players in wool marketing. In some wool growing localities 
“privatised” county-level SMCs operate as large traders buying 
from small private traders, re-grading and on-selling to mills or 
other end-users. Some of the major wool handling provincial-
level SMCs have undergone ownership reform to become 
shareholder companies (i.e. employees and managers have 
bought the State-owned SMC enterprise). One of these, the 
Tianling Company in Xinjiang trades many thousands of tonnes 
of wool each year and Muwang, the former provincial SMC in 
Inner Mongolia, is also a major wool trader. Although operating 
under different ownership structures, the remnants of the higher 
level former “SMC system” are periodically provided with large 
amounts of government funding to buy wool, even in the form of 
interest-free loans for procurement and storage. Sometimes, as 
in 2007, these credit subsidies have distorted the market as the 
former county and provincial SMC companies use these funds 
to increase their market share by offering higher prices than 
their private competitors who must rely on commercial financial 
arrangements.

Small private traders

In China, especially in pastoral localities, shearing and the 
subsequent sale of the wool in any one district takes place over 
a short period, usually not more than about six weeks. Although 
this wool selling season varies from district-to-district (especially 
in the non-pastoral localities where sometimes sheep may be 
shorn at any time of the year), virtually all sheep in the pastoral 
localities are shorn between mid-May and mid-July. During this 
period of intense wool marketing activity, many small private 
traders − some of whom may have previously worked for the 
SMC wool buying network but most of whom are not specialist 
wool marketers − participate in buying and selling wool (Figure 
6.15). These small traders, who are usually local residents in the 
producing areas, normally trade in other products or have other 
occupations at other times of the year. 

Unspecialised households with small mixed flocks are most 
likely to sell their wool unskirted and ungraded to small traders. 
The small flocks are shorn by hand and the wool stuffed into sacks. 
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These sacks are often old plastic fertiliser bags which allow the 
wool to become contaminated with plastic fibres (Chapter 25). 
The small traders visit the scattered and often remotely located 
households and pay cash for the wool and carry the sacks of wool 
away on two- or three-wheeler motorcycles or small trucks.

Figure  6.15.  For a couple of weeks each year, this small trader 
sets up in the open in a picturesque mountainous area of Yili 
Prefecture in north western Xinjiang near the Kazakhstan border. 
He competes with other small traders located nearby to purchase 
the relatively small amounts of greasy wool offered for sale by 
each herder on a more-or-less un-graded, whole of clip, cash 
basis.

Specialised wool-growing households are mostly located in 
pastoral localities and can have significant quantities of wool 
for sale, sometimes after having their sheep mechanically 
shorn at centralised shearing points (Figure 6.10). 
Nevertheless, they still often stuff their wool in old fertiliser 
bags and sell it for cash to visiting small private traders. 

Given the small amount of very mixed-grade wool produced 
by most  herder households; the often considerable distances 
between households or small groups of households; and the 
usual desire of the households to obtain cash on the spot for their 
wool − the small private traders play an extremely important part 
in collecting and assembling wool in many parts of China. Small 
traders are active in all localities and buy at least half of all fine 
wool and most of the semi-fine and coarse wool directly from 
herders

Perhaps 20% of the small traders finance their own purchases 
and are free to take their wool purchases to local market places 
or to otherwise on-sell it to larger traders or directly to small 
local scouring plants, local carpet makers or small textile mills. 
However, the majority of small traders are either employed to 
buy on commission for larger traders or are supplied with the 
necessary capital to buy the wool by larger operators. 

Large private traders

The larger dealers not only buy wool through or from the smaller 
traders but also buy wool in larger lots from State farms, township 
collectives and village groups. There are several different kinds of 
large private wool traders in the major wool growing provinces.

 Some are local traders renting a disused State farm woolshed, 
a township or village warehouse (or even a school playground 
since the wool selling season in some areas corresponds to the 
summer school holidays) for the couple of months that wool 
is available for purchase in each locality. These operators trade 
in wool for only a small part of each year. They are not wool 
specialists although they may re-sort the wool to some extent 
before re-selling it to much larger traders from the eastern 
provinces or to small local wool processors (Figure 6.16).

Figure 6.16.  Larger private traders with centralised local wool 
handling facilities such as those pictured, usually either employ 
on commission or finance a number of small traders who travel 
out to the production areas and buy wool. The small traders 
deliver the wool to the trader’s facilities where it is roughly 
sorted, pressed into bales using a cotton baler (see the baler to 
the right) and sold either directly to small scours/mills or to much 
larger wool trading organisations.  

Another group are the dealers who live in the eastern and 
southern provinces where they conduct trading activities in 
skins, hides and other products all year. Wool buying is a 
comparatively concentrated effort carried out primarily in 
the May to August period. They travel to the major wool 
growing areas and essentially operate as itinerant buyers who 
arrange with numerous local small traders to purchase wool 
on their behalf. Often these larger dealers transport the wool 
they purchase long distances either before or after they sort 
and regrade (Figure 6.17). Sometimes they may also have the 
wool custom scoured (thus reducing the weight by at least 
half) before transporting it.

Perhaps the most important large traders are locally established 
specialist wool trading enterprises closely allied with large wool 
dealers and/or processors in the eastern and southern provinces. 
These large traders have permanent warehouses devoted to wool 
handling and re-sorting. They are often subsidiaries of large 
conglomerate enterprises that have their origins in the higher-
level SMCs and other government agencies. The Tianling 
Company and the Merino Company in Xinjiang are examples 
of companies that utilise the warehouses and other infrastructure, 
the expertise, and the political connections of the former SMC 
hierarchy to trade in wool.
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Figure 6.17.  Large wool merchants from the eastern provinces 
visit wool-growing areas in northern and western China for the 
few weeks each year in which shearing occurs. They purchase 
large volumes of roughly graded wool from local traders for 
transport to eastern and southern mills. This wool may be loose 
(ie., unbaled) as pictured here, in which case it may be destined 
for the major raw wool markets in places such as Li County in 
Hebei Province (see Figure 6.25). 

In some respects, the loose network of small to large dealers 
is not dissimilar to the old Supply and Marketing Cooperative 
structure with its vertical hierarchy of village purchase points 
and all the supporting township-, county-, provincial-, and 
national-level units. However, the current marketing system 
is much more competitive and much more fragmented than 
was the old monolithic monopoly purchasing system.

Whilst many of the larger dealers buy lower grade wool and 
mixed wool from small dealers and then re-sort and grade it to 
add value, some concentrate on buying only the better wool. 
The better quality wool is purchased from large specialised 
households or groups of specialised households organised by 
township governments or from the managers of State farms 
responsible for selling the wool from the “core flocks”.

The larger dealers often spend a lot more time preparing 
the better quality wool for resale. In fact, these dealers tend to 
operate in much the same way as country wool dealers and wool 
re-sorters do in Australia (Chapter 25). They buy mixed grades 
of wool (often on a whole-of-clip basis). They then extract the 
bellies, skirtings, stains etc. to produce graded fleece lines. These 
lines are then sold to a range of processors requiring different 
types of wool.

The large dealers often have the potential to capture a large 
share of any premium for quality. For wool purchased from State 
farms or township groups where the wool has been roughly 
skirted and graded at shearing, there is the opportunity for the 
purchase prices to reflect at least part of the premiums for the 
better grades. But for the wool purchased from small dealers or 
from households on a mixed grade, whole-of-clip basis, these 
premiums are averaged out.

Buyers from textile mills

Once both the key provinces of Xinjiang and Inner Mongolia 
opened their wool markets in 1992, textile mills were free to buy 
directly from producers.

 The fine wool auction experiments from 1987-1991 allowed 
the eastern coast mills to identify and make contact with the State 
farms and some township and other groups that produced the 
best fine wool (Brown, 1997). Consequently, buyers from some 
east coast mills now travel to the production areas and compete 
with buyers from the few up-country mills that still survive and 
other purchasing agencies for genuine fine wool. 

These mills buy fine wool directly from the State farms or 
from the township collectives that comes either from the “core 
flocks” of the farms or from the commercial flocks owned by 
households living on (or near) the farms and that elect to use the 
centralised shearing, clip preparation and marketing services 
offered by some State farms, township collectives and producer 
associations. 

Some mills also buy from larger dealers located in the 
production areas (and even from the “dragon heads”) that have 
purchased the fine wool as mixed lots and then sorted and graded 
the wool into lots more suited to the requirements of the mills. It 
is difficult to estimate how much fine wool moves through this 
reasonably short channel as distinct from the bulk of the wool 
clip that is eventually sold to mills by the dealer network much 
less directly.

In the case of the small percentage of fine wool destined 
for worsted processing, mills need wool sorted and graded 
to a higher standard, preferably to the Industrial Wool-Sorts 
Standard. Consequently, almost all domestic fine wool destined 
for worsted processing (and the wool used for higher quality 
woollen products), is resorted and regraded at the mills prior to 
scouring (see Figure 6.24). 

The only possible exceptions are the small quantity purchased 
through the auction system in some years (which must be sorted 
and graded to meet the Quality Standard of Auctioned Wool prior 
to auction) and the wool prepared to meet the new Raw Wool 
Purchasing Standard by the new “dragon head” enterprises and 
some township groups.

Even this wool is normally routinely re-sorted at the mills 
despite research showing that this is unnecessary (Li et al., 2002). 
Wool top made after a simplified and much less expensive re-
sorting of wool offered for sale by the “Sapale” company from 
Xinjiang at the Nanjing Wool Market auctions − that is wool that 
has been prepared to the Quality Standard of Auction Wool − 
was indistinguishable from top made from the same wool after 
it had been routinely and comprehensively resorted just prior to 
scouring at the mill. 

Mills do not routinely re-sort and re-grade wool imported 
from Australia and some other countries. The additional cost 
of routinely re-sorting and re-grading Chinese domestically 
grown wool plus the uncertainty about the precise proportion of 
each industrial grade that is in the consignment, are two major 
reasons why mill door prices for domestic raw wool are usually 
significantly lower than for roughly comparable imported raw 
wool. Another key factor is the risk of contamination by coloured 
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wool and foreign fibres, especially plastic fibres, in domestically 
grown fine wool.

Nevertheless, if mills accepted that they need not routinely 
undertake expensive re-sorting of domestically grown fine wool 
that had been properly prepared for sale at the time of shearing, 
they could potentially afford to pay a bigger premium for this 
wool relative to other domestic fine wool. A larger premium 
would compensate for the delays in payment that currently 
discourage Chinese growers from having their wool properly 
prepared and sold through companies such as “Sapale” or the 
Merino Company

Wool grading standards

Chinese wool-growing is now characterised by an enormous 
number of independent production units, the vast majority of 
which are not specialised in wool production. Most production 
units, even specialist wool-growing households and those that 
live on State farms, typically produce relatively tiny quantities of 
many different types of wool. On the other hand, most processors 
require larger consignments of reasonably homogeneous wool 
(Chapter 26). The marketing system is required to bridge this gap 
between growers and mills. An industry-wide grading standard 
is therefore needed that defines the various broad categories of 
greasy wool.

The grading of greasy wool in China has been in a state of 
flux since the early 1990s. Longworth and Brown (1995) describe 
the four different grading standards co-existing in the mid-1990s, 
namely:

“Old” National Wool Grading Standard (issued/revised in •	
1957, 1976),
“New” Raw-Wool Purchasing Standard (1993, 1995, •	
1998),
Industrial Wool-Sorts Standard (1981) ,•	
Quality Standard of Auctioned Wool (1991).•	

The “Old” National Standard no longer formally exists but it still 
dominates the thinking of most people involved in domestic raw 
wool growing and trading. The other three standards are current 
and are used to varying degrees. 

Old National Wool Grading Standard

The three broad categories of wool used in the official statistics 
discussed earlier have their origins in the National Wool Grading 
Standard which was initially developed in 1957 and revised 
in 1976. Although this old standard was formally replaced by 
a new raw wool purchasing standard in 1993, the traditional 
nomenclature remains in common usage. 

The old standard was a very rudimentary wool grading system 
(Figure 6.18). It established, on the basis of visual appraisal of 
the average fibre diameter alone, the three broad wool categories 
used in the official statistics – fine, semi-fine and other/coarse. It 
was designed to improve raw wool pricing and purchasing by the 
Supply and Marketing Cooperatives under the unified purchasing 
(acquisition) system during the Planning Era. The history of 

wool grading prior to 1976 and a translation of the Old National 
Wool Grading Standard and a Glossary of Chinese Wool Terms 
is available in Longworth and Brown (1995).

Fine wool
(≤ 25µm)

Semi-fine wool
(> 25 to  ≤ 40µm)

Fine wool 

Grade I Grade II Grade I Grade II

Semi-fine wool

Grade I Grade II Grade I Grade II

Improved
fine wool

Improved
semi-fine wool

Homogeneous
wool

Mostly
homogeneous

with some
heterogeneous

fibres

Figure 6.18.  Categories of greasy wool established by the 
“Old” National Wool Grading Standard. Source: adapated 
from Longworth and Brown (1995).

The old standard defined the difference between fine wool and 
semi-fine wool on the basis of visually assessed mean fineness 
as measured by the old Bradford quality number or spinning 
count. Wool with a spinning count of 60s or more was defined 
as “fine wool”. Wool with a spinning count between 46s and 58s 
was defined as “semi-fine wool”. In Figure 6.18, the mean fibre 
diameters defining the categories have been expressed in microns 
rather than the old fashioned spinning counts. 

The broad category “fine” wool (defined simply as wool with 
an average fibre diameter of 25 microns or less) included two sub-
categories “fine wool that was homogeneous” (i.e. merino- style 
wool) and “improved fine wool that was mostly homogeneous 
with some heterogeneous fibres” (i.e. comeback/fine-crossbred 
wool).

Each of these two sub-categories was then split into two 
quality grades (grade I and grade II) according to a number of 
factors of which the dominant one was length. As shown in Figure 
6.18, the semi-fine category was similarly also sub-divided into 
two sub-categories each of which was further divided into grade 
I and grade II.  

While not formally specified in the old standard, homogeneous 
fine wool exceeding 8 cm in length was classified as “special 
grade” fine wool. Similarly, homogeneous semi-fine wool over 
10 cm in length was graded as “special grade” semi-fine wool. 
Wool with an average fibre diameter greater than 40 microns (i.e. 
with a spinning count lower than 46s) was defined by omission 
as “other/coarse wool”. 

The New Raw Wool Purchase Standard extended the 
definition of “semi-fine wool” to include wool with mean fibre 
diameter of 55 microns or less (i.e. down to 36s count wool) in 
1993. Perhaps this partly explains the substantial “jump” in the 
official statistics for semi-fine wool output in the mid-1990s (see 
Figure 6.6). 

 During the Planning Era, the old standard was the basis on 
which the administratively determined State prices for fleece wool 
of different grades were listed. Discounts applied to non-fleece 
wool, e.g., head, leg and belly wool received 40% of the price for 
the corresponding fleece wool, while yellow-stained wool and 
wool branded with tar or paint received heavier discounts.
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Despite the simple nature of the old standard, it proved 
difficult to avoid incorrect grading and other abuses of the grading 
system, especially during the “Wool War” period between 1985 
and 1988 (Longworth and Brown, 1995). It was however far too 
simple for the mills. Mills traditionally re-sorted virtually every 
consignment of wool (at considerable cost) to their own more 
stringent requirements as set out in the official Industrial Wool-
Sorts Standard or their own equally demanding standard.

New Raw Wool Purchasing Standard

A new Raw Wool Purchasing Standard was initially approved in 
April 1993 (Longworth and Brown, 1995). This Standard was 
further revised between 1995 and 1998 but the changes made 
were minimal. It is now formally known as Chinese Standard 
T21004 “Domestic Fine Wool and Improved Wool Grading 
Standard”.

Even more than a decade after it was last formally revised, 
the new Standard is not widely understood nor applied. The 
vast majority of wool is still being purchased from growers on 
much the same basis as before 1993 (i.e., according to the very 
rudimentary categories established by the old standard discussed 
above).  

Some large dealers (including higher-level SMCs) do re-sort 
and interlotting according to either the new Standard or their own 
standards to build bigger lots and to attract better prices from the 
mills. The mills cannot afford to pay any significant premium 
for this wool because they still regrade these lots to their own 
requirements.

There are a number of differences in the old and new standards 
(Table 6.7). In particular, the new standard:  

assesses differently both the extent of grease and suint in the •	
staple and the degree of tip damage;
specifically includes a special grade; •	
uses micron as well as spinning count to measure fineness; •	
extends the definition of semi-fine wool to include wool with •	
a spinning count down to 36s (55 microns) as mentioned 
above; and 
the quality differential ratio which established the price •	
relativities when administrative prices were in force has 
been abandoned. 

Taking more appropriate account of staple formation and tip 
damage are important developments. Almost all Chinese fine 
and semi-fine wool exhibits considerable tip damage and lacks 
distinct staple formation. The tip damage is caused by the staple 
formation (which resembles “comeback” rather than “merino” 
wool), extremes of weather, and ultra-violet light damage. The 
use of sheep coats could remedy some of these problems if they 
were more widely used. Fine wool, in particular, is more open 
to dust and other debris than Australian merino fleece and the 
fleeces do not hang together well making fleece throwing in 
preparation for skirting and classing much more difficult.

However, the most important change between the “old” and 
the “new” standards is that the new standard draws a stronger 
distinction between fine wool and improved fine wool and 

between semi-fine and improved semi-fine wool. In the new 
standard there is just one category “improved wool”. 

Drawing a sharper distinction between homogeneous wool 
and improved wool has probably hindered the widespread 
adoption of the new standard as the vast majority of fine-wool 
sheep-raising households produce mainly improved fine wool. 
A sharper distinction between this wool and homogeneous 
merino-style fine wool is likely to accentuate the price difference. 
Indeed, this was one of the reasons for sharpening the distinction. 
However it is socially unpopular and creates a barrier to change 
since it disadvantages the vast majority in favour of the favoured 
few with better quality sheep. 

Another social barrier to better wool preparation occurs with 
the use of professional shearers which eliminates the “once-a-
year” opportunity for off-farm work (hand shearing) for many 
women living in relatively remote areas.

 At the time the new standard was being developed in the 
early 1990s, it would seem that there was a desire at official 
levels to cease the misleading practice of classifying wool as 
“fine wool” in the statistics when, in fact, it was actually both fine 
and improved fine (or crossbred) wool.  Unfortunately, however, 
there has been no change in the way wool production statistics 
are presented since the new Standard was promulgated. This 
may reflect the extreme practical difficulty of collecting such 
data and/or a reluctance to have the statistics reveal that the wool 
upgrading program seems to have stalled. Indeed, there has been 
a widespread swing almost everywhere in China toward raising 
sheep for meat and away from upgrading towards genuine fine 
wool sheep by mating to pure-bred merino-style fine wool rams 

The new Raw Wool Purchase Standard includes statements 
about it being compulsory and officials were convinced in 
1992/93 that it would be enforced. However, there have been no 
specific administrative or financial support measures put in place 
at the national level to ensure its adoption and enforcement. As a 
result, the new standard has had little impact on wool marketing.

Industrial Wool-Sorts Standard

After almost 20 years of development, the Industrial Wool-Sorts 
Standard was issued in 1979. Full details of this standard are 
available in Longworth and Brown (1995). Wool is first split 
into two grades: count wool and sort wool. All defective wool 
as well as coloured wool is removed from the fleece and treated 
differently.

Count wool is basically homogeneous wool which is then 
classed into spinning count ranges depending upon its fineness. 
Within each count category there are four length categories. 
Many other factors are also noted as reference indicators.

Sort wool is the more heterogeneous wool and it is further 
divided into up to six sort categories depending upon the 
percentage of coarse-cavity wool.

An example of the non-homogeneity of wool when graded 
according to the Old National Wool Grading Standard is presented 
in Table 6.8, which shows the distribution of wool regraded from 
purchase grades (the old National Standard) into industrial grades 
(the Industrial Wool-Sorts Standard). Of all the wool regraded, 
62.3% was purchased as “fine wool grade II” and about 50% of 
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Table 6.7. A comparison of the technical requirements in the “Old” and the “New” National Wool Grading Standards.
Wool type Grade Fineness

(µm and count)
Natural 
length
(mm)

Grease/ 
suint*

Morphological characteristics Quality 
differential 
ratio (%)

Fine (a) Old Standard (implemented in 1976)

I 60s and above 60−79 ≥3cm All the wool should be naturally white and homogeneous fine wool, 
uniform in fineness and length of wool staple, normal crimpness, 
soft-feel, with elasticity even at the tip of the wool. Part of the tip 
of the staple can be dry or thin wool, but without withered hair and 
kemp.

114

II 60s and above 40−59 <3cm Has the same quality features as Grade I but the length and grease 
and suint are less than Grade I; or the length and grease are the 
same a Grade I but the fineness and uniformity are less than Grade 
I, with loose and open staple, sub-normal crimpness, and poor 
elasticity.

107

(b) New Standard (implemented December 1993)

Special 18.1−20.0 (70s) ≥75   ≥50** No presence of coarse/withered/kemp wool. All homogeneous and 
naturally white wool with similar fineness and length and normal 
crimps. Possible presence of small sharp wool tips on some staples.

N/A
20.1−21.5 (66s) ≥75 ≥50

21.6−23.0 (64s) ≥80 ≥50

23.1−25.0 (60s) ≥80 ≥50

I  18.1−21.5 (66−70s) ≥60 ≥50 The same as for special grade but with the possible presence of 
withered wool at the top of some staples.

N/A

 21.6−25.0 (60−64s) ≥60 ≥50

 II ≤25.0 (≥60s) ≥40 +*** No presence of coarse/withered/kemp wool. All homogeneous 
and naturally white wool with slight difference in fineness of wool 
fibres. Loose structure of staples.

N/A

Semi-fine (a) Old Standard (implemented in 1976)
I 46s to 58s 70−99 With 

grease and 
suint

All the wool should be naturally white and homogeneous semi-
fine wool with uniform fineness and wool length. Light and large 
crimpness, good elasticity, nice lustre, plain wool tip or small sharp 
wool tip and small hair plait with the shape of plied yarn. Thick hair 
plait for coarse semi-fine wool, but without withered hair or kemp.

114

II Ditto 40−69 Ditto Ditto 107

(b) New Standard (implemented December 1993)

Special 25.1−29.0 (56−58s) ≥90 + No presence of coarse/withered/kemp wool. All homogeneous 
and naturally white wool with similar fineness and length, and big 
and shallow crimps. Glossy staples with plain or small tips or with 
some small wool plaits at the wool tips.

N/A

29.7−37.0 (46−50s) ≥100 +

37.1−55.0 (36−44s) ≥120 +

I 25.1−29.0 (56−58s) ≥80 + Ditto

29.1−37.0 (46−50s) ≥90 + N/A
37.1−55.0 (36−44s) ≥100 +

 II ≤55.0 (≥36s) ≥60 + No presence of coarse/withered/kemp wool. All homogeneous 
and naturally white wool.

N/A

Improved (a) Old Standard (implemented in 1976)

I Literal description only 100
II Literal description only    91

(b) New Standard (implemented December 1993)

I Fineness not specified ≥60 Presence of ≤1.5% coarse/withered/kemp wool. All naturally white 
and basically homogeneous improved wool. Staples consist of fine 
hair and heterotypical wool. The homogeneity, crimps, grease/suint 
content and morphological characters are inferior to fine and semi-
fine wool. Presence of small or medium-sized wool plaits in staple.

N/A

 II Fineness not specified ≥40  Presence of ≤5.0% coarse/withered/kemp wool. All naturally white 
and heterogeneous improved wool. Staples consist of more than 
two types of wool fibre with big or very shallow crimps. Presence 
of small or medium sized wool plaits and grease/suint in staples.

N/A

N/A − Not applicable.

*  In the old standard, the length of the staple up from the bottom which must contain grease and suint was specified in cm. In the new standard, 
the requirement is for a certain proportion of the staple to contain grease and suint.

**  Percentage of the total length of staple wool containing grease and suint.

*** The staple must contain grease and suint.

Source: Longworth and Brown (1995).
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this was resorted into the 66s count industrial grade, about one-
eighth of it was Sort I wool, while a similar amount was woollen 
grade wool. Of all the wool regraded, 10.5% was purchased as 
“fine wool grade I” and around 74% of this wool was 66s or 64s 
count wool but it also contained significant quantities of Sort I 
wool, woollen grade wool and mixed-sort with vegetable fault 
wool.

 Similar data for other mills and other years thus indicate 
why top making mills have had to resort and regrade domestic 
wool at considerable cost (Longworth and Brown, 1995). These 
data demonstrate the rather mixed characteristics of wool in the 
various broad grades of the Old National Wool Grading Standard 
and hence in the official statistical categories. 

Quality Standard of Auctioned Wool

Since March 1991, wool offered for auction must be graded 
according to the Quality Standard of Auctioned Wool (Longworth 
and Brown, 1995). The detailed terminology that is essential for 
interpreting Chinese auction catalogues are summarised in Table 
6.9.

This standard contains detail about how the wool is to be 
appraised to determine the quality grade, how micron and clean 
yields are to be objectively measured prior to auction etc. However, 
the data provided for buyers in Chinese auction catalogues are 
limited to the name of the producer/seller, size of the lot in bales 
and tonnes greasy, fineness, staple length, assessed grade, clean 
yield and clean weight of the lot. No information is provided on 
other characteristics such as length, strength, position of break 
and wool colour all of which are made available, for example, in 
Australian wool auction catalogues. 

In China, wool that has been prepared to satisfy this standard 
is considered to have been prepared to the equivalent of Australian 
standards. Only a modest (and inexpensive) rehandling of wool 
prepared according to these Auction Regulations was required 
to obtain wool top that was  indistinguishable from top made 
from the same wool that had been through the conventional (and 
expensive) regrading according to the Industrial Wool-Sorts 
Standard at the mill (Li et al., 2002) .

 Despite several serious attempts to establish wool auctions 
in China (Brown et al., 2005), only the auctions administered by 
the Nanjing Wool Market (NWM) have survived for any period 

Table 6.8. Results of re-sorting of all wool purchased by the Inner Mongolia No. 1 Top making mill in Huhehot from 
purchase grades to industrial grades – 1991.

Raw wool purchase grade

Industrial grade  Fine 
wool

Fine 
wool

Improved 
fine wool

Semi-fine 
wool

Improved 
semi-fine

   Special 
grade

Grade I Grade II Grade I  Grade II Grade I

----- (percentage by weight on a clean scoured basis) -----

Count wool
70s 6.60 0.66

66s 72.68 61.56 50.62 14.92 9.53

64s 3.96 12.38 2.75 13.13 16.40 2.16

60/58s 50.82 0.60

56s 0.82

40/48s 0.05

Sort wool
Sort I 5.50 4.38 16.17 26.60 3.59 27.28

Sort II 0.35 0.89 2.95 14.22 7.94 2.61 12.33

Sort Ill 0.45 1.13 6.47 7.61 0.49 1.30

Sort IV 0.08 0.27 1.20 6.64 16.20 2.20 11.65

Sort IV(a) 0.01 0.25 0.51 4.82 33.68 0.88 8.42

Other wool
Woollen-grade 0.42 7.93 16.41 15.72 12.51 3.14 16.43

Mixed-sort, veg. fault 5.73 4.83 3.69 3.08 3.79 2.14 2.78

Mixed-sort not white 0.15 0.36 0.50 2.66 8.74 1.10 2.10

Defective wool 0.20 0.58 0.48 0.57 1.35 0.23 0.49

Yellow-stained wool 0.54 0.01 0.02

Scabby wool 0.11 0.16 0.07 0.08 0.08 0.04

Cotted wool 0.75 0.93 0.28 1.65 0.94 0.22 0.89

Dirty-cotted wool 1.19 0.15 0.25 0.11 0.39 0.39

Dust 2.27 3.68 2.97 4.22 3.64 3.51 3.62

Total 100 (1.0)* 100 (10.5) 100 (62.3) 100 (14.1) 100 (0.5) 100 (7.7) 100 (3.9)

*Figures in brackets are the percentage of total wool sorted which fell into this grade.
Source: Longworth and Brown (1995).
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Table 6.9. Summary of quality standard of auctioned wool.

 Fine wool Semi-fine wool Improved wool
Fineness count (µm) count (µm) (% of coarse-cavity wool)

70 (18.1−20.0) 58 (25.1−27.0) I (1.0)

66 (20.1−21.5) 56 (27.1−29.5) II (3.5−4.0)

64 (21.6−23.0) 50 (29.6−32.5) Ill (6.0−7.0)

60 (23.1−25.0) 48 (32.6−35.5)

46 (35.6−38.5)

44 (38.6−42.0)

Staple length (cm) (cm)

A (≥ 8.0) A (≥10.0)

 B (6.0−7. 9)  B (7.0−9.9)

C (4.0−5.9)  C (4.0−6.9)

D (< 4.0)

Quality grade (according to clip quality and apparent morphology)

I I

II II

III III

Source: Longworth and Brown (1995)). 

of time. Even these auctions have rarely sold more than 1,000 
tonnes of greasy wool in any one year.  Brown (1997) discusses 
the many reasons why the auction system has not proven more 
popular in China.

Sheep and sheep meat marketing 

There is much fragmentation and complexity in the marketing 
of live sheep and sheep meat in northern and western China. The 
traditional, very short, localised marketing chain still accounts 
for the overwhelming majority of trade. These arrangements 
service the enormous domestic consumer market for low-value 
generic sheep meat. The traditional marketing chain involves live 
sheep being sold in small local markets in very small numbers, 
slaughtered nearby and the sheep meat sold to housewives or 
small restaurant operators in a local wet market, all within a very 
short period of time. Indeed, the sheep meat will often find its 
way into the cooking pot within a day of the producer selling the 
live animal. 

Two new higher-value sheep meat markets have emerged in 
urban areas since the late 1990s. The largest higher-value market 
is the specialty “Hot Pot” restaurant trade. A second, smaller 
but rapidly growing market is that of the higher income urban 
consumer where housewives pay a substantial premium for sheep 
meat which embodies the additional food services provided 
by supermarkets and department store food-hall operators (i.e. 
cold chains, health and hygiene certification, quality guarantees 
and branding, packaging and presentation, etc.). In 2008 these 
two higher-value markets would have probably accounted for 
somewhat less than 10% of the total volume of sheep meat sold.

There are now a number of relatively large capital-intensive 
sheep slaughtering companies that operate sheep abattoirs to 
service the higher value markets. They usually source sheep 

directly from the larger specialised sheep raising producers but 
they also buy from sheep dealers who collect sheep from smaller 
producers and from local markets.  

China has also opened up small live sheep and frozen sheep 
meat export markets in South East Asia and the Middle East 
where the mutton from the large indigenous Chinese fat-tail 
breeds is popular.

Seasonality and other problems in pastoral localities

Due to the seasonality of production in most pastoral localities, 
especially mountainous localities, most sheep are sold off-farm in 
early autumn after they have been fattened on summer pastures. 
That is, before they enter into winter pen-feeding systems where 
they can be expected to lose weight despite costly feeding. As 
a result, sheep abattoirs that source sheep from the pastoral 
areas, operate on a highly seasonal basis from July to February. 
They often shut down for the rest of the year. This seasonality 
has implications for abattoir cash-flows, worker employment 
conditions etc. However, it more-or-less matches the peak 
consumer demand for sheep meat, especially in the restaurant 
trade, since sheep meat is widely regarded as a “hot” meat in 
traditional Chinese medicine, best consumed in the cooler months 
(October to March), especially if eaten as Hot Pot. 

Most of the sheep turned-off from remote pastoral locations 
are sold directly to traders at the “farm gate”, who hire trucks to 
pick up the livestock. While there is often significant competition 
between buyers, traders frequently base their offer prices on an 
assessment of the condition of the grasslands and the household 
living conditions as well as the intrinsic value of the livestock. 
The traders usually buy the sheep of each household as a “job 
lot”. Sheep are rarely weighed or measured on an individual 
basis. Indeed, the trader may play a significant part in selecting 
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which sheep the household decides to cull and sell by offering 
inducements for the household to sell certain sheep that the 
trader knows will be attractive when they on-sell the stock. This 
is one reason why herders do not always decide to cull the most 
appropriate sheep.  

Groups of herders in some remote pastoral localities, 
dissatisfied with the degree of competition between the local 
small traders, sometimes hire trucks so that they can transport 
and sell their stock in distant, large markets. Unfortunately, this is 
not always a successful strategy, as buyers in these markets have 
been known to refuse to buy the sheep transported by producers 
from distant locations. In this case, the producers are forced to 
pay housing and feed costs until the sheep are sold, often in a 
forced sale (Brown et al., 2008).

Importance of “rural trade” markets in more populated 
areas

Local governments in many pastoral localities have sought to 
build their own physical market places at which herders can 
sell their livestock. The aim is to replicate the systems that exist 
in the more densely populated localities where many periodic 
“rural trade” markets operate at a township or lower level. These 
markets sell a large range of agricultural produce including the 
vast majority of sheep and goats sold for slaughter.

At these market places trading takes place through personal 
relationships and by private treaty in the absence of standards, 
market information and contracts. The lots transacted commonly 
consist of one or a few head but in some rural trade markets 
that tend to specialise in small ruminants, small mobs of 20 
head or more may be purchased by a buyer acting on behalf of 

an abattoir. Some dealers who have bought sheep directly from 
remote households or at smaller markets may bring their stock 
to these larger markets in sizable trucks. Local households or 
smaller dealers can easily transport small numbers of sheep to 
these physical market places on two- and three-wheel bikes. The 
animals are kept in small pens or simply tethered in small areas of 
the market where the sellers (households and dealers) negotiate 
with buyers (slaughter households or abattoir buyers), sometimes 
through agents (Figure 6.19).

Slaughter households, traditional “wet” markets and 
food safety regulations

Most sheep sold at these rural trade markets are taken away and 
slaughtered in small-scale backyard slaughter operations owned 
by either a single household or a small group of households. 
These slaughter households either operate small stalls themselves 
or sell their mutton to other small stallholders at the local wet 
market where it is sold to housewives or to small food stall and 
restaurant owners (Figure 6.20). 

A high proportion of sheep meat and other fresh vegetables, 
meats, fish, eggs and other perishable foods are still purchased 
by housewives and most small restaurant operators at these 
wet markets, especially in rural areas. Despite the existence for 
decades of supermarkets and other fresh food outlets in Hong 
Kong, fresh meat is still extensively retailed through wet markets 
(Finch and Longworth, 2000)  

 However, regulations to improve hygiene and food safety 
levels in these household slaughtering and wet market retailing 
systems are being incrementally implemented throughout China 
to help modernise sheep slaughtering and meat marketing.   

Figure 6.19.  These entire male fat-tailed Kazakh sheep are being sold for slaughter in a small local market in Kashgar in far western 
Xinjiang. If purchased by a local household slaughterer, the meat will find its way to final consumers via the local wet market within 
24 hours. Traditionally, consumers in northern and western China have preferred strong tasting lean mutton from mature, entire, fat-
tailed male animals such as those pictured. Since the late 1990s, however, there has there been a marked growth in the demand for 
sheep meat suitable for “Hot Pot” cooking. That is, for meat from younger animals that has the fat more evenly dispersed throughout 
the meat and which does not have such a strong mutton smell.
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Large-scale market places, abattoirs and modernisation

While the highly fragmented and decentralised market 
arrangements for sheep and sheep meat are still dominant 
throughout agricultural and semi-pastoral areas, these systems 
have been under increasing pressure to modernise not only 
for food safety and hygiene reasons but also in response to the 
increasing commercialisation of the sheep meat sector. 

The most obvious change has been the development of 
much larger and more specialised livestock markets at regional/
prefecture levels. They are now especially prevalent:

around highly concentrated sheep production areas (such as •	
Heze in Shandong); 
at major transport hubs (such as in northern Hebei where •	
sheep are transported out of the Eastern Grasslands of 
Inner Mongolia or brought down from the north- eastern 
provinces); and 
near large urban concentrations of sheep-meat eating ethnic •	
groups like  Uighur and Kazakhs (such as Urumqi, the 
capital of Xinjiang). 

These large-scale market places trade substantial numbers of 
sheep (Figure 6.21). As a result, they attract a large number of 
buyers and sellers and enable the aggregation of consistent lines 
of sheep that are attractive to large commercial feedlots and large 
slaughter operations.

China had a significant number of large sheep and beef 
abattoirs in the Central Planning era. State-owned General Food 
Company (GFC) abattoirs were established, especially in the 
pastoral region, to service sheep-meat and beef eating ethnic 
minority populations (e.g. Huis and Mongolians) living in major 

cities. These GFC abattoirs also exported significant quantities of 
frozen beef and mutton to the USSR in the 1980s. 

The GFC network had a large cold storage capacity and 
also stored strategic reserves of meat and other foods. During 
the reform of State-owned enterprises at the end of the 1980s 
and throughout the 1990s, almost all of these GFC abattoirs 
fell into disuse and disrepair. However, in recent times many of 
these facilities have been bought cheaply and re-commissioned 
by local entrepreneurs. Some of these refurbished abattoirs now 
aim to supply the higher value markets in urban areas. Others, 
however, have been given virtual monopoly status in the supply 
of beef and sheep meat for certain cities as part of the on-going 
implementation of regulations to ban household slaughtering and 
improve food safety standards.

Some of these refurbished abattoirs are particularly important 
in the production and processing of sheep meat for the burgeoning 
“Hot Pot” trade, which requires “tasty” sheep meat with 
significant fat content from the pastoral areas (Figure 6.22). This 
meat needs to be boned, pressed into rolls, sliced, packaged and 
frozen. At its peak, the large Hot Pot restaurant-owning company 
Caoyuan Xingfa owned up to 60 former GFC abattoirs. However, 
reflecting the financial pressures facing most large abattoirs, this 
company collapsed. However, the more successful operator of 
over a thousand Hot Pot restaurants, the Xiaofeiyang chain, 
sources products from many former GFC abattoirs (but owns 
only a few). Some of the more successful former GFC abattoirs 
are major sources of frozen sheep meat for the low-value exports 
to Southeast Asia and the Middle East.  

There have also been several attempts to build “Greenfield” 
modern abattoirs. One such venture called Kangda, which aimed 
to be the biggest abattoir in Asia, failed. However, others such 

Figure 6.20.  Small independently operated wet market stalls such this account for the sale of the overwhelming majority of 
the fresh sheep meat marketed in China. This lower-value generic sheep meat is usually sold within a few hours of slaughter 
without the need for a cold chain or any grading system. Gradually, concerns about food safety are having an impact on the 
health and hygiene regulations and their implementation in these wet markets. 
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as Hualing in Urumqi, have proven successful but these new 
abattoirs usually require preferential treatment by government to 
remain economically viable. Large beef and sheep abattoirs in 
China often face insurmountable and inter-related hurdles: 

their labour and other costs are too high relative to costs of •	
the smaller household-based operations with which they 
have to compete for a slice of the enormous but low-value 
domestic consumer market; 

they are unable to source sufficient livestock of the appropriate •	
quality on a regular basis; and most important of all, 
they cannot sell sufficient of their throughput into a premium •	
product market. 

Modernisation of sheep meat marketing in China will see more 
and more of the sheep killed at centralised slaughtering points 
which are subject to appropriate health and hygiene inspections. 

Figure 6.21.  Big dealers and even large specialist sheep herders may sell relatively large “job lots” of sheep and goats to 
abattoirs at regional markets such this one outside Urumqi the capital of Xinjiang, However, buyers may also “do deals” for 
selected animals from within the larger lot. All livestock trading in China is by private treaty on a per head basis.  

Figure 6.22.  Modest-sized hygienic abattoirs with cold storage facilities, such as this one in Altay in the far north of Xinjiang, 
service the small but rapidly growing higher-value sheep meat trade. These Altay Fat-rumped breed carcasses have been 
inspected and stamped – see the marks – by official government inspectors. To remain economically viable, these abattoirs 
must sell most of their product into the “Hot Pot” and other premium markets. Their costs are too high for them to compete 
with household slaughterers in the mass consumer market. 
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These centralised points are often little more than physical places 
to which slaughter households bring their animals before they 
slaughter them. There may also be many more small abattoirs 
where slaughter households can have their sheep killed under 
hygienic conditions on a fee for service basis. At the same time, 
some of the larger abattoirs (especially former GFCs) are working 
with local authorities in certain localities to broaden the sheep 
meat “product range”. For example, there have been trials with 
the production of 6-month old lambs and out of season turnoff. 
However, the modernisation of sheep meat marketing in China 
will be a slow process and most sheep meat will pass through the 
traditional wet market channel for decades to come.

 

Wool processing

China is now easily the most important wool importing and 
processing country in the world. It ranks as the largest producer 
of wool top, spinning yarn, worsted and woollen apparel products 
and blankets. It is the largest exporter of wool top and wool-based 
products. Nevertheless, the wool textile segment makes up only 
around 6% of the total output value of the enormous Chinese 
textile industry which is dominated by synthetic and cotton 
manufacturing.

Background

A wool textile industry existed in China before the establishment 
of the People’s Republic. Indeed, official data indicate that 
there were 130,000 wool spindles in China in 1949, the year 
the PRC was established. The industry grew only slowly over 
the next 30 years with the spindle count being 533,000 in 1979 
(Zhang, 1990). During this period, with the minor exception of 
some specialty carpet manufacturing, the Ministry of Textiles 
Industry controlled all wool mills which were usually large state-
owned enterprises (SOEs) sometimes employing over 6,000 
people. Some were specialised in top making, but most were 
large integrated woollen and/or worsted operations. While the 
majority of these mills were located in the major eastern cities of 
Shenyang, Tianjin, Beijing and Shanghai, about one seventh of 
the spindle capacity in 1980 was located in the pastoral provinces 
of Xinjiang, Gansu, Inner Mongolia and Tibet (Zhang, 1990). 
Until 1985, domestically grown wool was acquired by the Supply 
and Marketing Cooperatives and distributed to mills under the 
State Plan. Relatively small amounts of wool were imported in 
some years.

During the 1980s the wool textile industry expanded fourfold 
with the total number of wool spindles reaching 2.3 million in 
1988. Much of the expansion occurred in the traditional SOE 
sector but a significant proportion of the growth came from a 
completely new sector. After the fiscal decentralisation reforms 
in the early 1980s − which gave local governments much great 
budgetary freedom and permission to retain a larger share of 
their tax revenues − many local governments invested in low 
technology manufacturing enterprises which became known 
as Township Village Enterprises (TVEs). Wool processing was 

well suited to this development strategy. Hundreds of small 
TVE wool mills were set up in eastern provinces. Many county 
governments in the northern and western wool-growing areas set 
up wool scours, top making plants and in some cases even small 
integrated woollen and worsted mills (Brown and Longworth, 
1992; Longworth and Brown, 1995). In Xinjiang, for example, 
over 100 small wool processing plants, often with only about 
100 spindles, were established. In many cases, the TVEs were 
established with the often obsolete machinery being sold by the 
more progressive large SOE mills that were modernising and 
expanding their plants during the1980s. 

Unfortunately almost all of the small processing plants set 
up in wool-growing areas were unviable from the start and 
represented a huge waste of scarce development capital (Brown 
and Longworth, 1992). However, many of the larger, better 
equipped and managed TVE wool mills in the eastern provinces 
prospered. They were not under the control of the Ministry of 
Textiles and operated outside the State Plan. After 1985 they 
were able to purchase domestic wool on the open market and also 
arrange through State Trading Enterprises for the importation of 
wool. Indeed, a major part of the surge in the demand for, and 
hence price of, wool in the second half of the 1980s − both on 
the domestic front in China and internationally − reflected the 
emergence of these TVEs. 

By 1988 there were a total of 1,985 TVE wool textile plants. 
The growth of the new TVE sector changed the regional balance 
of wool processing. There was a massive increase in wool 
processing capacity to Jiangsu, Shandong, Zhejiang and to a 
lesser degree in Liaoning (Zhang, 1990). For example, at the start 
of the 1980s, Jiangsu had 82,000 wool spindles and ranked as 
second to Shanghai with 125,000 spindles. By 1988, Jiangsu was 
the largest wool processing province with 541,000 wool spindles 
which was more than twice the Shanghai capacity at that time. 
However, when the domestic demand for blankets and other 
generic low value wool goods collapsed in the 1989-1991 period, 
the new TVE sector was hit especially hard. 

Restructuring and emergence of China as the wool 
textile powerhouse

Since 1992 there has been a major restructuring in the wool 
textile industry. These changes have been driven by market 
forces and have also been heavily influenced by government 
policies, especially since 1998 (Brown et al., 2005). The industry 
that exists in 2009 is completely different to that which existed in 
the mid-1990s (Lyons, 2009). 

Almost all the traditional SOE mills and many of the TVEs 
have either been closed down or restructured under new forms of 
ownership (Brown et al., 2005). The Ministry of Textiles Industry 
no longer exists. It was the first specialised economic department 
to be reformed. In 1993 it was down-graded to a Textile Industries 
Bureau under the State Economic and Trade Commission and 
then it became the current semi-governmental Textile Industries 
Association. The China Wool Textile Association (CWTA) is 
one small branch of this large Association. It has less than 10 
staff but formally represents the interests of all wool processing 
enterprises in China. 
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During the 1990s, but especially since 1998, two very 
different wool textile sectors have emerged. First, there is the 
domestic lower-value sector consisting of a great variety of mills 
including some former SOEs and TVEs but dominated by a 
large number of small-scale private processing plants with low 
capital intensities and relatively low total costs. Secondly, there 
is a higher-value internationally-oriented sector that consists of 
large capital-intensive mills with relatively much higher costs. 
Increasingly, to remain economically viable, these larger textile 
mills must sell most of their products into the higher-quality/
higher-value domestic market and/or their products need to be 
of sufficient quality for export. Whilst many larger mills continue 
to sell into lower- to mid-value domestic markets, they are under 
increasing pressure to up-grade the quality of their output. This 
new high quality, export-oriented sector relies almost exclusively 
on imported wool as its raw material. Its emergence has made 
China the wool textile exporting powerhouse of the world. 

Lower-value domestic market sector

There are now hundreds of small wool factories in China scouring 
and processing mainly domestically grown wool − but in some 
cases also imported wool − for local end uses. Although many of 
the TVE scours and mills established in the 1980s were closed 
down in the 1990s, perhaps a third of the ~2000 TVEs that existed 
then have been re-structured under new management/ownership 
arrangements. These former TVE mills represent a significant 
part of the lower-value domestic market sector. Similarly, some 
of the old SOE mills have been successfully re-structured and 
their ownership re-organised and these mills represent some of 
the larger worsted enterprises in the domestic market-oriented 
sector. However, there are now also a large number of relatively 
new, small-scale private scours and textile mills, many of which 
only operate seasonally.

This extremely diverse and strictly domestic market-oriented 
sector handles a very wide range of wools from extremely coarse 
carpet wool, through semi-fine wool, to the majority of the fine 
and improved fine wool grown in China. Some of these mills also 
process large qualities of recycled and fellmongered wool. While 
some of the end products (e.g. carpets, upholstery, hand-knitting 
yarns, and even some worsted and woollen fabrics) are relatively 
high value, most products are lower-grade dark-coloured yarns 
and lower value worsted and woollen fabrics, blankets and other 
bedding material, while the really low grade wool is used for 
packing and insulation. 

Small scale, predominantly woollen processors in this sector 
tend to be concentrated in certain localities in southern and 
eastern China. For example, in the south there is a tendency 
towards small labour intensive knitwear operations, especially 
in Guangdong around the City of Dongguan and in Zhejiang in 
the Tongxiang and Jiaxing region. One of the most important 
concentrations of small-scale wool processors is in eastern China 
in Li, Xinji and Wuji Counties of Hebei Province (Figure 6.23). 
In 2003, Li County had 20 small wool scours with a combined 
potential annual capacity of 100,000 t greasy wool. Officials 
claimed that there were also 210 small private woollen mills with 
a total of 150,000 spindles in Li County (Brown et al., 2005).

Figure 6.23.  In certain areas in southern and eastern China, there 
are clusters of small-scale, low-capital intensive wool factories 
such as this mill in Li County of Hebei province. These mills 
process much of the lower-quality wool grown in China for the 
lower-value, domestic wool-goods market.

The larger top making and worsted wool mills in the domestic 
market sector tend to be concentrated around Shanghai and in 
Shandong but some are “up-country” (e.g. Lanzhou Sanmao in 
Gansu and Chifeng Ermao in eastern Inner Mongolia). These 
mills purchase, resort and regrade the major proportion of the 
better-quality domestically-grown fine and improved fine wool 
directly from the larger specialist wool traders or sometimes 
directly from State farms or township grower groups (Figure 
6.24). These mills also sometimes use significant quantities of 
imported wool. Some of the larger mills specialise in the mid-
value market for long runs of dark coloured yarns and fabrics 
suitable for uniforms. Indeed, Chinese mills now dominate the 
uniform market not only on the domestic Chinese scene but also 
in countries such as Japan and Korea.

Many small scale processors, especially those handling 
coarse wool and semi-fine wool, buy wool from small to medium-
sized traders in the general trade markets that traditionally sell 
significant amounts of coarse and semi-fine wool and skins for 
many months of the year. One such market is Sanjiaji in Linxia 
County of eastern Gansu. This market area is a natural “funnel” 
for live sheep and goats, wool, cashmere and skins from Gansu, 
Qinghai and Sichuan Provinces and it is located on the main rail 
line from western to eastern China. 

In some localities such as Li, Xinji and Wuji Counties − 
where there is a concentration of very small wool processing 
plants − temporary specialist wool markets open at the end of 
the shearing season (August - October) each year (Figure 6.25). 
These markets are usually located on natural wool transport 
routes from the northern and western production areas to eastern 
and southern processing areas. For example, the market in Li 
County handles much wool from Shanxi, Inner Mongolia and 
the northern provinces of Liaoning, Jilin and Heilongjiang. 
Officials claim it covered 26 ha and turned over as much as 
100,000 t greasy wool in 2003 (i.e. ~25% of the Chinese clip). At 
these markets the traders lease bare land from local farmers and 
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simply spread their wool for sale on the ground where it becomes 
tangled and dirty. The small wool processors inspect what is on 
offer, negotiate a deal by private treaty, pitchfork their raw wool 
purchases into small trucks and transport it to scours. 

Figure 6.25.  In southern and eastern China where there are 
concentrations of small wool processors, temporary open-air raw 
wool markets are established each year. Traders who have bought 
and transported the wool from distant growing areas, spread it 
on bare farmland for the mill operators to inspect, purchase by 
private treaty and cart away to local small scours.

Modern higher-quality and internationally-oriented 
sector    

The dramatic re-structuring of the Chinese wool textile 
industry and the recent emergence of the new, higher-quality 
internationally-oriented, top making sector have had a big impact 
on the international wool trade. 

There has been a remarkable shift in top making capacity 
to China since the mid-1990s. In 2005, global wool top making 
capacity was estimated at 444 million kg with 44% of this in 
China (Figure 6.26). The shift in top making capacity to China 
− which has continued since 2005 albeit at a slower pace − 
demonstrated by the data in Figure 6.26, was the result not only 
of some increase in top making capacity in China but also of 
a substantial decrease in all other traditional wool processing 
countries. From 1995 to 2005, global capacity declined from 710 
to 444 million kg reflecting the decline in world wool production 
and hence availability over this period.

Despite the fall in world wool supplies, the amount of wool 
and wool top imported by China has increased slightly since the 
mid 1990s (Figure 6.27). However, there has been considerable 
variation from year to year. 

China imported ~75% of all the wool it processed in 2009. 
About 70% of these imports are sourced from Australia and 
almost all the Australian wool is used by top makers. However, 
wool production in Australia has declined by about 50 % since 
1990. As top making capacity has increased in China so have 
greasy wool imports from Australia, so China’s share of Australian 
exports has increased and China is now easily the largest market 
for Australian greasy wool (Figure 6.28). But since 2000, there 
has been a marked change in the mix of wool types (as indicated 
by mean fibre diameter) imported from Australia (Table 6.10). 

Since 2000, there has been a major increase in the proportion 
of imports from Australia finer than 19 micron (Table 6.10).This 
shift towards finer wool reflects the establishment of a relatively 
small number of large, modern top-making enterprises. Some of 
these China-located mills, especially those with strong foreign 
connections, use world’s best practice. They export fine wool top 
to the traditional spinners of highest quality yarns and are now 
the major suppliers of top for manufacturers of yarns and fabrics 
in Japan, Korea, Europe, Turkey and Taiwan. 

Figure 6.24.  Fine wool grown in China and destined to be made into top must be re-sorted at considerable cost at the mill 
prior to scouring. Top makers consider skirting and classing (clip preparation) at shearing or subsequently to be inadequate. 
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Figure 6.27.  China’s raw and wool top imports: 1995-2008.  
Source: The Woolmark Company, China Customs as cited in 
Lyons (2009).

However, most of the enterprises in this new sector, especially 
those with a strong domestic background, still use the 
traditional lower technology option of dyeing at the top stage 
rather than at the yarn or fabric stage (Chapter 26). Some of 
the premium value attached to clean, fine, white Australian 
wool is lost when it is dyed at the top stage. This is a major 
difference between the mills of domestic origin and those 
China-located mills established by foreign companies. 

Nevertheless, the modern wool textile enterprises of domestic 
origin in the new sector make quality top for spinning in China, 
either by their own woollen or worsted mills or for sale to other 
China-located spinners. Ultimately, this high quality wool is 
destined either for export as yarn, woven fabrics or garments 
or for the top-end of the rapidly growing domestic wool goods 
market. In recent years, China has emerged as the world’s largest 
national market for better quality wool goods. Therefore, despite 

Figure 6.26.  Estimates of global wool top making capacity: 1995, 2000 and 2005. Source: The Woolmark Company, 2006 
as cited by Lyons (2009).

Figure 6.28.  Australian wool exports by destination: 1979-2006. Source: AWEX (2007).
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being the major exporter of wool-based products, China is also a 
large net importer of wool fabric. As a result, China has come to 
dominate world trade in wool textiles as well as in raw wool.

Table 6.10. Total imports of Australian wool into China and 
the proportion in each micron category: 1986 – 2008. 

Year Total 
imports

(kt clean)

Proportion of total imports  
by micron category 

(%)

<20 micron 20 to 23 
micron

24 to 27 
micron

> 27 
micron

1986 58.60 14.3 75.0 8.3 2.3

1987 59.64 14.4 66.8 15.5 3.4

1988 57.79 3.1 69.9 11.7 15.2

1989 23.07 6.7 66.4 12.7 14.1

1990 17.73 3.5 66.3 26.0 4.1

1991 68.00 2.4 70.5 23.0 4.0

1992 83.74 7.5 70.7 14.8 7.0

1993 104.28 3.4 64.4 24.0 8.1

1994 110.04 2.1 68.9 22.2 6.8

1995 93.72 6.9 69.5 15.7 7.9

1996 118.38 5.1 72.8 15.6 6.4

1997 110.07 6.8 72.4 13.8 6.9

1998 86.08 9.7 72.0 8.4 10.0

1999 113.39 11.9 73.3 6.9 7.8

2000 165.36 10.2 74.0 7.6 8.1

2001 170.21 12.1 72.0 7.8 8.1

2002 137.28 21.5 66.6 5.9 6.0

2003 92.48 30.2 57.0 4.2 8.6

2004 149.01 31.8 54.4 5.1 8.6

2005 171.65 32.6 54.6 5.0 7.8

2006 177.37 30.1 56.9 6.4 6.7

2007 182.16 37.1 48.8 7.1 7.0

2008 158.75 35.0 48.1 6.9 10.1

Source: ABS accessed via AWEX online. 

The 20 largest China-located firms that operate in this new 
higher-quality export oriented sector ranked according to 
the amount of Australian wool for which Chinese Customs 
listed them as the importer, are shown in Table 6.11. These 
20 firms accounted for almost half of all the Australian wool 
imported in 2006. . Of these firms, all but Ningbo Reward 
and Zhangjiagang Yangtze Combing still rely on market 
intermediaries as the major source of their raw material 
needs (Lyons, 2009). Therefore, some of these firms would 
have purchased relatively large amounts of wool from other 
importers, especially the large traditional State Trading 
Enterprises (STEs). The seven STEs that imported the most 
Australian wool in 2006 accounted for another 30% of the 
total imports from Australia in that year. Some of the 20 firms 
listed in Table 6.11 may also have on-sold wool to other mills. 
Therefore, the amounts shown in Table 6.11 are likely to be 
poor indicators of the total amounts of Australian wool some 
of these enterprises processed in 2006. Never-the-less, Table 
6.11 identifies the major mills in this new higher-quality 
export-oriented sector. 

The mills in this new higher quality sector are located in eastern 
seaboard provinces with a major cluster in southern Jiangsu 
between Shanghai and Nanjing, especially in and around the 
Free Trade Zone (FTZ) at Zhangjiagang (Table 6.11). Their 
official China Customs ownership classification is based on 
their background but in many cases does not reflect their current 
ownership structure. Many listed joint ventures were initially 
joint ventures between foreign textile interests and former 
SOEs, or TVEs that had been re-structured, sometimes by well 
connected entrepreneurs but often by “intrapreneurs” − that is by 
former managers and employees. Some of these joint ventures 
have since been taken over by the foreign partner and are now 
really whole-owned foreign enterprises. Others have seen the 
local management and other parties assume control and are now 
effectively private locally-owned enterprises (Lyons, 2009). The 
diverse and at times complicated ownership structures − often 
involving varying degrees of foreign ownership and control − 
confirm that the mills in this sector are best collectively referred 
to as being “China-located” rather than “Chinese”. 

Top makers in this new higher value sector rely almost 
exclusively on imported wool and rarely use domestically grown 
fine wool (Figure 6.29). They argue that it is difficult to obtain 
large homogeneous consignments of domestic wool that has 
been well prepared at shearing. They consider that domestic 
wool always needs to be resorted at considerable expense prior 
to scouring. Most of the higher quality top makers do not have 
suitable facilities available for this task and skilled wool sorters 
are becoming increasingly scarce and expensive. 

In addition, makers of high quality top consider that domestic 
greasy wool is a risky raw material. These mills need to maintain 
their commercial reputation for producing high quality top that 
is true to its description and free of impurities and imperfections 
that might create problems that are costly to correct later along 
the wool processing pipeline. Chinese domestic wool often 
contains foreign fibres such as plastic and jute picked up during 
packaging and transportation to market. Sheep are often run with 
goats and with local breed meat sheep that may have fleeces 
of coloured wool, so there is a risk of contamination with goat 
hair and coloured wool fibres (Figures 6.8 and 6.12). Another 
problem with domestically grown fine wool is that much of it 
has extensive tip damage caused by ultra-violet light because the 
sheep have been grazing at high altitudes during summer. UV 
damage results in dyeing problems (Chapter 26) so domestic fine 
and improved fine wool is used primarily to make lower-quality 
dark-coloured yarns and fabrics. Top made from domestic wool 
also often does not have the tensile strength required by the ultra-
fast modern equipment used by many spinner clients, especially 
overseas clients, of the new higher-quality top making sector.

Future developments   

The Chinese sheep industry, as with most Chinese industries, has 
experienced enormous growth and change since the economic 
liberalisation era began in the late 1970s. Brown et al. (2005) 
identified the mega-forces driving these developments and 
which are likely to continue to operate into the future. Therefore, 
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the broad trends discussed in this chapter, can be expected to 
continue.

Sheep numbers and wool output

The increase in sheep numbers from 1995 to 2005 − despite 
worsening grassland degradation in pastoral areas and 

competition from other livestock for feed in agricultural areas 
− was remarkable. Since 2005, the growth in sheep numbers 
has levelled off and total sheep numbers may have reached a 
plateau.

Whilst China has the largest sheep flock in the world, it is a 
very mixed flock. The majority are native local breeds of meat 
sheep that produce very coarse, often coloured, fleeces. During 

Table 6.11. Location and ownership type of 20 largest China-located top makers ranked according to imports of Australian 
wool in 2006. 
 China-located top makers Location 

(City, Province)
Ownership

 type*
Amount imported 

(kt  clean)
Percentage of total 
Australian imports 

1 Ningbo Reward                                                                         Ningbo, Zhejiang JV 15.32 8.23
2 Tianyu Wool Industry Zhangjiagang Free Trade Zone        Zhangjiagang, Jiangsu JV 11.50 6.18
3 Australia Harvest                                                                      Zhangjiagang, Jiangsu JV 8.39 4.51
4 Zhangjiagang Yangtse Wool Combing (Chargeurs)           Zhangjiagang, Jiangsu JV 6.84 3.67
5 New Chuwa (Xin Ao Group)                                                    Tongxiang, Jiangsu JV 6.74 3.62
6 Jiangsu Sunshine Group                                                         Jiangyin, Jiangsu TVE 6.19 3.32
7 Jiangyin Shenghai (G Schneider Group)                               Jiangyin, Jiangsu JV 4.87 2.61
8 Zhejiang Red Sun Wollen Textile                                          Tongxiang, Jiangsu JV 3.47 1.86
9 Jiangyin City Zhenxin Textile                                                          Jiangyin, Jiangsu JV 3.18 1.70
10 Changzhou City Wool Piece Factory                                     Changzhou, Jiangsu JV 2.88 1.54
11 Nanhai Pindar Wool (Lempriere)                                        Foshan, Guangdong JV 2.87 1.54
12 Huafang Group Wool Textile Dyeing Company                   Jiangyin, Jiangsu JV 2.70 1.45
13 Nijiaxiang Group Jiangyin, Jiangsu TVE 2.54 1.36
14 Sanmao Group Corporation                                                   Jiangyin, Jiangsu TVE 2.25 1.20
15 Shanghai Shengyi (Shanghai No.1)                                       Shanghai, Shanghai SOE 2.07 1.11
16 Zhangjiagang Free Trade Zone Quanda                              Zhangjiagang, Jiangsu P 1.94 1.04
17 Zhangjiagang Free Trade Zone United Development         Zhangjiagang, Jiangsu P 1.92 1.03
18 Zhangjiagang Hua Lu Woollen Textile                                 Zhangjiagang, Jiangsu P 1.76 0.90
19 Zhejiang Zhong Xin Woollen Knitting Co. Ningbo, Zhejiang JV 1.65 0.88
20 Shandong Jining Ruyi Textile Stock                                              Jining, Shandong SOE 1.53 0.80
 Total 90.60 48.55
* Ownership types are as follows: JV – joint venture; WOFE – Whole-owned foreign enterprise; P – Private; TVE – Township and village 
enterprise; SOE – State-owned enterprise.
Source: China Customs and China Goodwill Business (2007).

Figure 6.29.  To remain viable, large modern capital-intensive wool processing mills must produce either for the higher-value domestic 
market or for export. To meet the quality requirements of these markets they rely almost entirely on imported wool as their raw 
material.
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the 1980s, as the result of major programs in pastoral areas 
aimed at up-grading local sheep, the proportion of sheep growing 
merino-style wool increased significantly, but from a very small 
base. However, this proportion has declined steadily since the 
early 1990s. This trend will continue as sheep-raising households, 
even in localities that were once considered specialist fine-wool 
growing areas, continue to move towards raising semi-fine wool 
dual-purpose sheep or coarse-wool meat sheep. 

Consequently, the future output of the official Chinese 
statistical category “fine wool” is not likely to increase 
significantly and the amount of genuine merino-style wool in this 
category will continue to diminish. Semi-fine wool production 
seems to have levelled-out. However, the output of coarse carpet-
style wools has more than doubled since 1995 and may continue 
to expand as the proportion of the national flock being raised for 
meat increases.

 
Sheep meat production and marketing

Although total sheep numbers in China may have plateaued, the 
output of sheep meat will continue to grow to meet the expanding 
demand for sheep meat. The increased production will come 
from the growth in the proportion of the national flock that is 
raised for meat and from the productivity increases that will flow 
as larger-scale, more intensive production methods replace the 
traditional small-scale, low productivity systems.

In pastoral and semi-pastoral areas central government 
policies aimed at combating grassland degradation, such as the 
Reduce Grazing Return Grasslands program, subsidize herders 
to raise their sheep (and goats) intensively in sheds and yards for 
long periods of the year. However, with the exception of semi-
pastoral areas, where herders may have ongoing local access to 
less expensive feeds, it is unlikely that these intensive systems will 
prove economic should the subsidies on feeds (and the costs of 
their transport) be withdrawn. On the other hand, if the subsidies 
and official pressure to comply continue to apply, there will be 
major changes in the pastoral areas towards fewer but larger 
specialised herder households primarily raising meat sheep. 
These households will sell their surplus sheep prior to winter for 
finishing in commercial feedlots located closer to major sheep 
meat markets. The decline in the traditional semi-nomadic herder 
population will be especially noticeable in pastoral areas where 
policies initiated as part of the massive national Develop the West 
Strategy are creating opportunities for the younger members of 
herder households to adopt more urban lifestyles. As Longworth 
and Williamson (1993) argued, solving the grassland degradation 
problems in the pastoral zone of China is as much about reducing 
population pressure as it is about reducing grazing pressure. 

In agricultural areas, for the foreseeable future, tens of 
millions of households will continue to raise a few sheep (and/
or goats) for home consumption or for sale at the local market. 
These animals are usually purchased and slaughtered locally by 
small-scale household slaughterers; the “mutton” is sold through 
the traditional, local, wet market to housewives and operators of 
small restaurants and food stalls; and the meat cooked and eaten 
within 24 hours of slaughter. Gradually, this low-value generic 

sheep (and goat) meat trade is becoming subject to food safety 
regulations as more and more local governments enforce the use 
of centralised slaughter points rather than “backyard” killing 
sites. However, the convenience and cheapness of the traditional 
marketing channel ensures its survival as the major outlet for 
generic, lower-value sheep (and goat) meat.

The trend since the early 2000s for the higher-value sheep 
meat trade to be serviced by larger specialist households and 
commercial feedlots will continue. These operations will 
increasingly integrate − through the further development of large 
regional markets − with specialist sheep breeding households in 
pastoral areas. This rapidly expanding higher-value, commercial 
market − which supplies consumers through modern hotels, 
restaurants, supermarkets, and department store food-halls − is 
serviced by abattoirs and well developed cold chains that comply 
with food safety certification requirements. Some of these 
abattoirs will also continue to develop export markets for frozen 
sheep meat in South East Asia and in the Middle East, where 
the large fat-tail carcasses available in China are popular with 
Moslem populations.

Wool processing, marketing and trade

China is now the largest processor and user of wool-based products 
in the world and this will continue to be the case. Wool processing 
has undergone major re-structuring driven by market forces and 
central government policies in the decade to 2009.  Despite the 
marginal profitability of many mills and the implementation of 
government policies aimed at cutting back excess capacity; re-
structuring ownership arrangements; and reducing the pollution 
problems created by wool processing plants − there are still 
hundreds of small wool scours and wool manufacturing mills 
in China. Except for the relatively small amount of genuine 
merino-style fine wool and some specialty carpet wools, all the 
domestically-grown wool is processed by these essentially low 
technology mills for generic, lower-value domestic end uses. This 
will continue, although further rationalisation of this domestic-
market-oriented processing sector is inevitable. 

There is a complex marketing chain of small, medium and 
large traders that link the myriad of small-scale, geographically 
dispersed, sheep raising households to the mills that process 
domestic wool. Most of this domestic wool is only suitable for 
low-value, generic end-uses, so this low cost marketing system 
is unlikely to change. 

There is, however, the potential for the modest proportion of 
the national clip which is good quality genuine merino-style fine 
wool to attract significantly higher prices if it is: first, kept free 
of contamination by foreign fibres; secondly, properly prepared 
for market; and thirdly offered for sale in large, relatively 
homogeneous lines. Recent efforts to develop new marketing 
channels designed to meet these three conditions may lead to 
major changes in how the best Chinese wool is marketed. Very 
little of this type of domestic wool currently enters the high-
quality, high-value export-oriented processing sector that has 
emerged since 2000. Mills in this modern processing sector rely 
almost entirely on imported raw materials. This new processing 
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sector now dominates the international markets for raw wool, 
wool top and for wool-based yarns and fabrics. This is likely to 
continue. However, just as China has replaced Japan and Europe, 
eventually some other country with much lower labour and other 
processing costs and less rigid environmental controls − such as 
Vietnam − may usurp China’s role as the world’s major early-
stage wool processor. 

The emergence of the new higher-quality internationally-
oriented processing sector in China has had a dramatic impact 
on the international trade in wool and wool-based products. This 
development has largely occurred since China’s accession to 
WTO in December 2001 but was not facilitated to any marked 
degree by this development. Indeed, Chinese trade policy as it 
impacts on wool imports has not been subject to major change 
since China’s accession to WTO. Future decisions by China to 
remove the requirement for re-testing all wool imports and to 
eliminate the Tariff Rate Quota importing regime that applies to 
wool, are two long overdue reforms that would greatly facilitate 
the freer flow of wool into China. 
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Overview

Wool has been grown from the dawn of mankind and has shaped 
much of the world’s development. There is reference to it in 
the Bible (Proverbs 27:26 “…the lambs will provide you with 
clothing…”) and in many legends (Jason and the golden fleece).

From around 1000 AD Western Europeans began struggling 
to find international markets (Chapter 1). The textile producers 
marketed a wide range of woollen, worsted, and semi-worsted 
wool-based textiles. They ranged in quality and price from the 
relatively inexpensive to the ultra-luxurious woollen scarlets, 
aimed at aristocratic markets. This expansion of market 
transformed an essentially rural domestic handicraft industry 
into a very complex, essentially urban based industry, with a very 
complex division of labour. This was an industrial revolution as 
important as the subsequent 18th century cotton revolution, only 
it was more or less completed by the 15th century. Many textile 
producers were forced to leave the export-oriented production of 
cheaper, lighter textiles in favour of the high-priced, much more 
luxurious heavy-weight woollens. By the 12th century wool was 
becoming England’s greatest national asset; the Woolsack, the 
chair stuffed with English wool used since that time for the seat 
of the presiding officer of the House of Lords, was made to reflect 
the source of prosperity of England (Chapter 1). 

The guilds of woollen manufacturers grew into a significant 
economic force in many European cities and became involved 
in the defence of city walls. Troops on their payrolls assured the 
function of towers in city walls (Figure 7.1).

Figure 7.1. Stoffhändlerbastei (Bastion of wool fabric han-
dlers) in Kronstadt (today Brasov, Romania). An example of 
a bastion built in 1450 – 1455 by the guild of gold work-
ers and taken over in 1640 by the woollen fabric handlers.  
Source : Wikipedia (2009).

In exchange, the guilds obtained from the local rulers their 
fiscal protection and import taxes. 

The wool trade shaped the economics of Europe during 
the Middle Ages, with raw material supplied predominantly 
from England and Castile, and the processing manufacturers 
distributed mainly in Flanders and middle Italy. The fine 
wool range was produced almost exclusively from the 13-14th 
century by Spanish Merinos. Until the 18th century the selling 
of Merino lambs outside Spain was a crime punishable with 
death (Chapter 1). The Napoleonic wars and the related 
European events around the turn of the 19th century had a 
massive impact. During the 50 years of unrest around 1800 
the nucleus of Spanish Merinos was dispersed around the 
world and wool trade dominance shifted to Germany, the 
USA and Australia.

Wool demand remains interlaced with world events. 
Figure 7.2 illustrates how the political and economic crises 
of the last two decades were mirrored by world wool 
consumption. Wool prices also fluctuate weekly like those of 
the other commodities (Zahn et al., 2003).

Figure 7.2. The effect of world events on wool demand.
Source: AWI-Woolmark (2006).

 

Sheep numbers

Influenced by history and traditions and current economic 
pressure, sheep distribution in Europe is patchy (Figure 7.3).  
In terms of value of production, the sheep and goat sector is 
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the least important of the meat sectors. However the rearing 
of sheep and goats is very politically sensitive for certain 
regions of the European Community and it is particularly 
important in less-favoured areas, which are defined by 
Council Regulation (EC) 1257/1999. 

The European sheep population (Table 7.1) has fallen 
over the last decade. The sudden halt of state support for 
sheep farms after the fall of communism in Eastern Europe 
is the likely reason for the sharp decrease of numbers in that 
zone after 1990. Over the last 20 years the European sheep 
population has declined by ~20%, although after 2000 the 
economic situation has stabilised. For the group of main 
producing countries (Figure 7.4) the sheep population has 
declined slightly (-0.4%) from 2006-2007 due to decreases 
in France (-2.5%) and Spain (-1.1%). Numbers increased in 
Romania (+1.3%), the United Kingdom (+1.2%) and Italy 
(+0.1%), while they remained stable in Greece. 

Sheep are grazing animals so they are distributed in 
grasslands. Regions with the largest proportion of grassland 
(Figure 7.5) include Cantabria in Spain, much of the United 
Kingdom (Northern Ireland, Wales, Scotland, north-west, 
north-east, south-west and West Midlands), the Azores 
and Alentejo in Portugal; Sardegna and Bolzano-Bozen in 
Italy, all of Ireland, Friesland, Utrecht and Overijssel in the 
Netherlands, and some regions in other Euorpean Union (EU) 
Member States (Austria, France and Romania). 

8.2 - 73.9

73.9 - 292.2

292.2 - 1232.0

1232.0 - 3530.5

3530.5 - 23722.6

Data not available

Figure 7.3. Geographic distribution of European sheep (in 
thousands of head). Source: Eurostat (2009a). 

Table 7.1. The sheep population in Europe (‘000 head). 

1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008
Belgium 113 115 116 119 160 153 146 na na na na na na
Bulgaria 3,020 2,848 2,774 2,526 1,710 1,571 1,728 1,599 1,693 1,602 1,635 1,526 1,475
Czech 
Republic 

121 94 86 84 90 96 103 116 155 163 169 184 na

Denmark 92 103 108 106 116 111 92 105 88 84 98 98 na
Germany 2,324 2,302 2,280 2,170 2,165 2,185 2,145 2,125 2,138 2,036 p 2,017 1,926 1,920
Estonia 38 34 29 28 29 29 30 p 31 42 49 58 74 62
Ireland 5,391 5,634 5,624 5,393 5,056 4,807 4,829 4,850 4,557 4,257 3,826 3,531 3,423
Greece 9,244 9,516 8,823 8,732 9,269 9,060 8,858 9,326 9,241 8,745 p 8,976 p 8,984 p 8,994
Spain 23,937 24,827 24,190 23,965 24,400 24,301 23,813 23,486 22,736 22,514 22,452 22,194 19,952
France 10,125 9,823 9,553 9,509 9,324 9,232 9,127 8,947 8,898 8,760 8,494 8,285 p 7,781
Italy 10,920 10,890 10,894 11,017 6,809 8,311 8,138 7,952 8,106 7,954 p 8,227 8,237 8,175
Cyprus 252 265 240 233 227 297 274 265 279 269 272 292 267
Latvia 56 41 29 27 29 29 32 39 39 42 41 54 67
Lithuania 28 24 16 14 12 12 14 17 22 29 37 43 p 48
Luxembourg 7 7 7 7 7 7 9 7 7 9 9 8 8
Hungary 872 858 909 934 1,129 1,136 1,103 1,296 1,397 1,405 1,298 1,232 1,236 
Malta na na na na na 8 12 15 14 15 12 12 13
Netherlands 1,400 1,236 1,300 1,152 1,250 1,250 1,300 p 1,476 1,700 1,725 1,755 1,715 1,545 
Austria 381 384 361 352 339 321 304 p 326 327 326 312 351 333
Poland 506 468 422 372 337 331 332 331 311 318 301 316 p 270
Portugal 3,486 3,432 3,590 3,584 3,579 3,459 3,457 3,356 3,541 3,583 3,549 3,365 3,145
Romania 9,663 8,938 8,409 8,121 7,657 7,251 7,312 p 7,447 7,425 7,608 7,678 8,469 8,882
Slovenia 28 na 72 73 96 94 107 106 p 119 129 132 131 p 139
Slovakia 419 417 326 340 348 316 316 326 321 321 333 347 :
Finland 111 103 96 77 74 67 67 67 72 84 88 90 94
Sweden 469 442 421 437 432 452 427 451 456 480 506 521 521
United 
Kingdom 

28,165 30,027 31,080 29,742 27,591 24,434 24,888 24,410 24,524 23,730 23,429 p 23,723 21,856

Croatia 643
(na = Not available; p  =Provisional value) 

Source: Eurostat (2009a). 



   European sheep and wool industries   155

International Sheep and Wool Handbook

UK, 24.20%

Spain, 22.60%

Greece, 9.20%

France, 8.40%

Italy, 8.40%

Romania, 8.60%

Others, 16.50%

Figure 7.4. Distribution of the sheep population among EU 
Member States in 2007. Source: Eurostat (2008a).

Figure 7.5. Grassland area (Hectares per 1,000 hectares of 
total area), by territorial units for statistical (NUTS 2) regions 
in 2005. Source: Eurostat (2009b).

Many different sheep breeds are farmed across the EU, breeds 
that have emerged as the best adapted to the specialised local 
conditions, or to local demand for particular types of wool 
to supply local industries, such as clothing or carpets. There 
are 408 sheep breeds recorded in Europe (EAAP, 2009), the 
largest number in the world (Chapter 1). While most breeds 
are highly localised, others have been exported to similar 
regions in other parts of the EU or the world, Merinos from 
Spain being the best known example. 

The sheep’s insulation, provided by their wool, their 
ability to graze on short, poor quality grass and their sure-
footedness on very steep slopes – make them, along with 
the goats, able to use land too hilly, cold or rugged for other 
livestock. This is shown by the high concentration of sheep in 
the Dytiki Ellada, Ipeiros, Thessalia and Ionia Nisia regions 
in the northern part of Greece, on the Greek island Kriti and 
the Italian island Sardegna, as well as in the hilly regions of 
the north and west of the United Kingdom (Figure 7.6). The 
ability of sheep to cope with relatively arid conditions with 
poor grass growth, is an important aspect in regions such as 
Extremadura in Spain. Figure 7.6 does not include the few 
thousand transhumance animals in migratory systems kept in 
some parts of Eastern Europe (Grigg, 1974). 

Figure 7.6. Sheep per hectare of total area.  Source: adapted 
from Eurostat (2008b).

Approximately half of the EU’s land is farmed (Table 7.2). 
The term “Utilised agricultural area (UAA)” is defined as the 
area taken up by arable land, permanent grassland, permanent 
crops, and kitchen gardens. Wooded areas or forests are not 
included. “Permanent grassland” is defined as the land used 
(for five years or more) to grow herbaceous forage crops and 
it is usually used for grazing or mowed for silage or hay.

There has been a decrease of arable land area at the 
expense of wooded area (Figure 7.7), however the percentage 
of all land which is permanent grassland has remained fairly 
constant at ~13%.
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Wool production

Wool is usually regarded as a by-product of sheep rather 
than the main source of revenue. The main wool producing 
countries, in terms of collecting, sorting and scouring locally 
produced wool with the aim of using it industrially, are the 
UK and Spain (Table 7.3). They are also the member states 
with the largest sheep populations (Fig 7.4). 

Table 7.2. Area by land use in 2006 (‘000 hectares). 

 
Land area  

(‘000ha) (1)
Utilised agricultural 

area (%) (2)
Land under 

permanent crops 
(%) (3)

Permanent 
grassland  

(%) (4)

Arable  
land  

(%) (5)

Wooded  
area  

(%) (6)

Built-up  
area  

(%) (7)
Belgium 3,028 45.7 0.7 17.1 27.8 20.4 19.0

Bulgaria 10,863 47.8 1.7 17.3 28.5 34.5 7.4

Czech Rep 7,727 46.2 0.5 11.5 34.1 34.2 10.3

Denmark 4,240 64.1 0.2 5.4 58.5 11.5 16.9

Germany 34,895 48.8 0.6 14.4 33.8 na 12.8

Estonia 4,239 18.0 0.3 4.6 13.1 53.9 na

Ireland 6,889 62.5 0.0 45.2 17.2 na na

Greece 13,065 24.9 8.7 5.7 16.2 30.7 na

Spain 49,959 50.8 10.0 15.3 25.3 38.0 3.8

France 54,255 54.5 2.1 18.3 33.8 28.7 8.0

Italy 29,412 50.0 8.4 15.0 26.3 34.6 na

Cyprus  924 17.2 4.6 0.1 12.5 na 2.2

Latvia 6,229 27.8 0.2 10.1 17.5 46.6 3.3

Lithuania 6,268 44.5 0.6 13.8 29.7 33.5 2.9

Luxembourg  256 50.3 0.6 26.4 23.4 35.1 8.5

Hungary 8,961 65.0 2.3 11.3 50.3 19.8 na

Malta  32 32.4 3.4 na 25.8 na na

Netherlands 3,379 56.9 1.1 24.1 31.4 10.3 13.9

Austria 8,245 39.3 0.8 21.7 16.7 40.1 4.6

Poland 30,427 52.4 1.1 10.6 40.6 30.2 6.6

Portugal 9,147 41.2 8.4 15.2 17.3 36.3 18.3

Romania 22,998 62.0 1.8 20.4 39.1 29.3 4.3

Slovenia 2,014 24.3 1.4 14.2 8.8 63.7 4.1

Slovakia 4,810 40.3 0.5 11.1 27.9 41.7 7.5

Finland 30,460 7.5 0.0 0.1 7.4 na 2.2

Sweden 40,851 7.8 0.0 1.4 6.5 57.5 2.7

U K 24,082 69.6 0.1 46.7 22.8 na na

Croatia 5,659 20.9 1.3 4.6 14.9 35.3 5.6
Turkey 76,963 na 3.6 19.0 na na na

na: not available
(1) Germany and Portugal, 2001; France, Latvia, Romania and Croatia, 2005.
(2) Germany and Portugal, 2001; the United Kingdom, 2003; France, Ireland, Italy, Latvia, Sweden, Romania and Croatia, 2005.
(3) Germany and Portugal, 2001; the United Kingdom, 2003; the Czech Republic, 2004; France, Ireland, Italy, Latvia, Austria, Sweden, 
Romania, Croatia and Turkey, 2005.
(4) Germany and Portugal, 2001; the United Kingdom, 2003; France, Ireland, Italy, Latvia, Romania, Croatia and Turkey, 2005.
(5) Germany and Portugal, 2001; the United Kingdom, 2003; France, Ireland, Italy, Latvia, Romania and Croatia, 2005.
(6) Germany and Portugal, 2001; Croatia, 2003; the Czech Republic, 2004; France, Ireland, Italy, Latvia, Austria and Romania, 2005.
(7) Spain and Luxembourg, 1990; Finland, 1995; Latvia, 1999; Denmark, Germany, Cyprus, the Netherlands, Austria, Poland, Portugal, 
Sweden and Croatia, 2000; Bulgaria, the Czech Republic, Lithuania, Romania, Slovenia and Slovakia, 2002; Belgium and France, 2003.
Built-up and related land is defined as residential land, industrial land, quarries, pits and mines, commercial land, land used by public 
services, land of mixed use, land used for transport and communications, for technical infrastructure, recreational and other open land. 
Source: Eurostat (2008c).

Table 7.3. EU wool production by country (in kt clean 
equivalent / kt greasy).  
Country 2000 2005 2006 2007 2008p
UK 39.1 / 56.0 29.4 / 42.5 28.9 / 42.5 33.7 / 36.9 33.7 / 37.0
Spain 17.6 / 39.1 16.0 / 35.6 16.0 / 35.6 13.5 / 30.0 14.4 / 32.0
Ireland 14.1 / 25.6 9.1 / 16.0 9.1 / 16.0 7.1 / 13.0 6.5 / 12.0
France 8.3 / 16.5 8.3 / 16.5 8.3 / 16.5 9.1 / 22.0 10.4 / 22.0
Romania 8.1 / 18.0 7.9 / 17.6 7.9 / 17.6 8.0 / 17.7 8.0 / 17.7
Greece 6.4 / 13.4 6.2 / 13.1 6.1 / 13.0 4.2 / 8.8 4.3 / 9.0
Germany 5.8 / na 5.9 / na 5.9 / na na / na na / na
Italy 11.6 / na 11.0 / na 11.0 / na na / na na / na
TOTAL 
World

1,343.2 / 
2,282.4

1,218.2 / 
2,143.6

1,234.3 / 
2,156.1

1,221.1 / 
2,171.6

1,191.1 / 
2,106.6

na: not available; 2008 p: provisional data. 
Source: IWTO (2009).
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Wool production in the main member states, on a clean basis, 
was about 6% of the total world production in 2007 (Table 
7.3). The average scouring yield of European wools is under 
50%, which is below the world average. The fibre diameter 
of European wools ranges from ~23 µm (Merino) to over 40 
µm for the coarse wools of the Northern European countries. 
The wools are often contaminated with pigmented fibres and 
kemp and are thus mainly processed into technical products 
such as insulation or filters or into carpets, although hand-
knitting (artisanal items) is also popular.

 

Sheep meat production

The European sheep flock had about 100 million ewes in 2009. 
The sheep sector, particularly meat production, generates 
profit levels amongst the lowest in the agricultural sector 
(Eurostat, 2009c; Aylward, 2008). This poor relative economic 
performance is aggravated by the highly fluctuating price of 
fuel which affects the transport of goods such as sheep meat.

Sheep meat production (tonnage) is the least important of 
the meat sectors (<10% of pigmeat production, ~12% of beef 
and veal production). From 2006 - 2007, EU sheep and goat 
meat production decreased by 3.0% (sheep meat by 2.6%, 
goat meat by 6.7%) and this trend continued in 2008 (-8% 
sheep and goat meat production compared to 2006; Figure 
7.8). This was considered a serious problem demanding 
action at the level of European Parliament’s Agriculture 
Committee (Aylward, 2009). 

In 2009, EU sheep meat production levels were partially 
dependent on the availability and use of the recently developed 
vaccine against blue tongue disease (Aylward, 2008).

The EU is only 80% self-sufficient in sheep meat. Average 
annual consumption per capita in the EU, which is in steady 
decline, is ~ 3.4 kg, down from 3.7 kg in 2000 (Eurostat, 
2008b). 
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Figure 7.9. Trend in EU sheep and goat numbers. 
Source: Eurostat (2008a).

Total net production in 2007: 1098 million tonnes
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Figure 7.10. The shares of sheep meat markets for the main 
producing EU countries. Source: adapted from Eurostat 
(2009d).

To meet demand about 20% of the overall consumption is 
imported, in the framework of duty free quotas. The main 
imported products are frozen meat (71%), followed by fresh 
and chilled meat (23%).

Figure 7.7. Agricultural area by land use in the EU (Bel-
gium, Bulgaria,  Czech Republic, Denmark, Estonia, Spain, 
France, Italy, Latvia, Lithuania, Luxembourg, Netherlands, 
Poland, Portugal, Romania, Slovakia and Sweden). Source: 
adapted from Eurostat (2009c).

Figure 7.8. Trend in EU sheep meat production. 
Source: Eurostat (2008a)

EU-25: EU-15 plus the 10 new member states (NMS-10: 
Cyprus, Czech Republic, Estonia, Hungary, Malta, Latvia, 
Lithuania, Poland, Slovakia, Slovenia)
NMS-2: the 2 new member states: Bulgaria, Romania
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New Zealand is by far the main origin of sheep meat 
imports, followed by Australia and, to a lesser extent, 
Argentina, Chile and Uruguay (Figure 7.11). Since the 
accession of Romania and Bulgaria to the EU, in January 
2007, imports from New Zealand have further increased 
by 6% to meet the demand. Imports from Argentina have 
decreased mainly due to a fall in production and higher 
consumption in Argentina (Chapter 4). 

In 2007, the utilisation of EU import tariff quotas was 
highest by New Zealand (99%), Uruguay (99%) and Australia 
(97%), and underutilised by Chile (78%), Iceland (56%), 
Argentina (24%) and other countries (60%).
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Figure 7.11. Percentage sheep meat imports into the EU by 
origin in 2007. Source: adapted from COMEXT (2008).

The organisation of the sheep meat market follows the 
Council Regulation (EC) Nr. 2529/2001 (January 2002). It 
aims at stabilising the EU market and to ensure an equitable 
standard of living for producers by means of two main 
components: rules on direct payments and rules on trade with 
third countries.

From 2002 a fixed premium for producers replaced a 
price-dependent variable compensatory payment. This change 
simplified administrative procedures for producers and at the 
same time significantly reduced the cost for Member States. 
The regulation covers lambs, live sheep and goats, fresh, 
chilled or frozen meat of sheep or goats, edible offal, fats, 
prepared and conserved meat or offal of sheep or goats. 

Key components of Council Regulation (EC) No 
2529/2001 are:

Rules on direct payments •	

Annually, producers may receive from the European 
Agriculture Fund for Rural Development (EAFRD) a 
ewe premium of €21/head or €16.8/head if their milk 
is marketed. An additional premium of €7/head is 
granted in EU defined less-favoured areas where sheep 
or goat production constitutes a traditional activity. This 
premium contributes to maintaining rural employment 
and to transhumance to less-favoured areas in the case 
of a traditional practice. Each Member State is also 
allocated a flat-rate sum (approximately €1 per female) 

which is distributed to producers. These are additional 
payments which supplement the premiums and which 
are intended to achieve specific objectives, such as 
supporting certain types of production or establishing 
producer organisations.

Rules on trade with third countries •	

For a majority of products (except for the free-trade 
countries), imports are subject to the issue of an import 
licence by the Member States. Common customs tariff duty 
rates apply to products in the sheep and goat sector. The 
tariff rates correspond to preferential import arrangements, 
bilateral agreements or multilateral commitments within 
the World Trade Organisation (WTO).

Member States monitor market price trends and, in the event 
of a major change threatening to disrupt the Community 
market, appropriate measures may be taken. Market prices 
are calculated on the basis of carcass prices, excluding value-
added tax (Table 7.4).

Table 7.4. Prices (€) per 100 kg live weight of sheep in EU 
Member States. 

2000 2005 2006 2007 2008

Belgium 81.41 na na na na

Bulgaria 46.80 105.84 120.32 121.20 86.70

Czech 
Republic

53.02 61.16 68.32 na na

Denmark 21.20 18.52 17.70 15.66 16.77

Germany 34.20 57.17 na na na

Estonia na na na na Na

Ireland 133.70 143.06 147.63 154.78 158.49

Greece 107.40 129.53 129.64 129.59 133.31

Spain 29.40 29.09 27.76 27.64 25.68

France na na na na na

Cyprus na 279.11 260.52 219.69 277.00

Latvia 82.40 80.03 102.2 102.83 112.38

Lithuania na 109.46 100.89 108.48 142.12

Luxembourg na na na na na

Hungary 88.56 113.92 na na na

Malta na na na na na

Netherlands 125.70 91.35 104.40 99.20 106.75

Austria 76.00 62.00 64.00 64.00 59.00

Poland 139.33 169.77 162.89 160.88 165.67

Portugal 98.74 90.38 87.1 84.76 84.16

Romania 74.98 74.57 73.46 76.51 70.70

Slovenia 100.35 120.77 151.42 na na

Slovakia 117.79 172.91 180.78 75.35 68.49

Finland na na na na na

Sweden 147.78 na na na na

United 
Kingdom

79.03 99.02 131.89 153.18 130.36

na: not available
Source: adapted from Eurostat (2009e).
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Sheep and goat prices peaked in the fourth quarter of 2005. 
They have declined since then and have remained relatively 
stable at ~15% higher than prices in 2000. Across the main 
producing Member States seasonal prices have been stable 
since 2004 with the exception of Romania, where the local 
traditions cause demand of sheep meat (lamb) to soar in the 
second quarter (around Easter).
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Figure 7.12. Quarterly price index (2000 base) per kilogram 
sheep and goats meat in EU-27 Member States, 2001-2004. 
Source: Eurostat (2008a).
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Figure 7.13. Quarterly price index of kilogram sheep and 
goats meat (2000=100) for the main producing Member 
States. Source: Eurostat (2008a).

Production of sheep skin and by-
products

The EU is the world’s largest supplier of leather (Chapter 28). 
However, the skins are generally regarded as by-products of 
the meat process, and are dealt with using as little input from 
the abattoirs as possible. Processors do not assign significant 
value to this product, so are unwilling to invest time and effort 
in making it available to the local tanners, who have specific 
needs as to quality. The skins are salted and sold to foreign 

tanners who ultimately export them back to EU for finishing 
(Edwards and Turner, 2007).

The tanning industry in Europe faces intense international 
competition from other regions of the world, such as Asia 
and the Americas.  It also faces a specific and unavoidable 
environmental challenge: 80% of the weight of a raw hide 
becomes waste – either liquid or solid – and only 20% 
becomes finished leather. In addition, every tonne of raw 
hide produces an average of 500 kg of sludge from effluent 
treatment. EU tanners’ environmental costs are estimated 
at about 5% of their turnover which makes the tanning 
industry a potentially pollution-intensive industry (European 
Commission, 2003). These two threats have moved much of 
the sheep skin processing industry out of the EU and few 
tanneries (mainly in Italy, France, Spain, Slovenia, Germany, 
Iceland, Sweden and the UK) are still active.

The Italian tanneries are traditionally small units which 
specialise in certain products. They usually use local skins, 
are family run and are very possessive of their in-house skills. 
For example, Toscana lambskin is prized for its ‘fox wool 
fur’ appearance, for which a substantial premium is paid. 

Spanish sheepskin is held in high regard in clothing 
manufacture for its soft, ultra lightweight handle, which 
also commands premium prices. However a number of well 
established Spanish companies facing competitive pressures 
from the Far East and environmental restrictions have 
closed. 

Icelandic sheepskins are rated much like Spanish 
sheepskins for their handling qualities. As this is a permafrost 
region, sheepskin is seen as a natural choice for clothing and 
footwear material. 

In 2009 only one tannery was operating in Scandinavia, 
in Sweden. It primarily tans skins from its own rare breeds, 
together with those from deer, reindeer and elk. In this region 
there is a strong tradition of using sheepskin in furniture 
upholstery (European Commission, 2003).

 

Value of the industry

The average income of EU sheep and goat producers is 
generally amongst the lowest of all sectors, particularly in 
the countries of Northern Europe (Scandinavian countries, 
Germany, Netherlands) (Canali, 2006; Dýrmundsson, 2004). 
Some countries in Southern Europe (Italy, Greece) are 
exceptions to this rule where sheep are widely used for milk 
production, which can account for a significant part of farm 
income (Chapter 24), whereas in Northern Europe lambs are 
reared in systems devoted to meat production. 

The output of agricultural industries is the sum of the 
output of agricultural products and goods and services 
produced in inseparable non-agricultural secondary activities. 
Intermediate consumption represents the value of all goods and 
services used as inputs in the production process, excluding 
fixed assets whose consumption is recorded as fixed capital 
consumption. Gross value added (Figure 7.14) equals the 
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value of output less the value of intermediate consumption, 
measured at producer prices (the producer price excludes 
subsidies less taxes on products). Animal and crop output are 
the main product categories of agricultural output.
Animal-related production is clearly oriented towards food 
industries and sheep products only occupy a modest place 
(Table 7.5).

By far most value from sheep-related products comes 
from fresh or chilled carcasses, half-carcasses and cuts of 
lamb or sheep (Table 7.6). This shows the strong focus on 
meat production, which contributes 83% of the total value of 
the sheep-related industries. The main contributions (~40% 
of the total value) come from the UK, and France (almost 
20%), followed by Spain, Italy and Ireland. Italy is the main 
wool and sheep skin processor (Figure 7.15).

90

100

110

120

130

1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008
Crop output at producer prices
Animal output at producer prices
Gross value added at producer prices of the agricultural industry

Figure 7.14. Agricultural output and value added, EU-27 
(2000 = 100). Source: adapted from Eurostat (2009c).

Table 7.5. Agricultural production related to animals (in ‘000 tonnes). 

Collection of cows’ 
milk, 2005 (1)

Butter, 2005 (2) Cheese, 2005 (3) Cattle, 2006 (4) Pigs, 2006 (5) Sheep and goats, 
2006, (6)

Belgium 2,845.3 117.9 64.3 268.9 1,006.2 1.4

Bulgaria 803.1 3.7 85.8 66.0 243.0 na

Czech Republic 2,543.2 42.7 120.7 79.7 358.5 1.6

Denmark 4,451.4 104.0 355.4 128.7 1,748.6 1.7

Germany 27,380.0 445.0 1,930.0 1,193.0 4,662.2 43.9

Estonia 571.2 7.7 27.5 14.5 35.1 na

Ireland 5,267.9 193.5 118.0 572.2 209.0 70.3

Greece 660.0 1.6 156.0 60.7 122.8 114.4

Spain 5,899.3 58.9 301.7 671.2 3,229.6 238.3

France 23,388.2 423.1 1,827.5 1,509.5 2,262.8 129.1

Italy 10,127.0 122.1 1,102.0 1,110.6 1,556.1 66.0

Cyprus 144.5 0.5 12.5 4.0 52.5 6.9

Latvia 501.7 7.3 32.5 20.7 37.8 0.4

Lithuania 1,200.5 12.3 79.1 47.3 106.2 0.6

Luxembourg 258.2 na 3.2 9.3 9.8 0.1

Hungary 1,594.0 10.7 64.1 33.5 487.6 1.1

Malta 41.5 na 2.6 1.4 8.2 0.01

Netherlands 10,478.9 160.2 672.2 355.0 1,229.8 5.4

Austria 2,621.1 29.6 139.8 214.6 505.38 0.0

Poland 8,825.2 170.1 535.7 355.3 2,071.4 1.45

Portugal 1,920.6 27.0 66.3 105.3 338.6 12.6

Romania 1,109.0 11.8 65.6 150.0 617.0 na

Slovenia 508.3 4.2 21.7 37.9 33.6 0.1

Slovakia 967.9 8.5 42.7 21.4 122.3 1.2

Finland 2,361.8 57.4 96.7 87.1 208.1 0.6

Sweden 3,163.0 44.5 118.3 137.4 264.4 4.2

United Kingdom 14,038.4 130.0 346.1 847.3 696.5 330.2
na: not available
1) Data covers cows’ milk collected in farms by approved dairies. 
2) Data concern the total production of butter and other yellow fat dairy products.       
3) Several cheese categories belong to the denomination cheese. They differ mainly in their moisture content. 
4-6) These indicators cover the carcass weight of animals slaughtered in slaughterhouses and on the farm, whose meat is declared fit for 
human consumption. 
Source: Eurostat (2008c).
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Table 7.6. The value (‘000 Euro) of sheep by-products 
industry in EU-27 Member States in 2007. 

Sheep industry products +k€uro
Wool grease and fatty substances derived therefrom, 
including lanolin

41,312

Clean scoured wool, not carded or combed nor 
carbonised

36,834

Carbonised wool, not carded or combed 6,214

Noils of wool or fine animal hair 12,447
Wool or animal hair, carded or combed (including 
wool tops)

358,464

Skins of sheep or lambs 126,383
Fresh or chilled carcasses, half-carcasses and cuts of 
lamb or sheep

2,741,757

Frozen carcasses, half-carcasses and cuts of lamb or 
sheep

285,523
+1 Euro = $A1.75 (June 2009)
Source: Prodcom (2009).
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Figure 7.15. The share of the most important Member States 
in the value of wool and sheep skin processing output. Source: 
Eurostat (2009f).

 

Forms of sheep enterprise

European flocks range from a few head to thousands of 
animals. Half of the flocks are over 500 animals (Fig 7.16), 
but more than 15% are in flocks with less than 100 head. The 
small difference between the groups of EU-15 and of EU-27 
states is due to the dominance of small family farms in the 
Eastern European countries (most small farms having < 100 
head) and of large commercial farms in the Western countries 
(most farms having > 500 animals). 

As a consequence of the small average number of sheep per 
flock, there are a large number of farms involved in sheep rearing 
(Table 7.7), with Romania having by far the most flock owners.

Meat and wool processing industries

Meat processing is one of the important industries in the EU, 
as it has an annual turnover of about 66.3 billion €, employs 
more than 500 thousand people and processes more than 12.5 
million tonnes of meat per year. Sheep meat contributes only 
~11% of these figures. 
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Figure 7.16. Division of sheep by flock size in 2005. Source: 
Eurostat (2007).

Table 7.7. Total number of holdings rearing sheep in 2005. 

Country No. of holdings Country No. of holdings
Belgium 4,050 Luxembourg 270

Bulgaria 176,180 Hungary 21,870

Czech Republic 5,540 Malta 1,060

Denmark 3,170 Netherlands 14,370

Germany 30,320 Austria 14,740

Estonia 3,190 Poland 16,100

Ireland 42,380 Portugal 55,960

Greece 127,940 Romania 486,530

Spain 85,250 Slovenia 5,750

France 72,890 Slovakia 2,650

Italy 74,880 Finland 1,720

Cyprus 1,610 Sweden 7,650

Latvia 4,580 UK 82,960

Lithuania 4,040

Source: Eurostat (2007).

The most important companies operating in EU and involved 
in meat processing are listed below.

Danish Crown (Tulip)  4.8 % of EU market•	
•	 Nestlé (Herta)  4.1 %

Smithfield (Aoste)  3.5 %•	
Kerry Group  3.3 %•	
Stockmeyer  2.5 %•	
Unilever (Bifi – Unox)  2.0 %•	
Campofrio   1.8 %•	
Vion    1.9 %•	

It is difficult to determine the proportion of business related 
to sheep meat as this data is not made publicly available, 
but most of these companies mainly process pork and beef 
meat.

The wool processing and leather industries are struggling 
in the EU, despite utilizing a high percentage of the labour 
force.
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Table 7.8. Growth rate and employment in EU textile and 
leather industries. 

Average annual growth rate in the industrial 
production index, EU-27, 2001-06                       

%

Textiles and textile products -4.9

Leather and leather products -7.3

Breakdown of industrial employment, 
EU-27, 2004

(% of industrial  
employment)

Textiles and textile products 7.5

Leather and leather products 1.6

Source: Eurostat (2009f).

The early-stage processing of wool, particularly scouring 
and carbonising, has contracted dramatically because of 
environmental restrictions and high cost of labour. The 
topmaking (Table 7.9) and spinning industries were less 
affected until 2007, but their proportion of the world total 
production is steadily decreasing. From 2008 this sector 
began shrinking with BWK-Elders and Group Dewavrin 
closing their topmaking facilities in Bremen (Germany) and 
Sliven (Bulgaria) respectively.

Table 7.9. Wool Tops (tonnes) produced in EU Member 
States and percentage of the world total production. 

1995 2000 2005 2006 2007
Italy 63,689 66,574 36,329 36,233 32,525

Czech 
Republic

5,000 9,500 16,000 17,500 17,500

Germany 42,311 18,520 10,000 10,500 10,500

Bulgaria 2,000 2,000 4,500 5,000 5,500

Spain 13,560 12,375 6,500 6,000 5,000

France 61,249 33,941 12,036 6,000 2,500

Hungary 1,300 2,210 2,300 2,600 2,400

Portugal 3,144 2,950 2,500 2,400 2,000

UK 32,943 12,200 2,300 1,800 1,400

Total EU 225,196 160,270 92,465 88,033 79,325

World 717,249 615,919 430,988 443,876 440,240

% World 
top tonnage

31% 26% 21% 20% 18%

Source: IWTO (2008).

 

Recent and future developments

Sheep farming practices in Europe are mostly environmentally 
friendly, socially and culturally compatible, desirable or even 
necessary for rural development and beneficial to landscape 
conservation (Aylward, 2008). Furthermore, sheep farming 
contributes substantially to the maintenance of biodiversity since 
genetic diversity, now accepted internationally as a valuable 
objective, is maintained in locally adapted breeds and strains of 
sheep with sound husbandry and utilization (FAO, 1999).

Consequently, in spite of its low economic importance in the 
European economy, the sheep industry receives EU agricultural 
support, directed towards supporting rural development and the 

agricultural environment rather than farmers´ production and 
incomes. The Common Agricultural Policy Agreement (2003), 
enforced from 2007, is expected to have an impact on sheep 
industry sustainability because it stipulates a single farm payment 
(SFP) which replaces the former premiums (CAP Reform 
Agreement, 2003). The SFP does not include a requirement 
to keep any specified number or type of livestock so this may 
adversely influence flock size. It is also predicted that the new 
policy, by decoupling the production of the animal from the 
premium offered, will have positive effects on rare breeds, which 
became rare because of their low productivity (Canali, 2006).

Sustainable development is high on the agenda in Europe, 
as in Australia (Chapter 19), and many steps are being taken to 
ensure that natural resources will not be used to the detriment of 
future generations. Sustainable agriculture and food production 
are relevant issues to regional development and thus sheep 
farming. The concept of “sustainability” has strongly influenced 
EU agricultural policy for more than a decade (Dýrmundsson, 
2004).

According to a recent EU directive (Council Regulation 
21/2004), each sheep has to be electronically tagged (EID) by the 
end of 2009 as part of a strategy to prevent epidemics of contagious 
diseases like foot-and-mouth. This will replace a system where 
flocks of sheep are only tracked when moved from farm to farm, 
sold at market or sent for slaughter. Unique identifier codes will 
be carried by the animal either on an eartag or inside its digestive 
tract. The ID number can then be read using either a portable or 
fixed electronic reader. Electronic identifiers cost between 1 and 
2 € per animal, while the minimum cost of hand-held readers is 
200 € and that of static readers 1,000 €. The aim is to ensure full 
and rapid traceability back to each animal if there is a disease 
outbreak, since electronic tagging allows individual animal codes 
to be read directly into data processing systems.

There is a major trend by customers in the EU towards 
“green”, “eco” and “organic” products, which is reflected by 
increasing organic meat and wool sales. The labelling of a product 
as “organic” is regulated by the Council Regulations (EC) Nr. 
834/2007 and 967/2008, which amend the Regulation (EEC) 
Nr. 2092/1991 and requires that the product is produced through 
an accredited organic farming system according to Council 
Regulation (EC) Nr. 889/2008. Established in 1992, the EU eco-
label follows the Council Regulation (EC) Nr. 1980/2000 of the 
European Parliament for helping the consumers, by a certification 
scheme to distinguish greener and more environmentally friendly 
products and services. The accreditation body is the European 
Eco-labelling Board (EUEB). This does not address food, 
for which the label “organic” was already implemented, and 
medicine.

Organic farming is defined as the method of production 
which places emphasis on environmental protection and, with 
regard to livestock production, animal welfare considerations. It 
avoids, or largely reduces, the use of synthetic chemical inputs 
such as fertilisers, pesticides, additives and medicinal products 
in production and chemical pollutants in processing, such as 
non-degradable detergents and chlorine. Council Regulation 
(EC) Nr. 834 / 2007 defines in detail the requirements for 
agricultural products or foodstuffs bearing a reference to organic 
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production methods. It notably defines a method of agricultural 
production for crops and livestock, and regulates the labelling, 
processing, inspection and marketing of organic products within 
the Community, and the import of organic products from non-
member countries. Organic farming areas can be distinguished 
between fully converted and those under conversion.

Areas which fulfil all the conditions of production established 
in Regulation (EEC) Nr. 2092/1991 can be considered to be 
organic. 

Moreover, according to compulsory cross-compliance 
rules the SFP and other direct payments are linked to several 
statutory environmental, food safety, animal and plant health, 
and animal welfare standards (CAP Reform Agreement, 2003).  
All agricultural land needs to be kept in good agricultural and 
environmental condition, as defined by Council Regulation (EC) 
Nr. 889/2008, and the control is carried out by the approved body 
of each Member State. The trend towards organic production is 
expected to continue, as is the trend towards ecolabelling and 
carbon labelling of food and fibre products (Potard, 2009).

Abreviations 

EU-15:  Austria, Belgium, Denmark, Finland, 
France, Germany, Greece, Ireland, 
Italy,  Luxembourg, Netherlands, 
Portugal, Spain, Sweden, United Kingdom.

EU-25:   EU-15 and NMS-10

EU-27:   EU-25 and NMS-2

NMS-10: Czech Republic, Cyprus, Estonia, Hungary, 
Latvia, Lithuania, Malta, Poland,   
Slovenia, Slovakia 

NMS-2:  Bulgaria, Romania 

EUROSTAT: European Statistics

EAAP:  The European Association for Animal 
Production.

COMEXT: Intra- and Extra- European Trade Data, 
statistical database for external EU   
merchandise trade

Table 7.10. Environmental and agricultural indicators in European countries in 2005. 

 Utilised agricultural area 
(UAA) (1,000 ha)

Organic crop area  (fully converted) 
(% UAA) (1)

Total organic  
area (% UAA) (1, 2)

Irrigable area 
(% UAA)

Belgium 1,386 1.4 1.7 1.6
Bulgaria 2,729 na na 4.1
Czech Republic 3,558 6.4 7.2 1.3
Denmark 2,590 5.1 5.2 16.7
Germany 17,035 na 4.7 na
Estonia  829 4.4 7.2 na
Ireland 4,219 0.6 0.8 0.0
Greece 3,984 5.2 7.2 40.0
Spain 24,855 1.9 3.2 15.1
France 27,591 1.5 2.0 9.8
Italy 12,708 5.8 8.4 31.3
Cyprus  152 0.2 1.1 30.3
Latvia 1,702 1.2 7.0 0.0
Lithuania 2,792 0.5 2.3 0.2
Luxembourg  129 2.1 2.4 0.0
Hungary 4,267 2.0 3.0 3.6
Malta  10 0.0 0.1 29.5
Netherlands 1,958 2.4 2.5 20.8
Austria 3,266 na 11.0 3.7
Poland 14,755 0.3 0.6 0.8
Portugal 3,680 3.0 6.3 16.8
Romania 13,907 na na 5.8
Slovenia  485 3.3 4.8 0.9
Slovakia 1,879 1.4 4.8 9.6
Finland 2,264 6.0 6.5 3.1
Sweden 3,192 6.3 7.0 5.2
UK 15,957 3.3 3.8 1.3
Norway 1,035 3.5 4.2 11.3
na: not available
UAA: utilised agricultural area
(1) Data for organic farming: Luxembourg and Poland, 2004.
(2) Data for total organic area: fully converted area and area under conversion.
Source: Eurostat (2009c).
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Introduction

Breeding of sheep makes use of the science of genetics - how 
different features of an animal are inherited by its offspring. 
Robert Bakewell (1725-1795) was a pioneer in livestock 
improvement in spite of the fact that he did not understand 
genes or how they were passed on to the progeny. His work 
was the stimulus for the development of a number of breeds 
as well as for the improvement of existing breeds where 
selection emphasis was placed on conformity to a visually 
desired type that was the hallmark of the breed and an 
indicator of its productivity. However, since the advent of the 
science of genetics, visual observation of animals has been 
largely replaced by measurement, calculating breeding values 
and making predictions of the outcome of different mating 
systems. This has resulted in the development of powerful 
selection tools (Kinghorn et al., 2002) that have changed the 
production capabilities of many animal populations quite 
dramatically (Simm, 1998).

Selection has been used for centuries as a tool to change 
populations permanently. In sheep it has resulted in the 
development of numerous specialized sheep breeds for 
milk, meat and wool production. Powerful tools such as 
BLUP (Best Linear Unbiased Prediction) breeding values 
have become available during the last 30 years that is now 
commonly used by breeders to breed for increased production 
in farm animals. 

The main aim of breeding is to improve the profitability, 
sustainability and ease of management of animals for the 
benefit of the producer. Molecular genetic methods offer 
huge potential to change animal populations dramatically. 
However, it is important to remember that food safety 
and ethical production methods have recently become 
more important in western societies, and therefore it is the 
consumer who will ultimately decide whether the product 
is desirable and whether the technology that was used to 
produce the product is ethically acceptable. This chapter 
gives an introduction to the underlining principles of the 
science of breeding and selection using the Merino as an 
example. These principles are the same whether one breeds 
dairy sheep for milk production, or a meat breed for meat 
production.

Breeding objectives 

Defining the breeding objective is the first and most important 
step before implementing a breeding program. Breeding is a 
very powerful tool but it is generally a slow process. However 
the change is permanent and any change generated through 
selection accumulates over time. For example, a slow change 
in performance of 1% pa will result in 10.4 % difference 
in 10 year’s time. Therefore it is most effective when the 
breeding direction is clearly specified and when breeders 
persist in continuously breeding towards their ultimate goal. 
Thus before we embark on a breeding program, we need to 
ask the following fundamental questions. 

Where do we want to go? •	
This is the breeding objective.

How can we get there? •	
This uses the science of genetics to help make the 
best decisions related to recording, selection and mate 
allocation.

Where to go is a major issue in animal breeding today. It 
focuses on which characteristics of a population need 
improvement. The direction and size of the desired changes 
will be determined by the breeder’s assessment of their 
economic importance. For sheep it should include both 
measured and visually assessed traits that cannot be measured 
objectively. It is therefore critically important to define the 
breeding objective as clearly as possible early in developing 
the breeding program. 

This question is easily answered at a superficial level: we 
may want to develop an animal that puts more dollars in our 
pockets, or one that produces more wool of a given diameter 
off a given area of land. However, we need to answer this 
question at a more fundamental level in order to implement a 
suitable breeding program. 

In a meat-production system, dollar returns are largely 
a function of the number of stock sold, live weight and 
condition or level of fatness at sale. Fertility has a much 
greater impact on profitability in a meat-producing enterprise 
(Dickerson, 1978; Large, 1976) thus it should be included in 
the breeding objective. Faster-growing animals deposit lean 
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tissue at a faster rate but also grow bigger. Should we then breed 
for faster-growing, larger animals? The larger type of animal will 
eat more food, and so will its dam in a pure-breeding flock. In 
fact, females can account for as much as 72% of total feed costs 
in a sheep meat enterprise (Large, 1976). Furthermore, simple 
theories of feeding and growth predict that the larger type of 
animal is no more efficient at producing lean meat. 

Breeding for high fleece weight may be a less complicated 
aim. We may hypothesise that in doing this we are developing 
a type of animal that partitions a greater proportion of nutrient 
intake towards production of wool - giving an increase in 
efficiency of wool production. However, it may impact 
negatively on fibre diameter which should also be considered 
in breeding programs. Continuous selection for increased 
fleece weight may result in a decrease in fat reserves (Greeff 
et al., 2007). Herselman et al. (1998) showed that sheep that 
produced a higher amount of wool relative to their body weight 
had a reduced reproduction rate, which was confirmed by 
Greeff (2005) in strains of Merino sheep and also by Hatcher 
and Atkins (2007). Adams et al. (2006) found that ewes with 
higher breeding values for hogget clean fleece weight had less 
total body fat, while Clarke and Greeff (unpubl. data) showed 
that such animals also had less fat as mature animals whether 
they were dry or suckling lambs. Lower reproduction rate could 
be due to genetically heavy wool producing animals depleting 
their energy resources faster under adverse conditions where 
feed supplies are restricted. This correlated response in the 
“depletion” of fat reserves when selecting for fleece weight in 
the Merino, agrees with the resource allocation patterns found 
in dairy cows, pigs and fowls (Rauw, 2009). This theory states 
that animals that are genetically driven to produce at high 
levels, may re-allocate resources away from other processes, 
leaving the animal lacking the ability to respond to other 
demands (Rauw, 2007). But analysis of other research flocks 
which had undergone long-term selection for fleece weight has 
not shown a decline in reproduction rate (Piper et al., 2007). 
It is therefore important to consider the environment under 
which the animals are expected to perform in the development 
of breeding programs. This is especially applicable for harsh 
environments. An increase in average litter size can cause a big 
reduction in the maternal costs of producing lambs. However, 
if we aim in this direction under adverse environmental 
conditions, we could face problems of increased perinatal 
mortality and decreases in growth rate and wool production.

Breeding for disease resistance can have huge benefits for 
most production systems. However, this is difficult because 
it is not always practically feasible to challenge animals 
to assess their susceptibility to the disease. An alternative 
option is to make use of indicator traits such as faecal worm 
egg count (WEC) for worm resistance, or body wrinkle, bare 
breech area and dags that have been shown to be associated 
with fly strike resistance in wool sheep (James, 2006; Greeff 
and Karlsson, 2009; Smith et al., 2009). WEC and dags are 
highly dependent on the environment and presence of the 
parasite, therefore these traits need to be monitored and the 
animals managed carefully to prevent the other economically 
important traits being affected negatively. 

Selection theory makes use of known relationships between 
traits. For this reason it is not necessary to measure every trait in 
the breeding objective. Hence a trait such as percentage of lean in 
the carcass can be represented in a breeding policy by an indirect 
criterion such as ultrasonic muscle and back-fat measured on the 
live animals. However, for some traits, notably feed intake, the 
associations with other measurable traits are less well defined 
(Fogarty et al., 2009). According to van der Werf (2004) feed 
intake should be in the breeding objective but this is difficult 
where feed intake cannot be measured directly. 

The above discussion indicates that an in-depth knowledge of 
the variation the traits display, inheritance of and the underlying 
genetic and phenotypic relationships between the different traits 
and the production system are all important in designing breeding 
programs. Whatever the production system, we must attempt to 
develop breeding goals that will lead to an increase in overall 
profitability. 

The basic aim of all breeding plans is to increase profitability. 
This can be achieved by (i) increased economic returns from 
breeding higher quality meat and wool products, (ii) increasing 
the efficiency of biological processes and (iii)reducing the input 
costs. It is therefore reasonable to express breeding objectives 
in terms of dollars. The aim is then to maximize the breeding 
objective, by weighting each trait with an impact in dollar terms 
such that a one unit change in each of the traits in the breeding 
objective will contribute to the overall change in profitability as 
follows. 

Breeding objective = 

$
trait 1

.Â
trait 1 

+ $
trait 2.

Â
trait 2 

+ $
trait 1

Â
trait 3 

+ ….. + $
trait 1

Â
trait m

Where 

$
trait 

= economic value of the trait
Â

trait
 = estimated breeding value (BV) of trait. 

This will be explained later in this chapter.

The most genetically superior animals in dollars units will rank 
the highest and therefore they will be selected as future parents. 
As they will pass on their genetic superiority to their progeny, the 
progeny will generate increased income over time.

There are two approaches to deriving these economic 
weightings – the economically rational approach and the desired 
gains approach. 

The economically rational approach

This approach takes no account of the inheritance and the genetic 
and phenotypic relationships between traits. Thus different traits 
compete with each other in their importance as part of the broad 
objective. This method makes use of a profit function in which 
all the income from the production traits, all the inputs costs as 
well as maintenance costs are specified. The following equation 
demonstrates this principle for a lamb production system.

Profit ($) = N (nwr – nc
1
d – c

2
)
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Where  N = number of breeding females
 n = number of slaughter lambs per female
 w = body weight per lamb
 r = price/kg body weight 
 d = days to slaughter
 c

1
= cost per day to feed lamb

 c
2
= cost to maintain each female for one year

This equation is then used to determine the additional 
income from changing each of the traits by one unit while 
maintaining the other traits. These values are the economic 
values to weight the breeding value of each trait. A simple 
example is presented here for wool. Ponzoni (1988) gives 
a more comprehensive example for wool and Simm et al. 
(1987) for meat production. 

The key objective is to choose future parents on the basis 
of their aggregate breeding values, which is the value of their 
genes to their progeny based on all the traits in the breeding 
objective. The breeding objective is thus simply a multiple 
trait breeding value (BV) where each trait is weighted by its 
economic value, for example:

Breeding objective = 

15 ($/kg) x BV of fleece weight -12 ($/µm) x 
BV of fibre diameter 

where an increase of 1 kg in fleece weight is given an 
economic weight of $15 and a decrease (hence negative 
sign) of 1 µm fibre diameter is worth on average $12, both 
per lifetime production of wool. This value then relates to 
lifetime productive value per animal, which is closely related 
to enterprise profitability. Similarly for other traits such as 
number of lambs weaned, growth rate and carcass traits. Note 
that these economic weights involve no consideration of the 
genetic parameters. 

All economic weightings in a breeding objective should 
have the same basis for units of expression, such as ‘dollars 
per head shorn’ as used above. Choice of this basis can have 
an important influence on the consequences of using the 
breeding objective. If the unit of expression is on ‘dollars per 
breeding ewe per year’, which accommodates both production 
and reproduction traits, then the breeding objective might be 
for example:

  
$7.20/kg per breeding ewe per year x clean  
 fleece weight

- $1.20/µm per breeding ewe per year x fibre  
 diameter

+$7.00/lamb weaned  per breeding ewe per year x number  
 of lambs weaned.

It is important that the unit of expression be chosen carefully. 
As improving profitability of the production system is the 
ultimate aim for genetic improvement, ‘dollars per resource 
unit’ should ideally be the unit of expression, such as 

‘dollars per hectare’. This also allows the profit function to 
accommodate changes in stocking rate with changes in age 
and mature size.

Costs to measure the different traits and to collect all the 
relevant data such as pedigrees, are all important factors in 
designing breeding programs. In general, these costs should 
not be considered when developing the breeding objective, 
which should reflect the commercial production scenario.  
New automated recording methods are being developed 
but traits such as fibre diameter still involve a large labour 
input to sample a fleece and test it for fibre diameter with 
the appropriate equipment. Similarly for backfat and muscle 
depth which can currently only be determined on live animals 
with ultrasonic scanning devices. These costs should all be 
considered and weighed against the economic benefits of 
response under the proposed breeding design, as predicted 
using the breeding objective. Different designs may give the 
same rates of genetic progress but with vastly different costs. 
The design that gives the maximum response may not be the 
optimum design from an economic point of view. This is a 
commercial and marketing issue and a simple solution is not 
always possible. 

The desired gains approach

An alternative approach is the ‘desired gains’ approach which 
involves declaration of the relative magnitudes of genetic 
gains desired in the traits of importance. The breeding 
objective calculations still result in relative economic weights, 
but these are now influenced by the genetic parameters with 
generally greater economic weightings for traits that have 
a lower heritability and that are more difficult to change. 
This method allows breeders to deviate from the economic 
optimum scenario and to set their own breeding direction, 
such as inclusion of parasite resistance, where the economic 
benefits are difficult to define. 

In practice there is opportunity to make such changes in 
direction with little compromise in returns predicted from the 
economically rational approach. For example, engineering 
a 20% shift in the response for a given trait might reduce 
predicted economic response by only 2%.  Sensible reasons 
to make such deviations might include knowledge about what 
seedstock buyers are willing to pay for, and the fact that most 
relative economic weights are calculated under assumption of 
linearity, when in fact, for example, the value of a reduction 
in fibre diameter depends on fleece weight.

A simple subset of this approach is the restricted index, in 
which the objective is set up to give a predicted zero genetic 
change in one or more nominated traits while genetic change 
is achieved in the remaining traits. Examples are restrictions 
for no change in fibre diameter while increasing fleece weight, 
or maintaining scanned back-fat while increasing eye muscle 
depth. Brascamp (1984) describes the methodology and how 
to use a mixture of economically rational and desired gains 
approaches in calculating economic weights. 
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Inheritance of quantitative traits

Most production traits of economic importance show 
continuous variation due to the fact that they are under the 
control of a large number of genes, and affected by numerous 
environmental factors. Their mode of inheritance cannot be 
readily observed and their inheritance can best be described 
and predicted in a statistical manner. 

All genes are passed on to the next generation according 
to Mendelian principles. This can be relatively easy to 
observe in genes that have a large effect, such as black colour, 
Booroola fertility and presence or absence of horns (Van 
Vleck et al., 1987).

Animals differ from each other in the genes that they have 
inherited from their parents and also from environmental 
effects. Some may have inherited favourable genes for the 
trait of interest making them genetically more superior 
while others have inherited less favourable genes, whereas 
some may have received a more favourable environment and 
therefore perform better through chance. 

However, breeders should not be interested in selecting 
animals that have received a better environment but in animals 
that carry favourable genes for the traits they are interested 
in. Neither should breeders be interested in animals carrying 
a specific configuration of genes, as these configurations are 
broken up over generations. Breeders should be interested 
in individuals that carry the most beneficial set of genes for 
a specific breeding objective that will be passed on to their 
progeny. 

The science of genetics has only recently started to identify 
individual genes affecting production traits. The effects of 
individual genes are not usually seen because their effect is 
too small and furthermore environmental factors camouflage 
their effect. Therefore the environmental effects need to be 
separated from the genetic effects to get a true indication of 
an animal’s breeding value as follows.

The phenotype (P
i
) of an animal i is the product of its 

genotype (G
i
) and environment (E

i
). 

P
i
 = G

i
 + E

i 

The next discussion assumes that all these parameters (P, G, 
E) are measured as deviations from the flock average. For 
example, if a ram weighs 70 kg and his contemporary group 
mean is 65 kg then his phenotypic deviation P

i
 is +5 kg. If we 

assume that we know that G
i
 = + 3 kg then by subtracting that 

from P
i
, we can then estimate that the environmental effect 

was +2 kg. This simple equation is the basis to determine the 
genetic value of individual animals.

 
This equation can be further subdivided as 

P
i
 = A

i
 + D

i
 + I

i
 + E

pi
 + E

ti          
(e.g. Van Vleck et al., 1987)

Where 

A
i
 =  the breeding value 

 (sum effect all the genes affecting the trait)
D

i
 =  dominance effect

I
i  
=  interaction or epistatic effect

E
pi
 =  permanent environmental effect

E
ti
 =  temporary environmental effect   

The dominance effect D originates from the interaction 
between genes at the same locus while the epistatic effect 
originates from the interaction between genes at different loci. 
These effects are very difficult to predict and are generally 
treated as ‘noise’ in within-breed genetic improvement 
programs. They are, however, important in crossbreeding 
systems. 

The permanent environmental effect E
p
 is due to an 

environmental effect such as when an animal is born as a 
single or twin, or born from a maiden dam, which can have 
a permanent impact on an animal’s performance. Safari 
et al. (2007a) reported values for different permanent 
environmental factors for Merino sheep. By knowing the 
relative size of each permanent environmental effect, one 
can adjust the measurements to obtain a better indication of 
the genetic value of an individual. In the case of temporary 
environment effects, where E

t 
can simply be a gut fill effect 

affecting body weight at the time when the animal was 
weighed, the best solution is to give all animals as similar as 
possible an environment by running them as one group.  

Of these parameters, only the breeding value A
i
, is 

transmitted to the progeny and later descendants. The 
proportion of variation that the sum effect of all the genes 
affecting the trait (V

A
) explains relative to the total phenotypic 

variation (V
P
) is called the heritability (h2) of the trait and is 

given by 

h2 = V
A
/V

P

This is the key principle in understanding genetic improvement 
programs as the heritability indicates how fast a population 
can be shifted by selection (Falconer and Mackay, 1996; 
Walsh and Lynch, 1998; Van Vleck et al., 1987).

Selection

Selection is one of the main tools breeders have to make 
genetic changes. The science of selection is built around the 
well-established observation that ’like begets like’ in a pure 
breeding population of animals. This phenomenon has been 
understood before the days of the Roman Empire. Charles 
Darwin (1859) stated that ”the principle of selection has been 
reduced to methodical practice for scarcely more than three-
quarters of a century”. It seems that well-organised selection 
programs have been around for at least 200 years. 

However, Darwin and his colleagues did not know about 
genes, and the patterns of transmission of genes between 
generations. This information is available today and helps 
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the breeding of better animals through scientifically based 
selection procedures. Over the last 30-40 years the science of 
selection has had a major impact on genetic improvement of 
farmed animals. 

Response to selection

Response (R) to selection depends on the amount of genetic 
variation as indicated by the heritability that the trait displays 
and the difference in performance between the selected group 
(P

s
) and the average of the population (P) (Van Vleck et al., 

1987). 

R = h2 (P
s
 – P) or 

R = h2 S   where S= (P
s
 – P) 

This is generally known as the breeder’s equation because 
it predicts the genetic change that can be expected per 
generation. This simple relationship helps us to predict the 
effect of a single round of selection if the heritability of the 
trait of interest is known. 

Factors affecting response to selection

There are several factors that influence the annual rate of 
genetic change. These factors can be manipulated to find the 
best structure that will increase the accuracy of selection and 
maximize the genetic response.

Variation of the trait

Genetic change depends on the amount of genetic variation a 
trait exhibits. If there is no genetic variation then one cannot 
differentiate between individuals and the higher the variation, 
the greater is the potential to make genetic progress. Table 
8.1 shows the range in heritability estimates and the variation 
for the production traits in Merino sheep. These estimates 
indicate that all production traits are heritable and should 
respond to selection. 

Correction for environmental factors 

When choosing individuals of high genetic merit unwanted 
environmental effects may lower the accuracy of selection. 
Through chance, a genetically exceptional animal might have 
been poorly positioned in the uterus, born from a maiden, 
stood on by its mother, reared as a twin, stuck in a fence for 
2 days or been missing at drenching. The more significant 
such environmental effects are, the lower the heritability 
appears, because they inflate the phenotypic variation (V

P
) 

that is used in the calculation of the heritability. Where these 
effects can be identified, they can be accounted for to give a 
more accurate prediction of the genetic merit of candidates 
for selection. 

Environmental factors that can influence the ranking 
of animals are management group, birth type, age of the 
dam and age at measurement (Turner and Young, 1969). It 
is critically important to ensure that animals that are being 
compared must receive the same treatment and managed in 
one contemporary group. Different pasture conditions and 

Table 8.1. Heritability estimates and variation of various traits in Merino sheep. 

Trait Heritability  Coefficient of Variation (%)

Greasy fleece weight (GFW) 0.30 – 0.45 19 - 25
Clean fleece weight (CFW) 0.28 – 0.45 18 - 31
Clean wool yield (Yield) 0.50 - 0.65  6 - 9
Staple strength (SS) 0.40 - 0.50 30 - 37
Fibre diameter (FD) 0.37 – 0.57 8 – 11
Coefficient of variation of fibre diameter (CVFD) 0.40 - 0.50 14 - 16
Birth weight (BWT) 0.05 - 0.23 20 - 23
Weaning weight (WWT) 0.20 – 0.25 20 - 26
Yearling weight (YWT) 0.30 - 0.60 14 - 20
Hogget weight (HWT) 0.35 - 0.60 14 - 20
Fertility 0.06 - 0.08 47
Litter size (LS) 0.10 - 0.13 36
Survival rate of lambs to weaning as a trait of the lamb 0.01 - 0.28 24 - 46
Survival rate of lambs to weaning as a trait of the dam 0.03 - 0.14 24 - 46
Lambs born/ewe joined (LB/EJ) 0.03 – 0.20 55 - 72
Lambs weaned / ewe joined (LW/EJ) 0.03 – 0.15 66 - 93
Milk production (Milk breeds and Merino crossbred ewes) 0.10 – 0.54  34 - 50
Subcutaneous fat depth (ultrasound) (SFD) 0.20 – 0.30 35 - 38
Eye muscle depth (ultrasound) (EMD) 0.25 – 0.30 9 - 16
Faecal worm egg count (WEC) 0.20 - 0.40 > 100 
Susceptibility to fly strike 0.35 - 0.40 > 100 

Sources: Atkins, 1997; Afolayan et al., 2008; Cloete et al., 2009; Greeff et al., 2007; Huisman and Brown, 2005; Huisman et al., 2008a; Huisman 
and Brown, 2008b; Huisman and Brown, 2009; Hamann et al., 2004; Safari and Fogarty, 2003; Safari et al., 2005; Safari et al., 2007b.
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factors such as internal parasites can have a large effect on 
an animal’s performance which makes comparing animals 
from different management groups that have been treated 
differently inaccurate. The heritability estimates in Table 
8.1 have been corrected for seasonal, year and management 
group effects and for factors such as sex of the lamb, litter 
size and age of the dam.

Merino sheep that have been born and raised as multiples 
are on average 5% lighter at hogget age than sheep that have 
been born as singletons. Lambs born from maiden ewes are 
on average 2% lighter at hogget age than those born from 
adult ewes. Both birth type and age of the dam have similar 
effects but of a different magnitude on the other production 
traits such as fleece weight and fibre diameter. Age of the 
ewe has a particularly large effect on fertility and litter size 
as maiden Merino ewes are on average 7% less fertile, and 
have a litter size that is on average 15 % smaller than that of 
mature ewes (Safari et al., 2007a).

The size of these effects can be used to adjust the raw 
measurement data and effectively increasing heritability 
resulting in more accurate selection and therefore greater 
response. This adjustment allows twin-reared rams to compete 
fairly in the selection process. Their weaning-weight records 
can be corrected or adjusted by adding the difference between 
the average weaning weight of all single-reared rams and 
the average weaning weight of all twin-reared rams to the 
weaning weight of each twin-reared ram. Similar corrections 
can be made for sex, age of mother, age at measurement/
date of birth, and management group.. This is normally 
calculated automatically during the statistical analysis of the 
performance data to estimate breeding values. However, it is 
critically important that the important environmental effects 
are recorded for each animal.

Repeated measurements 

The accuracy of ranking young animals for selection can be 
improved by these environmental corrections. However, a 
number of factors will contribute to variation in most production 
characters throughout the life of an animal. Factors such as age, 
season, pregnancy and lactation can all affect measurements 
and can result in, say, the fleece weight of an animal changing 
markedly from year to year. Young animals are chosen on the 
basis of their superiority early in life because we are hoping 
that they will retain that superiority and maintain a high level 
of production throughout their lifetime. 

The extent to which this early-life superiority can be 
expected to be maintained is termed the repeatability of the 
character (Table 8.2). A repeatability of 1.0 indicates perfect 
agreement between the rankings of young animals and the 
rankings of those same animals in later life. A repeatability 
of 0 indicates no relationship. 

Repeatability tends to be lower when animals are 
assessed for superiority as weaners (Table 8.2) because of 
the large influence of environment effects on the production 
of weaners. Reproduction rate has significantly lower 
repeatability than most other production characteristics so 

there is a low expectation of accurately predicting the lifetime 
reproduction rate of a ewe on the basis of her performance 
at her first lambing. High repeatability does not mean that 
an animal will have exactly the same production level every

 
year, rather the animal will tend to consistently rank the same 
relative to other animals within its age group, even though the 
average value of the characters may change. 

Table 8.2. Repeatability of some production traits in Merino 
sheep.  
    Age of first assessment  
Characteristic Weaning Later ages

Greasy fleece weight (CFW) 0.4 - 0.5 0.5 – 0.8
Clean yield 0.4 – 0.5 0.5 – 0.8
Live weight LW 0.3 – 0.8 0.5 – 0.8
Fibre diameter (FD) 0.2 - 0.5 0.5 – 0.8
Staple strength (SS)  0.3 - 0.7
Coefficient of variation of fibre diameter  0.4 - 0.8
Reproduction rate (LW/EJ)  0.04 – 0.2 
Faecal worm egg counts(WEC) 0.2 - 0.3 0.2 - 0.3

Sources: Turner and Young, 1969; Hatcher et al., 2005; Pollott and 
Greeff, 2004.

Heritability

The higher the heritability (Table 8.1) the easier it is to change 
a trait through selection. Historically the work required to 
estimate these parameters was usually carried out by research 
organizations, as controlled breeding of large experimental 
flocks was required. However, more and more information 
is now collected by individual breeders who submit their 
data to a centralized Genetics database. This industry data 
is now regularly included in the estimation of the necessary 
genetic parameters required to develop breeding programs 
using sophisticated statistical procedures to accommodate 
the effect of selection.

Selection intensity

Different traits show different distributions of observations 
and therefore have different variances as shown in Table 8.1. 
In order to have a standardized system on which animals are 
selected, the selection intensity (i), which is the selection 
differential (S) divided by its standard deviation, is used. Thus 

  
S = i x sd 

Where sd= phenotypic standard deviation of the trait

The proportion of animals that need to be replaced in a flock 
determines i. Since more females are normally replaced than 
males in the flock, we need to determine i separately for 
males (i

m
) and females (i

f
). Their average values times the 

standard deviation of the trait (sd) is then used to replace S in 
the breeders’ equation as follows.
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R = (i
m
 + i

f
)/2 x h2 x sd

The selection intensity can be increased by joining fewer 
males or replacing males more often. It is strongly linked to 
the generation interval because both are determined by the 
age structure of the flock. 

Generation interval

A breeding program is a continuous event and genetic gains per 
generation accumulate by an amount (R) as predicted above. 
The annual rate of genetic change is affected by the number 
of years ewes and rams are kept in the flock. To express the 
gain on an annual basis, the generation interval (L), or average 
age of parents when the progeny are born, must be calculated. 
Generally the length of the generation interval is the time 
taken to complete a round of selection ~ and so the longer the 
generation interval, the slower is the response to selection.

Rams and ewes must be considered separately when 
calculating the generation interval, as their genes make equal 
contributions to the progeny despite the lower number of rams. 
If rams are first used at 18 months and are kept for two matings, 
they will be either 2 or 3 years old when lambs are born. In the 
absence of ram culling and mortality, this gives the generation 
interval for rams as the average of 2 and 3, thus L

m
= 2.5 years. 

Similarly, if ewes are mated first at 18 months and then 
kept for five lambings, they will be 2, 3, 4, 5 or 6 years of 
age when lambs are born. In the absence of ewe culling and 
mortality, the generation interval for ewes will be the average 
of these ages, thus L

f
 = 4 years.

 The flock generation interval, L, is the average of L
f
 and L

m
. 

In this case L = 3.25 years. Response per generation (or per single 
round of selection, as given above) is converted to response per 
year, by dividing by the generation interval as follows. 

R = 
(i

m
 + i

f
)/2 x h2 x sd

(L
m
 + L

f
)/2

 This equation is the key to designing breeding programs. 
Any of the parameters can be manipulated to find the optimum 
structure for any system. 

The breeder’s equation applies to within-flock selection. 
Different flock structures will provide different selection 
intensities and generation intervals and these can be evaluated 
to determine the best structure to maximize response to 
selection (Cottle, 1984). With the availability of  BLUP 
breeding values, where comparisons can be made across 
age groups, animals don’t all have to be replaced when they 
reach a certain age. The best individual animals can be kept 
longer while the poorer younger animals can be culled earlier 
(James, 1979). In addition, genetically superior animals from 
another source can be introduced by artificial insemination. 

Inbreeding

Inbreeding arises from the mating of related animals. When 
two individuals have a common ancestor, they may both carry 

copies of the same gene that was present in the ancestor. If 
these two individuals mate, their progeny may inherit the 
same gene from the male and the female and therefore may 
have identical genes by descent at the same place on the 
chromosome. This is measured by calculating the inbreeding 
coefficient which is a measure of the increase in the 
proportion of homozygous genes in a population relative to 
a base population in which it is assumed that all the animals 
were originally unrelated and had zero inbreeding. 

Inbreeding was once a popular method to “fix” genes 
in the population but it is an undesirable practice because 
it results in inbreeding depression due to the lower fitness 
of inbred animals due to an increase in the frequency of 
deleterious recessive genes. Moreover, inbreeding reduces 
the genetic variation in the population, which leads to a 
reduction in response to selection. Genetic improvement can 
be achieved more efficiently by normal selection methods 
that avoid inbreeding, than through any form of inbreeding.

In a closed flock that is subjected to selection, inbreeding 
is an inevitable consequence of the process and accumulates 
over time. The rate of inbreeding depends on the number of 
dams and sires used and how related they are to each other. 
It is unavoidable because in any population every individual 
has 2 parents, 4 grandparents, 8 great grandparents, etc. 
Falconer and Mackay (1996) stated that a few generations 
back the number of individuals required to provide separate 
ancestors for all the present individuals becomes larger than 
any real population could contain. Any pair of individuals 
is therefore likely related to each other through one or more 
common ancestor in the past, and the smaller the size of the 
population in the previous generations, the less remote the 
common ancestors are.

In flocks where BLUP estimated breeding values are 
used, inbreeding should be monitored and controlled, 
because BLUP places more emphasis on family information 
when estimating breeding values. This implies that a larger 
proportion of the top ranking animals will be found in 
the same families. For example, if an outstanding sire is 
introduced into a flock it is likely that his sons will all rank 
highly. If they are all selected to sire the next generation, 
then all their progeny will be related. The level of inbreeding 
in subsequent generations will increase with negative 
consequences on production. Breeders should therefore not 
simply use the best ranking animals as future parents because 
there is a high likelihood that a large proportion of individuals 
from a few families will be selected which will inevitably 
results in an increase in the level of inbreeding, and a parallel 
decrease in genetic variation. Hence breeders should use their 
discretion to maintain genetic diversity and to restrict the rate 
of inbreeding in their flock. This can be done using tactical 
mate selection tools, as noted below.

 
Allocation of mates

Females should be allocated to males in such a way that they 
are not closely related to each other, to help avoid inbreeding 
in the resulting progeny. One strategy is to not select too 
many male progeny from just one or a few sires. However, 
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this is another issue that can be handled by a tactical mate 
selection tool.

Corrective mating

The aim of animal breeding programs is to improve the 
productivity of commercial flocks. However, traditional 
breeders tend to breed towards a desirable “type” by using 
corrective mating, also known as negative assortative mating. 
It is widely practiced in the sheep industry where there is 
a desire to breed towards an intermediate optimum, or to 
reduce between animal variation in a trait, and/or where the 
available selection pressure may not allow culling all animals 
below acceptable standards, and these are then mated to 
above average animals. However, the response to such a 
selection and mating strategy will only result in a temporary 
6 to 10% change when selection has reach an equilibrium. 
When selection is relaxed the trait will revert back to its 
natural state and with the concomitant reduction of 10 to 20% 
in the heritability of the trait, this strategy does not warrant 
any significant cost or effort (Howe, 1984).

Tactical mate selection

Decision support software tools have been developed to assist 
breeders manage the selection and mate allocation process 
to balance technical, cost and logistical issues, with the key 
aim to give fast genetic progress while maintaining genetic 
diversity for longer term gains (Kinghorn et al., 2008). Some 
of these tools can also accommodate progeny inbreeding, 
corrective mating, use of AI and MOET and operational 
costs. 

Options available include Ani-Mate (Amer, www.
abacusbio.co.nz/products.html), TGRM and X’Aim 
(X’Prime, www.xprime.com.au), GENCONT/OCSELECT 
(Meuwissen, 2002; Hinrichs et al., 2006), EVA (Berg et al., 
2006) and MateSel (www-personal.une.edu.au/~bkinghor/
pedigree.htm). Tools such as these are now being used in 
breeding programs for sheep, beef and dairy cattle, pigs, 
poultry and other species.

Relationships between traits

Two or more traits such as height and body weight are 
often correlated. This correlation is known as a phenotypic 
correlation because the association is between two phenotypes 
of the same animal. Phenotypic correlations may be due 
to environmental or genetic correlations. Environmental 
correlations refer to two or more traits that are influenced 
by the same environmental factor such as the availability of 
feed. Sheep growing in an area with abundant feed will grow 
faster and be bigger than sheep growing in an area where 
a shortage of feed exists thereby generating a correlation 
between growth and feed availability. 

The phenotypic correlation may also result from a genetic 
correlation which means that the genes affecting two traits 
are associated. The primary genetic cause of a phenotypic 

correlation is pleiotropy, which is due to the effect one gene 
can have on two or more characteristics. Thus different traits 
can “share” the same genes. This level of sharing genes is 
indicated by the genetic correlation which can vary from -1 
to +1. Table 8.3 and 8.4 show the genetic and phenotypic 
correlations between some of the most important production 
traits in Merino sheep. If the genetic correlation between two 
traits is one (minus or plus), then both traits are determined 
by the same set of genes and thus change together. Greasy 
and clean fleece weight are genetically strongly correlated 
(r

g
 = 0.8) and therefore these two traits have 80% of their 

genetic effects in common compared to fleece weight and 
body weight with a genetic correlation of only about 0.20. 
When the genetic correlation is zero then there is no sharing 
of genes between the traits and both traits are determined by 
two completely different sets of genes. 

Genetic correlations are important in animal breeding 
because they produce a correlated response to selection. 
This is particularly useful if trait A is easier and cheaper 
to measure and has a higher heritability than trait B. The 
correlated response (CR) per generation in trait A to selection 
on trait B is given by the following equation (Falconer and 
Mackay, 1996).

CR
A
 = r

gAB
 x h

A
 x h

B
 x sd

A

where  r
gAB

 = genetic correlation between trait A and B
 h

A  
= square root of the heritability of trait A

 
h

B 
 = square root of the heritability of trait B

 sd
A 

= phenotypic standard deviation of trait A

In addition if both traits A and B are measured then using 
the information on both traits will allow one to estimate their 
breeding value more accurately than using information on 
one trait only. 

Genotype x environmental interaction

Genotype x environmental interaction (G x E) occurs where 
two genotypes A and B are tested in two environments 1 and 
2, with the result that A

1 
- B

1
 ≠ A

2 
- B

2
 (Barlow, 1981). These 

interactions may be associated with a change in rankings of 
genotypes or just a change in the difference between two 
genotypes. Genotypes could be different breeds, strains or 
individual sheep, while environments could be different 
locations, years or nutrition (Turner and Young, 1969). 
Falconer and MacKay (1996) quantified this interaction by 
measuring the genetic correlation between the same trait 
in two different environments. If the correlation is equal to 
one then we can assume that the same genes influence the 
trait in different environments, and any interactions are just 
a reflection of scale effects (e.g. all animals would weigh 
twice as much if raised in the other environment).  However, 
when the correlation deviates from unity, then it indicates 
that different genes are influencing the same trait in different 
environments.

http://www.abacusbio.co.nz/products.html
http://www.abacusbio.co.nz/products.html
http://www.xprime.com.au
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Large breed x environment interactions have been 
reported by Baker et al. (2002) between Dorper and Red 
Masaai sheep. Red Maasai sheep were 3-5 times more 
productive and efficient than Dorper sheep in a humid coastal 
environment while in a semi-arid environment Dorper sheep 
were slightly more productive than the Red Maasai. This trial 
emphasizes the importance of using adapted breeds from 
specific environments. Strains of Merino sheep have also 
shown strain x environment interactions for wool, growth 
and reproduction traits but these interactions accounted for 
only a minor fraction of the phenotypic variance and can 

therefore for practical reasons be ignored (Dunlop, 1962; 
Dunlop, 1963, Woolaston, 1987; James, 2008). 

The main effect of a genotype x environment interaction is 
that it will reduce the ability to accurately identify genetically 
superior sires tested in different flocks. If sire x environment 
interactions are present, then some sires’ progeny perform 
better in one environment, while other sires’ progeny perform 
better in another environment. This is particularly relevant 
for the stud breeding industry where rams are evaluated and 
tested under better management and feeding conditions. Not 
all the genetic gains generated from selection in a favourable 

Table 8.3.  Genetic (below diagonal) and phenotypic (above diagonal) correlations between production traits in Merino 
sheep.

BWT WWT YWT HWT GFW CFW FD Yield CVFD SS

BWT 0.37 0.32 0.26 0.24 0.24 -0.05 0.05 0.01 -0.06

WWT 0.47 0.74 0.59 0.25 0.32 0.07 0.02 -0.10 0.06

YWT 0.29 0.65 0.84 0.44 0.43 0.16 0.04 -0.21 0.22

HWT 0.22 0.64 0.89 0.37 0.36 0.16 0.03 -0.13 0.08

GFW 0.21 0.24 0.35 0.35 0.90 0.31 -0.04 0.36 0.19

CFW 0.11 0.20 0.23 0.20 0.86 0.24 0.35 0.01 0.11

FD 0.18 0.05 0.17 0.15 0.36 0.29 0.00 -0.10 0.25

Yield -0.25 -0.04 0.01 -0.01 -0.14 0.38 0.06 -0.10 0.15

CVFD 0.38 -0.12 -0.37 -0.20 0.09 0.01 -0.10 -0.14 -0.40

SS 0.50 0.21 0.20 0.12 0.20 0.20 0.32 0.35 -0.61

Sources: Atkins, 1997; Huisman and Brown, 2005; Huisman and Brown, 2008a; Huisman and Brown, 2008b; Huisman and Brown, 2009; 
Pollot and Greeff, 2004; Safari and Fogarty, 2003; Safari et al., 2005; Safari et al., 2007b; Safari et al., 2007c. 

Table 8.4.  Genetic and phenotypic correlations between some production traits in Merino sheep.

Fertility LS LB/EJ LW/EJ WEC EMD SFD

Genetic correlations

BWT -0.09 0.13 0.10 -0.02 0.07 -0.13 -0.52

WWT 0.12 0.22 0.22 0.20 -0.03 0.01 -0.19

YWT 0.39 0.55 0.56 0.58 -0.08 0.49 0.60

HWT 0.24 0.49 0.38 0.39 -0.32 0.34 0.36

GFW -0.19 -0.05 -0.13 -0.12 0.15 -0.10 -0.08

CFW -0.21 0.04 -0.11 -0.26 0.13 -0.13 -0.17

FD 0.02 0.05 0.02 0.06 -0.08 0.09 0.07

Yield -0.05 -0.04 -0.07 -0.05 0.00 0.14 -0.15

CVFD -0.10 -0.10 -0.13 -0.13 0.13 -0.17 -0.04

Phenotypic correlations

BWT 0.03 0.03 0.04 0.03 0.07 -0.14 -0.18

WWT 0.04 0.05 0.08 0.09 -0.04 -0.01 -0.10

YWT 0.09 0.12 0.12 0.17 -0.04 0.51 0.37

HWT 0.08 0.12 0.12 0.12 -0.05 0.73 0.39

GFW -0.16 -0.01 -0.03 0.00 0.01 0.02 -0.05

CFW -0.17 -0.08 -0.17 -0.18 0.00 0.02 -0.04

FD -0.06 -0.03 -0.06 -0.07 -0.04 0.07 0.08

Yield -0.05 -0.04 -0.07 -0.05 0.00 0.06 0.01

CVFD -0.01 0.03 0.02 0.00 0.04 -0.08 0.01

Sources: Atkins, 1997; Cloete et al., 2009; Greeff et al., 2007; Huisman and Brown, 2005; Huisman et al., 2008ab; Huisman and Brown, 
2009; Pollott and Greeff, 2004; Safari and Fogarty, 2003; Safari et al., 2005; Safari et al., 2007b; Safari et al., 2007c.
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environment will be transferred to a harsher, commercial 
production environment, because of a change in rankings of 
sires.

Significant sire x environmental interactions have been 
found for most production traits (Dunlop, 1962, 1963; 
Carrick and van der Werf, 2007) and for WEC (Pollott and 
Greeff, 2004). Carrick and van der Werf (2007) showed that 
sires can re-rank for body weight, eye muscle depth and fat 
depth whereas the wool quality traits were generally free 
of significant interactions. Although these were significant, 
these studies concluded that such interactions for the wool 
quality traits will seldom hinder genetic progress from 
individual selection. However, Dominik and Kinghorn 
(2001) showed that assumption of no GxE interactions could 
lead to considerable over-prediction of dollar response, by up 
to 114%.  It was concluded that commercial producers can 
expect an unfavourable bias and quite a large variability in 
genetic and financial gain from the use of selection indexes 
if they use sires that are selected in a stud environment. This 
emphasizes the impact that G×E interactions can have on 
animal breeding programs and the need to deal with it as 
comprehensively as possible to avoid any negative impacts.

Genetic evaluation

Estimating breeding values (EBV)

The success of breeding programs relies on estimation of 
accurate breeding values for the traits of interest. Estimating 
breeding values form the basis of modern animal breeding 
techniques as they predict how a selected animal’s progeny 
will perform relative to the rest of the flock. 

Estimating accurate breeding values relies on good quality 
data. Therefore robust methods should be implemented to 
collect pedigrees, measure the traits of interest and record 
important environmental factors (Turner and Young, 1969) 
that can affect an animal’s performance dramatically. 

The simplest type of EBV is given by an individual’s 
measurement as a deviation from the phenotypic mean of 
the group in which it has been raised. This deviation allows 
animals to be ranked from the best to the poorest and thus 
to identify the best performers. However, not all of their 
superiority will be passed on to their progeny. If an animal’s 
body weight is 1 kg heavier than the group’s average, then 
only that part which is heritable will be passed on to the 
next generation. Thus the phenotypic superiority needs to be 
“shrunk” by the heritability to estimate the breeding value Â

i
 

as follows

Â
i
 = h2 (P

i
 – P) 

Where P
i
 = individual’s performance 

 P = average of the contemporary group.

The accuracy and reliability of breeding values can be 
improved by using information from other sources. Data 

must be corrected for the important environmental factors as 
they will increase the accuracy of selection. Figure 8.1 shows 
the increase in the ability to differentiate between animals as 
more information is collected and traits measured. 

Tags only 

Greasy Fleece
Weigfht (GFW)

 

Clean Fleece Weight (CFW)
+

Fibre Diameter (FD)

CFW + FD + Birth type
+ FFDA

+ BLUP

   

CFW + FD + Birth type
+ FFDA

   
                    

Dollar Estimated Breeding Value EBV$ 

Figure 8.1. More information gives more spread in dollar 
estimated breeding values (EBV). Source: Kinghorn (1997).

When only an individual’s tag number is known there is no power 
to identify superior (or inferior) animals. If fleece weight is known 
then one can identify the high and low producers. Knowing the 
environmental factors such as whether an individual was raised 
as a single or twin will increase our accuracy to differentiate 
between animals, and as more information is added, there is more 
power to identify animals with high and low breeding values, and 
the EBV distribution widens. This increase in spread improves 
our ability to identify the genetically superior animals and thus 
make faster genetic progress.

Figure 8.2 shows how EBVs can be used to predict the 
progeny’s performance. If the sire has an EBV for clean fleece 
weight (CFW) of +0.40 kg, it implies that his genes have the 
potential to increase fleece weight in his progeny. But as he only 
passes on half his genes, his progeny can only expect half his 
superiority, that is, +0.20 kg. Similarly a dam with an EBV of 
+0.1 kg will only pass on half of her genes to her progeny, thus 
they can expect only half her superiority which is 0.05 kg. The 
sum of these two amounts indicates that the expected EBV of 
the progeny for clean fleece weight is 0.25 kg. If the EBV of the 
dam is unknown, then it is assumed that she has been randomly 
picked from the flock and that she has an average EBV of zero. 
The expected EBV of the progeny then becomes +0.20 kg. 
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Using information on relatives

Information from progeny can also be used to predict an 
EBV for a parent. As sires normally have more progeny, 
the progeny of a sire can give a very good indication of his 
breeding value. This is the underlying principle of progeny 
testing. Females are randomly allocated to males and 
managed as one group up to lambing. The progeny groups are 
identified at birth and then managed in one group to ensure 
they all receive the same environmental conditions and that 
no groups get preferential treatment. Differences between 
progeny groups are then due to genetic differences and not 
due to environmental differences.

The most accurate method to estimate breeding values 
from phenotypes is with BLUP technology (e.g. Kinghorn, 
1997). It is a statistical technique and uses all the available 
information from genetically related relatives and also from 
correlated traits to estimate a BLUP breeding value. It 
corrects for environmental factors such as flock and year of 
production, and other factors such as birth status, sex and age 
of the dam that can affect an animal’s breeding values. 

One of the main advantages of BLUP is that it can also 
uses information from different flocks. Thus where a ram has 
progeny in two or more flocks, BLUP can use the pedigree 
information and adjust the performance measurements of the 
progeny for the flock effect (both environmental and genetic). 
Information from all relatives in all flocks (sire, progeny and 
half sibs in this case) is used to increase the accuracy of the 
EBVs. However, this depends on the strength of the genetic 
links between flocks. Flocks that have more progeny per sire 
and more sires in common, will have stronger genetic links 
and increased EBV accuracy, than flocks with few progeny 
from a few sires in common (Cottle and James, 1997). 

BLUP has unique properties but it requires a good data 
structure and accurate heritability estimates, as well as 
reliable genetic and phenotypic relationships between traits. 
It has become the method of choice worldwide to estimate 
breeding values of animals (Nicholas, 1987; Kinghorn, 
1997).

The following factors affect the accuracy and reliability 
of BLUP breeding values.

Heritability of the trait. A higher heritability increases the 1. 
accuracy.
Knowledge of the environmental factors to correct the data2. 
Amount of information available on relatives. Closer 3. 
relatives, such as the progeny, contribute more information 
than relatives further removed, because they have more 
genes in common.
The larger the number of relatives measured, the higher the 4. 
accuracy. 
In multiple trait evaluations, where the trait of interest is 5. 
correlated to another trait, measuring and including the 
second trait will add information to the trait of interest 
thereby increasing the accuracy.

As males are normally measured more intensively than 
females this results in an improved ability to differentiate more 
between males than females, thereby increasing the accuracy 
of identifying genetically superior animals with a consequent 
increase in the financial genetic response (Figure 8.3). 

Genetic trends

One of the big advantages of BLUP is that the EBV of a 
trait can be averaged within years and this provides the 

 

EBVCFW = +0.4 EBVCFW = +0.1 
½ 

Progeny 
Average +0.25 

½ 

Figure 8.2.  Predicting progeny’s EBV from parents’ EBV. 
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annual genetic changes that have been generated within a 
flock through selection. Genetic trends can be calculated for 
different groups of animals such as flock, groups of breeders, 
regions or for a breed as a whole. It is a powerful tool because 
it allows breeders to keep track of their genetic progress and 
to refine or change their selection decisions if necessary. 
However, to get reliable estimations of trend, there needs to 
be good genetic connection between years, which is aided by 
repeat mating of some sires.  

 

Rams

Ewes

Parental
Superiority

A use of
Dollar EBV distributions

Response

Progeny

Progeny
Superiority

Figure 8.3. Diagram showing the influence of accuracy on 
the response to selection on dollar EBVs. 
Source: Kinghorn (1997).

Figure 8.4 shows the genetic trends for growth and carcass 
traits across breeds in the Australian lamb industry while 
Figure 8.8 shows the genetic trends for WEC in the Rylington 
Merino flock which has undergone long-term selection for 
reduced worm egg counts. 

Industry support systems

Sheep genetics

Successful breeding programs depend largely on the ability of 
breeders to identify genetically superior animals. Most of the 
important sheep producing countries have an evaluation system 
to estimate breeding values to assist breeders in their breeding 
programs. Participating breeders submit all their performance 
data and pedigree information to a central database. Each 
animal has a unique identification number that is related 
to the genotype of the animal, its origin, year of birth and 
phenotypic performance information. All the information is 
used to estimate an EBV for wool, growth, disease resistance, 
carcass and the reproduction traits that are then used to rank 
individuals on a range of breeding objectives. 

In Australia, Sheep Genetics (Brown et al., 2007) is the 
national genetic evaluation system for both the meat and wool 
sectors of the local sheep industry. MERINOSELECT is the 
evaluation system for Merino sheep, whereas LAMBPLAN 
provides genetic information on Terminal, Maternal and 
Dual Purpose sheep breeds to breeders and commercial lamb 
and sheep producers. In New Zealand, Sheep Improvement 
Limited (SIL) and in South Africa, Intergis, provide 
performance recording services and breeding values to their 
respective sheep industries. 

Breeders are provided with a detailed report which 
includes the EBVs of the traits and the ranking of individual 
animals on different selection indexes. Some institutions also 
provide the accuracies of the EBVs. Figure 8.5 shows an 
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example of a report by LAMBPLAN from Sheep Genetics 
in Australia where an EBV is generally known as an ASBV 
(Australian Sheep Breeding Value). This information is then 
summarized for the breeder to track genetic progress on 
key traits relative to the breed as a whole which is shown 
in Figure 8.6. Similar reports are provided for wool sheep 
through MERINOSELECT.

The sheep performance recording and evaluation schemes 
provide a benchmarking system that allows breeders to 
track the level of improvement in the genetic merit of their 
flock. Commercial buyers can also use the information to 
objectively compare rams and identify those which best suit 
their production system and market targets. By using such 
information sheep breeders are able to reduce their risk 
associated with ram selection, improve the rate of genetic 
gain of their flocks, more reliably meet market specifications 
and improve overall productivity.

Industry indexes

Sheep Genetics has developed a set of standard selection 
indices for different breeding objectives that is based on an 
economic analysis from a standard sheep production system. 
In addition to these standard indexes, a range of customized 
indexes are available enabling ram breeders to concentrate on 
the traits considered important to their breeding objective and 
the requirements of their clients. 

Recently a software program called SheepObject (Swan 
et al., 2007) has been developed which is used to construct 

breeding objectives for different production systems in the 
Australian sheep industry. This package requires production 
parameters, biological data and economic information to 
derive economic weights for the economically important 
traits. In future it will be possible for breeders to use this 
software to develop customized selection indexes that 
accommodate their own breed, region, market or production 
enterprise level. 

Visually scored traits

In addition to the objectively measured traits such as fleece 
weight, these reports also provide breeding values for 
subjectively scored visual traits that are important to the 
sheep industry. This is based on a national standard scoring 
system that has been developed by the industry to quantify 
the structural, conformational and wool quality traits that are 
difficult to measure objectively, and to class sheep according to 
a standard protocol (Anon., 2007). Having this system makes 
it possible to estimate breeding values for the subjectively 
assessed traits and they can be incorporated in selection 
indexes to improve the visual wool and body conformational 
traits simultaneously with the production and disease traits.  
The first breeding value of a visually scored trait was wrinkle 
score for Merino sheep. It was made available to industry in 
2009. This trait is favourably correlated with fleece weight 
but unfavourably correlated with flystrike in Merino sheep. 
Breeding values for other visually scored traits will be added 
in future.

Figure 8.5. Example of a report to an individual breeder with the Australian Sheep Breeding Values (ASBV) of the 
different production traits, their accuracies and index ranking on their chosen breeding objective for their sheep.  
Source: LAMBPLAN (2008). 
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Crossbreeding methods 

Selection and crossbreeding are the two main tools available to 
the animal breeder. The science of crossbreeding is much more 
empirical than the science of selection -- we cannot predict 
the effect of crossing two breeds or strains until we make and 
test the cross (Kinghorn, 1987). However, when crosses are 
made among pairs of breeds, the resulting information can 
be used together with the theory of crossbreeding (below) to 
help predict the value of more complex crosses (Wei et al., 
2003). 

The genetic basis of crossbreeding 

It is well known that when two breeds are crossed, the 
resulting progeny often perform better than the average of 

the two breeds. The additional performance is referred to as 
heterosis or hybrid vigour (Falconer and Mackay, 1996). 

To understand what causes heterosis and how it can be 
exploited most favourably it is necessary to consider the 
transmission of genes in a simple crossbreeding situation. 
Genes exist in pairs (one gene from each parent) lined up on 
chromosomes (one chromosome from each parent). Figure 
8.7 depicts a number of cells chosen from various breeds or 
crosses, each cell having one chromosome pair lined up for 
illustration, with paired genes opposite each other. This is 
not what one would see down a microscope, but it serves for 
illustration. Genes from breeds 1 and 2 are depicted by open 
and closed circles respectively. 

In the F1 cross (the first cross) all gene pairs consist of 
one gene from breed 1 and one gene from breed 2. Thus, the 
F1 cross is likely to contain a wider range of different genes 
than either of the pure breeds. It is speculated that a wider 

Figure 8.6. Report to a breeder that shows the genetic progress for the key production traits relative to the industry.  
Source LAMBPLAN (2008).
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range of genes makes the F1 cross capable of coping with a 
wider range of environmental factors as both genes code for 
different proteins and thus it performs better on average.

Dominance theory assumes that having two different 
genes in a pair is, on average, better than having two genes 
the same. In the F1 cross, each individual gene is paired with 
a gene from a different breed and it can thus be said that the 
F1 cross has 100% dominance with respect to breed or origin 
of genes. However, as Figure 8.7 shows, following mixing 
of genes in the sperm and eggs of the F1 parents, and inter-
mating among F1 parents, only half the gene pairs in the F2 
(second-cross) animals have one gene from each breed. Thus, 
under the dominance theory, the F2 animal will only show 
half the heterosis of the F1 animal. 

The generally strong relationship between the proportion 
of breed dominance and animal performance suggests that this 
genetic mechanism is the main basis of observed heterosis.
           
 

 
Figure 8.7. The transmission of genes under crossbreeding. 
Breed 1 genes are depicted by open circles and breed 2 by 
closed ones.

Considering the way in which genes are mixed and transmitted 
in this manner, the amount of heterosis expressed in any type 
of cross can be predicted. The proportion of F1 heterosis 
expressed is predicted as the probability that each gene of a 
randomly chosen pair comes from a different breed. These 
predictions are shown in Table 8.5 for a number of different 
crossbred types. The predicted proportion of heterosis 

expressed in the dam is also shown in Table 8.3, as maternal 
heterosis can have a large effect on progeny performance 
through mothering ability and milk production.

Table 8.5. Predicted proportion of heterosis expressed in 
different crossbred types, assuming the dominance model of 
heterosis. 

Crossing system Individual heterosis Maternal heterosis

Purebreds 0 0
F1 cross 1 0
F2 cross 1/

2
 1

Backcross 1/
2
 1

3-breed cross 1 1
2-breed rotation 2/

3
 2/

3

2-breed composite 1/
2
 1/

2

Source: Kinghorn (1991).

Crossbreeding systems 

Quite a wide range of crossbreeding systems can be used. 
Some of the most important ones are given below and will be 
described briefly.

FI cross
A X B

AB

This is simply the product of mating between 
breed A rams and breed B ewes. In the cross-
bred product, depicted by AB, both breeds 
contribute one gene to each gene pair. This 
gives rise to full expression of heterosis.

Backcross

A X AB

A(AB)

Breed A rams are mated to F1 (AB) ewes. 
In the crossbred product we expect that half 
the gene pairs have a gene derived from each 
of the pure breeds (in the other half, both 
genes are derived from breed A) giving a 
50% expression of F1 heterosis. The ewes 
express full maternal heterosis, as they are 
F1 crosses.

3-breed cross

C X AB

C(AB)

Breed C rams are mated to F1 (AB) ewes. 
All gene pairs in the crossbred product have 
a gene derived from each of two different 
pure breeds - either C and A, or C and B - 
such that full heterosis is expressed. As with 
the backcross, full maternal heterosis is also 
expressed. 

2-breed 
rotation

A X B

B X AB

A X B(AB)

B X 2/3A 1/3B

A X 1/3A 2/3B

This system starts with an F1 cross then a 
backcross, and then continues by using a 
different breed of ram rotationally in each 
generation. After several generations the 
genetic mixture of the offspring reaches 
one-third A and two-thirds B or vice versa 
in alternative generations. Breed A rams 
are always mated with ewes that have two-
thirds breed B genes – such that heterosis 
expression is two-thirds of an F1 cross in 
the progeny etc. As this argument holds for 
use of breed B rams, two-thirds heterosis 
is expressed in every generation both 
for progeny (direct heterosis) and ewes 
(maternal heterosis) 

Parent breeds

F1 cross

F2 cross
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Grading-up

A X B

A X (AB)

A X A(AB)

Etc.
A X 99% A

Grading-up is breed replacement 
through importation of rams alone. 
Here, breed B is being replaced by 
breed A. After several generations, 
breed B genes have been diluted out to 
the extent that the flock can reasonably 
be described as breed A. Although 
usually not a prime aim, heterosis 
expression is only evident in the first 
few generations.

2 – breed composite

  A X B

AB X AB

(AB)2 X (AB)2

After a number of generations, both 
parents and composite progeny are an 
even mix of breeds A and B, constituting 
the development of a new breed. 
However, full heterosis is not retained - 
the chance of any one gene being paired 
with a gene derived from a different 
breed is now only 50%, as for the F2 
cross. This also applies to maternal 
heterosis. The Corriedale is an example 
of an established two-breed composite, 
the parent breeds being Lincolns and 
Merino. Similarly the Dorper was 
developed from crossing the Dorset Horn 
with Black Head Persian ewes. 

A diagram to illustrate an open composite breed system is not 
given, as it would be complex. The philosophy in developing 
and running an open composite is to import rams (or even ewes) 
of any breed, based on merit alone, or to use home-bred rams 
if they compete sufficiently. Although this gives the breeder 
opportunity to use the fullest range of genetic material available, 
the commercial product may be quite variable, unless a resulting 
new breed has been closed to importations for some generations. 
The Australian White Suffolk is a good example. If heterosis is 
important, animals should be chosen in a manner to maximise 
the combined effects of selection and heterosis. This will be 
discussed in more detail later in this section. 

The best system for any given situation depends on several 
factors, including the following. 

The expression of heterosis, if crossbreeding effects alone •	
are considered, will always dictate a fully structured system 
(where there is a short pedigree back to pure breeds on both 
the sire and dam sides) such as an F1 cross or a 3-breed 
cross. The exception to this is when the best pure breed is 
superior to any cross-bred type. 
Because of the costs of reproduction, the cost of maintaining •	
purebred populations specifically to provide breeding females 
and males for a crossbreeding industry is higher in species 
with low reproductive rates. Breeding ewes typically eat 
about 72% where body weight is held constant (Large, 1970) 
or more when ewes also gained weight. Thus maintaining 
purebred flocks specifically to support a cross-breeding 
industry in sheep is resource intensive. Industry structure 
affects the decision. In some cases, transport costs and health 
regulation barriers may restrict crossbreeding activities 
to whatever exchange of semen can achieve. On the other 

hand, ewes may reach the end of an effective reproductive 
life at a relatively young age in marginal farming areas - yet 
these same females may perform adequately when mated 
to rams of another breed in a more favourable environment. 
This type of animal movement is evident in some sectors of 
the Australian meat sheep industry (Chapter 2). 

The value of crossbreeding under Australian conditions differs 
between the prime lamb and Merino wool industry. 

Typifying the crossbreeding systems used in the prime lamb 
industry is the three-breed cross between a Poll Dorset or similar 
terminal sire ram and the F1 Border Leicester × Merino ewe. 
The prevalence of this three-breed cross (Chapter 2) is due to 
both genetic factors and the structure of the sheep industry. The 
major genetic factor is the maternal heterosis expressed by the 
Border Leicester × Merino ewe which has been estimated at 
38% extra lambs weaned per ewe mated (Atkins, 1980). Use 
of a Poll Dorset or similar type of ram, contributes directly to 
a suitably fast-growing prime lamb, and the full expression of 
heterosis in this cross further increases productivity through lamb 
survival and growth. Industry

 
structure plays a role in the choice 

of maternal granddam, due to the relatively low cost of surplus 
Merino ewes. 

Crossing the Merino with non wool breeds for wool 
production is undesirable because it generally has a negative effect 
on wool production. However, crossings between bloodlines 
within strains of Merino sheep, has now become quite extensive 
at the commercial level, through use of rams from different studs. 
Kinghorn and Atkins (1987) have shown that the cumulative 
effect of heterosis on flock productivity, when crossing different 
strains of Merinos, could be about 14% in a three-way strain 
cross and 10% in a composite. 

In recent years as a result of the lower returns from wool and 
increasing value from meat production there has been a shift in 
wool growing areas to use more dual purpose breeds of sheep. 
Some of these have been imported such as Dohne Merino, South 
African Meat Merino, Black and White Dorpers and Damaras 
(Chapter 1). Within the Merino breed there has also been an 
increased focus on selection for carcass and fertility traits to 
develop the Merino into a more dual purpose breed.

Genetics of production traits

Wool production

Fleece weight and fibre diameter are the two main traits affecting 
income from wool. Both are heritable (Table 8.1) but are negatively 
correlated (Table 8.3). However, selection experiments have 
clearly shown that genetic progress can be achieved in both traits 
simultaneously as predicted by Atkins (1997). EBVs are now 
readily available for most wool traits from many ram breeding 
flocks. The effect of using EBV for fibre diameter has resulted 
in a substantial improvement in wool fineness of industry flocks 
during the past decade. Previously, if was impossible to find 
genetically finewool sheep with fibre diameter of less than 13 
micron, but this is now more common.



   Breeding and selection   181

International Sheep and Wool Handbook

Three independent genetic studies on the effect of different 
selection methodologies for multiple wool traits have recently 
been completed on Merino sheep in Australia. The following 
projects have shown the effectiveness of index selection in 
changing the performance characteristics of a range of traits in 
sheep populations.

 
The Trangie QPLUS project

This project was carried out on the NSW Department of Primary 
Industries Trangie Research station. Its major aim and outcome 
was to demonstrate the efficiency of using a selection index to 
rank sheep on measured performance for a range of different 
breeding objectives and to compare the genetic progress achieved 
with that of unselected control sheep in a fine, medium and broad 
wool flock. Breeders were able to compare the outcomes after 
10 years of selection to see what happened to the non-measured 
characteristics like wool style and conformation. This trial 
demonstrated that the achieved outcome was predicted accurately 
when the selection pressure on fibre diameter and wool weight 
were varied by using 3%, 8% or 15% micron premium indexes 
(Taylor et al., 2007).

The South Australian selection demonstration flocks

Industry groups in Australia follow three main methods for 
improving wool quality, wool production and fitness traits: 
traditional sheep classers select animals on visual assessment, or 
select animals on skin based and fleece structure traits, and/or 
breeders use measured performance and modern genetic tools. 
To compare the effectiveness of these different strategies, three 
lines were established on the Turretfield research station in South 
Australia (Ponzoni et al., 1999). Rams from different sources 
were introduced into the flock during the first two years, after 
which the flock was closed and within flock selection was carried 
out using one of the three methods. The results showed that all 
three selection methods made good genetic progress and that a 
combination of strategies can be used in any flock to improve 
profitability (Brien and Young, 2006). The introduction of outside 
sires in the selection lines resulted in fibre diameter decreasing 
while fleece weight increased substantially (7%) relative to the 
unselected control line. After 6 years of within flock selection 
the measured performance line showed the largest response in 
profitability, followed by the skin type and fleece structure line, 
and then the visual and tactile selection line (Kemper et al., 
2006).

The Katanning selection demonstration flocks

The Katanning demonstration flocks benchmarked 16 different 
Merino ram breeding flocks over a 12 year period for the major 
wool and body weight traits. Average rams were sourced from 
each flock over this period to determine genetic change in each 
flock. Following this comparison, the flocks were pooled and 
randomly allocated to a fibre diameter, body weight or staple 
strength selection line while maintaining wool weight and all 
the other traits, and an unselected control line. After 7 years of 
selection, fibre diameter was reduced by 1.2 µm, hogget body 

weight increased by 6 kg while staple strength increased by 4N/
ktex within each line without loss in any of the other production 
traits, including fleece weight (Greeff and Cox, 2006). 

The results from all three of the multiple trait selection studies 
described above clearly illustrate that measurements and using 
EBVs can result in dramatic genetic improvements in all wool 
production traits simultaneously. 

Disease and parasite resistance

Sheep diseases have traditionally been controlled by management 
procedures which concentrated largely on preventative chemical 
treatments such as drenching, jetting, dipping and vaccinations 
(Chapter 20). However, parasites have become increasingly more 
resistant to chemicals. Breech strike is also partially controlled 
by surgical mulesing but this procedure is now being phased out 
due to animal welfare concerns. These management procedures 
are not sustainable and breeding offers a long term solution to 
intestinal worms and blowfly strike.

Breeding for resistance to gastro-intestinal round worms

Improving worm resistance can occur by crossing a susceptible 
breed with a resistant breed. Highly resistant breeds, such as the 
Red Masaai, offer the opportunity to introduce worm resistant 
genes into a susceptible flock. However, this breed is a hair breed 
and crossing it with white woolled sheep will have a large negative 
effect on wool production. The only alternative is to breed for 
worm resistance within white wool breeds such as the Merino, as 
no known worm resistant white wool breed is available.

 It is not possible to measure the number of worms present in 
a live animal to determine whether it is resistant. However, WECs 
have been used very successfully as an indicator trait to breed for 
worm resistance (Woolaston and Piper, 1996) and it is heritable 
(0.25). The genetic trend of WEC at weaning and at hogget age 
is shown in Figure 8.8 for the selection and control lines of the 
Rylington Merino flock in Western Australia (Karlsson and 
Greeff, 2006). D Palmer (unpub. data) found huge differences 
in actual worm counts between hogget rams from the Rylington 
selection and control lines that were given 20,000 larvae per 
week while kept in individual pens in an animal house over a 12 
week period.  The selection line had 90% less Trichostrongylus 
adult worms and 50% less Teladorsagia adult worms than the 
control line at slaughter (Table 8.10). Selection for low WEC has 
been highly successful in reducing the number of adult worms as 
a correlated response. Under a replicated commercial production 
system where the selection and control lines were managed 
separately to prevent any cross contamination, the selection line 
was 8% more profitable up to hogget shearing than the control 
line, due to the combined effect of resistance in the individual 
and the reduced parasitic contamination of the pasture by its dam 
(Greeff and Karlsson, 2006). 

Breeding for resistance to fleece rot and blowfly resistance

Blowfly strike has been a major problem for Merino sheep since 
the introduction of the blowfly Lucinia cuprina. Belschner (1937) 
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showed how successful breeding against body wrinkles can be 
to reduce breech strike. The introduction of surgical mulesing, 
use of chemicals and crutching has been highly successful in 
controlling breech strike so breeders did not breed for breech 
strike resistance. However, mulesing is now unacceptable as a 
management tool and breeding options are now being explored 
as suggested by James (2006). Wrinkles, breech soiling (dags), 
yellow wool and bare breech area are major indicator traits that 
can be used to select indirectly for breech strike resistance (Greeff 
and Karlsson, 2009; Scobie et al., 2008; Smith et al., 2009). 

However, in mulesed sheep, body strike is the major blowfly 
problem. Opportunities to breed for body strike resistance have 
been extensively investigated by Raadsma (2000) who showed 
that fleece rot, dermatophilosis, yellow greasy wool colour, and 
wrinkles are key indicator traits. Mortimer et al. (1998) showed 
how successful selection to reduce fleece rot and body strike 
can be as it resulted in an annual decrease of 0.4% and 2.8% 

respectively, with a small decrease in wool weight as a correlated 
response. 

Reproduction and maternal behaviour traits 

Reproduction traits such as the number of lambs weaned per ewe 
mated is generally a lowly heritable trait (Safari and Fogarty,  
2003; Table 8.1) and selection studies to increase reproduction 
rate were not generally pursued because it took too long. The 
identification of single genes with a major effect on ovulation 
rate such as the Booroola (Piper and Bindon, 1996) and Inverdale 
genes (Davis et al., 2006), offer the opportunity to increase 
ovulation rate very quickly. Hence the Booroola gene has been 
introduced into many breeds because of the additive nature of the 
gene. The ovulation rate of ewes that carry one copy of the gene 
is double that of ewes not carrying the gene, while animals that 
carry two copies of the gene have a much enhanced ovulation 
rate (Piper and Bindon, 1996). Although this gene has been 
researched extensively (Davis et al., 2006), it has only been 
adopted by a very small section of the commercial industry 
because of the difficulty in managing ewes with high litter sizes 
and the lower survival rate of resulting lambs.

An alternative approach was followed when the Finnish 
Landrace and Romanov breeds became better known. The Finnish 
Landrace has been extensively used in crossbreeding studies to 
increase ovulation rate (Fahmy, 1996). Their high ovulation rate 
is not due to a single gene with large effect but due to many genes 
each with a small effect. The effect of the genes was therefore 
easier to control by the introduction of a specific proportion of 
Finnish Landrace genes into a population via crossbreeding.

A trait such as the number of lambs weaned per  mated is lowly 
heritable however gains of 0.014 per year in number of lambs 
weaned per ewes mated have been made which equates to 1.5% 
per year genetic progress (Cloete et al., 2007). This compares 
favourably to gains achieved in normal production traits that are 
more heritable. The main reason for Cloete et al.’s success was 
that this trait is highly variable and repeated records on the same 
ewe were used, which increased the accuracy of selection. Apart 
from the increase in fertility and litter size, Cloete and Scholtz 
(1998) also showed significant improvements in lamb survival 
and neonatal behaviour of ewes and lambs in this flock.

Growth and carcass quality

Major genes have also been found for carcass traits such as the 
callipyge (Koohmaraie et al., 1995) and carwell (Banks, 1997) 
genes that increases muscle mass. However, the callipyge gene 
also displays extreme meat toughness. Therefore selection still 
appears to be the most successful method to increase meat yield. 

There is considerable genetic variation for growth, fat and 
muscle traits between sheep (Table 8.1). The heritability of growth 
increases with age because the dam has a considerable effect on 
the growth performance of her progeny up to weaning, largely 
because of her milk production.  It is now common practice in 
specialized lamb breeding programs to measure subcutaneous fat 
thickness and eye muscle depth with ultrasound techniques on 
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the live animal. Using the EBVs to select for these traits has been 
very successful (See Figure 8.4).

Future traits

Production circumstances are continuously changing and 
this may affect future breeding programs. Animal welfare is 
becoming more and more important especially in the intensive 
farm animal species where competition effects are important. 
The pig industry has already included breeding for robustness in 
their breeding objectives (Knap, 2006). The same trend is seen in 
the sheep industry.

For the ruminant industry, global warming is an important 
factor as ruminants are major methane emitters and breeding for 
reduced methane emissions may be included in future breeding 
programs. A simulation study (Cottle, 2009) assuming a positive 
or negative genetic correlation between methane emission and 
production traits have shown that if the genetic correlations are 
positive then breeding for reduced methane emission is very 
unlikely to be economic. Studies are underway to estimate these 
correlations. 

Combining quantitative and molecular 
genetics

The quantitative genetics model assumes that each trait is 
affected by a large number of genes, each with a small effect. 
This model has served animal breeders very well as indicated 
by the genetic changes that have been achieved in many animal 
breeding programs. However, this model relies on a “black box” 
approach. 

Marker assisted selection

The holy grail of animal breeding is to be able to get a direct 
handle on the differences between animals in their DNA, and 
to use this knowledge to select the best animals for breeding, 
according to the impact of their DNA on the traits of interest.

The locations on the chromosomes that impact on trait merit 
are called Quantitative Trait Loci (a locus = a place or location), 
and each QTL is a place where one or more mutations that impact 
on trait merit have occurred, and where animals differ in the 
DNA they carry.  These mutations often occur inside genes, but 
they also occur outside genes. This is supported by the results of 
Waterson et al. (2002) which suggest that on average about 5% of 
the mouse genome is under selection, despite only about 1.5% of 
the genome being composed of protein-coding genes. However, 
for convenience, the term ‘gene’ will be used synonymously with 
‘mutation’.

There are two approaches to exploit QTL in breeding 
programs:

We can aim to detect individual QTL, and then discover the •	
mutation(s) that give rise to them.  This leads to DNA tests 
that can be used to help make breeding decisions.  Single 
mutations with a large effect have been identified in sheep. 
Examples include the Booroola and Inverdale fertility 
genes, callipyge and carwell genes for muscle, micro-

opthalmia and spider syndrome abnormalities, and genes 
that indicate resistance to scrapie disease in sheep (Davis 
et al., 2006). Nicholas (2000) lists single gene disorders in 
livestock.  Other commercial DNA tests currently available 
to identify genes with a sizable effect at the nucleotide level 
are Wormstar™ for worm resistance, the Inverdale® fertility 
gene, and MyoMax® and LoinMax®, which increase 
muscle weight, carcass yield and loin size (Campbell and 
McLaren, 2007). 

We can aim to detect a large number of QTL, explaining •	
most of the genetic variance for a trait, and exploit these 
collectively with genomic estimated breeding values 
(gEBVs) that use all information available on each animal’s 
DNA.  In this case there is no ambition to identify and 
understand individual mutations.  Instead we use all the 
information available to evaluate all the chunks of DNA that 
have been transmitted through the population’s pedigree.  
The gEBV for an individual animal is then essentially the 
sum of the values of all the chunks of DNA that it has been 
detected as carrying.

Both these approaches rely on the use of genetic markers.  These 
are also mutations in DNA, but they generally have no direct 
impact on trait merit.  However, they are plentiful, easily detected, 
and provide benchmarks along the chromosomes that can be used 
with trait data to detect and exploit QTL through Marker Assisted 
Selection (MAS).  In rare cases a genetic marker will in fact be 
a QTL, because it has a direct impact on a trait of interest, for 
example via the altered protein product of a gene on which the 
marker sits.  Useful genetic markers are generally those that sit 
close to one or more QTL (Montgomery, 2008).  We can use these 
either singly or in co-inherited groups (“haplotypes”) to infer the 
location and trait impact of QTL, and also to infer which animals 
carry the favourable variant of each QTL. Significant progess 
has been made in identifying genes involved in wool follicle 
initiation, hair cycle regulation, recessive black pigmentation and 
fleece rot (Hynd et al., 2009).

Until 2004 the main type of DNA marker used for detection 
of QTL was microsatellites (McEwan, 2007), but recently only 
single nucleotide polymorphisms (SNPs) are commonly used.  
SNPs consist of the four nucleotide building blocks of DNA 
Adenine (A), Guanine (G), Cytocine (C) and Thymine (T). 
There are approximately 5- 6 billion nucleotides in each cell. In 
a specific sequence, these nucleotides provide the genetic code 
to build proteins. Animals are not identical and within a specific 
section of DNA, their sequence will not be exactly the same 
because of past mutations. These changes are the underlying 
cause of genetic variation found between animals. A SNP is 
simply a difference in a nucleotide in the DNA at a specific 
position on the genome. For example. 

Animal 1                       …AGAGCTGGG…
Animal 2                      …AGAGTTGGG…

These two animals carry a single nucleotide difference where the 
C nucleotide in Animal 1 has been replaced by a T nucleotide in 
Animal 2 at the same place on the chromosome. 
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Many thousands of SNPs have been identified across the 
genome and they are now used as markers for the different 
production traits in order to estimate gEBVs for individual 
production traits (Hayes et al., 2007, Spelman et al., 2007).  The 
first commercial sheep SNP chip has been released with ~50,000 
SNPs (International Sheep Genome Consortium (2009), and 
these have been used to produce gEBVs for individual sheep.   
These are combined with BLUP breeding values to further 
increase accuracy of selection. Dairy companies were the first to 
use this “Genomic Selection” form of MAS, identifying young 
bulls with reasonably high accuracy for milk traits despite no 
female progeny being available.

MAS is likely to have the biggest benefit where the trait:

has a low heritability•	
can only be measured on one sex•	
is expressed later in life, and•	
is difficult or expensive to measure (van der Werf, 2006)•	

Thus traits such as fertility, disease resistance, longevity, milk 
production, milk quality, carcass composition, efficiency of feed 
utilization, etc. are likely to benefit most from this technology.
Van der Werf (2009) showed that genomic selection could 
increase overall response for a terminal sire index by about 
30% and by about 40% for a fine wool Merino index and that 
the response could be higher for traits that can not be measured 
on breeding animals. The Information Nucleus Flock (INF) 
that was established in 2007 in Australia, will progeny test 
approximately 500 industry sires from a variety of sheep breeds 
for wool, growth, carcass, disease resistance and reproduction 
traits in different environments (Fogarty et al., 2007). The SNP 
information from this flock will be used to validate the accuracy 
of predicted genomic breeding values to identify genetically 
superior animals early in life.

Reproductive technologies

Multiplying superior genotypes and dissemination their genes are 
important for genetic improvement of a population (Van der Werf 
and Marshall, 2005). The following reproductive technologies 
have been developed.

Artificial insemination

Artificial insemination (AI) can have a large impact on genetic 
progress if it is combined with accurate evaluation and selection. 
The ability to freeze semen gave AI a huge impetus because it 
allowed one sire to have large progeny groups across multiple 
sites. Measuring and comparing the performance of the progeny 
groups of different sires resulted in the accurate identification 
of genetically superior sires and ability to compare stock reared 
in different flocks. Through artificial insemination the genes of 
these sires are disseminated very quickly across many flocks. 
This technology is now widely used in most livestock species. 
Cervical insemination used to be the standard technique but intra-

uterine insemination is now commonly used in the sheep breeding 
industry with a high success rate (Chapter 9). This technology has 
increased the selection intensity of superior males dramatically 
and can also be used to reduce the generation interval.  

However, this technology also has the potential not only to 
disseminate superior genes but also to disseminate deleterious 
genes very quickly through a population. Furthermore, using a 
few outstanding sires widely can result in inbreeding problems 
in later generations. However this technology can also be used 
to control inbreeding, especially in small closed and isolated 
populations. 

Multiple ovulation and embryo transfer (MOET)

MOET techniques are now commonly used to multiply 
genetically superior animals. Genetically superior dams are super-
ovulated, fertilized with semen from an outstanding sire and the 
embryos transplanted to different ewes to raise the progeny. This 
technology can increase the number of progeny from a particular 
dam by more than ten fold, and thus significantly increase the 
selection intensity for females and can be used to reduce the 
generation interval. Generating large progeny groups from a 
few outstanding females on a continuous basis will also result 
in inbreeding which should be controlled. This technique has 
also been used very successfully in establishing new breeds in 
different countries with a much reduced risk of also introducing 
new exotic diseases. 

Juvenile In Vitro Embryo Transfer (JIVET)

JIVET aims to decrease the generation length to increase annual 
genetic progress. Juvenile females are superovulated as lambs 
and their oocytes fertilized with semen from genetically superior 
sires (Nicholas, 2000). The fertilized oocytes are implanted in 
recipient dams and large numbers of progeny can be generated 
from a single ewe lamb over a short period of time and early 
in her life. Ewe lambs must therefore be identified at a very 
young age before they have demonstrated their performance. 
Thus the choice of outstanding individuals for JIVET must be 
based on BLUP EBVs of her parents or on proven technology 
based on DNA marker tests. This technique cannot be carried out 
indefinitely as the progeny needs to be performance tested on a 
regular basis to identify the genetically best individuals. 

Gene transfer

Gene transfer is where genes from one individual are transplanted 
into another animal using laboratory techniques to create 
transgenic animals. Transgenic animals that carry a unique 
gene have been created by DNA with the targeted gene being 
injected into a cell nucleus, followed by transfer of that nucleus 
into an enucleated egg (Wilmut et al., 1997a). However, although 
this technology offers huge potential to genetically manipulate 
animals to produce specific products, the costs to identify, 
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isolate and transfer the genes make it prohibitive for normal 
sheep production systems at present. This technology has been 
very successful in plants, but it has proven to be more difficult 
in animals. It has been used by the pharmaceutical industry to 
produce lines of sheep able to produce a unique substance, such 
as a specific protein in milk that is needed for the treatment of 
human disease (Wright et al., 1991). 

This technology is in its infancy but promises huge benefits 
especially where beneficial genes such as disease resistance genes 
can be transferred to another species. This will add variation to 
the transgenic sheep populations on which traditional selection 
methods can act to generate further genetic improvement. This 
technology faces major challenges related to food safety, bio-
environmental impact, animal welfare, public perceptions and 
social ethics. 

Cloning

Cloning is the production of genetically identical individuals. 
Clones can be created by embryo splitting and transferring each 
half to a different recipient female or by nuclear transplantation, 
where the nucleus of an egg is removed and replaced with one 
from the individual to be cloned, followed by transplantation into 
a recipient female (Wilmut et al., 1997b). This technique resulted 
in the success of Dolly (Wilmut et al., 1997a) the first sheep and 
mammal to be cloned, in this case using a somatic cell taken from 
the mammary gland of an adult. 

The success rate in development of clones has been low 
(Campbell et al., 2005), but is improving (Ross et al., 2009). A 
number of commercial companies are now providing services 
to clone animals.  Cloned animals often have very large birth 
weights similar to some MOET progeny. This problem needs 
to be overcome before cloning becomes part of the suite of 
technologies for genetic improvement programs (Nicholas, 
2000). 

This technology only results in an initial increase in the 
genetic merit of a population. Maintaining genetic variation 
and controlling inbreeding is very important and further genetic 
improvement will depend on normal selection methods. 
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Introduction

The full reproductive cycle in female sheep spans 7-10 months.  It 
comprises oestrus or receptivity to the ram, mating, fertilisation, 
implantation of the embryo, pregnancy, parturition or birth of the 
lamb, the bonding of dam and new born offspring and lactation 
up until the time of weaning.  This chapter discusses the events 
in the cycle up to and including fertilisation in the ewe as well 
as reproduction in the ram.  The role of assisted reproductive 
technologies in sheep breeding is also discussed.  Chapter 10 
deals with embryo and foetal development, lambing and ewe-
lamb interactions around parturition, while Chapter 11 deals with 
lactation and lamb growth. 

High reproductive efficiency is a key determinant of the 
profitability of most sheep enterprises.  In the case of prime lamb 
production, the benefit of increasing reproduction rate is directly 
visible in the greater number of lambs per ewe available for sale.  
For self-replacing flocks, where wool production is paramount, 
greater reproductive efficiency not only increases the number 
of surplus animals available for sale but also allows for higher 
culling rates, more rapid genetic improvement, and a decrease 
in the number of ewes necessary to maintain the wether flock.  
Whatever the enterprise, the net reproductive efficiency of a 
flock is determined by its fertility (proportion of ewes present at 
joining which lamb), fecundity (number of lambs born per ewe 
lambing) and survival rate of lambs from birth to marking or 
weaning.  Unfortunately, the reproduction rate in many Merino 
flocks in Australia is disappointingly low (Lindsay, 1988). 

Physiology of reproduction in sheep 

A prerequisite to discussing the regulation of reproductive 
performance in sheep is an introduction to the anatomy and 
physiology of reproduction.  Further information on these topics 
is available in textbooks by Hunter (1980), Evans and Maxwell 
(1987), Hafez and Hafez (2000), Dyce et al. (2002), Senger 
(2005) and Cunningham and Klein (2007).

The female

Structure of the reproductive organs

Female reproductive organs comprise the paired ovaries 

or gonads and the reproductive tract, which consists of the 
oviducts, uterus, cervix, vagina and vulva (Figure 9.1). 

Each ovary is a roughly spherical organ with two principal 
functions: the production of ova - (or eggs or mature germ cells) and 
the secretion of the female sex hormones required for conception 
and pregnancy (primarily oestrogen and progesterone).  Each 
ovary contains enormous numbers of immature germ cells, each 
of which is capable of development into an ovum.

The Fallopian tubes, or oviducts, are paired tubes that receive 
the ova and provide the site of fertilisation and early embryo 
development before the embryos pass to the uterus.  The anterior 
end of each oviduct expands into a funnel called the infundibulum, 
which embraces the adjacent ovary at the time of ovulation to 
gather the ova.  The remainder of the oviduct is divided into the 
ampulla and the more muscular and narrow isthmus, which joins 
the uterus at the utero-tubal junction.  This muscular junction 
can act as a temporary barrier to entry of ova into the uterus and 
spermatozoa into the oviduct.  Epithelial cells lining the ampulla 
have cilia that beat rhythmically to assist the movement of ova 
towards the uterus. 

The uterus consists of a body and two cornua or horns 
that are continuous with the oviducts.  Its wall comprises two 
main layers - an outer muscular one (the myometrium) and an 
inner glandular and stromal layer called the endometrium.  The 
endometrium contains numerous specialised non-glandular 
areas called caruncles.  About 3 days after ovulation, embryos 
or unfertilised ova enter the uterus, where development of the 
fertilised egg continues through the embryonic and foetal stages 
for the duration of pregnancy (see chapter 10).

A muscular and fibrous constriction - the cervix - separates 
the uterus from the vagina.  In pregnancy it is sealed and protects 
the foetus from the external environment, whereas at around 
the time of mating and ovulation it is relatively open, enabling 
the passage of motile spermatozoa into the uterus.  The lumen 
of the ovine cervix is tortuous and convoluted; so it is virtually 
impossible to pass an inseminating pipette through the cervix 
into the uterus, as can be done in the cow and mare. 

The vagina, a thin-walled tube, connects the cervix to the 
vulva or external orifice of the genital tract. The urethra, which 
carries urine from the bladder, opens into the floor of the back of 
the vagina. 

Oestrous cycle, oestrus and the breeding season 

The reproductive organs of the ewe function in repetitive cycles 
of 15-18 days duration, called oestrous cycles.  For a limited 
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period of about 20-35 hours of each oestrous cycle the ewe will 
accept and may actively seek out the ram.  At this time she is said 
to be in oestrus or ‘in heat’.  The state of oestrus signifies that the 
internal reproductive organs are at a stage where fertilisation is 
possible and pregnancy should ensue if mating occurs.  The uterus 
is pinker and more turgid or less flaccid at oestrus than at other 
times, due to increased blood flow and capillary permeability.  
Unlike many other livestock species, the ewe shows no sign of 
oestrus in the absence of the ram.  After oestrus she is outwardly 
quiescent, but internally the reproductive organs are undergoing 
important changes that ensure the maintenance of pregnancy or, 
if she is not pregnant, the return to oestrus after another oestrous 
cycle. 

Because ewes are seasonally polyoestrous, a high proportion 
of them exhibit regular oestrous cycles only during particular 
months.  In the Southern Hemisphere, including Australia, this 
breeding season usually lasts from approximately February to 
June, but the actual duration of breeding activity is highly variable 
and depends on several factors, to be discussed later.  During the 
remainder of the year or non-breeding season, British-breed ewes 
are in anoestrus and their ovaries secrete relatively little hormone 
and do not ovulate.  However, Merino and Merino crossbred 

ewes are often bred in spring and early summer in Australia 
(particularly in South and Western Australia), and satisfactory 
reproduction rates may be obtained (Kleemann et al., 1989, 
2006). 

Under natural conditions, mating in sheep usually precedes 
the spring by an interval of about 5 months, or the duration of 
pregnancy.  The sheep is called a short-day breeder, since the 
stimulus that controls the onset of breeding activity is the decrease 
in the ratio of light to dark hours.  It requires about 6-10 weeks of 
a decreasing light:dark ratio to stimulate breeding, and breeding 
activity often ceases within 1-3 months after the winter solstice.  
Most breeding activity occurs during March-April.  Joinings at 
this time for as little as 4 weeks may result in 90% or more of 
ewes being in lamb.

Ovulation and formation of the corpus luteum

The large numbers of primary oocytes or immature germ cells in 
each ovary are surrounded by epithelial cells to form primordial 
follicles.  As oestrus and ovulation approach, one or more of the 
follicles enlarges rapidly, with multiplication and differentiation 
of the cells surrounding the oocyte to form internal granulosa 

Figure 9.1. The reproductive organs of the ewe.  Portions of the walls of the vagina have been cut away to reveal the 
external os of the cervix and the urethral orifice; a similar ‘window’ in one uterine horn shows the uterine caruncles.  
Source: Miller (1991).
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and external theca layers.  Continuing growth results in a fluid-
filled cavity (antrum) within the granulosa, which gives the 
mature or Graafian follicle a vesicular or blister-like appearance.  
Concurrent with follicle growth, the oocyte develops into a 
mature ovum.  During maturation the nucleus of the primary 
oocyte divides twice (meiosis), so the mature ovum is haploid 
or contains only half the number of chromosomes present in 
the immature germ cell.  The first or reduction division occurs 
shortly before ovulation. 

The rupture of each large Graafian follicle to release one ovum 
(ovulation) - occurs about 30 hours after the onset of oestrus.  The 
Merino usually sheds one ovum (actual average is 1.4/ewe), but 
other breeds and crossbred sheep commonly shed one, two or 
three ova.  Ovulation occurs regardless of whether mating has 
occurred, so the ewe is called a spontaneous ovulator.  Some 
animals, such as the rabbit and cat, are called induced ovulators 
and will only shed ova after mating.  Following ovulation the 
granulosa and thecal cells within the ruptured follicle undergo 
reorganisation and rapid proliferation within the remaining cavity 
to form the corpus luteum. 

Ovulation rate

The mean number of ova released at each oestrus, or ovulation 
rate (discussed in detail later), is a major determinant of 
lambing rate and is controlled by several genetic, nutritional and 
environmental factors.  For any particular breed, ovulation rate 
appears to be maximal at around the time of the autumn equinox, 
but may remain near maximal for some 2 months thereafter.

Puberty

At puberty the young sheep first attains the ability to produce 
mature germ cells and mate.  Although the ewe lamb may 
become pregnant after reaching puberty, she will not reach full 
reproductive capacity or sexual maturity until some time later.  
Most of the development of the reproductive organs in both sexes 
is delayed until around the time of puberty, when hormones from 
the anterior pituitary gland stimulate ovarian or testicular growth 
and sex hormone secretion.  Regardless of season of birth, 
puberty is always reached in late summer-autumn (Dyrmundsson, 
1983).

Sperm transport and fertilisation

At mating or service, the ram deposits a volume (0.5-2 mL) 
of semen in the ewe’s anterior vagina, adjacent to the external 
opening of the cervix.  Large numbers of spermatozoa ‘swim’ 
promptly into the cervix, which forms a reservoir of live 
spermatozoa from which relatively small numbers constantly 
migrate forwards towards the site of fertilisation.  Movement of 
spermatozoa through the uterus and into the oviducts is effected 
mainly by muscular contractions of these organs.  While some 
spermatozoa may be recovered from the oviducts as few as 5 
minutes after service (Mattner and Braden, 1963), it takes a 
minimum of 8 hours for sufficient numbers of spermatozoa to 
enter this region to ensure fertilisation (Hunter et al., 1980).  Here 

spermatozoa bind to the caudal region of the isthmus for 17-18 
h (Hunter et al., 1980) until ovulation occurs, whereupon small 
numbers of spermatozoa are released from the oviduct epithelium 
and transported to the ampulla-isthmic junction for fertilisation 
(Hunter et al., 1982).  During this period of exposure to the fluid 
secretions of the female reproductive tract and interaction with 
the oviduct epithelium, spermatozoa attain the ability to fertilise 
the egg (Hunter and Rodriguez-Martinez, 2004).  This process is 
known as capacitation.

Only a minute fraction of the spermatozoa in an ejaculate ever 
reaches the site of fertilisation.  A single spermatozoon penetrates 
the ovum while the second maturation division (meoisis) occurs 
within the ovum.  The spermatozoon must first penetrate an 
outer coat called the zona pellucida and then an inner vitelline 
membrane.  This occurs only if the spermatozoon has undergone 
its final stage of maturation, known as the acrosome reaction.  
Penetration of the zona triggers a reaction or change within the 
egg called the ‘polyspermy block’, which makes it impenetrable 
to other spermatozoa.  Fertilisation is completed with fusion of 
the male and female pro-nuclei and pairing of the chromosomes.  
The period of time during which the germ cells remain fertile 
within the ewes’ reproductive tract is quite limited.  Whereas 
spermatozoa may remain fertile within the cervix for up to 50 
hours after ejaculation, ova generally remain fertilisable for less 
than 24 hours after ovulation (Hunter and Nichol, 1993). 

The fertilised egg or zygote is an unusually large cell of 
about 120 - 180 µm in diameter.  It promptly cleaves or divides 
to form a 2-cell embryo, and its further development is outlined 
in Chapter 10. 

Endocrinology - the control of reproduction by hormones 

A hormone may be defined as a substance produced in one organ 
or endocrine gland and secreted into the blood-stream to elicit 
a specific effect in a different target organ or tissue.  Hormones 
may influence the metabolism of tissues in a mature target 
organ (metabolic hormones) and/or stimulate cell growth and 
multiplication as well as function in particular tissues or organs 
(trophic hormones).

Three principal endocrine glands control reproduction: the 
pituitary gland, the gonads and, in pregnant ewes, the placenta.  
The pituitary gland is located at the base of the brain and 
actually comprises two distinct endocrine organs, the anterior 
and posterior pituitaries.  Three further organs secrete hormones 
or hormone-like substances that regulate pituitary and gonadal 
function. These are the hypothalamus, situated within the brain 
and adjacent to the pituitary, the pineal gland, situated behind the 
third ventricle of the brain and, in the ewe, the uterus. 

The anterior pituitary secretes several protein hormones, some 
of which regulate the function of other specific endocrine organs.  
The two gonad-stimulating hormones or ‘gonadotrophins’ are 
follicle-stimulating hormone (FSH) and luteinising hormone 
(LH).  As the name suggests, FSH stimulates the growth and 
development of follicles and regulates the number of non-atretic 
antral follicles within the ovaries.  Sustained elevations of the 
plasma FSH concentration towards the end of the oestrous cycle 
increase ovulation rate (McNatty et al., 1985).  Together with FSH, 
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LH stimulates the maturation of ovarian follicles and follicular 
secretion of oestrogen.  The pre-ovulatory surge of LH causes 
the rupture of Graafian follicles and their transformation into 
corpora lutea.  A third anterior pituitary hormone, prolactin, is 
concerned primarily with the maintenance of lactation and is 
discussed in Chapter 11.  Prolactin and LH act together in the 
ewe as a ‘luteotrophic complex’, maintaining the structure and 
progesterone-secreting function of the corpus luteum. 

The posterior pituitary secretes only one hormone that 
influences reproductive function.  This is the small peptide 
oxytocin, which also stimulates milk ‘let-down’ in the lactating 
animal.  Oxytocin stimulates contractions of the smooth muscle 
of the uterus, especially at mating (when the contractions appear 
to aid the transport of spermatozoa through the uterus) and at the 
later stages of parturition (to aid in expulsion of the foetus).

Two principal hormones are secreted by the ovaries – the 
steroids oestrogen and progesterone.  The ovaries also secrete 
some other hormones, including oxytocin, inhibin and relaxin.  
Oestrogen is produced by the maturing ovarian follicle and has 
two main functions: it acts on the central nervous system to 
stimulate oestrus; and it stimulates the organs of the reproductive 
tract, causing growth of the uterus, swelling of the vulva 
and increased mucus secretion by glands within the cervix.  
Progesterone is secreted by the corpus luteum, commencing 
shortly after the time of ovulation.  Adequate production of it is 
essential for the establishment and maintenance of pregnancy.  
Progesterone conditions the uterine endometrium to accept 
and nourish the developing embryo, and suppresses contractile 
activity in the myometrium.  In non-pregnant ewes the corpus 
luteum produces progesterone for about 12-14 days after 
ovulation, and the ewe cannot return to oestrus and ovulate 

again until the corpus luteum regresses or ‘luteolysis’ occurs.  
The induction of oestrus by oestrogen requires a prior period 
of progesterone priming of the central nervous system.  Figure 
9.2 shows the changes in the levels of several reproductive 
hormones during the oestrous cycle.  Inhibin suppresses the 
release of FSH by the pituitary.  The role of relaxin is discussed 
in Chapter 10.

Specific groups of cells within the hypothalamus produce 
several different releasing and inhibiting hormones, which 
pass to the anterior pituitary in venous blood via specialised 
portal vessels to regulate the pulsatile secretion of anterior 
pituitary hormones.  A single hypothalamic peptide hormone, 
gonadotrophin-releasing hormone (GnRH) regulates the 
secretion of both FSH and LH, but especially of LH.  The large 
pre-ovulatory surge of LH secretion (Figure 9.2) that causes 
ovulation in the ewe is triggered by a surge of GnRH secretion 
only minutes beforehand. 

The onset of seasonal breeding activity triggered by a 
decreasing light:dark ratio is mediated by the retina, the pineal 
gland and altered secretion of the pineal hormone, melatonin 
(see Figure 9.3). 

Termination of corpus luteum function in the non-pregnant 
ewe requires a positive ‘luteolytic’ signal from the uterus.  
Prostaglandin produced by the endometrium passes via a local 
uterine vein-ovarian artery pathway to the ovaries to cause 
luteolysis.

Hormonal interactions between the hypothalamus, pituitary, 
ovaries and uterus

The reproductive cycle in the ewe is complex, and several key 

Figure 9.2. Changes in the levels of reproductive hormones in blood during the oestrous cycle of the ewe. 
Source: Miller (1991).
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events require precise timing. Hence the production and 
secretion of the hormones that control oestrus, ovulation, 
fertilisation, pregnancy, parturition and lactation must also be 
tightly controlled.  This is achieved by feedback interactions 
between the hormones from different endocrine organs 
(Figure 9.3).  Such feedback may be either negative (that 
is, an increase in level of one hormone results in a decrease 
in the level of another) or positive.  Gonadal hormones may 
influence gonadotrophin secretion by acting either indirectly 
on the hypothalamus to regulate GnRH release or directly at 
the pituitary level, and since the site of action is sometimes 
unclear it is safer to describe the steroids as acting on the 
‘hypothalamic-pituitary axis’. Neuro-endocrine pathways 
involving other portions of the brain, such as the pineal 
gland, also regulate GnRH release by the hypothalamus 
(Karsch, 1984). 

In the non-pregnant ewe with a functioning corpus luteum, 
negative feedback by high levels of progesterone reduces the 
pulsatile secretion of GnRH and the gonadotrophins FSH 
and LH, so follicles in the ovary cannot develop fully and 

secretion of oestrogen is suppressed (Figures 9.2 and 9.3).  At the 
time of luteolysis, decreasing progesterone results in increased 
gonadotrophin secretion.  In particular, the basal level of LH 
secretion and LH pulse frequency both increase.  This altered 
pituitary function results in further follicular development and 
oestradiol secretion.  The rising blood level of oestrogen just 
before oestrus stimulates large pre-ovulatory surges of LH and 
FSH secretion at about the onset of oestrus (positive feedback).  
The LH surge results in decreased oestrogen secretion, 
ovulation and progesterone secretion by the new corpus 
luteum (Cumming, 1979; Haresign et al., 1983).  Luteolysis 
is triggered by prostaglandin from the uterus, the release and 
supply of which is regulated by the ovarian steroid hormones 
and oxytocin (Krzymowski and Stefanczyk-Krzymowska, 
2008).  The mechanism of luteolysis is outlined in more 
detail in Figure 9.4.  If the ewe is pregnant the presence of the 
embryo in the uterus blocks this uterine luteolytic mechanism.  
This ‘maternal recognition’ of pregnancy occurs at around day 
12 and is mediated by interferon tau – a protein produced by 
the embryo.

Figure 9.3. Some pathways of hormonal interactions between different organs in the non-pregnant ewe.  The diagram also 
indicates the influence of the external stimuli, photoperiod and pheromones. Source: Miller (1991).
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Figure 9.4. The mechanisms of luteolysis in the ewe involves the 
following steps: 1. Progesterone secreted by the corpus luteum 
during the luteal phase of the cycle constricts uterine arteries 
preventing retrograde transfer of prostaglandin F

2a from the uterus 
to the ovary.  2. Oestrogen is released from the ovary during the 
late luteal phase to assist prostaglandin E

2
 in relaxing arterial 

vessels.  3. This facilitates release of prostaglandin F
2a into the 

uterine vein (and lymph circulation) in increasing amounts.  4. 
Prostaglandin F

2a reaches the corpus luteum to initiate luteolysis 
via a local uterine vein-ovarian artery pathway and lymph. 5. 
Oxytocin secreted by the ovary and hypothalamus increase the 
frequency and strength of uterine contractions, exerting pressure 
on tissue, blood and lymph containing prostaglandin F

2a.  Thus 
the levels of prostaglandin F

2a reaching the corpus luteum 
increase to result in complete luteolysis during days 14-15 of the 
oestrous cycle.  Source: Miller (1991).

The male

Structure of the reproductive organs

The male reproductive organs comprise the paired testes or 
gonads, the duct system and the accessory sex glands.

During foetal development, ovoid testes form inside the 
abdomen before descent into the scrotum.  As is the case with 
the female gonad, the two principal functions of the testes 
are to produce spermatozoa (or mature germ cells) and to 
secrete male sex hormones.  Each testis is structurally divided 
into many cone-shaped lobules, each containing a number of 
sperm-producing tubes known as seminiferous tubules (Figure 
9.5).  These are extremely thin, convoluted and long (the total 
length of seminiferous tubules in the ram has been estimated at 
approximately 4-5 km).  The epithelial cells lining the tubules 
are of two types - the spermatogenic cells, which differentiate 
to become spermatozoa, and the Sertoli cells that support this 
process.  Between the seminiferous tubules in each lobule is the 
stroma.  This makes up the bulk of the testis and contains blood 
vessels, nerves, lymph and interstitial or Leydig cells, which 
produce testosterone (Setchell, 1978).

Figure 9.5. Structure of the testis and epididymis.  
Source: Miller (1991).

The testes are supported and contained within a skin-covered 
pouch called the scrotum.  Its main function is to maintain the 
temperature of the testes at several degrees below that of the 
body, since the temperature within the abdomen is too high to 
allow the formation of normal spermatozoa.

A system of ducts transports the spermatozoa from the 
seminiferous tubules to the external opening of the urethra 
(Figure 9.6).  The seminiferous tubules in each testis empty into 
a network of fine ducts called the rete testis.  From here several 
efferent tubules emerge and then unite to form the epididymal 
duct.  The epididymis consists of three parts - the head, body and 
tail.  The head lies against the dorsal pole of the testis and from 
there the body runs along the surface of the testis to the ventral 
pole, where it becomes the tail.  The duct is extremely coiled in 
the head and body but less so in the tail (Figure 9.5).  It leaves the 
tail to become the vas deferens, which runs alongside the testis 
and then passes into the abdomen via the inguinal canal.  Each 
duct continues into the pelvic cavity and joins with the urethra 
near the neck of the urinary bladder.  The final part of each 
deferent duct is thickened to form the ampulla (an accessory sex 
gland).  The urethra becomes the common excretory duct for the 
urinary and male genital systems. It proceeds backwards through 
the pelvis before becoming incorporated into the structure of the 
penis (Figure 9.6). 

The penis (Figure 9.7) consists essentially of cavernous tissue 
connected with special blood vessels, muscle, and the urethra.  
Upon sexual excitement, the penis becomes rigid or erect by 
engorgement of the cavernous tissue with blood and straightening 
of the sigmoid or ‘s-shaped’ flexure.  A fold of skin holds the 
penis against the abdominal wall.  The prepuce is an extension of 
this fold with a modified internal layer that, except during mating, 
protects the sensitive head or glans of the penis.  
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Figure 9.7. The penis of a ram during veterinary examination. 
The filiform appendage is held between the forefingers.
Source: WMC Maxwell.

In the ram, a urethral process or filiform appendage, which 
is a continuation of the urethra beyond the glans, rotates 
vigorously and sprays semen about the anterior vagina during 
ejaculation.

The four accessory sex glands - located behind the neck of 
the urinary bladder and near to the urethra as it passes through 
the pelvis - comprise the prostate, the vesicular glands (or 
seminal vesicles), the bulbo-urethral or Cowper’s glands and 
the glands of the ampulla of the vas deferens.  At ejaculation 
secretions of these glands are discharged into the urethra and 
mix with fluid secretions of the testes and epididymides to 
form the ‘seminal plasma’, most of which is derived from the 
vesicular glands (Setchell, 1978).

Semen and spermatozoa

The male reproductive system produces semen, which is 
comprised of both cellular (the spermatozoa or sperm) and 
fluid (the seminal plasma) components.  Spermatozoa are 
produced continuously after puberty, and carry the haploid 
paternal contribution to the chromosomes or genes of the next 
generation.  A typical ram ejaculate comprises about 0.5-2 
mL of semen containing 1.5-5.0 × 10

9 
spermatozoa per mL.  

Continuous matings deplete sperm numbers per ejaculate, 
but sperm reserves are rarely exhausted in the field.

Figure 9.6. The reproductive organs of the ram. Source: Miller (1991).



196   S.P. de Graaf

International Sheep and Wool Handbook

Spermatogenesis, sperm transport and sperm structure

Spermatozoa are produced from precursor cells called 
spermatogonia, which are surrounded by the supportive Sertoli 
cells.  The cells within the seminiferous tubules are protected by 
a ‘blood-testis barrier’, which precludes the movement of cells 
and proteins from the blood to the tubules, in effect protecting 
developing spermatozoa from the animal’s own immune system.  
The full transformation from spermatogonia to spermatozoa 
through several intermediate cell types and both mitotic and 
meiotic cell divisions is called the spermatogenic cycle (Figure 
9.8), and takes about 47-48 days in the ram (Ortavant, 1956; 
Cardoso and Queiroz, 1988).  As cells pass through this cycle 
they move away from the wall or periphery and towards the 
centre of the seminiferous tubule.  Upon release by the sertoli 
cells, spermatozoa travel out of the seminiferous tubules and into 
the epididymis via the rete testis and vasa efferentia.

Figure 9.8. A schematic outline of spermatogenesis. 
Source: Miller (1991).

The epididymis (especially its tail, which has a relatively 
wide lumen) acts as a reservoir for spermatozoa, storing 
an estimated hundred thousand million cells ready for 
ejaculation.  A steady supply of spermatozoa flows from the 
testis, but overflow through the vas deferens varies depending 
on the level of sexual activity.  When rams are not sexually 
active, aging spermatozoa may be resorbed by the ducts or lost 
into the urine (Setchell, 1984).  Generally speaking, spermatozoa 
spend about 10-14 days passing through the epididymis.  During 
this period they undergo maturation; gaining the potential 
for sustained motility, increased resistance to thermal and 

osmotic shock and ultimately the ability to fertilise ova after 
capacitation.

The mature spermatozoon comprises a head, neck, mid piece, 
main piece and end piece.  The ovoid head is about 5 to 10 µm 
long and contains the chromosomes.  It is capped by an envelope 
or acrosome. The mid, main and end pieces are together about 
40-65 µm long and provide the locomotor system or flagellar 
apparatus. The structures of a normal spermatozoon and some 
abnormal ones are depicted in Figure 9.9.

Seminal plasma and semen ejaculation 

The mixed fluid secretions of the accessory sex glands, testes 
and epididymides have several functions.  They act as a vehicle 
to convey the spermatozoa during ejaculation, provide the 
spermatozoa with a buffering medium (to protect spermatozoa 
from acidic conditions inside the vagina) and a source of nutrients 
(for metabolism).  Seminal plasma contains many unusual 
substances.  These include inorganic ions, citric acid and organic 
salts to maintain the osmotic pressure and pH of semen, sugars 
such as fructose to provide an energy source to sustain sperm 
motility and a number of proteins, some of which are important 
in the capacitation process (Maxwell et al., 2007).

Ejaculation requires a sequence of coordinated contractions 
starting in the epididymides and passing along the vas deferens.  
Simultaneous contractions of the muscles surrounding the 
accessory glands produce mixing of spermatozoa and seminal 
fluid within the urethra (known as emission).  Contractions of 
the urethral muscle propel the semen through the urethra and 
penis.  Ejaculation in the ram occurs very rapidly, with virtually 
complete mixing of the components of the seminal plasma. 

Libido and mating behaviour

Ram sexual drive or libido is not easily defined or measured.  It 
is roughly the level of interest in and ability to mount the ewe.  
Libido is not necessarily related to amount or quality of semen 
produced, although clearly both strong libido and good semen 
quality are essential if natural mating is to be effective.  Many 
factors, some of which are quite subtle, may influence ram libido 
and mating behaviour in flocks in the field (Lindsay, 1979; 
Fowler, 1984).  In artificial insemination programs, care must 
be taken to ensure that the semen collection procedure is not 
painful or uncomfortable and that each ejaculation is a satisfying 
experience to the ram. 

The breeding season 

Rams have a much less marked breeding season than ewes.  
Merino rams usually show little evidence of seasonal breeding.  
Any minor changes in testis weight associated with a change 
in photoperiod are overridden by seasonal changes in nutrition 
(Martin et al., 1990).  This is not the case in British breeds where 
marked declines in testis size and semen volume (Setchell, 1984) 
and libido (Haynes and Schanbacher, 1983; Fowler, 1984) are 
observed out of season. 
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Endocrinology 

In the ram, FSH stimulates growth of the seminiferous 
tubules and production of spermatozoa.  It also acts on the 
Sertoli cells, to stimulate their function and the production 
of inhibin.  LH stimulates the secretion of testosterone by the 
Leydig cells of the testes. 

The steroid testosterone is the principal testicular hormone 
(Setchell, 1984).  By comparison with the ewe, rams have 
rather constant gonadal hormone secretion after puberty, 
since they do not exhibit similar cyclical breeding activity.  
Testosterone is required for the maturation of spermatozoa 
and the development and function of the organs and accessory 
glands of the male reproductive tract.  It also regulates libido 
and controls secondary sexual characteristics. 

Interactions between various reproductive hormones 
(Figure 9.10) in mature rams seem simple relative to those in 
the ewe.  Both gonadotrophins constantly stimulate different 
aspects of testicular function, as mentioned previously: 
GnRH, FSH and LH secretion are in turn regulated by the 
negative feedback effects, principally of testosterone but 
also, in the case of FSH, of inhibin from the seminiferous 
tubules. 

Figure 9.10. Some pathways of hormonal interactions between 
different organs in the ram. Source: Miller (1991).

Figure 9.9. Structure of ovine spermatozoa: a) normal spermatozoon; b) the sperm head in cross section; c) some examples 
of abnormal spermatozoa – 1. round head, 2. degenerating acrosome, 3. separated head, 4. proximal cytoplasmic droplet,  
5. coiled tail, 6. abaxial midpiece, distal cytoplasmic droplet. Source: Miller (1991).
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Teasers

These are sheep that are sterile but behave like entire rams.  
They may be used to induce breeding activity out of season 
(of particular importance to South and Western Australian 
flocks) or to identify ewes in oestrus in an A.I. program.  Rams 
may be turned into ‘permanent’ teasers by vasectomy, while 
wethers may be turned into ‘temporary’ teasers by injections 
of testosterone or oestrogen.  Rams may also be turned into 
‘temporary’ teasers by the use of ‘aprons’. 

Regulation of natural reproductive 
performance in ewes

Definitions

There are several ways of defining the level of reproductive 
performance in ewe flocks.  These include: lamb weaning 
and lamb marking percentages [which are respectively the 
numbers of lambs weaned (LW) and marked (LM) per 100 
ewes joined (EJ)]; reproduction rate (the number born alive 
at lambing per ewe joined); fertility (the proportion of ewes 
in a flock that actually lamb; or ewes lambing per ewe joined 
i.e. EL/EJ); and fecundity (total lambs born per total ewes 
lambing) or prolificacy (the average number of lambs born per 
ewe lambing).  Clearly, some of these indices of reproductive 
performance are not easy to determine accurately, and they 
embrace varying portions of the total reproductive cycle 
and may or may not be influenced by losses at around the 
time of lambing (perinatal mortality) or during the interval 
between marking and weaning.  Methods for measuring 
more discrete events early in the reproductive cycle, such as 
level of mating activity, fertilisation rate, ovulation rate and 
rate of embryo mortality are described later.  In any event, 
lamb marking and weaning percentages (LM/EJ and LW/EJ, 
respectively) are the indices of reproductive performance of 
greatest significance to the producer and are defined here as 
net reproductive efficiency. 

Levels of reproductive performance in Australia 

Lamb marking percentages vary greatly across Australia 
(Table 9.1).  New South Wales alone shows tremendous 
variation (Table 9.2) with about 8 - 10% of properties 
marking more than 100% lambs while 4 - 10% mark less 
than 40% lambs (Restall, 1976; Plant, 1981a).  In Western 
Australia, many flocks are mated during the non-breeding 
season and lamb markings of 50-60% are typical (ABS, 
1995).  Overall, Australian producers currently mark 82 
lambs per 100 ewes joined (82%; MLA, 2007), a figure which 
has gradually improved from that observed during the early 
1900s (approximately 50-60%; Plant 1981a) By comparison, 
New Zealand graziers mark 118% lambs (NZ Meat and Wool 
Board, 2002).

Table 9.1. Average lamb marking percentages for Australian 
states, summer 2007 to summer 2008.

State Lambs marked (%)

NSW 83.9

Victoria 87.5

South Australia 91.6

Western Australia 72.7

Tasmania 79.7

Queensland 88.7

Australia 82.3

Source: MLA (2007).

Table 9.2. Reproductive performance of 11,642 ewes in 27 
flocks lambing in the spring, 1974.

Parameter (%) Wagga (13 flocks) Dubbo (14 flocks)

Mean Range Mean Range

Ewes raddled 97 95-99 90 83-100

Returns to service 29 17-56 23 13-59

Ewes dry 12 4-24 11 2-36

Lambs marked to

   Ewes joined 73 49-92 80 31-127

   Ewes rearing 111 100-130 114 100-143

Source: Plant (1981b).

It is difficult to categorically define a satisfactory level of flock 
reproductive performance (Plant, 1981a), particularly in light 
of the widely differing nature of sheep grazing across Australia.  
However, in New South Wales an average commercial flock 
of adult Merinos lambing in spring should usually be able to 
achieve the following results, expressed as percentages: ewes 
mating, 95%; ewes in lamb, 95%; pregnant ewes losing all 
lambs, 10-15%; twins reared by ewes rearing lambs, 15-20%; 
ewes lost from joining until lamb marking, 5%; lambs marked to 
ewes joined, 95- 100%.  Maiden ewes in the same flock might be 
expected to mark 75-80% lambs.

Often the causes of low reproductive performance in flocks 
are misconceived and are in fact multiple.  Very careful field 
investigation techniques are necessary to isolate and determine 
the principal causes of low reproductive performance, and are 
discussed in Chapter 10.  In the absence of such information 
producers often partially compensate by extending the length of 
the joining period, or by joining ewes on more than one occasion 
through the year.  Either practice may increase the number of 
lambs born per annum, but both have similar disruptive effects 
on flock management - complicating lambing, shearing, dipping, 
weaning and classing procedures - and the nutrition of the 
breeding flock often suffers. 

The wide variation observed in flock reproductive 
performance is most likely due to differing genotype, nutrition, 
environmental conditions and management practices, rather than 
to specific diseases (Restall, 1976; Plant, 1981b; Kleemann and 
Walker, 2005a,b; Kleemann et al., 2006) as is often assumed.  
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The following section discusses the influence of such factors 
on reproductive performance in ewes and their potential for 
manipulation to increase reproduction rate.

Genotype

Breed and strain

Breed and strain of sheep clearly influence reproductive 
performance.  Merinos mated in autumn show no major strain 
differences in lambs weaned per ewe between the small Saxon-
type fine-wool, Peppin and South Australian strains.  However, 
when mated out of season the large South Australian strong-wool 
strain is the more fertile.  This strain is probably the best for joining 
out-of-season - in fact, it has the least-defined breeding season 
among Merinos and does not exhibit the marked autumn peak 
in fertility and fecundity seen in Peppin and fine-wooled strains 
(Fletcher, 1971; Pattie, 1973).  Obviously, with the declining 
importance of the South Australian strain for the Australian sheep 
industry (Chapter 2) this fact is increasingly irrelevant.

In general the British breeds achieve considerably higher lamb 
marking percentages than Merinos, although their performance 
in Australia is often less impressive than that recorded in Britain.  
The Border Leicester is generally considered a highly prolific 
breed, with many lambing ewes having twins or triplets.  Their 
mean ovulation rate in autumn is at least 2, but up to 45% of ewes 
of this breed may not lamb and low lamb-survival rates are also 
common (Fogarty et al., 1976).  Certain exotic sheep breeds such 
as the Romanov and Finnish Landrace, as well as the Booroola 
Merino, have litter sizes well over 2.  Merino litters generally 
average less than 1.3, while the Border Leicester and Dorset have 
intermediate litter sizes (Hall, 1984). 

For prime lamb production, crossbreeds are considered the 
most popular dams.  This is in part due to the hybrid vigour they 
display in respect of certain reproductive traits (Chapters 1 and 
8).  Border Leicester × Merino (F1) ewes have generally achieved 
the highest lamb outputs, with maximum production of about 1.6 
lambs born and 1.3 lambs weaned per ewe joined (Hall, 1984).  

The Booroola Merino is a strain particularly well known for its 
prolificacy.  This characteristic is due to a segregating autosomal 
major gene (FecBB; Piper and Bindon, 1982) with an additive 
effect on ovulation rate and a partially dominant effect on litter 
size (Davis, 2005).  This results from a single point mutation in 
the gene for transforming growth factor (TGFβ) receptor - bone 
morphogenetic protein receptor type IB (BMPRIB), also known 
as activin-like kinase 6 (ALK6) (McNatty et al., 2005).  Put 
simply, ewes heterozygous (B+) for the ALK-6 (FecB) mutation 
display an increase in ovulation rate and litter size of 1.5 and 
1.0, respectively.  While homozygous carriers (BB) of ALK-6 
display an increase in ovulation rate and litter size of 3.0 and 
1.5, respectively (Davis, 2005).  Unfortunately, due to the high 
reproductive wastage in FecB flocks on extensively managed 
Australian properties (both pre- and peri-/postnatal), net 
reproductive efficiency remains similar to that of flocks without 
the FecB allele (Kleemann et al., 2005a).  Hence the merit of the 
Booroola Merino as a dam for prime lamb production remains 

unclear.  However, the transfer of this gene into breeds in other 
countries which practice intensive management has been viewed 
as successful, despite claims of slower post-weaning growth rate 
and lighter mature bodyweight of resultant progeny (Gootwine 
et al., 2006).

There are various other sheep breeds that have been introduced 
to Australia for the purpose of intensive lamb production 
(Chapter 2), some of which do exhibit impressive reproduction 
rates.  However, none of these purebreeds have as yet had a major 
impact on systems of prime lamb production in Australia so will 
not be discussed.

Breeding and selection

The preferential selection for reproductive traits such as twinning 
can improve the generally low level of reproductive performance 
in Merinos (Hanrahan, 1980).  However, the heritability of 
reproductive traits is low: estimates are variable and somewhat 
unreliable, but typical values for fertility and prolificacy are 
approximately 0.05 and 0.1, respectively (Fogarty, 1995; Safari 
et al., 2005, 2007; Huisman et al., 2008).  Hence selection is 
likely to be relatively inefficient.

There has also been concern that selection for body 
characteristics can influence aspects of reproductive performance.  
For example, selection for increased skin folds in Merinos in past 
decades had a substantial and adverse effect on reproductive 
performance, due to higher percentages of dry ewes (probably 
ram-related) and higher lamb losses between birth and weaning;  
the effect being greater in poor years (Dun, 1964; Fowler, 1976; 
Atkins, 1980).  This is of little consequence in modern flocks as 
graziers have increasingly moved toward a plainer skin.  Other 
aspects of body confirmation have been implicated in decreasing 
fertility (e.g. muffled face), but this has not been clearly 
established (Restall, 1976).  Of greater concern is the effect of 
selection for decreased fibre diameter.  It has been shown that 
flocks with a genetically lower fibre diameter also have a lower 
reproduction rate (Adams and Cronje, 2003) and sheep born as 
multiples tend to have a higher fibre diameter than those born as 
singles (Kelly et al., 2007).  Hence, selection for fibre diameter 
alone may lower reproductive performance of the flock over 
time.  While the two traits are correlated, multi-trait selection can 
be used to control changes in fibre diameter without adversely 
affecting reproductive performance (Chapter 8; Safari et al., 
2007; Huisman and Brown, 2008; Huisman et al., 2008).

Nutrition 

The ewe’s nutritional status is a major determinant of her fertility 
and fecundity and of lamb survival, yet the way in which nutrition 
regulates reproduction remains poorly understood.  Ideally it 
should be matched to critical periods during the reproductive 
cycle, so that the ewe has optimal body weight and condition 
during the joining period and again during late pregnancy and 
lactation.  In practice, providing ewes with abundant, good 
pasture both around joining and during late pregnancy and 
lactation is usually impossible, and uncontrollable variation in 
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pasture availability from year to year means that any matching 
of requirements with pasture growth is highly imprecise.  
Fortunately, the adverse effects of fluctuations in pasture growth 
can usually be reduced by manipulating one or more of three 
factors; the energy reserves of the body, the carryover of pasture 
residues and the use of supplements (Chapter 14). 

The importance of nutritional status at around the time of 
lambing and early lactation is discussed in Chapters 10 and 14.  
The influences of nutrition on fertility and fecundity are not easy 
to disentangle, since in Merinos fertility usually increases with 
increasing ovulation rate.  

Nutritional status and ovulation rate

It has long been recognised that ovulation rate and the incidence 
of twinning can often be increased by giving ewes additional feed 
before and during the joining period (Lindsay, 1976, 1983).  This 
practice, called ‘flushing’, is usually most effective when ewes are 
in medium to poor condition beforehand, but the physiological 
effect is not well understood (Nottle et al., 1997).

The two most common explanations are known as the ‘static’ 
and ‘dynamic’ theories.  The static theory states that ovulation 
rate is a function of body weight, regardless of how or when 
this body weight was achieved.  The dynamic theory, currently 
viewed as less important, postulates that the rate of increase in 
body weight or condition score, rather than absolute body weight 
or condition score at joining, determines ovulation rate.  Others 
believe that both a ‘rising plane’ and absolute body weight are 
involved in twinning performance (Killeen, 1967; Restall, 1976).  
A slight modification of the static theory (taking into account both 
liveweight and body condition score) is increasingly recognised 
as the best way to manage a flock for joining.  Within a particular 
strain or breed of sheep, liveweight at ovulation correlates well 
with ovulation rate (Fletcher, 1971; Restall, 1976; Kleemann 
and Walker, 2005b; Kleemann et al., 2006).  Some studies have 
indicated that, for Merino and crossbred flocks within a range of 
body weight of 35-50 kg, increases of about 2-4% in ovulation 
rate and twin lambs born per 100 ewes joined occur for each 
additional kilogram of liveweight at joining.  More recent studies 
place this gain in ovulation rate at 1.6% (Hatcher et al., 2007a) 
and 1.8% (Kleemann and Walker, 2005b) per kg increase in 
liveweight in flocks from NSW and South Australia, respectively, 
though this response to liveweight varies widely between seasons 
(Fletcher et al., 1970; Cumming, 1977; Kleemann and Walker, 
2005b;) and flocks (Hatcher, 2007).  In NSW fine and superfine 
flocks, each increase in condition score (1-5) boosts ovulation 
rate by 12-13% (Hatcher et al., 2007a).  Combined, such studies 
show that both liveweight and condition score account for a 
significant proportion of the variability of ovulation rate, at least 
in mature ewes.  In maidens, it would appear that liveweight 
is considerably more important in determining ovulation rate 
than condition score (Kleemann and Walker, 2005b; Hatcher et 
al., 2007b).  Though ovulation rate continues to increase with 
liveweight and condition score in both mature and maiden ewes, 
economic considerations combined with increases in lamb 
mortality above condition score 3.5 places an upper limit on 
these characteristics.  Therefore, it is now recommended that 

most Australian producers aim to join mature ewes at condition 
score 3 and maiden ewes at 45 kg liveweight.  

There are situations in which ovulation rate is independent of 
both liveweight and condition score.  The most relevant example 
being the use of lupin grains (which have high protein and 
energy levels) fed to ewes for 2 weeks immediately before and 
during joining.  This feeding regime rapidly increases ovulation 
rate without significantly altering body weight (Lindsay, 1976; 
Downing et al., 1995; Van Barneveld, 1999).  A significant 
increase in ovulation rate (20-30%) occurs within 6 days of 
the commencement of feeding 0.5 kg of lupins per head per 
day and the response disappears soon after the feeding ceases 
(Croker et al., 1979; Lindsay, 1983).  Of course, if the lupin grain 
supplement is fed for several weeks, the ewes do gain weight.  
The means by which this increase in ovulation is achieved is 
still poorly understood.  However, it would appear that lupin 
supplements increase peripheral insulin levels (Downing et al., 
1995), which in turn up-regulate insulin mediated glucose uptake 
by the ovary.  This occurs via the insulin-dependent glucose 
transporter (GLUT4) in the theca and granulosa cells (Munoz-
Gutierrez, 2002).  While this mechanism does not fully explain 
the ‘lupin effect’, increased glucose levels do directly stimulate 
folliculogenesis, increasing follicle recruitment and decreasing 
atresia (Munoz-Gutierrez, 2002; Somchit et al., 2007), resulting 
in an increased number of follicles available for ovulation.  
Further exploration of the hormones, biosynthetic pathways 
and mechanisms involved in the effect of lupins on the ewe’s 
reproduction continues.

Although similar results may be obtained with other high-
protein and energy supplements, cereal grain which is high in 
energy only has little influence on ovulation rate.  This is thought 
to be due to the low starch content of lupins (Van Barneveld, 
1999), which increase energy substrates such as acetate available 
for gluconeogenesis i.e. the production of glucose and its 
uptake.  

When flushing is effective it not only increases fecundity but, 
as previously discussed, usually also increases fertility within 
the flock (Lindsay, 1976; Croker et al., 1979).  This means that 
ewes may have more than one ovulation and so have a better 
chance of becoming and staying pregnant, even if they give birth 
to only one lamb.  It is unclear whether this results from increased 
progesterone secretion and/or an increased mass of foetal tissue 
in multiple-ovulating ewes.  Patterns of change in mean ovulation 
rate during the year may vary widely between different areas 
of Australia and different strains of Merino.  Thus at Trangie, 
N.S.W., ovulation rate is usually highest during March-April 
(Restall, 1976), whereas in South Australia it is usually highest 
in summer and falls until April with declining body weight and 
nutritional status (Fletcher, 1971) or does not vary (Kleemann 
and Walker, 2005a).  

Nutrition and the breeding season

Ewes need to be in very poor body condition, bordering on 
starvation, before they will fail to express oestrus and ovulate 
during the breeding season.  Hence, nutritional status in mature 
ewes at that time probably has little influence on the onset or 
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duration of breeding activity (Lindsay, 1976); despite evidence 
suggesting under nutrition may increase the incidence of 
anoestrus ewes (Tassell, 1967; MacKenzie and Edey, 1975).  It 
is also possible that under nutrition during the preceding winter 
and spring may have a delayed effect on oestrous activity at the 
beginning of the spontaneous breeding season (Smith, 1965; 
Fletcher, 1974; Oldham, 1990).  Although not easily explained, 
this phenomenon is clearly important in Australia and is observed 
even in ewes of normal liveweight at the usual time of joining.

In areas such as South and South-western Australia where 
pasture availability and hence nutrition does not align with the 
spontaneous breeding season of January-February to April-May, 
nutrition plays a greater role than photoperiod in establishing 
the breeding season.  Graziers regularly join animals during the 
‘commercial breeding season’ of October to March, with over half 
of all joinings in Western Australia taking place before January.  
While the high incidence of oestrous activity during the October 
to March period can be accounted for by the use of ‘teasing’ or 
the ‘ram effect’, condition score is still positively related to the 
spontaneous incidence of oestrus at this time (Kleemann and 
Walker, 2005b; Kleemann et al., 2006).  Comparable fecundity 
between ewes joined in the commercial and spontaneous breeding 
seasons is most likely due to low bodyweights during the latter.

Nutrition and puberty

Onset of puberty depends on several factors, but principally 
genotype, season of birth, liveweight and growth rate 
(Dyrmundsson, 1983).  Not surprisingly, there is a wide variation 
in Australia in the age at which Merinos first show oestrus 
(150-700 days).  Under good nutritional conditions spring born 
ewe weaners may exhibit oestrus during the following autumn 
at 6-8 months of age.  Certain breeds, such as the Dorset or 
crossbreds, regularly reach puberty at younger ages.  Those 
lambs that do reach puberty at 6-8 months are not yet sexually 
mature as evidenced by their poor fertility (Quirke et al., 1983).  
Less well-grown ewe lambs will not exhibit oestrus until the next 
summer-autumn, by which time they are ‘maidens’ and usually 
show good mating activity and much improved fertility, which 
however, is still significantly below adult levels (Watson and 
Gamble, 1961; Restall, 1976; Kleemann and Walker, 2005b).

The effects of season of birth on the live weight and age at 
puberty are most marked in ewe lambs that have grown rapidly, 
where spring born lambs will reach puberty by autumn but autumn 
born lambs will be delayed until the following autumn.  This is 
less obvious in States like Queensland where poorer nutritional 
conditions result in slower growth rates and delayed puberty

Cycling weaner ewes can be joined at 7-9 months old, but 
their fertility is low (maximum 60-80% in crossbred ewes of 
35 kg liveweight).  However, ewes mated as lambs have higher 
fertility in subsequent joinings, fewer lambing troubles, longer 
reproductive lifetimes and can be culled earlier facilitating 
faster genetic progress.  This must be weighed against the 
disadvantages of more maiden ewes in the flock, greater 
supervision during joining, pregnancy and lambing and the lower 
marking percentages.  In Australia, ewes are seldom first joined 
as weaners but almost always as 2-tooths at 18 months of age.  

This generally allows ewes to reach target joining weights of at 
least 40 kg for medium-wool Merinos and 45 kg for crossbreds 
(or 75-80% of their mature weight) to maximise fertility and 
fecundity for maidens.  If the disadvantages outweigh the 
positives of weaner joining, it is advisable to ensure nutrition 
allows joining at 18 months to avoid a first mating at 30 months 
which increases costs per animal, increases cull age and either 
slows down genetic improvement or decreases meat production 
in prime lamb operations.

Specific components of nutrition

A number of specific nutritional deficiencies reportedly influence 
reproduction in the ewe.  These include deficiencies of selenium, 
iodine, zinc and manganese, and are discussed in Chapter 13.  Ewes 
grazing pastures dominated by certain cultivars of subterranean 
or red clover that contain plant oestrogens or coumestans may 
exhibit infertility.  The chronic form of this disease is uncommon 
(and largely confined to Western Australia and Kangaroo Island 
in South Australia) and involves severe infertility associated 
with failure of sperm transport through the cervix and reduced 
fertilisation rates.  The oestrogenic effect is cumulative, causing 
permanent changes to the structure of the cervix.  A second form 
of the disease, called ‘temporary infertility’, occurs commonly in 
several States when ewes feed on oestrogenic clovers for only a 
limited period shortly before or during joining.  It is characterised 
by a reduction in the incidence of oestrus, a reduction in ovulation 
rate and lowered fertilisation rates.  The disease is controlled, 
where possible, by removing the affected ewes to paddocks 
free of the offending clover cultivars for at least 35 days before 
joining (Wroth and Lightfoot, 1976; Adams, 1979; Plant, 1981b).  
Pastures high in endophyte perennial ryegrass should also be 
avoided as conception and lambing rates may decrease by as 
much as 20%, even without visible ryegrass staggers.

Conclusions concerning nutrition

Nutrient intake and body weight have a critical influence on 
several facets of reproductive performance in young and adult 
ewes.  However, it is usually difficult to accurately predict the 
animal response to specific changes in nutritional management, 
and the producer must balance the importance of these nutritional 
effects on ewes against the cost of manipulating pasture 
availability, providing supplements and any potential effects to 
fibre diameter (Chapter 13).

Physical environment and climate

The first ovulation at the commencement of the breeding season 
is usually ‘silent’ - that is, it is not accompanied by oestrus.  The 
few ewes that do come into oestrus at this first ovulation will 
mate, but display poor fertility at this time (Oldham, 1980). 

Breeds differ little in the length of the season during which 
100% of ewes can be expected to be ovulating (approximately 
February-June – see Figure 9.11).  However, whereas most of 
the British breeds, including the Border Leicester, enter the non-
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breeding season abruptly in June-July, Merino flocks tend to drift 
gradually towards a state of anoestrus in October-December and 
some Merinos continue to cycle all the year round.  During June-
February, anoestrous Merinos can be stimulated to ovulate by 
the ram, known as the ‘ram effect’, whereas rams can stimulate 
ovulation in most of the British breeds for only about 6 weeks 
before the normal time of onset of the breeding season in early 
to mid January (Lindsay, 1983).  A few British breeds, notably 
the Dorset, have somewhat less rigidly defined breeding seasons.  
Border Leicester × Merino crossbred ewes show a pattern of 
breeding activity intermediate between those of the parent 
breeds, and lambing rates after spring joinings are often poor.  
In contrast to breeds like the Border Leicester and Scottish 
Blackface, breeds of sheep indigenous to countries close to the 
Equator are often non-seasonal breeders.  Although Merinos can 
be bred at any time of the year, their reproductive performance 
is usually superior after an autumn rather than a spring joining; 
although this depends on location and subsequent nutrition.  
Extensive studies at Trangie, NSW (Dun et al., 1960) showed 
that on average spring lambings produced 15% more wet ewes, 
25% more twins mothered and 33% more lambs weaned (Table 
9.3) whereas those in Western and Southern Australia show fairly 
comparable lambing rates between spring and autumn (Oldham 
et al., 1990; Kleemann and Walker, 2005a).

Figure 9.11. Incidence of ovulation in Merino and British-breed 
sheep in Australia throughout the year. 
Source: Lindsay (1983).

Heat stress can reduce breeding activity in Merino ewes.  
This is observed most often in Queensland.  High ambient 
temperatures in the mid to late luteal phase of the oestrous cycle 
are reputed to lengthen the cycle by 1-2 days, dampen oestrous 
behaviour towards rams and reduce the length of oestrus.  As 
a consequence, spells of high temperature during the joining 
period may lessen the chances of ewes being inseminated and 
fertility can be reduced (Lindsay, 1983; Kleemann and Walker, 
2005b).  Even when fertilisation does occur, high temperatures 
may affect embryo survival (Lindsay et al., 1975) adding to the 
number of ewes returning to service (Kleemann and Walker, 
2005b).  If such environmental conditions are experienced 
during the initial weeks of mating, commercial producers 
should consider extending the mating period for an additional 
oestrous cycle (~ 3 weeks).

It is unlikely that extreme temperatures, both hot and cold, 
have any significant direct influence on the ewe’s reproductive 
system in southern Australia, but fertility may be influenced 
indirectly by temperature effects on flock behaviour and the 
extent of ram-ewe contact.  The expression of oestrus may also 
be suppressed by periods of heavy rain or strong winds, but 
these effects are mostly too fleeting to influence flock fertility. 

Management

Several management practices, in addition to the factors already 
discussed, will influence the fertility and fecundity of ewe flocks 
(Chapter 17).

Age structure of the ewe flock 

Oestrus is often of shorter length and lower intensity in ‘maiden’ 
ewes than in adult ewes in the same flock.  Further, the length 
of the breeding season and ovulation, fertilisation and embryo 
survival rates are commonly lower in ‘maiden’ than in mature 
ewes.  If joined alongside adult ewes, 2-tooths may have too little 
contact with the rams.  Information about the level of ram-ewe 
contact and mating can be obtained by harnessing crayons to 
the rams (see later in this chapter) and if, as is likely, a problem 
exists with the maiden ewes, they should be joined separately, 
preferably to older, experienced rams.  A longer joining period 
and/or a higher joining ratio should also be considered.  If a 
longer period is employed, joining should start earlier, so that 
the young ewes will have time to recover for the next mating 
(Fowler, 1972). 

Table 9.3. The effect of season of mating on reproductive performance of Merino ewes at Trangie, NSW.

Time of mating Unmated 
ewes (%)

Wet ewes 
(%)

Multiple births 
(twins) (%)

Wet ewes losing 
lambs (%)

Dead 
ewes (%)

Lambs 
mothered (%)

Lambs weaned  
(% of ewes joined)

Spring* 18.0 72.1 12.0 5.6 2.1 75.8 66.7

Autumn** 5.0 87.8 37.5 7.7 2.1 112.8 99.5

Advantage to 
autumn matings

+ 13.0 + 15.7 + 25.5 + 2.1 0 + 36.7 + 32.8

*average of 6 matings. **average of 4 matings
Source: Dun et al. (1960).
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Ovulation rate and litter size in Merinos increase with 
age, being lowest in maidens and highest at about 6-7 years 
of age (Turner et al., 1968).  Flock reproductive performance 
can therefore be adjusted to some extent by manipulating its 
age structure.  Many ewes are culled before their reproductive 
performance peaks. 

Time and duration of joining 

Ovulation rate and fertility are usually maximal at the peak of 
the breeding season.  If ewes are to be joined at other times 
the penalties in terms of reproductive performance should be 
calculated. 

Effects of other management practices 

Ewes should ideally be left well alone, but observed, during the 
joining period.  It may be advantageous to crutch, wig and drench 
them shortly beforehand, and overgrown or diseased hooves 
should receive attention then.  Shearing during the joining period 
can affect the lambing pattern.  Shearing prior to joining may 
be a useful method of hastening the onset of oestrus in flocks 
known to be in anoestrus at the time of joining.  Interactions 
between shearing time and ewe fertility are unclear (Kennedy et 
al., 1982), but it is safest to avoid shearing for at least 2 weeks 
prior to joining.  Ewes to be joined out of season must be well 
separated from all rams and teasers for at least l month before 
joining. 

Regulation of reproductive performance in 
rams 

Rams may vary greatly in their reproductive capabilities, and 
genetic considerations contribute strongly to this variation.  It 
is easy to identify the relatively small proportion of infertile 
males, but much harder to rank the remaining fertile rams in 
order of their reproductive capacity.  No tests on the ram will 
give accurate predictions of fertility in the field.  To date, physical 
examination of the genitalia and measurements of testicular size 
and of serving capacity in pen mating tests have proved the most 
useful indices. 

Genotype

Testicular size and serving capacity of rams can be improved 
by selection, with the former having quite high heritability 
(Huisman et al., 2008).  While there is no correlation in rams 
over 18 months of age, testicular size at 12 months correlates 
well with serving capacity at 18 months so testis size can be 
used in selecting hogget rams.  Testicular size is moderately 
correlated with other selection criteria, such as liveweight and 
fleece weight (Safari et al., 2005; Huisman and Brown, 2008), 
and is strongly correlated with age at puberty (negative), 
ovulation rate (positive) and fertility (positive) of female 

offspring.  It is not clear whether the serving capacity of rams 
is also correlated with such traits (Kilgour and Blockey, 1980; 
Purvis et al., 1987).

Effects of age and of sexual experience

The ram’s testes develop rapidly from 3-4 months onwards.  
Puberty sometimes occurs at 4-5 months of age, but more 
commonly fully formed spermatozoa are first released from 
the testes at 6-7 months (Fowler, 1976).  Hence if ram lambs 
are not weaned until 5 months or more after birth, the ewes 
may become pregnant to their sons.  By 12 months the ram 
should be producing ejaculates containing a high concentration 
of highly motile spermatozoa (Courot, 1979).  However, the 
process of maturation is slow and 2-3 year-old rams usually 
produce considerably more spermatozoa than 1-2 year-olds.  
Ram lambs should be kept on a high plane of nutrition in order 
to hasten the development of full sexual maturity.

As mature rams age they run an increasing risk of having 
lesions within the testes or reproductive tract that may cause 
loss of fertility (Holmes, 1981).  For example, age clearly 
correlates with the incidence of brucellosis, varicocoele and 
scrotal dermatitis in rams that have not been subjected to annual 
physical examinations (see Table 9.4).  The incidence of other 
diseases that affect libido, such as arthritis, also increases.  
For these reasons it is recommended that about one-third of 
Merino rams are replaced annually.  This ensures that the ram 
flock remains young and vigorous, and should increase the 
rate of genetic gain, provided the replacements are genetically 
superior (Fowler, 1976; Holmes, 1981).  In practice, Merino 
rams are commonly used for 4-5 years, provided they are 
sound.  British-breed terminal sires for prime lamb production 
may be used for as long as they remain sound. 

Some rams, regardless of age, tend to exhibit little mating 
activity when first run with sexually mature ewes.  The 
incidence of such inactive rams varies between strains, but 
most inexperienced rams will fairly soon become sexually 
active after joining commences.  A minority continue to exhibit 
little libido, and as such are of little use to the producer.

Nutrition

In mature rams testis size is very labile and easily influenced 
by plane of nutrition.  The paired testes may range in weight 
from 100 to 800 g.  Assuming adequate libido, the capacity 
of a ram to impregnate large numbers of ewes each day 
during joining is presumably determined by his daily sperm 
production.  Unfortunately, this figure is not easily determined 
and remains unknown for most sheep species.  However, 
in Merinos, it is known that production per unit weight of 
testicular tissue remains fairly constant over a wide range 
of nutritional conditions, with each gram of testis producing 
approximately 20 million spermatozoa per day (Lindsay, 1976).  
Sperm production correlates well with scrotal circumference, 
which is relatively easy to measure by calibrated ‘scrotal tape’.  
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Occasionally calipers are used or the testes are compared to a 
calibrated ‘orchidometer’ or set of beads ranging in volume 
from 50 to 400 mL.

In the paddock, testicular volume decreases during the 
joining period, probably due to the ram spending insufficient 
time grazing.  The protein and energy requirements for rapidly 
increasing testicular size and the capacity of rams to produce 
spermatozoa prior to joining are not fully understood.  Feeding 
lupin grain supplements to rams causes a greater increase in 
testes weight than in body weight (relatively speaking), due 
primarily to increased seminiferous tubule volume.  It could 
be that feeding lupins or similar supplements to rams before 
joining offers a cheaper way of providing adequate sperm 
production for the ewe flock than does buying in additional 
rams (Gherardi et al., 1980). 

In marked contrast to testis size, libido in rams is not 
obviously related to level of nutrition, except that it is depressed 
in the extreme case where rams are kept on sub maintenance 
diets (Lindsay, 1976).  Libido in adult rams cannot be increased 
by treatments with testosterone or LH (Lindsay, 1979). 

Physical environment

Season

Testis size and semen production are controlled by season 
(photoperiod) as well as by nutrition and mating activity 
(Courot, 1979).  Under constant nutritional conditions rams 
in Europe have heavier testes in autumn than in spring.  
British-breed rams on pasture in Australia usually show the 
same seasonal effect, but this is less obvious in Merinos.  
For example, in Western Australia testis volume in Merinos 
usually falls during summer and autumn, when forage quality 
and availability decline and when rams are mating (raising the 
requirement for semen to its highest).  However, British-breeds 
show increased testis volume during this period, even with 
decreasing bodyweight.  So for Merinos, nutritional effects 
(e.g. lupin supplementation) are able to completely override 
the influence of photoperiod (Masters and Fels, 1984; Hotzel 
et al., 2003).  This is not the case in British-breed rams such 
as the Suffolk, where nutrition can only influence testis weight 
during the normal breeding season.  While the quantity of 
semen produced may vary with season, its quality does not.

Temperature

Rams vary greatly in their response to exposure to high 
temperatures, in terms of regulating testicular temperature.  
Raised testicular temperatures have serious, deleterious effects 
on spermatogenesis (Fowler, 1976).  They also cause testicular 
degeneration, which is probably the most common type of 
reproductive abnormality or pathology in rams.  A period of 
thermal stress in summer that raises testicular temperature will 
result in a reduction in semen quality for an interval lasting up 
to 7 weeks (i.e. a full spermatogenic cycle).

Efforts should be made to protect rams from high 
environmental temperatures by providing them with adequate 

shade and leaving them undisturbed.  If so managed, their 
testicular temperatures will rarely rise, even if ambient 
temperatures exceed testicular temperature (34°C - common 
in summer) or deep body temperature (39°C - during heat 
waves).  In these circumstances the lower testicular temperature 
is maintained by several mechanisms - which control the 
positioning of the testes and scrotum relative to the abdomen, 
the amount of sweating and evaporative cooling from the 
scrotal skin and the exchange of heat between the blood in the 
arteries and veins of the spermatic cord or pampiniform plexus 
(counter-current cooling mechanism) - as well as by panting, 
which causes whole-body heat loss.  If rams are deprived of 
shade and/or disturbed, the heat load from radiant energy 
and exercise may cause a breakdown of these regulatory 
mechanisms.  Rams should be carefully trucked rather than 
driven to mating paddocks if long distances are involved.

The best thickness of fleece when rams are joined at high 
ambient temperatures is 3-4 months’ wool.  The scrotum 
should not be shorn. Shearing immediately prior to joining is 
not desirable, since some fleece protects the ram from radiant 
heat.  On the other hand a heavy fleece is likely to reduce 
mating activity and may impair sweating and cooling of the 
scrotum.

Health and management

Rams should be in good condition but not obese at joining 
time.  Because rams are in a small mob, they are sometimes 
kept in small, irregular paddocks that are short of feed and 
infested with weed species.  As a result, graziers will often 
give their rams a ‘steaming-up’ pre-joining ration in an attempt 
to compensate for having neglected them for the balance of 
the year.  This may be useful, but is not a substitute for sound, 
year-round nutritional management.  Rams of all breeds should 
be inspected frequently, noting the condition of the penis 
(tossle), testes, teeth and toes (known as the four Ts; see next 
page for details).  Frequent inspection should also minimise 
the likelihood of them gaining unplanned access to ewe flocks 
(Fowler, 1976).  Rams should be shorn twice a year and hooves 
and horns trimmed at the shearing furthest away from joining.  
Although ill-advised, the practice of shearing within 6 weeks 
of joining remains common.

If rams have been run on dry, carotene-deficient pasture 
for 2-6 months before mating they may lack vitamin A.  This 
condition causes a drop in semen quality and can be avoided by 
either drenching the rams with vitamin A about 8 weeks before 
joining is due to commence and again at joining, or providing 
carotene-rich supplements, such as conserved green feed or 
maize (Fowler, 1976).  The occurrence of footrot, foot abscess, 
sheath-rot, fly strike or significant internal parasite burdens will 
cause pain and malaise sufficient to affect mating performance.  
Several specific diseases of the reproductive tract affecting the 
testes, epididymides, scrotum or prepuce may interfere with 
ram fertility.  Affected rams should receive prompt treatment 
or be culled.  New rams should be purchased well in advance 
of joining time, so that they can acclimatise.  This may need 
to be up to 12 months in advance of first joining if young rams 
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are purchased from temperate regions and transported to the 
arid pastoral zone of Australia. Rams should preferably have 
been serologically tested for brucellosis at the time of sale, and 
may require repeated brucellosis testing where an infertility 
problem exists.

Mating systems

The management of joining, methods used to assess breeding 
soundness and serving capacity in rams, selection of joining 
times and joining rates and some techniques for evaluating levels 
of mating activity and fertility are examined in more detail in this 
section.

Controlled natural mating

All rams should have the capacity to successfully cover a large 
number of ewes during the breeding season.  Clearly this depends 
on the rams being in good health and having high libido and daily 
sperm production (Lindsay, 1976, 1988; Courot, 1979). 

Selection of rams for joining and criteria for culling

Prior to joining, rams should be given a thorough physical 
examination.  This examination and culling are best carried out 
at the pre-joining shearing.  Increasingly, testis size and serving 
capacity are also being estimated to maximise the efficiency of 
joining (Plant, 1981a; Blockey, 1983; Galloway, 1983).  In the 
physical examination, the ram is sat on its rump and held to 
enable inspection of the testes, reproductive tract, teeth, leg joints 
and feet.  Rams should have firm, springy testes of even size and 
shape.  Such testes nearly always produce good-quality semen, 
while soft or flabby ones often produce poor-quality semen.  The 
epididymides should be of uniform size and shape. 

The penis is extended and it and the prepuce are examined 
(Figure 9.7) for evidence of adhesions or ulcerations that problems 
such as sheath-rot may cause.  The urethral process should be 
intact.  The hind legs are examined for any evidence of swelling 
of joints or arthritis.  Unfortunately, arthritis is not always easy to 
detect during the physical examination.  About 10% of rams may 
have poor serving capacity due to lameness and arthritis.  The 
feet are examined carefully for horn overgrowth or footrot or foot 
abscess.  If scales are available it is useful to record body weights.  
Testis size is estimated using scrotal tape.

Such physical examination commonly reveals that 10-20% 
of rams are unsound for breeding and should be culled (Blockey, 
1983; Galloway, 1983; Seaman, 2004).  Examinations should be 
done annually as the rate of unsoundness in rams less than 3 years 
old averages about 8%, whereas  in animals over 6 years old it is 
about 35%.  In one survey of 900 Merino rams in 17 commercial 
flocks in Queensland, 17% had clinical abnormalities of the testes 
and/or epididymides and the incidence of abnormalities increased 
markedly after 2½ years of age (Table 9.4).  The abnormalities 
had a variety of causes, including brucellosis and actinobacillosis 
(Rival, 1982). 

The physical examination can be extended by collecting a 
semen sample and appraising it, usually by electro-ejaculation.  
The volume, colour and consistency of the ejaculate are noted.  An 
estimate of sperm motility is usually obtained by placing a droplet 
of fresh semen on a warmed slide under a low-power microscope 
and scoring for wave motion.  Thin films of fresh semen may be 
similarly examined to determine the approximate proportion of 
motile spermatozoa.  Occasionally, further tests to determine the 
percentage of morphologically abnormal sperm (Figure 9.9) and 
the actual concentration of spermatozoa may be done.  Normal 
ram semen is characterised by a high concentration (2.5 – 5.0 × 
109 spermatozoa/mL) and intense motility of spermatozoa.  More 
than 85% of spermatozoa should be motile and less that 15% 
morphologically abnormal (Martin, 1981). 

Semen evaluation involves a significant expense to the 
producer and its practical value has been widely questioned.  As 
a result, few producers bother with the technique, the practice 
being mostly confined to rams to be used for single-sire matings, 
hand service or artificial insemination (Martin, 1981; Galloway, 
1983).  The basic problem is that, except in extreme cases of 
infertility, its results seem to have little relationship to ram 
fertility in the paddock; moreover, the sample is usually collected 
from a sexually rested ram and may differ considerably from 
an ejaculate collected during the joining period (Fowler, 1976; 
Lindsay, 1976; Colas, 1983). 

Another measure that can be used for ram selection is the 
standardised serving-capacity test, where the probable libido and 
mating dexterity of rams in the paddock is estimated by assessment 
of such characteristics in pens or small yards (Kilgour, 1980; 
Blockey, 1983).  One should draw a distinction between libido 
(sexual urge or desire) and mating dexterity (ability to mount and 
inseminate) of rams.  Serving capacity is a measure of both these 
traits, and it is the combination that is important to the producer.  
In reality, few producers have the time or desire to test for serving 
capacity, particularly when the use of rams of high or low serving 
capacity score often result in similar flock fertility and fecundity.  
However, it may be a useful method of identifying rams which 
are completely unable to serve.

When to join?

Selection of the best joining and hence lambing time is a critical 
management decision that influences the timing of most other 
management activities.  Ewes are lambing somewhere in 
Australia throughout the year.  The choice is seldom clear and is 
influenced by many questions.  These may include the following.  
When do ewes exhibit maximal breeding activity?  When will 
lamb survival not be a serious problem?  Will there be sufficient 
pasture of adequate quality available around both joining and the 
time of lambing?  When is the best time to market lambs or older 
progeny? Will adequate pasture be available for weaners?  Will 
blowflies be a problem after lamb marking?  Will grass seeds be 
a problem in woolly lambs?  Will shearers be available, and when 
should lambs be shorn?  Does the sheep management timetable 
integrate with other farming operations?  Will foot abscess be a 
problem in lambing ewes?
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In practice, a decision is made on the basis of one or a few of 
these considerations and then the management and nutrition of 
the flock is adjusted as much as is possible to reduce any negative 
impact of other factors.  In particular, programs for control of 
parasites must be adjusted to meet the needs of lambs born at 
different times of the year.  Split joinings may sometimes be 
advantageous, where joining portions of the flock at different 
times of the year enables the more efficient utilisation of rams 
and labour and spreads any risk in marketing the progeny.

The joining ratio and duration of joining

These management decisions are interrelated.  It is not easy 
to determine in advance the minimal number of rams that will 
result in good flock fertility.  Similarly, although tight lambings 
are usually desirable, few producers are willing or able to limit 
the joining period to 4-5 weeks, preferring instead to join for 
6-8 weeks or sometimes longer.  In practice, most producers are 
conservative and are probably using considerably more rams 
and/or joining for longer periods than is necessary to ensure good 
flock fertility (Fowler, 1972, 1984).  Depending primarily on the 
purchase price of young rams, significant financial savings can 
result from the more efficient use of rams. 

As a general rule, rams seem able to cover ewes adequately 
at percentages around 1% (Mattner and Braden, 1967; Gherardi 
et al., 1980; Kleemann et al., 2006).  Individual rams can, on 
average, impregnate 160-300 ewes to which they are mated in 
less than 3 weeks.  At less than 1%, the probability of the rams 
mating with all ewes in oestrus declines markedly, but only during 
the first l8 days of joining (Burton et al., 1982).  After this period, 
by which time much of the flock should be pregnant, very

 
low 

joining percentages should be adequate.  With autumn joinings it 
may be useful to reduce the number of rams after the first 18 days; 
surplus rams are then available for joining to other ewe flocks, if 
required.  The percentage of rams should not be decreased during 
a spring joining.  It follows that as the joining percentage declines 
below 1% the lambing profile tends to become extended.  An 
alternative way to think about the fertilising capacity of rams and 
hence joining ratios is to join at least 400 g of testes per 100 ewes 
(Gherardi et al., 1980; Lindsay, 1988). 

The problem is that there are often circumstances where a 
1% joining ratio may be too low.  A number of factors are known 
to decrease the probability of rams inseminating ewes, making 
higher joining ratios desirable.  Such factors include: poor nutrition 

in ewes and rams or over-fatness in rams; breeding out of season, 
when the ewes and perhaps also the rams are not showing full 
breeding activity; joining maiden ewes, which exhibit relatively 
weak oestrous behaviour; joining very small flocks, where the 
use of only one or two rams may be risky; using ram syndicates 
that contain a lot of 1  year-olds or rams more than 5 years of 
age (syndicates should ideally contain a good mix of ages with 
only a minority of previously unmated rams); adverse physical 
environments, such as hilly tablelands country, or large paddocks 
in arid zone country where stocking rates are very low and if feed 
is scarce the ewes break up into small, widely dispersed groups, 
some of which are well removed from any ram (ram-ewe contact 
is not always as poor as it appears in such arid zone flocks, since 
often these small groups of ewes congregate in larger groups at 
water sources in the early morning and/or the evening); and high 
temperatures, which reduce activity and perhaps semen quality 
in rams.

In general, a basal joining ratio of 1% should have one or 
more rams added to the syndicate per 100 ewes to compensate 
for each identifiable adverse factor (Fowler, 1976).  Often some 
trial-and-error is involved.  If information is available for testis 
size and serving capacity, the rams can be placed into different 
categories based on their mating potential and be more precisely 
matched with appropriate groups of ewes (Blockey, 1983).  In 
spite of these various considerations and recommendations 
concerning the joining ratio, most producers simply run 2% of 
rams with their ewe flocks. 

Significance of ram-ewe contact

The more services from ram-ewe contact that occur in the 
paddock the higher will be the pregnancy rate in the first 17 
days of joining.  Both the ram and the oestrous ewe exhibit 
active partner-seeking activity (Lindsay, 1979).  Such activity in 
ewes is only seen when the rams are within visual range, while 
the ram probably requires visual and olfactory contact with the 
ewe.  Several of the nutritional, environmental and management 
factors discussed earlier in relation to flock fertility may regulate 
the level of ram-ewe contact, which appears to be the single most 
important determinant of flock fertility and may also influence 
ewe fecundity (Fowler, 1976).

The extent of ram-ewe contact in a flock, as manifested by 
the level of mounting activity, may be determined by the use of 
crayon raddles harnessed to the briskets of rams (Plant, 1981a).  

Table 9.4. Clinical abnormalities in Merino rams of different ages around Goondiwindi, QLD.

Clinical abnormalities

Age 
(years)

Representation in ram 
flock (%)

Normal rams (%) Epididymides, head 
(%)

Epididymides, tail (%) Testes (%)

1.5 28.8 88.4 0.8 5.0 8.8

2.5 9.0 100.0 0.0 0.0 0.0

3.5 14.8 88.7 1.5 10.5 4.5

4-6 34.9 78.8 2.9 16.9 10.2

6 12.5 63.4 5.4 23.2 23.2

Source: Rival (1982)
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Crayons are available in various colours and different degrees 
of hardness (for hot, mild or cold conditions), and their use 
during all or part of the joining period can enable more efficient 
flock breeding management.  If the flock is mustered, raddle 
colours changed and marks on ewes recorded every 14 days 
after joining commences, fairly accurate measures of mating 
activity and of returns to service are obtained, and the levels 
of breeding activity and flock fertility thus assessed.  If more 
than 30-35% of marked ewes return to oestrus, ram or ewe 
infertility should be suspected.  Since the progress of mating 
is being monitored, the duration of the joining period can be 
shortened or lengthened, as necessary.  At the end of joining 
the ewes can be separated into flocks that should lamb either 
early or late during the lambing period. 

It may not be practicable or desirable to muster the flock 
every 2 weeks during joining.  In this case joining may be 
commenced with unraddled rams and the rams observed in 
the paddock during the first week for level of mating activity 
(Plant, 1981a).  About 3 weeks after joining commences the 
flock is mustered and the rams harnessed with crayons.  If the 
rams worked well early and 20% or less of ewes are raddled in 
the second 3-week period, there will be little point in extending 
the joining beyond a total of 6 weeks.  If more than 25% of 
ewes are raddled after 6 weeks, the crayon colour should be 
changed and the joining period extended for a further 3 weeks.  
When the ewes are examined again after a total of 9 weeks, 
the pattern of marks on the ewes should indicate whether a 
low level of breeding activity or infertility was the problem.  
A disadvantage of using crayons only after most ewes have 
conceived is inability to separate ewes that never mated from 
those that simply lambed early.

Ram harnesses and crayons should always be used carefully 
and with a precise aim in mind, since they involve significant 
expense and time.  Subdivision of the flock into different 
lambing mobs and dry ewes can also be achieved by pregnancy 
diagnosis, which is discussed in Chapter 10. 

Uncontrolled natural mating

Sometimes producers allow rams to run with the ewes for 
many months or even year-round.  This may reflect no more 
than disorganised management.  If the rams run with the ewe 
mob year-round, lambings will occur throughout the year, 
although a seasonal peak is usually observed.  This greatly 
complicates management, making the planning of marking, 
mulesing, shearing etc. more difficult, and the matching of 
the reproductive cycle to pasture availability impossible.  
Nevertheless, reproduction rates in Merinos can sometimes 
be considerably increased by changing from controlled to 
uncontrolled mating. 

Over their reproductive lives, such ewes give birth to more 
lambs without producing more twins, a result that would 
appeal to many Merino breeders.  In one trial in Western 
Australia the average age at first lambing was 1.8 years and 
subsequent lambings occurred at an average interval of 284 
days, yielding about seven lambs in a lifetime (Arnold and 

Charlick, 1980).  Lambings tended to peak in May and June.  
Weaning was uncontrolled, basic management being limited 
to annual shearing, tail docking and fly-strike control.  These 
results were obtained at higher-than-normal stocking rates.  
Lamb mortalities in the first 20 days were only 8%, better than 
for control-mated ewes; however, level of mortality during the 
first 2 years after birth was high.  This could be substantially 
corrected by feeding supplements during autumn and winter. 
In a subsequent study (where weaning was controlled; Arnold 
and Charlick, 1984), joining for 12 months increased the 
production of lambs compared with a controlled 6 week 
breeding, but only when the flock undergoing uncontrolled 
joining were provided with supplementary feeding.  More 
work is required to establish the possible economic advantages 
of uncontrolled breeding in Merinos.

Artificial regulation of reproductive 
performance 

A number of techniques are available for use in sheep production 
to increase reproduction rates and/or the spread of new breeds 
or strains or superior genotypes of sheep.  Further information 
about these technologies may be obtained from Hunter (1980), 
Evans and Maxwell (1987), Evans (1991), Hafez and Hafez 
(2000), Maxwell et al. (2004) and Senger (2005).

Artificial insemination (AI) 

AI enables a superior ram to inseminate many more ewes 
than would be possible by natural service (Figure 9.12).  The 
number of ewes inseminated is limited by the amount of semen 
produced, its characteristics and the number of spermatozoa 
required for normal fertility after AI.  The number of ewes 
artificially inseminated each year in Australia reached 
approximately one million in 2005.  The value of an AI program 
depends largely on the expected monetary return from using 
known superior sires.  There is little point in using AI in a 
commercial flock if the rams have not been performance tested 
and proved genetically superior.  Many AI programs yield 
poor results, due to poor organisation or failure to recognise 
common causes of low fertility.  Reviews of various aspects of 
AI in sheep are given by Fairnie (1979), Evans and Maxwell 
(1987), Evans (1991), Windsor et al. (1994), Sanchez-Partida 
et al. (1999) and Salamon and Maxwell (1995, 2000).

Semen collection

For AI, semen is usually collected from rams by using an 
artificial vagina - an apparatus designed to impart to the ram 
a stimulus similar to the one received during natural service 
(Figure 9.13).  It consists of an outer cylindrical casing of 
bakelite or other hard, heat-resistant plastic and a soft inner 
rubber liner.  The space between the case and liner is half filled 
with water at 42-45°C, and then inflated with air.  The inside 
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Figure 9.12. The potential number of lambs sired by a ram each year using natural mating, cervical AI with fresh semen and 
uterine AI by laparoscopy with frozen semen.  The calculation is based on 8 months collections from one ram at the rate of 
nine ejaculates per week. Lamb marking percentages of approximately 65% to natural services and 50% to AI with fresh 
semen and uterine AI with frozen semen are assumed. Source: Maxwell (1984).

Figure 9.13. Artificial vagina suitable for collecting ram semen. Source: Miller (1991).

Figure 9.14. Semen collection from a ram using an artificial 
vagina. Source: WMC Maxwell.
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of the rubber liner must be clean and dry and is lubricated with 
a little paraffin or vaseline.  A collecting vessel to contain the 
ejaculated semen is attached to one end.  The ram is allowed to 
mount a restrained ewe, and just before intromission his penis 
is gently deflected into the artificial vagina (Figure 9.14).

The technique yields superior, more uniform ejaculates than 
when electro-ejaculation is used. However, rams have to be 
trained to work to an artificial vagina.  Usually they are shedded 
and fed for 8- 10 weeks before the AI program commences and 
the training may take place during this interval.  Initially the 
restrained ewe must be in oestrus, but as training advances this 
becomes unnecessary, and sometimes even a ‘dummy’ restrained 
ewe will suffice.  Once trained, each ram can supply semen 
several times a day for an extended period.

Semen evaluation, dilution, storage and freezing

The semen is examined promptly after collection to determine its 
fertilising ability.  Volume and colour and sperm density, motility 
and morphology are assessed (Evans and Maxwell, 1987).  
Ejaculates are usually scored from 5, for a thick creamy sample 
containing more than 5.0 × 109 spermatozoa per mL, down to 
0, for a clear watery sample containing very few spermatozoa.  
Motility and morphology are assessed as previously described.  
The semen must be handled carefully in clean glassware to 
protect the fertilising ability of spermatozoa, avoiding cold shock 
or sudden drops in temperature, contact with water or exposure 
to sunlight.

For cervical insemination the volume of inseminate should 
be 0.1-0.15 mL.  Good semen samples must be diluted somewhat 
in order to inseminate the ewe with an optimal number of 
spermatozoa in this volume.  For fresh semen about 100 × 106 
spermatozoa per ewe should result in good fertility.  Although 
there is much variation, a good ejaculate should typically contain 
about 30-40 such doses.  Semen is usually diluted l:l or 1:2 with 
a buffered diluent containing heat-treated cow’s milk or egg-yolk 
glucose citrate.

If diluted semen is not to be used promptly after collection, 
it may be stored at 2-5°C, at which temperature the spermatozoa 
retain good fertilising ability for up to 24 hours (Evans and 
Maxwell, 1987; Salamon and Maxwell, 2000).  If longer 
storage is necessary, the diluted semen may be mixed with a 
cryoprotective agent, usually glycerol, chilled to 5°C then frozen 
in pellets or straws.  In the popular pellet method, 0.2-0.25 mL 
of diluted semen is pipetted into a hole engraved on the surface 
of a block of dry ice (solid CO

2
), and the frozen pellet is then 

transferred to liquid nitrogen for storage at -196°C.  Alternatively, 
semen may be frozen in straws.  Frozen-thawed ram spermatozoa 
have decreased fertilising capacity, and it is necessary to insert at 
least 250 × l0

6 
spermatozoa into the cervix to obtain satisfactory 

fertility.  The decreased fertilising ability is related to impaired 
sperm transport through the ewe’s cervix.  The procedures 
for diluting, freezing and thawing semen must be rigorously 
standardised, since processing does affect fertilising ability.  
There may be large differences between animals, ejaculates and 
seasons in the ability of ram spermatozoa to withstand freezing 
and thawing (Salamon and Maxwell, 2000). 

Methods of insemination

The three main methods used to artificially inseminate sheep 
correspond with their site of deposition: vaginal, cervical and 
uterine.  The method employed depends largely on the type and 
amount of semen available as well as the type of oestrus.  Table 9.5 
outlines the minimum number of spermatozoa required to obtain 
satisfactory conception rates and the appropriate circumstances 
for their use.

In the cervical method a small volume of diluted semen 
is inserted just inside the external os of the cervix (Evans and 
Maxwell, 1987).  The ewe’s hindquarters are elevated, usually 
by placing them over a fence rail, and the inseminator uses a 
duck-billed speculum inserted into the vagina and a head lamp to 
enable visualisation of the cervix for insertion of the inseminating 
pipette (Figure 9.15).  The semen (0.05-0.2 mL) is deposited no 
more than 1-2 cm inside the cervical canal.  The ability of frozen-
thawed spermatozoa to traverse the cervix is compromised and 
as such is not recommended to be delivered by this method.  With 
two catchers, a skilled operator can inseminate 100 ewes per hour 
by this method.  

Figure 9.15. Cervical insemination of a ewe. 
Source: SP de Graaf.

In the simple vaginal insemination method, semen (0.3-0.5 mL) 
is deposited ‘blind’ into the anterior vaginas of sheep standing 
in a race.  This is also known as the ‘shot-in-the-dark’ (SID) 
method.  In this case a larger volume of diluted semen containing 
more spermatozoa is required to obtain fertility comparable 
with that obtained with the cervical method.  Frozen-thawed 
spermatozoa should not be used for this technique for the same 
reasons outlined above.

More recently, it has become relatively easy and inexpensive 
to deposit semen directly into the uterus, via the technique 
of laparoscopy.  In this case 0.02-0.10 mL of diluted semen is 
deposited into the lumen of both uterine horns from a needle 
and syringe that has been inserted through the ventral wall of the 
abdomen (Evans and Maxwell, 1987; Figure 9.16).  This technique 
is attractive where valuable, frozen-thawed or sex-sorted semen 
is to be used; since it permits good fertility with much smaller 
sperm doses than do the cervical and vaginal methods.  It also 
facilitates insemination of superovulated ewes, which otherwise 
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experience low fertility due to poor sperm transport through the 
cervix.  An experienced operator can inseminate 40-50 ewes 
per hour by the laparoscopic method.  While other methods of 
circumventing the cervical barrier have been developed (Buckrell 
et al., 1992), these so-called transcervical techniques are quite 
stressful for the animal and provide varied success (reviewed 
by Salamon and Maxwell, 1995).  In Australia, comparisons 
between insemination by laparoscopy and the transcervical route 
proved semen deposition by laparoscopy to be the preferred 
method (Windsor et al., 1994; Sanchez-Partida et al., 1999).

Figure 9.16. Intrauterine insemination of a ewe by laparoscopy. 
Source: SP de Graaf.

Time of insemination

Correct timing of insemination is essential for the success of 
AI (Evans and Maxwell, 1987; Salamon and Maxwell, 2000).  
In essence, deposition of semen into the female reproductive 
tract must occur early enough for the spermatozoa to reach 
the site of fertilisation (the ampulla), but late enough so that 
the spermatozoa do not exhaust their finite energy reserves 
before the ovum arrives.  As the type of oestrus and method 
of synchronisation affects time of ovulation, and method of 
insemination and sperm type influence efficacy of sperm 
transport and survival, it follows that each factor will impact 
on insemination time (Evans and Maxwell, 1987).

Although not often undertaken in modern breeding 
programmes, females in spontaneous natural oestrus can be 
successfully artificially inseminated.  Under such circumstances, 
oestrus is usually detected by teaser males (wethers treated 
with 150 mg testosterone cypionate or enanthate at fortnightly 
intervals, commencing 4 weeks before use and continuing until 
the end of the AI programme).  It is essential that adequate 
(about 2%) raddled teasers in good health are used if timing 
of insemination is to be precise.  Marked ewes (drafted twice 
daily) should be inseminated (vaginal or cervical AI) about 
12-18 hours after the onset of oestrus.  Fresh semen is usually 
used.

The vast majority of sheep AI programmes inseminate 
ewes at a controlled oestrus, with insemination occurring at 
a fixed time post- sponge or CIDR removal.  The interval 
between progestagen device removal and time of insemination 
is influenced by the aforementioned factors.  Using the most 
common method for synchronisation of oestrus in Australian 
sheep flocks (progestagen sponge + non-superovulating dose 
of PMSG; see following section), ewes can be expected to 
enter oestrus within 36-48 h and ovulate about 60 h post-
sponge removal.  This interval decreases when ewes have been 
superovulated for a MOET programme, with oestrus occurring 
within 24-36 h and ovulation at 48 h following sponge 
withdrawal.  The recommended time of insemination for 
each of these situations using either fresh or frozen semen for 
cervical or intrauterine AI is listed in Table 9.6.  Occasionally, 
commercial operators may recommend double inseminations 

Table 9.5. Minimum safe numbers of motile spermatozoa per inseminate and appropriate method of AI according to semen 
and oestrous type.

Method of insemination Type of oestrus Type of semen

Fresh 
(×106)

Liquid-stored 
(×106)

Frozen-thawed 
(×106)

Vaginal Spontaneous 
Controlled

150 
300

NR 
NR

NR 
NR

Cervical Spontaneous 
Controlled

100 
200

150 
300

NR 
NR

Uterine (total in two 
uterine horns)

Controlled 
Superovulated

15 
20

15 
20

20 
30

NR = not recommended; conception rates generally <50%, may be very low.
If ample semen is available, the number of spermatozoa can sensibly be increased somewhat above the relevant number shown above. 
Source: adapted from Evans and Maxwell (1987).
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for cervical AI, but the minor increase in fertility (5-10%) 
usually does not outweigh the cost of performing the procedure 
twice.

Table 9.6. Time of insemination in relation to method of 
insemination, hormone treatment and semen type.

Method of 
insemination

Hormone treatment Semen type Insemination 
timea

Cervical
Progestagen + 
PMSG

Fresh 36-48 h

Progestagen – 
PMSG

Fresh 48-60 h

Intrauterine Progestagen + 
PMSG (non-
superovulated)

Fresh 36-48 h

Frozen 60-66 h

Sexed-Frozen 57-59 h

Progestagen 
+ PMSG 
(superovulated)

Fresh 24-48 h

Frozen 44-54 h

Sexed-Frozen 42-43 hb

apost-sponge removal
boptimum insemination time yet to be fully established.

Fertility obtained

When non-synchronised, raddled oestrous ewes are inseminated 
in autumn with freshly ejaculated semen by the cervical 
method it is quite possible to achieve 65-70% conception 
rates (Evans and Maxwell, 1987; Salamon and Maxwell, 
1995, 2000).  This is essentially the equal of fertility in natural 
service at a single oestrus.  To obtain such results, the program 
must be carefully planned and executed and the standard of 
general husbandry of the flock must be excellent.  Fertility by 
cervical insemination is lower using frozen semen, conception 
rates being around 20-30% and often lower.  Conception 
rates using the SID method may be nearly as good as for the 
cervical method (Maxwell, 1984).  Fertility after intrauterine 
insemination with both fresh and frozen semen appears to 
be as good as after cervical insemination with fresh semen 
(Maxwell et al., 1984).  A comparison between the efficacy of 
a variety of insemination methods and sperm types is given in 
Table 9.7.  Most commercial operators offering intrauterine AI 
with frozen semen should be capable of approaching 60-70% 
fertility under most conditions.

Table 9.7. Expected lambing rates after vaginal, cervical or 
uterine insemination of mature ewes with fresh, liquid-stored or 
frozen-thawed semen.

Method of 
insemination

Type of semen

Fresh Liquid-
stored

Frozen-thawed

Vaginal 65-70% <10-20% <5%

Cervical 65-70% 60-70% 20-30%

Uterine 60-70% 60-70% 60-70%

Quoted percentages assume insemination is conducted at the 
appropriate time using sufficient numbers of spermatozoa

Synchronisation of oestrus within the breeding season

In an AI program a major decision is whether or not to 
synchronise oestrus.  Without synchronisation, ewes will need 
to be inseminated over a period of 18 days, which makes the 
procedure very inefficient in smaller flocks.  With large numbers 
of ewes synchronisation may not prove labour-saving.  There are 
basically two approaches to controlling the time of oestrus in 
ewes (Cumming, 1979; Robinson, 1979; Cognie and Mauleon, 
1983; Evans and Maxwell, 1987).

In the first approach, progesterone or compounds with 
progesterone-like activity (progestagens) are administered for 
12-14 days.  Due to negative feedback on the hypothalamus and 
pituitary, the ewes cannot come into oestrus during treatment.  By 
the end of the treatment period the ewe’s corpus luteum will have 
regressed, regardless of the stage of the cycle at which treatment 
commenced, and cessation should result in all ewes coming into 
oestrus in the next 2-3 days. There are two ways of administering 
progestagens.  The more common way is to insert a polyurethane 
sponge [‘Chronogest’ (Intervet) or ‘Ovagest’ (Bioniche Animal 
Health), containing 30 mg or 40 mg flugestone acetate; alternative 
brands may use 60 mg medroxyprogesterone acetate], pessary 
or controlled internal drug-releaser [CIDR; ‘Eazi-Breed CIDR’ 
(Pfizer Animal Health) containing approximately 300 mg (9%) 
progesterone] impregnated with an appropriate dose into the 
vagina of the ewe.  Less commonly, progesterone is formulated in 
a solid slow release vehicle and implanted under the skin.  Ewes 
commence oestrus 24-36 hours after removal of progestagen 
sponges or CIDRs, with a peak at 48 hours, and nearly all ewes 
should enter oestrus by 60 hours.  If control over the time of 
oestrus is sufficiently precise, it is not necessary to use teasers and 
observe oestrus, the ewes being inseminated at a fixed time after 
sponge or CIDR removal.  Usually a minority of treated ewes fail 
to exhibit oestrus but may still become pregnant if inseminated.  
The precise time of fixed-time inseminations varies considerably 
and is discussed on the previous page.

The second and less commonly used approach to controlling 
oestrus is to administer a single dose of prostaglandin (Cloprostenol, 
100 µg, ‘Estrumate’, Jurox Pty Ltd or dinoprost-PGF2a, 4-5 mg, 
‘Lutalyse’, Upjohn Pty Ltd).  This induces luteolysis, and the ewe 
returns to oestrus.  However, prostaglandins are only effective 
when given more than 4-5 days after oestrus, so in order to get 
all ewes into oestrus at the same time a second prostaglandin 
treatment must be given, preferably about 12 days after the first 
(Fairnie and Wales, 1980; Smith, 1982; Evans and Maxwell, 
1987).  Prostaglandins clearly can be effective only in ewes that 
are cycling regularly and may cause abortions if given during the 
first 60 days of pregnancy.  They do not give sufficient control 
over the time of oestrus to enable fixed-time inseminations. 

Regardless of the method of synchronisation employed, 
fertility at the synchronised oestrus is reduced (Robinson, 1979).  
This is primarily due to depressed sperm transport through the 
cervix and is observed after both AI and natural mating.  The 
dose of progestagen incorporated into the sponge and the timing 
of insemination relative to the LH surge are important factors 
regulating penetration of the cervix by spermatozoa in such ewes 
(Pearce and Robinson, 1985).  Fertility returns to normal at the 
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next spontaneous oestrus, but in a treated flock this oestrus is less 
synchronised than the induced one.  Subfertility at the controlled 
oestrus (fertility may drop below 40%) can be largely avoided 
by increasing the dose of spermatozoa employed for cervical AI 
(to 200-400 × l0

6
 for freshly ejaculated semen) or, in the case of 

natural mating, by using a high joining ratio of at least one ram 
for every 10 treated ewes.  Alternatively, laparoscopic AI can be 
employed to deposit semen directly into the uterus, circumventing 
the cervix.  As with AI, good results require careful planning and 
a high standard of general husbandry.

Extension of the breeding season 

The onset of the breeding season may be advanced by up to 
several weeks by artificial regulation of the light-dark cycle.  This 
can be achieved by yarding ewes into sheds that are thoroughly 
insulated from daylight for a portion of each day.  However, 
this procedure is obviously too costly and time consuming to 
be of commercial use.  A much more practicable alternative is 
to administer exogenous melatonin (‘Regulin’, Regulin Ltd.) to 
ewes for a period during summer prior to the time of normal onset 
of breeding activity (Karsch, 1984).  Melatonin alters the ewe’s 
perception of season allowing an increase in fertility and fecundity 
in summer matings to that observed during autumn (Brunet et 
al., 1995).  In practice, the effect of Regulin is usually combined 
with that of the ram effect, with ewes isolated from rams 6 weeks 
before joining and the melatonin implant administered 30-40 
days before joining.  Considerably variation between flocks has 
been observed and the use of Regulin is not recommended for 
highly seasonal British breeds or in areas where ewes generally 
cycle during late spring early summer.

Induction of oestrus and ovulation in anoestrous ewes 

Seasonal anoestrus

A single treatment with a gonadotrophin can induce ovulation 
but not oestrus during the non-breeding season.  If a period of 
progesterone or progestagen treatment is given shortly before 
the gonadotrophin treatment, oestrus and ovulation will occur.  
Pregnant mare serum gonadotrophin (PMSG; ‘Pregnecol’, 
Bioniche Animal Health), which exhibits both FSH- and LH-like 
activity, is usually employed, although multiple injections of FSH 
of animal pituitary origin are also effective.  The effectiveness 
of progestagen/PMSG treatment depends on several factors, 
including breed, provision of adequate ‘ram-power’ (i.e. larger 
percentage of rams provided at joining) and stage of the non-
breeding season (Cognie and Mauleon, 1983).  In general, as the 
stage of anoestrus deepens, progestagen/PMSG treatment will be 
less effective, time to onset of oestrus will lengthen (post device 
removal) and its precision will decrease.  

Realistically, these combined treatments are expensive, and 
factors such as extra ram costs and the unreliability of premiums 
paid for early lambs make it essential that the economics of this 
approach to ‘out-of season’ breeding be critically examined. 

A more economical approach to ‘out-of-season’ breeding 
utilises the ‘ram effect’ (Oldham, 1980; Lindsay, 1983; Pearce 
and Oldham, 1984).  If anoestrous ewes are preconditioned by a 
period of 3 or more weeks of isolation from rams, the introduction 
of rams will induce them to ovulate.  This effect is mediated by 
pheromones - volatile chemicals released by the rams, which 
act via the olfactory system of the ewe to modify the pattern of 
GnRH release from the hypothalamus (Figure 9.3).  The ewes do 
not need to be in physical or visual contact with the rams. 

The same effect may be achieved with testosterone- or 
oestrogen-treated wethers.  The pheromones are present in the 
skin and wool but not the urine of the ram.  The frequency of LH 
pulses from the pituitary in the ewe increases within 10 minutes 
of ram introduction, and this triggers the normal sequence of 
endocrine events that lead to ovulation (Martin et al., 1980; 
Pearce and Oldham, 1984).

The proportion of ewes in a flock in the non-breeding season 
that will ovulate after ram introduction varies widely.  Romney 
ewes will respond only during a limited period of a few weeks 
just before the start of the spontaneous breeding season, whereas 
Merinos can usually respond at any time during the non-
breeding season, provided they are in anoestrus at the time of 
ram introduction.  Recent research even suggests that cyclic ewes 
are capable of responding to the ram effect, increasing pulsatile 
LH frequency, although do not appear to ovulate (Hawken et al., 
2007).

Ewes usually ovulate about 2-3 days after ram introduction.  
They do not usually come into oestrus at this induced ovulation 
(Oldham, 1980), but show a relatively synchronised oestrus 
approximately one cycle length later.  In a flock, this oestrus 
occurs over a period of about 10 days, but with two peaks at 
about 19-21 and 24-25 days after ram introduction.  In the former 
case the ewes come into oestrus at a normal cycle length after the 
ram-induced ovulation.  In the latter the ewes have an abnormal 
short cycle and ovulate again about 7-8 days after the ram-
induced ovulation.  This is also silent, but followed by a normal 
oestrus and ovulation a further cycle length later. Importantly, a 
small number of ewes may exhibit oestrus at these early, induced 
ovulations; any entire rams present may deplete their sperm 
reserves mating with these oestrous ewes, so it is best to use 
teaser rams to induce the ram effect.

The reasons for the variable life span of the ram-induced 
corpus luteum and the biphasic spread of the first oestrus are 
not well understood.  Of ewes that mate at the first oestrus about 
25-33% apparently conceive (fail to return to oestrus) but do 
not lamb.  This reproductive wastage is probably due to these 
ewes reverting to the anoestrous state after the first oestrus, 
without ever becoming pregnant (Oldham, 1980; Pearce 
and Oldham, 1984).  The rate at which non-pregnant ewes 
cease cycling and revert to anoestrus varies and depends on 
nutritional status, strain and stage of the non-breeding season - 
that is, the novelty of the rams wears off after a variable period 
of time.  If a majority of ewes come into oestrus only once then 
flock fertility will be poor.  In some circumstances, where rams 
are introduced too early, before all ewes are responsive, the 
effect may be to bring some ewes into oestrus and drive others 
into a deeper anoestrus, leading to a bimodal lambing pattern, 
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separated by 1-2 months.  Maiden ewes respond less well than 
mature ewes to the ram effect.

In practice, if the producer wishes the full flush of lambing to 
take place early in the breeding season, he can usually manipulate 
mating to achieve this.  Vasectomised rams or testosterone or 
oestrogen-treated wethers (testosterone cypionate or testosterone 
enanthate, ‘Synarot’, ‘Banrot’ or ‘Tesgro’, 75 mg/ml; 400 mg 
given 14 days before introduction, or 150 mg, 150 mg and 300 
mg at 14, 7 and 0 days before introduction) are introduced about 
15 days before the scheduled mating period.  Matings should 
then commence virtually from the first day of introduction of 
entire rams.  If the ewe flock is not teased in this manner, lambing 
patterns in relation to the date of ram introduction may be more 
diffuse, especially in flocks where a significant proportion of 
Merinos were experiencing normal oestrous cycles at the time 
of ram introduction. 

The usefulness of the ram effect for out-of season breeding 
can be increased by treating conditioned ewes with progesterone 
or progestagens.  If anoestrous ewes are given a single injection 
of 20 mg progesterone 1-2 days before or at the time of ram 
introduction, all of the ram-induced corpora lutea have a normal 
life cycle, so most ewes come into oestrus 19-21 days later.  
However, depending on age of ewe and other factors, some ewes 
do not ovulate again after the ram-induced ovulation and these do 
not come into oestrus.  This single progesterone treatment does 
not induce oestrus at the ram-induced ovulation.  On the other 
hand, treatment with progesterone implants or progestagen-
impregnated sponges for 6-12 days immediately before ram 
introduction does induce oestrus at that time (Reeve, 1984; 
Reeve and Chamley, 1984; Pearce and Oldham, 1984).  Ewes 
enter oestrus at 36-60 hours after sponge or implant removal and 
ram introduction, so the interval between joining and conception 
can be reduced by 17-23 days and lambing is concentrated into 
batches spaced at intervals of approximately 2 weeks.  These 
longer treatments also ensure that the ram-induced corpora lutea 
have a normal life span.  Using this approach, good fertility has 
been obtained in both Merino and crossbred flocks, with up to 
60% of ewes lambing to ram-induced ovulations.  

Sometimes a higher ovulation rate is observed at the ram-
induced ovulation than at the subsequent spontaneous ovulation 
and in this case a higher twinning rate is seen in ewes becoming 
pregnant at the first oestrus (Cognie et al., 1980a).  It is not clear 
why this effect on ovulation rate is variable, and it has been 
suggested that a small dose of PMSG given at ram introduction 
will ensure an increase in fecundity at the ram-induced ovulation.  
Selection of the optimal joining date remains important, because 
responses to the progesterone/ram regime vary during the non-
breeding season in both Merinos and crossbreds, and the regime 
does not work in ewes experiencing spontaneous oestrous cycles 
or those that, for some other reason, are not responsive to rams.  
In any case, when the ram effect works well, graziers should 
expect more than 80% of Merino ewes to lamb.

Lactational anoestrus

In breeds with a well-defined breeding season, lambing will 
occur late in the breeding season (or after it) and post-partum 

anoestrus will extend into seasonal anoestrus.  However, for 
Merino ewes in areas where nutritional status overrides the effect 
of photoperiod this will not be the case.  If these ewes are in good 
body condition and lamb in autumn, the first ovulation (which 
is unaccompanied by oestrus) will occur about 20-30 days after 
parturition.  This will be followed by a short cycle and a second 
silent ovulation about 6-8 days later.  The next ovulation at around 
45-55 days post-partum is accompanied by oestrus, but fertility 
then is usually low, possibly due to incomplete involution of the 
uterus.  Normal fertility should be restored by about 60 days after 
parturition (van Niekerk, 1979).

The procedures described for inducing oestrus and ovulation 
in the dry, seasonally anoestrous ewe may also be applied in 
the lactating ewe (Cognie and Mauleon, 1983).  In both Merino 
and crossbred lactating ewes progestagen/PMSG treatment can 
induce ovulation and oestrus in up to 80% of ewes as early as 
2-3 weeks post partum, but fertility is very low at this stage (less 
than 10%) and does not reach near normal levels (75%) until 8 
weeks post-partum (Dawe and Fletcher, 1976).  When Merinos 
in poor body condition are lactating in autumn the introduction 
of teaser rams can induce ovulations in 50% of animals by 32 
days post-partum, but does not influence the first occurrence of 
oestrus, which is seen about 7 weeks after lambing (Geytenbeek 
et al., 1984).  In general, the response to these procedures to 
induce breeding activity in lactating ewes depends on season, 
body weight and condition, numbers of lambs born and suckled, 
breed and the interval from lambing to treatment (van Niekerk, 
1979).  Controlled joining during lactation is not often attempted 
in Australia but is much more common in some countries like 
France and Ireland (Chapter 7).

Control of ovulation rate

Several methods will increase the incidence of multiple births 
in sheep, each of which acts to increase ovulation rate.  Useful 
increases in numbers of lambs reared often result from treatments 
that cause only a modest increase in ovulation rate.  For example, in 
Merinos, lifting the mean ovulation rate from 1.2 to 1.7 may result 
in 20-30% more lambs reared.  Excessive ovulatory responses 
are to be avoided, since rates of embryo and perinatal mortality 
do increase with increasing ovulation rate.  Mention has already 
been made of the influences of breed, hybrid vigour, season, body 
weight and flushing (especially grazing lupins) on ovulation rate.  
By some trial and error it is possible to determine the dose of 
PMSG that will give an increase in mean ovulation rate of about 
0.5 (often around 400 International Units).  However, PMSG is 
rarely used for this purpose, since the cost and the variability in 
ovarian responses are unacceptable.  The use of other exogenous 
forms of FSH (‘Folltropin-V’, Bioniche Animal Health) will also 
boost ovulation rate, but are only used for superovulation of ewes 
in MOET programs (see opposite page).

An alternative means of temporarily increasing ovulation rate 
is via active immunisation of ewes against polyandroalbumin 
(‘Ovastim’, Virbac Australia, previously sold as ‘Fecundin’).  
The immunogen (polyandroalbumin) is a conjugate of the 
steroid hormone androstenedione and human serum albumin.  
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Antibodies secreted in response to vaccination partially inhibit 
the normal negative feedback effect of ovarian androgens and 
oestrogens on the anterior pituitary gland.  This results in higher-
than-normal levels of gonadotrophin secretion and hence an 
increased ovulation rate and fecundity.  However, the number 
of dry ewes does not decrease (Scaramuzzi and Martin, 1984), 
embryo mortality may be increased (Scaramuzzi and Martin, 
1984) and success varies greatly according to ewe weight and 
breed.

There is a high correlation between body weight at 
joining and ovarian response to vaccination.  Better responses 
are obtained from heavier animals, and British breeds and 
crossbreeds respond better than Merinos (Geldard, 1984).  In 
a large series of trials, vaccination increased lambing rates by 
28% in crossbreds (range 11-48%) but by only 16% (0-33%) 
in Merinos.  Therefore, the use of Ovastim is not recommended 
for Merinos.  It is a waste of time and money using Ovastim in 
animals with low condition scores, and producers must carefully 
consider its likely cost-effectiveness.  To ensure good responses 
the producer must be able to meet the nutrient requirements of 
ewes bearing various litter sizes and optimise lamb survival.  It 
is helpful if ewes bearing more than one lamb can be identified 
in mid pregnancy and husbanded separately from ewes bearing 
singles.  The vaccine should not be used in flocks that normally 
mark less than 70% or more than 150% lambs or in ewes with 
liveweights less than 45 kg.

In the first year of use the vaccine is given twice, at 6-9 weeks 
and 3-4 weeks before joining.  In subsequent years ewes require 
only a single booster dose 3-4 weeks before mating.  In years 
when pasture availability is low and twinning is not desired, the 
booster vaccination can be omitted and ovulation rates are the 
same as in unvaccinated ewes of the same strain.  Vaccination 
does not interfere with the practice of joining ewes out of season 
and does not alter the percentage of such ewes that exhibit 
premature luteal regression. 

Ovulation rate will also be increased by vaccination against 
subunits of the hormone inhibin.  Similar to immunisation against 
polyandroalbumin, negative feedback on the anterior pituitary 
will be reduced, levels of FSH will increase and a corresponding 
rise in follicular development and ovulation rate will be observed 
(Anderson et al., 1998).  However, at present, use of this method 
is restricted to research situations as no commercial inhibin 
vaccine or agonist is available.

Intensive breeding programs 

In several European countries - notably France, Ireland and 
Greece - lamb production is sometimes markedly increased 
by increasing both fecundity or litter size and the number of 
litters born per annum.  In the most intensive programs, several 
components of the reproductive cycle are controlled (Cognie et 
al., 1980b): the ewes are housed indoors with a controlled light-
dark cycle, treated in batches with progestagens and PMSG to 
control the time of oestrus and ovulation, and induce a mild 
degree of superovulation, and then artificially inseminated.  As 
batches of pregnant ewes approach term, parturition is induced 

with the hormone dexa-methasone and the ewes are subjected 
to intense surveillance to minimise lamb losses.  The lambs 
are weaned early and reared artificially, enabling the ewes to 
become pregnant again as early as 40-50 days after parturition 
(van Niekerk, 1979).  Success requires careful control of the 
nutritional status and indoor environment on a year-round basis, 
the use of naturally fecund breeds or crossbreeds, careful selection 
of progestagen and PMSG doses according to the physiological 
state of the animals and the use of higher (250-500 x 106) numbers 
of spermatozoa at insemination.  The results obtained can be 
impressive.  In Britain, producers using Finn × Dorset ewes, have 
achieved levels of 3.5 lambs per ewe per annum.  More typically, 
less fecund ewes may lamb about 1.3 times per year and average 
about 1.7 lambs per lambing.

Since Australian lamb prices are generally much lower than 
in Europe, there is little interest in such intensive production in 
Australia.  Of the breeds available, the Dorset and Merino are 
most suited to 8-monthly lambings (Hall, 1984).  Attempts to 
increase lambing frequency with Border Leicester × Merino ewes, 
usually in irrigation areas, have generally been unsuccessful.  
However, there is the potential to reduce lambing intervals to 200 
days or 3 lambings every 2 years.  Commonly in the Australian 
environment, increased lambing frequency seriously lowers 
fertility due to the influences of post-partum anoestrus and 
reduced liveweights.  A review of intensive management systems 
in Australia is given in Chapter 24.

Multiple ovulation and embryo transfer (MOET)

Multiple ovulation and embryo transfer (MOET) enables 
greater use of selected superior females in breeding programs, 
in much the same way as AI enables greater use of superior 
males (Chapter 8).  This is achieved by the dissemination of 
genes from superior females through the mass production of 
embryos (Evans and Maxwell, 2000).  The donor ewe is treated 
with progestagens (or prostaglandins) and gonadotrophins so 
as to not only control the time of oestrus and ovulation but 
also cause the release of a large number (10-20) of mature ova 
from the ovaries (Figure 9.17).  The optimal doses of PMSG 
and/or FSH required to produce so many ovulations in a 
particular strain of sheep are largely determined by trial and 
error, but usually fall within the range of 500-800 IU PMSG 
and 120-140 mg of FSH (de Graaf et al., 2007a).  Many 
superovulation protocols also make use of GnRH (‘Fertagyl’, 
Intervet Australia, 40-50 µg) to increase ovulation synchrony.  
Excessive ovarian stimulation should be avoided due to the 
large number of persistent follicles, few ovulations, and/or high 
embryo mortality rate which may result.  Fertility in natural 
mating after superovulation is reduced, due to faulty sperm 
transport, resulting presumably from excessive oestrogenic 
stimulation of the cervix.  This is overcome by using artificial 
insemination and depositing semen directly into the uterus 
(Evans and Maxwell, 1987).  As has already been discussed, 
insemination of superovulated animals has its own peculiarities 
in terms of insemination time and numbers of spermatozoa 
used (see Tables 9.5 and 9.6).
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Figure 9.17. The ovary of a superovulated ewe.  Note the 
numerous corpora lutea indicating successful hormonal 
stimulation and multiple ovulations after treatment with PMSG/
FSH. Source: SP de Graaf.

At 4-8 days after oestrus (usually day 6), when the embryos 
have developed to the morula or blastocyst stage but are not 
implanted within the uterus, the uterine horns are flushed 
(antegrade or retrograde via mid-ventral laparotomy) with a 
buffered salt solution to recover the embryos.  The embryos 
are examined under the microscope and, of those judged 

normal, one or two (usually two) are transferred to each 
recipient ewe.  Transfer is made via laparoscopic insertion 
into the uterine horn ipsilateral to an ovary containing a 
corpus luteum.  Recipients need not be the same breed as the 
donors, but their oestrus and ovulation must also be controlled 
in order to synchronise with the donor.  An example of the 
hormone treatments and timing used for both donors and 
recipients is given in Table 9.8.  Embryos may also be frozen 
(Fogarty et al., 2000) or vitrified (an alternative method of 
cryopreservation; Vajta, 2000) for storage and/or transport 
prior to transfer, although this usually reduces their chances of 
survival (Maxwell and Wilson, 1994; Fogarty et al., 2000).  

The significant biological variation between donors 
(Cognie et al., 2003) in terms of breed, age and reproductive 
status (González-Bulnes et al., 2004) as well as the widely 
varying protocols of hormonal manipulation (Jabbour and 
Evans, 1991; Blanco et al., 2003; Veiga-Lopez et al., 2005; 
Simonetti et al., 2008) mean that the number and quality 
of resultant embryos are very mixed.  Despite these issues 
MOET is a commercial reality in the Australian sheep 
industry, where the artificial insemination of over 30,000 
superovulated donor animals occurs each year, with numbers 
set to rise as producers transit away from the Merino into 
newer meat breeds.  Table 9.9 gives an approximate indication 
of the results which can be expected from a well managed 
MOET programme.

Table 9.8. A sample calendar for treating donors and recipients in a MOET programme.

Day of programme Donor ewes Recipient ewes

0 Insert progestagen sponge or CIDR Insert progestagen sponge or CIDR

10 (8pm) Treat with 400 IU PMSG
Treat with 22 mg of FSH

—

11 (8am)
     (8pm)

Treat with 22 mg of FSH
Treat with 22 mg of FSH Remove sponges; treat with 400 IU PMSG; join harnessed 

teasers

12 (8am)
     (8pm)

Treat with 22 mg of FSH
Treat with 22 mg of FSH
Remove sponges, join harnessed teasers

—

13 (6am)
     (6pm)

Treat with 22 mg of FSH
Treat with 50 µg of GnRH
Isolate from feed and water

—

14 
     (2pm)

Oestrus
Laparoscopic intrauterine AI (frozen semen); 
remove teasers

Oestrus
Remove teasers

19 (pm) Isolate from feed and water Isolate from feed and water 

20 Collect and evaluate Day 6 embryos Transfer two normal embryos to a uterine horn ipsilateral to an 
ovary containing a corpus luteum

26-28 Treat with luteolytic dose of prostaglandin 
analogue; remove skin sutures

—

67-69 — Score for pregnancy and twins using realtime ultrasound 
(equals days 53-55, if pregnant)

160 — Pregnant ewes will all lamb over the next 17 days (if lambs are 
Merinos); review management of lambing
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Table 9.9. Expected results for a well managed MOET 
programme.

Number of ovulations (corpora lutea) 10-15

Recovery rate (ova recovered/no. of corpora lutea) 70-90%

Percentage of recovered ova scored as normal 70-90%

Percentage of transferred embryos surviving to 
lambs*

60-80%

Average number of progeny per treated donor** 4-6

* Assumes transfer of one or two normal embryos freshly collected from 
a mature donor; the survival rate will be lower after transfer of frozen-
stored embryos, fresh embryos scored as retarded and/or abnormal, 
embryos collected from lambs, or where the recipient was detected in 
oestrus more than 12 hours apart from the respective donor.
** This number can be increased to, for example, 20 progeny per donor 
per annum, if the same donor is reprogrammed 4 times in the same 
year.

Future developments 

MIVET and JIVET

Transferrable embryos can also be produced in vitro (IVP) 
after oocyte pick up (OPU) from a superstimulated donor 
animal (Morton et al., 2005).  This is achieved by aspiration 
of pre-ovulatory follicles (often by laparoscopy) in donor 
animals treated with similar hormone regimens to those used 
for MOET and transfer of the resultant ova to a laboratory 
for in vitro maturation (IVM) and in vitro fertilisation (IVF).  
Embryos are grown to morula or blastocyst stage before 
transfer to recipients using the same technique described 
above for MOET.  When the oocyte donors are mature ewes, 
this method of assisted reproductive technology is known 
as ‘mature in vitro embryo transfer’ (MIVET).  While this 
technique eliminates the variation in fertilisation rate and 
superovulatory response observed with MOET (Maxwell et 
al., 1990), embryos produced in vitro remain less viable than 
those created in vivo (Galli and Lazzari, 2008).

Oocyte donors need not be ewes which have reached 
puberty and sexual maturity.  Pre-pubertal lambs as young as 
3 weeks old can be stimulated with gonadotrophins and their 
eggs harvested by OPU (Morton, 2008).  Known as ‘juvenile 
in vitro embryo transfer’ (JIVET), this procedure offers the 
opportunity for rapid genetic improvement via a reduction 
of the generation interval to as low as 6 months (van der 
Werf, 2005).  Unfortunately, oocytes from juvenile animals 
do not respond as favourably to IVP as those from mature 
ewes (O’Brien et al., 1996) and embryo/foetal survival post-
transfer is also reduced (Kelly et al., 2005; Ptak et al., 2006).  
Therefore, JIVET remains considerably less efficient than 
MIVET (Cognie, 1999; Morton, 2008).

In reality, the expense of both JIVET and MIVET excludes 
most commercial breeders from utilising their benefits and as 
such few artificial breeding companies offer such services in 
sheep.

Sex preselection

While economic traits, e.g. fibre diameter, are largely unaffected 
by the sex of the animal, financial gains can be achieved through 
preselecting the sex of lambs, either by accelerated genetic 
progress (van der Werf, 2005) or via the commercial exploitation 
of greater numbers of an individual sex.  For example, stud 
producers who derive the majority of their income from ram sales 
could increase their profit by producing a higher percentage of 
rams per lamb batch.  Conversely, for graziers transitioning into a 
new breed the ability to produce predominantly ewe lambs would 
be of benefit in accelerating flock growth (de Graaf, 2006).  In this 
circumstance, sex-preselection, particularly when coupled with 
MOET, would decrease the early costs of flock establishment by 
minimising the number of breeding ewes initially required.

The only effective means of accurately preselecting the sex 
of offspring is through the use of sex-sorted spermatozoa or 
“sexed semen”.  As males are the heterogametic sex with each 
spermatozoon carrying either an X or a Y chromosome, it is 
the male, at fertilisation, which decides the sex of the embryo 
and resultant offspring.  Using a procedure known as flow 
cytometry (Maxwell et al., 2004), it is possible to separate all of 
the spermatozoa within an ejaculate into X- and Y- chromosome 
bearing populations (i.e. sexed semen) and inseminate one of the 
populations to produce either a female or a male, respectively.  
The technical points of the sex-sorting procedure are complex 
and covered in considerable detail elsewhere (Garner, 2001; 
Hollinshead, 2004; Garner, 2006), but briefly, it is achieved 
by exploiting the difference in DNA content (4.2% for sheep) 
between spermatozoa carrying the X and Y chromosome (Pinkel 
et al., 1982).

At present, the commercial availability of sexed semen 
remains limited to cattle (Garner and Seidel, 2008).  This is 
primarily due to the unacceptably low fertilities following AI 
of sexed semen at low doses (an economic necessity resulting 
from the slow production of sexed spermatozoa by the flow 
cytometer; Hollinshead et al., 2003).  Fortunately, recent 
research has increased the fertility of sexed frozen-thawed ram 
semen to a comparable level with normal frozen-thawed semen 
in both standard AI programmes (de Graaf et al., 2007b; Beilby 
et al., 2009) and in superovulated ewes for MOET (de Graaf et 
al., 2007a).  These improvements in fertility (specifically their 
impact on production costs of sexed semen), should enable the 
commercial release of “sexed ram semen” onto the worldwide 
market in the foreseeable future.  Further detail on sperm sexing 
in sheep and future developments in this area are discussed in de 
Graaf et al. (2009).

Cloning

The birth of “Dolly the sheep” (Wilmut et al., 1997) was 
an amazing step forward in generating genetically identical 
animals from one superior individual.  While technically not the 
first ‘clone’, Dolly was the first mammal to be cloned from a 
differentiated somatic (body) cell.  This technique is known as 
somatic cell nuclear transfer (SCNT) and involves transfer of a 
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reprogrammed somatic cell nucleus into an enucleated (nucleus 
removed) oocyte and stimulation with a small electric current to 
initiate cell division and embryo development.  While the birth 
of Dolly demonstrated the technical feasibility of this procedure, 
the production of one lamb from 277 initial SCNTs highlights 
the incredible inefficiency inherent to cloning.  Even 10 years 
after Dolly’s birth, only 1-5% of cloned embryos transferred 
into recipients develop into viable offspring (Oback, 2008).  As 
such, the use of cloned animals in standard farm production 
systems remains impractical.  Perhaps this will change in future 
years if the inefficiencies and costs associated with cloning are 
significantly reduced.
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Chapter 9 covers the reproductive cycle up to fertilisation. This 
chapter examines the physiology of pregnancy and parturition; the 
nature and causes of reproductive wastage during early pregnancy 
and at around the time of lambing; and management and feeding 
practices that optimise foetal growth and development, lamb 
survival and growth and wool production in surviving lambs.

Physiology of pregnancy and lambing

The birth of live, healthy lambs is the ultimate goal of the 
reproductive system. This section covers some basic physiological 
mechanisms that regulate the establishment of pregnancy and 
parturition.

The embryo

In sheep, after fertilisation and formation of the 2-cell embryo, 
mitotic divisions continue, so when the embryo enters the uterus 
(days 4–5) it contains a solid clump of about 8-16 cells (Figure 
10.1) or blastomeres. It looks like a mulberry (morula stage) and 
blastocysts formed by Day 6 contain a blastocoele surrounded 
by a monolayer of trophectoderm (Spencer et al., 2004b). The 
blastocyst differentiates into a thicker portion or inner cell mass, 
which develops into the true embryo, and a thinner portion 
or trophoblast, which in due course plays a major role in the 
formation of the foetal membranes and the foetal component of 
the placenta. After hatching from the zona pellucida on Day 8, 
the blastocyst develops into a tubular form by day 11 and on day 
12 it begins to elongate reaching 10 cm or more in length by 

Figure 10.1. Early pregnancy events in sheep. Changes in embryo/blastocyst development after fertilisation in relation to 
position in the female reproductive tract and circulating levels of ovarian steroid hormones. Fertilisation occurs in the oviduct 
and morula-stage embryos enter into the uterus on Days 4–5. Blastocysts form by Day 6, hatch from the zona pellucida (ZP) 
on Day 8, transition from spherical to tubular forms by Day 11 and then elongate to filamentous conceptuses between Days 
12 and 16, with the beginning of implantation involving apposition and transient attachment (Days 12–15) and firm adhesion 
by Day 16. By Day 17, the filamentous conceptus occupies the entire ipsilateral uterine horn and has elongated through the 
uterine body into the contralateral uterine horn. Source: Spencer et al., 2007.
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day 14 and 25 cm or more in length by Day 17 (Spencer et al., 
2007). These events (blastocyst elongation and trophectoderm 
development) cannot be replicated in vitro, but blastocysts 
produced in vitro do elongate when transferred into the uterus 
(Flechon, 1986). The elongation of the blastocyst is critical for 
developmentally regulated production of interferon tau (IFN-τ), 
the pregnancy recognition signal, and for implantation (Bazer et 
al., 1997; Gray et al., 2002; Spencer and Bazer, 2004). During 
the initial stages of embryonic development, before attachment 
and implantation to the endometrium, the embryo’s survival and 
growth are sustained by endometrial secretions or ’uterine milk’. 
In the sheep, continuous exposure of the uterus to progesterone 
induces expression of proteins in the endometrial glandular 
epithelium (GE) that are secreted into the uterine lumen. The 
two best characterized glandular epithelium secretory products 
are the ovine uterine milk proteins and the extracellular matrix 
proteins, such as osteopontin (Spencer et al., 2004c).

Maternal recognition of pregnancy

Maternal recognition of pregnancy is the physiological process 
whereby the conceptus signals its presence to the maternal system 
and prolongs the lifespan of the corpus luteum (Bazer et al., 
1991). Establishment of pregnancy thus requires that the embryo 
and its associated membranes secrete products that affect the 
corpus luteum directly as a luteotrophic signal, such as chorionic 
gonadotrophin (Herrler et al., 2003), as a luteal protective signal 
like prostaglandin (PG) E

2
 (Hansen et al., 1999), or indirectly 

through antiluteolytic signals like IFN-τ which inhibit uterine 
production of luteolytic amounts of PGF

2a (Spencer et al., 2004a; 
Spencer et al., 2007).

In ruminants, the maternal recognition of pregnancy requires 
that the conceptus elongates from a spherical to a tubular and 
then filamentous form to produce IFN-τ, which is the pregnancy 
recognition signal that prevents development of the endometrial 
luteolytic mechanism (Bazer et al., 1997; Gray et al., 2002; 
Spencer and Bazer, 2004). This antiluteolytic effect of IFN-τ 
results in the maintenance of a functional corpus luteum and, 
therefore, secretion of progesterone that is essential to maintain 
a uterine environment that supports events critical to successful 
development of the conceptus to term.

Sheep experience uterine-dependent oestrous cycles until 
establishment of pregnancy (Spencer and Bazer, 2004). The 
oestrous cycle is dependent on the uterus, because the uterus 
releases PGF

2a in pulses to induce luteolysis during late diestrus. 
The luteolytic pulses of PGF

2a are produced by the endometrial 
luminal epithelium and superficial glandular epithelium 
(Figure 10.2) in response to oxytocin binding to its receptors 
on those epithelia (McCracken et al., 1999). Expression of the 
oxytocin receptors is regulated by progesterone and oestrogen. 
Progesterone acts via its receptors to ‘block’ expression of 
oestrogen receptor a and oxytocin receptors in endometrial 
luminal epithelium and superficial glandular epithelium between 
Days 5 and 11. However, continuous progesterone results in loss 
of its receptors after Day 13 in cyclic ewes, which allows rapid 
increases in expression of oestrogen receptor a on Days 12–13 

and then oxytocin receptors on Day 14 (Spencer and Bazer, 
2004). Oxytocin binds to oxytocin receptors to induce pulsatile 
release of PGF

2a between Days 14 and 16, which elicits structural 
and functional regression of the corpus luteum.

Figure 10.2. Hormonal regulation of the endometrial luteolytic 
mechanism and antiluteolytic effects of the conceptus on the 
ovine uterine endometrium. Source: Spencer et al. (2007).

During oestrus and metoestrus, oxytocin receptors are present on 
luminal epithelium and superficial glandular epithelium because 
circulating oestrogens increase expression of oestrogen receptor 
a and oxytocin receptors (Figure10.2). The progesterone 
receptors are present, but circulating levels of progesterone 
are inadequate to activate progesterone receptors and suppress 
expression of oestrogen receptor a and oxytocin receptors. 
During early diestrus, endometrial oestrogen receptor a and 
oestrogen are low and circulating progesterone increases with 
maturation of the corpus luteum to activate, via progesterone 
receptors, suppression of expression of oestrogen receptor a 
and oxytocin receptors for 8–10 days. Continuous exposure of 
the endometrium to progesterone eventually results in down 
regulation of progesterone receptors in endometrial luminal 
epithelium and superficial glandular epithelium by Days 11–12 
of the oestrous cycle to end the progesterone block of oestrogen 
receptor a and oxytocin receptors expression. Thus, oestrogen 
receptor a expression increases on Days 11 and 12 post-oestrus 
and that is followed by oestrogen induction of oxytocin receptors 
on luminal epithelium and superficial glandular epithelium on 
Days 13 and 14. The increase in oxytocin receptors is facilitated 
by increasing secretion of oestrogen by ovarian follicles. In 
both cyclic and pregnant sheep, oxytocin is released from the 
posterior pituitary and corpus luteum beginning as early as Day 
9. In cyclic ewes, oxytocin binds to its receptors to induce the 
release of luteolytic pulses of PGF

2a that lead to regression of the 
corpus luteum through a prostaglandin–endoperoxide synthase 
2 (PTGS2)-dependent pathway. In pregnant sheep, IFN-τ is 
synthesised and secreted by the elongating conceptus beginning 
between Days 11 and 12 and Days 21 and 25 of pregnancy 
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(Roberts et al., 1999). Interferon-τ acts on endometrial luminal 
epithelium and superficial glandular epithelium to inhibit 
transcription of the oestrogen receptor a gene and, therefore, the 
oxytocin receptors gene, which abrogates uterine production of 
luteolytic pulses of PGF

2a (Wathes and Lamming 1995). These 
antiluteolytic actions of IFN-τ on the oestrogen receptor a gene 
prevent oestrogen receptor a expression and, therefore, the ability 
of oestrogen to induce expression of oxytocin receptors required 
for pulsatile release of luteolytic PGF (Spencer et al., 2007).

Implantation and the formation of placenta and foetal 
membranes

Implantation is the process by which the embryo forms a firm 
attachment to the endometrium (Figure 10.3). Five distinct 
phases of implantation have been described (Guillomot,1995): 
1) shedding of the zona pellucida; 2) pre-contact and blastocyst 
orientation; 3) apposition; 4) adhesion; and 5) endometrial 
invasion. Each of these phases occurs in domestic ruminants 
but endometrial invasion is very limited (Fig. 10.2). Between 
days 9 and 14, apposition of the conceptus trophectoderm and 
endometrial luminal epithelium is achieved.  This is followed 
first by attachment and then interdigitation of cytoplasmic 
projections of trophectoderm cells and microvilli of the luminal 
epithelium, which assures firm adhesion in both caruncular and 
inter-caruncular areas by Day 16 of pregnancy.

Pre-attachment blastocysts (Figure 10.3) undergo shedding 
of the zona pellucida (Phase 1) and precontact orientation (Phase 
2). The first phase of blastocyst implantation is shedding of the 
zona pellucida on Day 8, which exposes the trophectoderm 
and initiates the preimplantation period wherein blastocyst 
orientation occurs on Days 9–11 as it transitions from a spherical 
to a tubular conceptus and migrates to the middle region of 
the uterine horn ipsilateral to the corpus luteum. Histotroph, 
secreted from endometrial luminal epithelium and glandular 
epithelium under the influence of progesterone, nourishes the 
developing blastocysts. Phase 3 includes apposition and transient 
attachment. After Day 11, the tubular blastocyst elongates to form 
a filamentous conceptus. Apposition between trophectoderm 
and endometrial luminal epithelium is followed by formation of 
trophoblast papillae that extend into superficial ducts of uterine 
glands. Elongation of the conceptus likely requires apposition 
and transient attachment of trophectoderm to endometrial luminal 
epithelium. Firm adhesion of trophectoderm to endometrial 
luminal epithelium occurs during Phase 4 between Days 15 
and 16. Invasion of the endometrium during Phase 5 involves 
formation of trophoblast giant binucleate cells (BNC) that begin 
to differentiate from mononuclear trophoblast cells between 
Days 14 and 16 and then migrate to and fuse with the luminal 
epithelium to form multinucleated syncytial plaques. Although 
the BNC are inherently invasive, they do not cross the basal 
lamina between the luminal epithelium and stratum compactum 
stroma (Spencer et al., 2007).

Figure 10.3. Phases of blastocyst implantation in sheep. Source: Spencer et al. (2007).
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Figure 10.4. Sheep placentome. The pale areas are villous tissue; 
in between villi are the maternal sheaths. Source:  Comparative 
Placentation (http://placentation.ucsd.edu/index.html).

Soon after attachment there is initial growth and development of 
the placenta, which is a key physiological developmental event 
that occurs during the early stages of gestation (Wilson, 2002). 
In sheep there are specialized regions of well-vascularised, 
but non-glandular endometrium, know as caruncles that reside 
within the uterus (McGeady et al., 2006). They are specialized 
structures dispersed throughout the uterine lining for nutrient and 
waste product exchange between the maternal and conceptus 
compartments. It is the association of the developing chorionic 
epithelium with the raised surface of the caruncle that provides 
the foundation for placental development. In sheep the allantois 
first appears on day 14 to 15 of gestation and expands from the 
hind-gut to fill the extra-embryonic space, eventually fusing 
with the chorion and providing placental vascularization in the 
areas of the caruncular projections (McGeady et al., 2006). The 
embryo interacts with the uterine luminal epithelium once it has 
completed elongation via loose attachments, initially in the region 
of the embryonic disk, but soon spreading to the remainder of the 
chorionic membrane (Guillomot et al., 1981). This attachment 
initially occurs throughout the chorioallantoic surface (Guillomot 
et al., 1981). Between days 16 to 18 of gestation, the portions 
of the chorioallantoic membrane overlying the caruncles begin 
to interdigitate with the caruncular epithelium. As pregnancy 
progresses, the caruncles continue to grow and develop deeply 
branched crypts into which the foetal villi project, elongate and 
branch forming an apposing network of foetal villi within the 
maternal crypts (Figure 10.4; McGeady et al., 2006). Further 
development of the caruncle and the associated chorioallantoic 
membrane (the cotyledon) will result in the development of 
a mature placentoma. The major role of the placentomes is to 
provide blood flow to the gravid uterus by term (Reynolds and 
Redmer, 1995). Cotyledons will first develop simple villi that fill 
the crypts found in the caruncles, forming an initial adherence 
to the uterine lining. These villi proliferate, forming complex 
structures coursing throughout the caruncle, which increases in 
size dramatically during gestation (Stegeman, 1974).

The foetus and foetal development

The different organ systems within the foetus do not develop 
synchronously. The most vital ones, notably the heart and brain, 
develop rapidly whereas organs or tissues like the forestomachs, 
intestines, jaws, limbs and wool follicles develop at differing and 
slower rates. Hence, at the time of birth, lambs may vary not only 
in birth weight but also in the relative stages of development or 
maturation of different organ systems. The growth of the placenta 
proceeds rapidly after day 40,  exceeding foetal growth until 
days 90-100 (Figure 10.5), then the mass of cotyledons declines 
slowly until term (Bell, 1984). At day 90 a typical single Merino 
foetus weighs about 500 g. Thereafter its growth rate accelerates, 
to maximum rates of about 70-80 g per day during days 120-140, 
and at term it weighs 3-5 kg (Figure 10.5).

Placental weight
Vascular

development

Fetal
weight

Lambing0 30 60 90 120
Day of pregnancy

100

80

60

40

20

%
 o

f m
ax

im
um

 s
iz

e

Figure 10.5. Growth and development of the placenta and foetus 
in Merino ewes. Source: Kelly (1990); © Western Australian 
Agriculture Authority (2009).

Parturition

In the sheep, normal term is at approximately 145–150 days of 
gestation. The duration of pregnancy is largely determined by the 
foetus rather than the dam and depends primarily on lamb breed 
but also on litter size and other factors. Usually, pregnancies last 
for about 145 days in British breeds, 150 days in Merinos and 
147 days in crossbreeds (Table 10.1). The duration of gestation 
for an individual species is remarkably constant, suggesting a 
time measuring process. The mechanism for the timing of birth 
seems encoded in the foetal genome and is closely linked to, and 
activated when, specific prerequisite developmental events have 
occurred in the foetus (Jenkin and Young, 2004).

At term a number of signs can be observed as parturition 
approaches including distended abdomen, mammary 
development and milk secretion (see Chapter 11), swollen vulva 
and relaxed pelvic ligaments, mucous discharge, restlessness and 
separation from group, labour and contractions. Ten days before 
lambing the ewe’s teats become firm and full of milk, her vulva 
slackens and becomes slightly swollen. Closer to lambing, the 
ewe’s cervical seal passes from the vulva as a thick, creamy, white 
mucus. In the final stages prior to lambing, the ewe becomes 
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anxious and uneasy and continually switches from a reclining to 
a standing position. Three stages are recognised in the process of 
parturition: i) Stage 1 (Preparatory Stage), ii) Stage 2 (Birthing 
Process) and iii) Stage 3 (Placenta Expulsion). Stage 1, which 
lasts 1 - 24 hours, is characterized by the dilation of the cervix 
and rhythmic contractions of the uterus. At the end of this stage, 
the cervix expands, allowing the uterus and vagina to become 
a continuous canal. During Stage 2, which lasts 0.5 - 2 hours, 
there is an increase in contractions with abdominal pressing; 
the placenta, along with the head and forelegs are forced into 
the birth canal and finally the foetus is expelled usually with is 
forelegs first appearing together and with the nose resting on the 
forelegs (anterior presentation or “head first”; Figure 10.6). 

Table 10.1. The duration of gestation in different breeds of 
sheep.

Breed type Duration of gestation 
(days)

Range Average
 Merino 143-159 150
 British breeds
Longwools (Romney Marsh, Border 
Leicester, Lincoln)

141-157 148

Shortwools (Dorset, Southdown, Suffolk, 
Hampshire, Shropshire)

138-149 145

Source: adapted from Smith (1967).

Figure 10.6. Usual anterior presentation of the foetus at lambing. 
Source: Arthur et al. (1982).

Stage 3, which lasts 0.5 - 8 hours, is associated with uterine 
contractions and the foetal membranes and placenta are 
expelled. Most ewes void the placenta 2 - 4 hours after birth.

The endocrinology of pregnancy and parturition 

Basic but significant knowledge of the physiology of parturition 
has been obtained from numerous observations by farmers and 
scientists (Liggins and Thorburn, 1994). Progesterone (P4) 
is required for the maintenance of pregnancy. In sheep, it is 

secreted into the maternal circulation from the corpus luteum for 
the first 60 days of pregnancy and, thereafter, foetal cells within 
the placentomes become the main source (Bassett et al., 1969). 
The high P4 concentrations achieved during pregnancy generally 
favour myometrial quiescence, oestrogens generally have 
opposing effects, favouring the synthesis of contractile proteins 
in myometrial cells and enhancing electrical coupling and the 
expression of oxytocin receptors, leading to well propagated, 
coordinated contractions. Towards the end of pregnancy the 
production of oestrogen (E2) increases and that of P4 declines. 
These changes determine the onset of parturition and are regulated 
by the foetus (Liggins, 2000). Indeed, the activation of the foetal 
hypothalamic–pituitary– adrenal axis is essential for parturition 
(Liggins, 2000). The trigger for the spontaneous onset of labour 
is increased cortisol production by the foetal adrenal gland. 
Cortisol acts by inducing P450

C17
 enzymes (17ahydroxylase 

and C
17–20 

lyase activities) in the sheep placenta that catalyse 
the formation of androgens from progesterone (Anderson et al., 
1975). Androgens are rapidly converted to E2 by the placental 
P450

aromatase
 system. As a consequence of these changes there is 

an endocrine imbalance with a fall in maternal P4 concentrations 
and a concomitant increase in placental E2 output. The rise in the 
E2/P4 ratio increases the local production of prostaglandins in 
intrauterine tissues and enhances the sensitivity of the myometrium 
to stimulatory agonists (Liggins, 2000). Finally, it seems that 
foetal glucocorticoids induce the prostaglandin G/H synthase-2 
isozyme (PGHS-2) in placental cotyledons, thus favouring the 
prepartum increase in prostaglandin formation (McLaren et al., 
2000). Prostaglandins are also involved in the mechanisms of 
cervical ripening, which is essential for successful parturition and 
also induces myometrial contractile (PGF

2a) activity.
The binucleate cells of the conceptus trophectoderm 

produce ovine placental lactogen (oPL) which is secreted 
into both the maternal and foetal circulations. Ovine PL 
is detectable in trophoblast tissue at approximately day 
16 in the ewe and continues to be secreted for the duration 
of pregnancy. In ewes, oPL can be detected in the maternal 
circulation by day 50, it peaks between days 120 and 140 
and then declines until parturition (Kappes et al., 1992). One 
of the physiological roles of oPL is to stimulate growth and 
development of the ducts and secretory tissue within the udder 
(see Chapter 11). Indeed, ovine PL and P4 have a major role 
in ensuring that udder growth is appropriate for the litter size, 
as they both have mammogenic properties and their maternal 
plasma concentrations during the last third of pregnancy are 
positively correlated with foetal number and hence placental 
mass (Gootwine, 2004). Maternal levels of ovine PL in the 
serum and cotyledonary ovine PL mRNA levels account for 
about 80% of the variation in total foetal weight (Kappes et 
al., 1992; Schoknecht et al., 1991) suggesting that ovine PL 
plays a role in regulating foetal growth possibly by stimulating 
repartitioning of maternal nutrients to the foetus and by 
stimulating the foetus to use the substrates (Anthony et al., 
1995). In addition, ovine PL could indirectly promote foetal 
growth and development by stimulating feed intake (Min et 
al., 1996). Although the precise mechanisms still need to be 
elucidated, immunization against ovine PL, results in enhanced 
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foetal growth and mammogenesis before lambing, as well as 
milk production during lactation (Gootwine, 2004).

Biology of the newborn lamb and peripartum behaviour 
patterns 

At birth the controlled uterine environment ends, and the 
subsequent 24 hours represent a critical transition phase between 
the foetal functions and those of the newborn. The survival of 
the newborn depends on rapid adaptation to new environmental 
conditions which requires the establishment of cardiovascular, 
respiratory, metabolic and thermoregulatory homeostasis 
mechanisms that are essential for survival and growth (Mellor, 
1988). Lamb survival also depends on the integration and success 
of other physiological events such as the establishment of a good 
ewe-lamb bond (Mellor, 1988).

Soon after birth the lamb makes several physiological 
adjustments in order to regulate body temperature and 
metabolism. The loss of thermal insulation and placental nutrient 
supply necessitate a significant increase in heat production 
which at first must be fuelled entirely by the lamb’s body energy 
reserves, namely carbohydrate and lipid (Mellor, 1988). Because 
carbohydrates are the limiting substrate, liver glycogen represents 
the major direct source of glucose until the lamb begins to suck 
(Mellor and Cockburn, 1986). Hypothermia, which occurs 
when body heat loss exceeds heat production, usually in cold 
conditions, has several causes in the newborn lamb (Mellor 
and Stafford, 2004). Cold exposure is the primary cause which 
leads to death from hypothermia. Hypoxic inhibition of postnatal 
heat production can be a consequence of placental insufficiency 
(Mellor, 1983; 1988) and it has also been observed in lambs in 
which the umbilical cord has been compressed during protracted 
labour. Impaired heat production has also been ascribed to 
immaturity of lambs’ thermogenic mechanisms through 
premature birth (Alexander et al., 1973) and through reduced 
thyroidal and adrenocorticoidal support for postnatal metabolic 
activity (Barlow et al., 1987; Cabello and Levieux, 1980). Finally, 
impaired heat production can be a consequence of starvation 
of the newborn. Lack or insufficient intake of colostrum has 
several pathophysiological consequences (Mellor and Stafford, 
2004). Starvation induced hypoglycaemia is deleterious for the 
brain of the newborn lamb (Mellor and Cockburn, 1986) and 
inhibits heat production. Also starvation deprives the newborn of 
its main sources of immunoglobulins which are present in high 
concentrations in the colostrum. Other non-nutrient constituents 
of the colostrum such as enzymes, hormones and growth 
factors may have significant roles in stimulating gastrointestinal 
development and maturation (Xu et al., 1994); thus starvation can 
inhibit gut cellular maturation and reduce its functional capacity.

Sudden cold snaps may cause sharp increases in lamb 
mortality, and much work has been carried out on birth coat 
depth and body reserves of energy as indicators of the ability to 
resist cold. Both show significant genetic correlations with cold 
resistance (Ponzoni et al., 1997; Slee et al., 1991) suggesting 
they are important in providing insulation. Polymorphism in the 
β

3
-adrenergic receptor (ADRB3) has also been associated with 

cold survival and mortality in Merino sheep and therefore, the 
variation of the ADRB3 locus may assist in the genetic selection 
for desirable traits such as cold tolerance and survival in Merino 
sheep (Forrest et al., 2003; Forrest et al., 2006).  However, 
Kleemann and Walker (2005a) found that lamb survival in 
commercial flocks in southern Australia was not related to 
weather chill index, possibly because lambing did not occur 
during the coldest months and also because during winter some 
flocks were provided with shelter. In Britain, skin thickness 
and coat depth are greatest in the hill breeds (Blackface) in 
comparison to lowland breeds (Suffolk). Thus, natural selection 
for improved cold resistance in extensively managed hill breeds 
has led to increased skin thickness and birth coat depth. 

Another essential adjustment at birth is the formation of a 
close and strong bond between the ewe and her lamb(s) to ensure 
their early sucking and colostrum intake (Nowak et al., 2000). 
Specific behaviours of the ewe (licking and grooming, low-
pitched bleating, co-operation with lamb sucking behaviours) 
promote ewe–lamb recognition and a close association between 
the ewe and lamb (Alexander, 1988; Nowak et al., 1997). At birth, 
ewes show nurturing behaviours towards the lamb which facilitate 
the transition from prenatal to postnatal life and promote rapid 
suckling. These specific behaviours stimulate thermoregulation 
and respiration (Alexander, 1988; Nowak et al., 2000), as well as 
allowing the lamb to attempt to suck with the ewe standing still. 
The ewe forms a memory for her own lambs that allows her to 
restrict maternal care exclusively to her own offspring (Levy et 
al., 1991; Poindron et al., 1984). The behaviours that promote this 
selectivity include grooming and ewe–lamb contact (Hernandez 
et al., 2001). In Britain, intensively managed lowland ewe breeds 
tend to show poorer maternal care at birth than more extensively 
managed hill breeds. These differences may have arisen through 
a relaxation of selection pressure on maternal behaviour in 
intensive systems, as well as an increase in human interventions, 
leading to maternal care having less influence on the survival of 
the lamb (Dwyer and Lawrence, 2005).

Maternal behaviour score, which measures the reaction of the 
ewe when her lambs are handled by the shepherd (O’Connor et 
al., 1985), is related to both lamb survival and weaning weight 
(O’Connor et al., 1985; O’Connor, 1996), and varies with ewe 
genotype (Alexander et al., 1990; O’Connor et al., 1985). In 
general, Merino ewes show a higher level of lamb desertion at 
handling than Romney, Border Leicester or Perendale ewes, and 
Cheviot ewes are intermediate. In studies where Merino ewes 
were selected for calm or nervous temperament, the calm ewes 
spent longer grooming their lambs than the nervous ewes, and 
bleated more frequently to their lambs (Murphy et al., 1998). 
Lamb mortality was also lower in the calm ewes. Ewes previously 
selected for their ability to rear lambs also show increased 
‘calmness’ (Kilgour and Szantar-Coddington, 1995). Thus, 
maternal temperament affects the quality of maternal care.

Neonate survival is dependent on the coordinated expression 
of appropriate behaviours from both mother and young to 
ensure that the young is adequately fed and nurtured. The role 
of neonate behaviour in ensuring survival is extremely important 
and may be at least as important as that of the mother (Dwyer and 
Lawrence, 1999; Nowak et al., 1997). The lamb is an important 
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source of sensory stimuli to the ewe to ensure that maternal 
behaviour continues to be expressed towards the lamb (Poindron 
et al., 1980). Lambs are born with limited tissue reserves so 
must suck soon after birth to survive. To suckle successfully the 
lamb must be able to stand and seek the udder soon after birth, 
the behaviour of the ewe serves only to stimulate and orient the 
lamb to the udder (Alexander and Williams, 1964; Dwyer et al., 
2001). In Britain, the lambs of lowland breeds take considerably 
longer than hill lambs to first stand and take longer to seek the 
udder (Dwyer and Lawrence, 2005). In countries where sheep 
lamb outdoors (Australia and New Zealand) and are subjected 
to climate extremes it is likely that the lambs with prolonged 
times to stand and suck would not survive the neonatal period. 
Harnessing the prenatal processes that influence lamb behaviour 
might have important implications in the development of new 
management strategies to maximise lamb survival.

Recognition of its mother and attraction to her are important 
lamb behaviour traits for survival. Studies in Merinos have shown 
that separation between ewe and lamb was a major contributory 
factor to lamb mortality (Alexander et al., 1983). In another study, 
single Merino lambs that were able to recognise their mothers 
12 h after birth had better survival than lambs that could not 
(Nowak and Lindsay, 1992). To minimize these problems some 
simple management techniques can be adopted by farmers. High 
stocking rates (above 18 sheep per hectare) should be avoided so 
that the incidence of mismothering and lamb stealing is reduced. 
It is important to note that hand feeding during lambing can 
change stocking rate dramatically. When seasonal conditions are 
poor and hand feeding is necessary to assure ewes and lambs 
survival, hand feeding can disrupt the establishment of ewe-lamb 
bond and eventually their survival (Lindsay, 1988). Shearing 
ewes before lambing induces ewes to seek shelter and by taking 
the lambs with them it increases the chances of survival. Also, 
shearing during mid-pregnancy can increase lamb birth weight, 
in singletons and can increase summit metabolic rate in twins 
suggesting that it affects the development and the growth of 
thermogenic tissues in twins (Revell et al., 2002). Finally, the 
provision of special lambing paddocks containing natural shelter 
is also recommended, however, better understanding of shelter-
seeking behaviour in ewes and how to stimulate it at parturition is 
required as it could significantly improve lamb survival (Lindsay, 
1988).

Embryonic mortality

Nature, timing and extent

Successful development and survival of the embryo depends on 
an integrated sequence of biological events involving the ovary, 
embryo, oviduct, and uterus. These developmental events that 
lead to a healthy and viable embryo involve a close dialogue 
between the developing embryo and the maternal ovarian-
oviductal-uterine environments. This is a two-way interaction is 
under the control of various autocrine, paracrine, and endocrine 
factors. A perturbation of the system can lead to reduced embryo 
survival; likewise, once the mechanisms of communication 

between maternal and embryonic units are understood there are 
opportunities to improve embryo survival (Thatcher et al., 1994). 
In sheep, embryonic mortality and foetal death are important 
causes of reproductive wastage and contribute to a large economic 
loss as it reduces lambing rates and litter sizes.

Early embryonic mortality is the main cause of pregnancy 
failure in sheep where 20–30% of the embryos die during the 
first 13 days after fertilization (Nancarrow, 1994). Estimates 
of embryonic mortality and foetal deaths have averaged 
approximately 30% (Bolet, 1986) but can be as high as 40-70% 
(Edey, 1969; Kelly, 1984) and this range seems to be typical of 
many breeds of sheep (Restall et al., 1976). Most embryonic 
mortality has been reported to occur before day 18 (Hulet et 
al., 1956; Moore et al., 1960; Quinlivan et al., 1966). Complete 
losses from day 18 to lambing were estimated at 9.4% (Hulet 
et al., 1956), and late embryonic or foetal losses from day 30 to 
term were only 1 to 5% (Quinlivan et al., 1966). In the majority of 
cases the embryos are lost before they would normally exert their 
anti-luteolytic activity on the uterine endometrium and ovary. 
This implies that the embryos must be dead or at least retarded 
by about day 12, since the normal anti-luteolytic signal acts 
on days 12-13. Therefore, based on the times of embryo death 
and return to oestrous, two categories of embryonic losses can 
be distinguished (Plant, 1981). In the first, embryos die within 
the first 11 days after mating and the ewes return to oestrus and 
ovulate after a normal oestrous cycle length (that is, about 17 
days after mating). In the second category, death occurs between 
12 and 40 days after mating and the return to oestrus is delayed.

Embryonic mortality should not have a significant impact 
on the fertility of flocks joined for 6-8 weeks, but will result in 
an extended lambing period. When flocks are joined for shorter 
periods of time embryo losses will reduce fertility, and in ewes 
with high ovulation rates a reduction of prolificacy or litter size 
may be expected due to the loss of some but not all embryos 
in individual ewes. In the field embryonic mortality is seldom 
distinguished from failure of fertilisation even where rams 
harnessed with marking crayons are used since a significant 
number of marked ewes might not have actually been mated, and 
conversely ewes may sometimes be mated without being clearly 
marked. However, if crayons are used properly in autumn, failure 
to return is about 95% accurate in predicting lambing.

Causes of embryonic mortality

Although the causes of embryonic mortality remain poorly 
understood a number of factors have been identified. Some 
embryonic deaths are the results of genetic defects but in the 
majority of cases non-genetic deficiencies in the process of 
development may cause the death of an embryo much later in 
its life. Primary attention has also been directed to infections as 
the cause of prenatal losses but non-infectious causes probably 
account for 70% or more of the cases (Christianson, 1992). 
These are often multifactorial and are difficult to diagnose. The 
procedures required to distinguish between embryonic mortality 
and failure of fertilization are laborious and expensive. Factors 
that are associated with embryonic mortality include failure of 
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maternal environment (uterus) in which the embryo develops, 
ovulation rate, environmental stress, nutrition, age and breed of 
the dam.

The need for close synchrony between embryo and uterus is 
important as conceptus-uterine asynchrony will cause embryonic 
loss. This was demonstrated elegantly by initial embryo transfer 
experiments in sheep (Rowson and Moore, 1966) in which 
optimal fertility was obtained if donor and recipients were in 
oestrus the same day. However, the extent to which asynchronous 
development may occur after natural mating in commercial 
flocks remains unclear. It is clear that responsiveness of the uterus 
to progesterone provides an environment that is essential for 
continued embryonic development. Furthermore, in ruminants, 
embryonic loss occurs when the progesterone corresponding 
to a previous cycle or the oestrogen corresponding to oestrus 
is omitted (Miller and Moore, 1976). It seems that the level of 
synchrony between embryos and ewes depend largely on pre-, 
peri- and post-ovulatory LH, progesterone and oestrogen levels 
in ewes. Adequate progesterone priming and the endocrine 
environment to which the follicles are exposed prior to ovulation 
are most important, especially in ewe lambs, for normal luteal 
function afterwards and hence for normal early and later prenatal 
survival and development (Michels et al., 1998b). The effect of 
site of ovulation on prenatal survival in sheep is still a matter of 
controversy. In studies where embryo migration (the movement 
of embryos/foetuses from one uterine horn to the other) was 
followed, there were differences in migration frequency, and in 
embryo and foetal survival, as a function of breed and breed–
environment interaction (Michels et al., 1998b). Studies on 
hemiovariectomized ewes suggest that the higher mortality of 
a migrating embryo might be associated with an asynchronous 
environment in the contralateral horn.

Losses increased with increasing ovulation rate (Kleemann 
and Walker, 2005b; Knights et al., 2003). Ewes with single 
ovulations had a higher embryo survival rate (73%) than did 
ewes with twin ovulations (61%), which was higher than the 
embryo survival rate for ewes with three ovulations (40%; 
Schoenian and Burfening, 1990). In pregnancies with multiple 
embryos or foetuses, individual potential offspring can be lost 
without a total loss of the pregnancy (Rhind et al., 1980; Schrick 
and Inskeep, 1993). Of ewes with twin ovulations that did not 
return to oestrus before d 18, 47 - 50% retained 2 live embryos, 
43 - 47% had only 1 live embryo, and 2 - 6% had no live embryos 
when slaughtered at 18, 30, or 140 d of pregnancy (Quinlivan et 
al., 1966). It could be argued that the causes of embryonic losses 
in multiple ovulating ewes are quite different from those causing 
losses in single ovulating ewes or that multiple ovulating ewes 
may be more sensitive to the causes of embryonic losses than 
are single ovulating ewes. However, despite the differences in 
absolute numbers of embryos which survive between singles and 
twins, twin ovulating ewes produce more lambs but not twice as 
many as single ovulating ewes (Lindsay, 1988).

Under-nutrition reduces embryo survival rates by the second 
and third week of pregnancy in sheep (Abecia et al., 1995; Rhind 
et al., 1989) because of inadequate oocyte quality and embryo 
development (Abecia et al., 2006). Variations in the physiological 
range of peripheral progesterone concentrations due to 
management factors, such as nutrition, may induce asynchrony 

between the uterus and the embryo, resulting in the failure of 
pregnancy to become established (Lawson and Cahill, 1983). 
Under-nutrition can reduce the ability of the embryo to secrete 
IFN-τ and therefore cause an increase in the production of PG 
from the endometium, which can initiate luteolysis (Abecia et 
al., 1999). Paradoxically, there is also evidence that over-feeding 
in the first few weeks after fertilisation can induce EM due to an 
increase in the clearance of progesterone and thus a degradation 
of the uterine environment (Parr, 1992; Parr et al., 1993). Dietary 
excess of urea elevates urea and ammonia in plasma and in utero 
with an associated increase in embryo mortality (McEvoy et al., 
1997). In practical conditions, it takes a severe nutritional insult, 
more than can normally be experienced in the field, to kill sheep 
embryos as the ewe in early pregnancy is very resistant to general 
under-nutrition. Some specific nutritional deficiencies such 
as zinc, selenium and iodine are thought to be associated with 
embryonic losses.

Although the correction of dietary deficiencies of copper, 
manganese, zinc, iron, cobalt and selenium have been shown to 
improve conception and litter size, it is only selenium which is 
believed to specifically improve embryo survival (Piper et al., 
1980). Areas affected by selenium deficiency affect ewe fertility 
and can result in the death of embryos about 35 days after 
conception. This shows up as an increase in the number of dry 
or barren ewes in the flock. Embryo loss in selenium deficient 
geographical regions may also be associated with delayed returns 
to oestrus or apparent failure to return to oestrus, depending on the 
length of the joining period. Animals deficient in selenium may 
have suppressed defence against infectious disease which could 
prejudice embryo survival (Ashworth, 1995). In New Zealand, 
selenium treatment has resulted in marked improvements 
in fertility in ewes in regions where white muscle disease 
and selenium responsive unthriftiness occur (Hartley, 1963). 
The losses appeared to be associated with higher embryonic 
mortality in untreated ewes (24% to 26%) than in treated ewes 
(2% to 5%) detected at slaughter 4 to 8 weeks after mating. In 
Australia, there are only a few reports of selenium responses in 
fertility of ewes. An increase in percentages of fertile ewes and 
in percentages of lambs marked per ewe mated as been reported 
with selenium treatment of ewes on a property where white 
muscle disease had occurred (Godwin et al., 1970). Wilkins 
and Kilgour (1982) recorded improvements in fertility in 12 of 
14 flocks on 8 properties in the northern Tablelands of NSW 
following treatment with 5mg selenium orally 3 weeks before 
joining. In that trial, 9% of treated ewes and 16% of untreated 
ewes failed to lamb. Of the ewes mated in the first 6 weeks, 46% 
of the untreated ewes and 5% of the treated ewes did not return to 
service yet failed to lamb. This result supported the observation 
from the New Zealand study reported above and other studies 
in the Northern Tablelands of NSW (Piper et al., 1980) that the 
failure is one of embryonic loss.

Zinc exerts a beneficial effect in maintaining pregnancy in 
grazing ewes, however it has been suggested that zinc deficiency 
may be sporadic and dependent on other nutritional or seasonal 
factors (Masters and Fels, 1985). There is some evidence that 
iodine deficiency also affects ewe fertility, probably associated 
with increased embryonic mortality (Sargison et al., 1998); 
indeed, iodine supplementation can improve ewe fertility and 
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a significant reduce perinatal lamb mortality (Sargison et al., 
1997).

Young maternal age (Quirke and Hanrahan, 1977), lactation 
(Cogniè et al., 1975) and heat stress (Alliston and Ulberg, 1961) 
cause embryo mortality through a direct effect on the embryo.  
Young ewes lose more embryos than older ewes. Such differences 
are significant when comparing lambs of less than twelve months 
with older ewes. It seems that the embryos produced by young 
ewes are defective as fertilised embryos transferred from young 
ewe lambs to older ewes survive poorly compared with embryos 
transferred to he same group of ewes from mature donors (Quirke 
and Hanrahan, 1977). The greater embryonic mortality observed 
in lactation ewes suggests that not only the quality of the induced 
ovulation is at fault, but also the uterine environment (Cogniè et 
al., 1975). Plasma concentration of progesterone is always less in 
lactating females and this difference in progesterone concentration 
may be related to the high embryonic mortality observed in 
lactating ewes (Cogniè et al., 1975). Excessive handling and very 
cold or very hot conditions have been implicated in embryonic 
losses. Embryonic mortality early in the breeding season (Hulet 
et al., 1956) was attributed to high ambient temperatures within 
3 days after the onset of oestrus (Alliston and Ulberg, 1961). 
However, ewes are quite resilient to environmental stresses 
similarly to under-nutrition situations. High temperature can 
affect the length of the oestrous cycle, can restrict growth rate of 
foetuses, as we will discuss in the following section, but in field 
conditions sheep embryos cope well with high temperatures.

Grazing pastures containing oestrogenic clovers and 
prolonged feeding of some of the cruciferous forages, such as 
rape and kale, have also been shown to reduce embryo survival 
(Robinson, 1994). A number of plant toxins may induce abortion 
or cause embryonic or foetal death (Table 10.2). Of these, 
Veratrum califomicum (false hellebore), a plant commonly found 
in wet areas of the rangeland (USA), provides an example of 
toxicity during a very narrow but critical window of development 
when the embryo is particularly vulnerable to the plant’s toxic 
agents which are the steroidal alkaloids, cyclopamine (11 
-deoxojervine), cycloposine (3-glucosyl- lldeoxojervine) and 
jervine (McEvoy et al., 2001). Ewes consuming the plant on only 
a single day (day 14 of pregnancy) had high embryo mortality 
and major neonatal offspring losses (Binns et al., 1965). 

Table 10.2. Plants causing abortion or embryonic deaths in 
livestock. 

Plant Toxin Effect

Astragalus spp.
Locoweed 

Swainsonine
(indolizidine alkaloid)

Abortion, 
embryonic death

Gutierrezia spp. 
Broom snakeweed

Unknown Abortion, premature 
birth

Pinus spp. 
Pinus ponderosa

Unknown Abortion, premature 
birth

Tetradymia glabrata 
Little leaf horsebrush

Unknown Abortion

Veratrum californicum 
False hellebore 

Jervine, cyclopamine Embryonic death, 
foetal death

Nitrate-containing 
plants 

Varied effects on 
developing young

Source: James (1992).

Maternal infections during pregnancy may not impact foetal 
development. The impact on foetal development may be caused 
directly by infectious agents or their toxins, or indirectly by 
inflammation of the placenta (placentitis). Furthermore, detection 
of a reproductive pathogen should not preclude further diagnostic 
testing, as dual infections are not uncommon. Embryonic or foetal 
death may result in re-absorption, mummification, maceration, 
or abortion (Figure 10.7). For a review of the infection causes of 
embryonic and foetal mortality in sheep see Givens and Marley 
(2008).

Figure 10.7. Abortion in sheep: aborted ewe showing foetal 
membranes at vulva and also showing typical staining of wool 
from uterine discharges seen with abortion. Source:  P Windsor.

Table 10.3. Infectious causes of infertility and abortion in sheep.

Bacterial Protozoan Viral
Campylobacter spp.c,i,g,e 
Listeria 
monocytogenesc,e,i 

Brucella spp.c,d 
Salmonella spp.i,e 
Chlamydophila 
abortusc,j,k,l,e

Coxiella burnettic,h

Anaplasma 
phagocytophilum
Yersinia spp.

Toxoplasma 
gondii a,f,c,j,k,g,e

Border disease 
virusf,b,c,j,k,g,e

Bluetonguee,b,k

Akabane virus
Cache valley virusa,k

a Embryonic death; b Middle foetal death; c Late foetal death; d Low 
herd abortion rate; e Variable herd abortion rate; f Early foetal death; 
g In utero infection might cause persistent or prolonged infection of 
epidemiologic significance; h High herd abortion rate; i Metritis; j 
Resorbtion; k Mummification; l Maceration.
Source: Givens and Marley (2008).

Factors influencing foetal growth and 
development 

Growth and development of the foetus are complex biological 
events influenced by genetic, epigenetic, maternal, environmental 
and other factors (Gootwine, 2005; Redmer et al., 2004). These 
factors affect the size and functional capacity of the placenta, 
uteroplacental transfer of nutrients and oxygen from mother to 
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foetus, conceptus nutrient availability, the foetal endocrine levels 
and metabolic pathways (Bell and Ehrhardt, 2002; Reynolds et 
al., 2005).

Function of the placenta and foetus

The primary function of the placenta is to selectively mediate 
the physiological exchange between the foetus and the mother 
as well as to serve as an important temporary endocrine organ 
during gestation. Also, the placenta acts as a barrier to prevent 
foetal and maternal blood from mixing. The rate of growth and 
development of the foetus determines the size and maturity of the 
newborn lamb and has an important influence on the incidence 
of perinatal mortality and on post-natal growth and production 
in surviving lambs (Bell, 1984; Mellor, 1983). During the first 
two-thirds of pregnancy the foetus grows slowly (Figure 10.5) 
and usually fairly uniformly, irrespective of litter size or level 
of nutrition. During the last 50 days the growth of the foetus 
and its individual organ systems is rapid and easily influenced 
by several factors, most notably the level of feeding of the dam 
and environmental temperature. While its growth ceases around 
days 80-90 (Figure 10.5), its function must increase until term, 
and this is accomplished by continuing growth of the placental 
vascular bed and umbilical blood vessels after day 90. In spite 
of this asynchrony between growth and function, it appears 
that size is a reasonably good index of placental function in 
late pregnancy. Indeed, Mellor (1983) found that about 75% of 
variance in lamb birth weight could be accounted for by variations 
in placental weight. It seems than that the size of the placenta is 
a good indicator of its function. Therefore, we need to have a 
better understanding of the factors that are thought to influence 
placental size so that we can develop new methods to manage 
ewes during pregnancy.

Factors affecting the size of the placenta

The main factors that have been identified as affecting the size 
of the placenta are nutrition, age of the ewe, heat stress and the 
number of foetuses in the uterus.

Environmental factors: nutrition and heat stress

Maternal under-nutrition during the periconceptual period 
reduces foetal growth in sheep (Mellor, 1983) and severe under 
nutrition accelerates maturation of the foetal hypothalamic-
pituitary-adrenal axis and causes preterm delivery (Fowden 
et al., 1994). Low pre-pregnancy weights followed by under-
nutrition during mid-pregnancy, result in reduced placental 
growth and lower birth weights at term (Redmer et al., 2004). 
Studies involving the restricted intake of nutrients solely during 
mid-gestation reveal variable effects on the placental and foetal 
growth trajectory; however, if under-nutrition is prolonged during 
late pregnancy, foetal growth is compromised, particularly in 
twin pregnancies (Redmer et al., 2004). Intrauterine growth 
retardation in undernourished sheep is often associated with 

foetal hypoglycemia and hypoxemia as well as with increased 
risks of foetal death and premature birth (Mellor, 1983).

Pasture grazing is the most common practice for sheep 
feeding (Chapter 14). However, the quality of available forages 
and roughages is often poor, particularly in dry and winter 
seasons, and is inadequate for optimal nutrition of growing, 
gestating, and lactating ewe (Chapter 14). Thus, foetal under-
nutrition frequently occurs in sheep leading to reduced foetal 
growth. For example, in the US it has been reported that in grazing 
ewes without any supplement, nutrient uptake is often less than 
50% of recommendations (NRC, 1985). In practice, most ewes 
receive inadequate levels of nutrition during pregnancy (Chapter 
14). When the quantity and the quality of the available pasture is 
low, unsupplemented, grazing ewes lose a significant amount of 
body weight during pregnancy, and their health, foetal growth, 
and lactation performance are seriously compromised (Thomas 
and Kott,  1995). In addition, sheep is a seasonal breeder and 
therefore, most of the gestational period coincides with winter, 
when the grazed forage is of low quality (Hoaglund et al., 1992). 
Improved winter forages are now available and might lessen the 
impact of under-nutrition during pregnancy in adult ewes but not 
in ewe lambs (Chapter 14). The period of proliferative growth of 
the placenta occurs between 50 and 90 days of pregnancy (Figure 
10.5): this is the most sensitive period for nutritional modification 
of placental growth. Therefore when spring joining (common 
practice in Southern Australia) is followed by autumn lambing it 
can also result in insufficient foetal and/or placental development 
without supplementary feeding and/or use of fodder crops or 
stubbles as both the quantity and the quality of forages is often 
poor.

High environmental temperature is the most dramatic and 
consistent factor in reducing placental size. Prolonged heat 
exposure retards foetal growth, perhaps being mediated by a 
primary inhibition of placental growth and functional capacity 
(Alexander and Williams, 1971; Bell et al., 1987). Heat stress 
appears to restrict the flow of blood to the uterus in the circulation 
and it seems unlikely that these effects of heat on placental growth 
are indirectly mediated via inadequate maternal nutrition (Bell et 
al., 1989). From a practical view point, the selection of shaded 
paddocks for ewes during pregnancy will reduce heat stress and 
will result in heavier lambs which will also have higher chances 
of survival.

The relationship between placental size and the size of 
the foetus

The relationship between the size of the placenta and the weight 
of the foetus in not as straight forward as might be expected, 
nevertheless there is reasonable evidence to suggest that the size 
of the foetus depends on the size of the placenta. The weight of 
the placenta becomes increasingly important in explaining the 
variation in foetal weight in late gestation compared with mid 
pregnancy (Greenwood et al., 2000a), which demonstrates the 
importance of placental function for sustaining the growth of the 
foetus in late gestation. Thus, the placenta plays a pivotal role in 
ensuring adequate foetal growth in late gestation.
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Placental insufficiency can predispose newborn farm 
animals to death (Mellor and Stafford, 2004). A small placenta 
in sheep reduces oxygen supply to the foetus and causes chronic 
foetal hypoxemia (Mellor, 1983, 1988). A small placenta also 
restricts nutrient supply, leading to reduced foetal growth rates 
(Mellor, 1983). These are well-established effects of placental 
insufficiency in foetal lambs (Mellor, 1983, 1988).

Uterine capacity (physiological and biochemical 
limitations imposed on conceptus growth and development by 
the uterus) and direct and indirect effects of  maternal nutrition 
(low or high feed intake, and nutrient imbalance) have a major 
impact on foetal growth and development (Figure 10.8) at 
all stages between oocyte maturation and birth (Robinson et 
al., 1999). Impaired growth and development of the foetus or 
its organs during pregnancy is known as intrauterine growth 
retardation (IUGR). This condition occurs naturally and can 
be environmentally (underfeeding, heat stress, disease, and 
toxins) induced (Wallace, 2005a). Other factors affecting the 
foetus include maternal intestinal malabsorption, inadequate 
provision of amniotic and allantoic fluid nutrients, the ingestion 
of toxic substances, environmental temperature and stress, 
disturbances in maternal or foetal metabolic and homeostatic 
mechanisms, insufficiency or dysfunction of the uterus, 
endometrium, or placenta, and poor management (McEvoy et 
al., 2001; Mellor, 1983; Redmer et al., 2004). 

Genes of both parents Environmental factors
(nutrition, stress, disease, toxins)

Epigenetic stateMaternal maturity

Placental growth

Transfer of nutrient from mother to foetus

Foetal growth

Figure 10.8. Regulation of mammalian foetal growth. 
Intrauterine growth is regulated by genetic, epigenetic and 
environmental factors. These factors affect placental growth 
and therefore nutrient availability for foetal growth. Source: 
Wu et al. (2006).

Consequences of intrauterine growth retardation on 
adult life

Foetal growth restriction is a significant issue in sheep production 
systems and it has permanent negative impacts on neonatal 
adjustment, preweaning survival, postnatal growth, feed 
utilization efficiency, lifetime health, body composition, and 
meat quality, as well as reproductive performance (Table 10.4).

Table 10.4. Postnatal consequences of intrauterine growth 
retardation in sheep. 

Item Reference

Body composition and meat quality: 
decreased skeletal muscle fibre number, 
increased whole-body and intramuscular 
fat mass, increased connective tissue 
content, and reduced meat quality 

Greenwood et 
al., 1998, 2000

Cardiovascular disorders: Coronary heart 
disease, hypertension, and endothelial 
dysfunction 

Ozaki et al., 
2000; Fowden et 
al., 2005

Growth performance: reduced whole-
body and skeletal muscle growth rates, 
and reduced efficiency of feed/forage 
utilization 

Greenwood et 
al., 1998, 2000

Hormonal imbalance: increased plasma 
levels of glucocorticoids and renin; 
decreased plasma levels of insulin, growth 
hormone, IGF-I, and thyroid hormones.

Wallace et al., 
2001, 2003, 
2004; Fowden et 
al., 2005

Metabolic disorders: insulin resistance, 
ß-cell dysfunction, dyslipidemia, glucose 
intolerance, impaired energy homeostasis, 
obesity, type-II diabetes, oxidative stress, 
and mitochondrial dysfunction

Wallace et al., 
2005b;          Da 
Silva et al., 
2001; Fowden et 
al., 2005

Neonatal health and adjustment: increased 
morbidity and mortality, reduced survival,  
maladjustment to the extrauterine life, and 
increased stillbirths 

Mellor, 1983

Organ dysfunction and abnormal 
development: testes, ovaries, brain, heart, 
skeletal muscle, liver, thymus, small 
intestine, wool follicles, and mammary 
gland

Da Silva et al., 
2001, 2002, 
2003

Source: Wu et al. (2005).

Number of foetuses in the uterus and age of the ewe

Increasing the prolificacy of ewes through genetic selection is an 
effective means to increase the profitability of lamb production 
(Chapter 8, Gootwine et al., 2001). However, an increased 
number of foetuses within the uterus results in relative placental 
insufficiency and low birth weights (Gootwine et al., 2006). 
These observations pose a challenge for reducing the risk of 
IUGR associated with current reproductive technologies that 
increase ovulation rates. Maternal immaturity may lead to a 
production-imposed uterine insufficiency as domestic animals 
are often bred at immature body weight to maximize their 
production performance. Natural IUGR is frequently observed 
in dams with multi-foetal pregnancies (Wootton et al., 1983). 
Although total placental weight is increased in these animals, 
placental mass per foetus is reduced (Redmer et al., 2004). Thus 
the individual birth weight of a triplet or twin lamb is only 62 and 
78%, respectively, of a single pregnancy (Gootwine, 2005). Even 
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in well-fed ewes, multi-foetal pregnancy impairs foetal growth, 
including reduction in the skeletal muscle mass and myofiber 
number of neonates (Greenwood et al., 2000).

In conclusion, the placenta grows more rapidly than the foetus 
during the first half of pregnancy and lays the foundations for the 
rapid growth of the foetus later in pregnancy. There is reasonable 
evidence to suggest that if the placenta is not well developed the 
foetus may not be able to take advantage of its mother’s good 
nutrition during late pregnancy. It is reasonable to say that the size 
of the placenta is related to its function. Therefore, the practice of 
good feeding during the last six weeks of pregnancy to sustain the 
rapid foetal growth is questionable. It seems that good nutrition 
throughout the whole of the pregnancy is necessary to ensure 
strong and vigorous lambs at birth.

Perinatal mortality 

Extent and patterns

Perinatal mortality may be defined as the loss of lambs before, 
during and within the first 7 days after birth. Nearly half of all pre-
weaning lamb deaths occur on the day of birth (up to 30% of all 
lambs born alive), whilst the rate of lamb loss is greatly reduced 
beyond the first week of life (Nowak et al., 2000). Thus, the most 
vulnerable period in the life of the lamb is the period before and 
immediately after birth; losses at this time account for 80-90% 
of preweaning losses. The incidence of perinatal mortality is 
extremely variable. The range for overall lamb mortality in 
Australia, New Zealand and the UK is 10–25% and between 
different farms in a particular region the range can be as wide 
as 5–70% (Alexander, 1984). Average losses of 30-40% of twin 
lambs are also common in Merino flocks (Walker et al., 2003). In 
Merinos, losses of less than 15% lambs are generally considered 
acceptable. If mortalities exceed 15-20%, then a single major 
cause may usually be diagnosed, but where mortalities are less 
than 15% there is commonly not any one predominant cause.

As the death of lambs in the perinatal period is regarded as 
one of the most important sources of reproductive wastage in 
sheep, an accurate diagnosis of the major causes of death and 
better understanding of the causes of lamb loss are required 
before appropriate strategies to minimise perinatal loss can 
be recommended (Lindsay et al., 1990). The main features of 
perinatal mortality in sheep flocks and its main causes are shown 
in Table 10.5.

Causes of perinatal mortality

The causes of perinatal mortality in sheep are numerous and 
complex. Lamb birth weight, incidence of multiple births, 
genotype, environmental conditions, age of ewe, metabolic 
maturity of the lamb are some of the main factors that can 
influence the extent and timing of perinatal mortality. These 
causes are often interconnected and the aetiology of many 
such deaths is multifaceted. The prevalence of the different 
causes of mortality varies with different management systems, 

Table 10.5. Perinatal lamb mortalities. 

Feature Comment

Liveweight < 3.5 kg At risk of exposure/hypothermia

Liveweight > 5.5 kg At risk of dystocia (difficult birth)

Has birth stain been 
cleaned? 

Mismothering

Pads still on feet Hasn’t walked

Skin on neck and 
chest/back: bruising 
or teeth marks?

Primary predation – dead lambs will 
not have bruising

Do lungs float in 
water?

If they float the lamb has breathed if 
they sink, the lamb died before birth

Milk clot in stomach Lamb has suckled

Kidney fat red Fat mobilised – lamb in nutritional 
deficit

Kidney fat brown Fat hasn’t been mobilised - death at 
or very soon
after birth

Kidney fat white Fat has been replenished. Lamb has 
lived for a
few days

Swollen tongue, head, 
neck 

Dystocia

Genetic malformation Various features incompatible with 
life

Thyroid weight 
>0.4g/kg birth weight

Goitre iodine deficiency

Source: AWI and MLA (2008). 

as outdoor lambing systems are likely to have more lamb 
losses from starvation or exposure (Fisher and Mellor, 2002), 
whereas indoor systems face greater risks from infectious 
disease (Binns et al., 2002). Managerial and environmental 
factors have major influences on the rate of perinatal mortality. 
Adverse environmental conditions also may increase lamb 
mortality rates especially if lambs do not have enough body 
reserves or if there are not metabolically mature. Lamb losses 
are higher in maidens and then increase again after about 6 
years of age. Lamb losses can be due to failure of the ewe to 
provide sufficient milk. The ewe’s ability to produce sufficient 
milk to support adequate growth in her lambs is also dependent 
on her good nutrition (Bizelis et al., 2000). Usually ewes have 
sufficient milk to guarantee lamb survival, and thus nearly 
all losses can be related to the failure to rapidly establish 
and maintain an adequate ewe lamb bond. In general, male 
lambs have higher mortality than females (Gama et al., 1991; 
Huffman et al., 1985; Mandal et al., 2007). In addition, litter 
size is a contributory factor as almost half of the deaths of twin 
lambs can be attributed to starvation; mortality in this scenario 
peaks on the day of birth (Nowak et al., 2000). 
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Birth weight and litter size

One of the greatest contributors to lamb mortality is birth weight 
(Dalton et al., 1980; Fogarty et al., 2000; Gama et al., 1991), 
which has a U-shaped relationship with lamb death (Figure 10.9). 
A cubic relationship between mortality and birth weight has been 
reported for Scottish Black Face sheep (Sawalha et al., 2007) and 
crossbreeds (Morel et al., 2008). Low birth weight lambs die due 
to exposure and starvation (Scales et al., 1986), particularly if 
born into a large litter, whereas heavy lambs are more likely to 
die due to dystocia, particularly single lambs (Dalton et al., 1980). 
Since first parity ewes are generally younger and more likely to 
give birth to lighter lambs (Dalton et al., 1980), mortality is also 
higher in the offspring of primiparous ewes (Morris et al., 2000), 
but may also be increased in aged ewes. In practice, however, it 
is difficult to distinguish between the effects of age and parity of 
ewes. Nutrition plays an important role in determining lambs with 
weights, but extreme heat during pregnancy also suppresses foetal 
growth (see previous section). Maternal condition and nutrition 
before and during pregnancy, as well as placental insufficiency, 
can affect the growth of the foetal lamb (Greenwood and Bell, 
2002b; Robinson et al., 1999). Ewes that are thin at conception 
or lose excessive amounts of body fat during gestation are more 
likely to produce lambs with low birth weight.
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Figure 10.9. Relationship between lamb birth weight and 
mortality rate. Source: Kelly and Lindsay (1987); ©Western 
Australian Agriculture Authority (2009).

Mortality increases with litter size, partly because birth weight 
declines as litter size increases. This problem is particularly 
significant in Merinos, where losses in twins often exceed 
twice those in singles, while losses of lambs from cross-
bred ewes are usually lower than those from Merinos. From 
Figure 10.8 it can be seen that as similar birth weights twin 
lambs have lower chances of survival compared to their 
singleton counterparts. Mortality increases with litter size, 
partly because birth weight declines as litter size increases. 
This problem is particularly significant in Merinos, where 
losses in twins often exceed twice those in singles, while 

losses of lambs from cross-bred ewes are usually lower than 
those from Merinos. This could be ascribed to the inability of 
some ewes, especially Merino, with twins to look after both 
lambs adequately. This situation is exacerbated in triplets or 
quads which usually have much higher mortality rates due 
to accidental separation or failure of the ewe to form a firm 
bond with all of her lambs. Low birth weight lambs are born 
with fewer tissue reserves, are less vigorous after birth, take 
longer to stand, reach the udder and suck and have lower 
rectal temperatures than heavier lambs (Dwyer and Morgan, 
2006). Lighter lambs are also more at risk of hypothermia than 
heavy lambs (Clarke et al., 1997), due to their larger surface 
area relative to body mass, to their reduced body reserves and 
to the reduced thermogenic capacity of brown adipose tissue 
(Budge et al., 2000). Thus, these lambs are more vulnerable 
to starvation and hypothermia in the immediately postnatal 
period, and are more likely to die, both through delay in 
obtaining colostrum after birth and because immune function 
may be compromised in prenatally undernourished lambs 
(Cronjé, 2003). A potentially limiting effect of an increased 
percentage of triplet-bearing ewes is the lower survival rates 
of triplet-born lambs. It is well established that triplet-born 
lambs have higher pre-weaning mortality rates, and values 
up to 40% have been reported, compared with 20% for twins 
(Kenyon et al., 2006). This higher mortality rate has been 
attributed to the lower birth weights in triplet-born lambs 
and the associated higher risks for starvation and exposure 
(Dwyer and Morgan, 2006). 

Starvation – Mismothering – Exposure (SME) complex

Perinatal losses that fall under this category can be due to a variety 
of causes. Deaths from the SME complex present evidence of 
hypothermia   brown fat catabolism, subcutaneous oedema of 
the extremities, inadequate quantities or absence of milk ingesta 
in the gut (Table10.5). The texture and colour of the brown fat 
in the perirenal, pericardial, epicardial and prescapular sites are 
sensitive indicators of the lambs’ exposure to cold independent 
of starvation. During severe, cold, wet, windy weather high rates 
of mortality may occur from primary hypothermia. Most SME 
complex deaths occur from secondary hypothermia   the result of 
exhaustion of substrates necessary for thermogenesis because of 
starvation. Common causes of failure to feed include birth injury 
to the central nervous system, aberrant maternal or neonatal 
behaviour, udder or teat abnormalities (Figure 10.10), agalactia 
and management induced mismothering.

Starvation

Most perinatal deaths are caused by starvation due to inadequate 
energy intake (Alexander, 1984) through insufficient intake 
of colostrum/milk. It occurs in newborn lambs when they fail 
to suck adequately due to weakness, competition with litter 
mates or inadequate mothering, or when colostrum/milk 
production is deficient (Eales et al., 1982a; Alexander, 1984; 
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Figure 10.10. Udder abnormality (Shearing damage to teats; 
if a ewe has only one functional teat it will produce less milk). 
Source:  P Windsor.

Poindron et al., 1984; Mellor and Murray, 1985ab; Barlow et al., 
1987). The newborn lamb becomes hypoglycaemic as its body 
energy reserves are depleted (Mellor and Cockburn, 1986; Mellor, 
1987). This causes cerebral compromise in warm conditions 
and inhibits heat production, which leads to hypothermia in 
cold conditions (Mellor and Cockburn, 1986). Hypothermic 
lambs with severe hypoglycaemia are protected from cerebral 
compromise only by their low body temperature and the 
associated slow rates of central nervous system metabolism; if 
they are rewarmed without providing additional glucose they 
have convulsions and die (Eales et al., 1982b). A newborn lamb 
should suckle within the first 24 hours of life between 210 and 
290 mL of colostrum per kg body weight to fuel its energy needs 
(Mellor and Cockburn, 1986; Mellor, 1987). Starvation accounts 
for the death of 25% of single lambs, these being more likely to 
die on the day of birth, particularly from complications arising 
from the birth process (Haughey, 1993). In intensive systems an 
increase in productivity can be achieved with an increased litter 
size. However, increasing litter size also contributes to lamb 
mortality in a manner not entirely explained by effects on birth 
weight (Lindsay et al., 1990). In an extensive production system 
the nutritional quality of the pasture may prevent the ewe from 
successfully carrying more than one lamb through pregnancy 
without influencing lamb viability at birth (Robinson et al., 
1999).

Mismothering

The vast majority of all lamb losses relate to failure to rapidly 
establish and maintain an adequate ewe lamb bond. Key 
determinants of the onset of maternal behaviour are oestrogens, 
cervico-vaginal stimulation, olfaction and maternal experience 
(Lindsay, 1988). The two distinguishable components of this 
behaviour of the ewe are: 1) responsiveness of the ewe towards 
(any) newborn lambs and 2) the formation of a bond between the 
ewe with one or two specific lambs. Bonding and lamb survival 
are improved by management practices which increase the time 

spent on the birth site by the ewe after parturition. Disturbance 
of lambing ewes for feeding can lead to mismothering (Lindsay, 
1988). Mismothering leads to starvation of the newborn lamb 
and it occurs for a range of reasons including: failure to establish 
an effective ewe–lamb bond through inexperience (primiparas); 
debilitating maternal under-nutrition during late pregnancy; 
dystocia-induced maternal exhaustion; separation of the mother 
and young through misadventure (e.g. the newborn rolling off 
the birth site in steep terrain); interference by other females in 
the parturient group or by stock-handlers; failure of mothers to 
recognise their litter size; and inexperience with twin or triplet 
care, leading to abandonment of one or more young (Mellor and 
Stafford, 2004). The ability of the lamb to stand up and move 
to the udder to suck is a critical step in the early acquisition of 
colostrums (see “Biology of the newborn lamb and peripartum 
behaviour patterns” section). The role of maternal behaviour is to 
stimulate and facilitate the lamb’s access to the udder, but in itself 
cannot ensure that the lamb sucks (Dwyer, 2008).

Exposure

During adverse environmental conditions lambs may experience 
either hyperthermia or hypothermia and ultimately death when 
their thermo regulator processes fail to cope with the (Alexander, 
1984). The relationship between climate and lamb mortality is an 
important consideration when choosing a joining date. Indeed, 
when lambs are born during severely adverse weather conditions 
they are likely to die from primary hypothermia. When lambs 
are born during moderately cold weather and they are not able 
to replenish their energy reserves by drinking milk, due to 
depressed sucking activity or milk intake caused by the factors 
already mentioned, lambs may suffer of secondary hypothermia. 
Thermogenesis or heat production starts in the lamb to maintain 
body temperature but when the lamb’s energy reserves are 
depleted, hypothermia and death follow. 

Metabolic maturity at birth and cold resistance

The capacity of the neonate lamb to switch its energy metabolism 
from foetal to milk substrates (metabolic maturity) has been 
identified as an important contributor to differences in neonatal 
survival (Greenwood et al., 2002a). It has been suggested that 
genetic differences in lamb survival may be related to different 
degrees of maturity at birth (Dwyer and Morgan, 2006). Improved 
lamb survival has been associated with a reduced dependence on 
amino acids for energy and a greater reliance on glucose and non 
esterified fatty acids for metabolism (Greenwood et al., 2002a). 
Higher lamb survival thus seems to be related to the metabolic 
maturity of the lamb rather than its energy stores (Thompson et 
al., 2006).

In Romney lambs the smallest triplet within a litter 
has been reported to have the lowest plasma thyroxine 
concentration (Stafford et al., 2007). Thyroxine is a precursor to 
triiodinethyronine, which is involved in body temperature control 
via the oxidation of the brown adipose tissues. Therefore, the light 
lambs in comparison with their heavier counterpart, are more 
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likely to die from exposure, due to their poorer body temperature 
control and proportionally higher surface area resulting in 
increased heat losses to the environment (Morel et al., 2008). 
Importantly, in triplet-born lambs, mortality is not influenced 
by an individual birth weight, but by the birth weight of its 
littermates (Morel et al., 2008). Therefore, reducing the variation 
in birth weight within a litter will increase the competitive ability 
for survival of each lamb and thus decrease overall mortality.

Polymorphism of the ovine β
3
-adrenergic receptor has been 

associated with birth weight, growth rate, carcass composition and 
lamb survival (Forrest et al., 2003). These receptors are located 
on the surface of adipocytes and are responsible for the lipolytic 
and thermogenic effects of high catecholamine concentrations in 
brown and white adipose tissue. Brown adipose tissue produces 
heat to facilitate regulation of body temperature. Therefore, 
variation in the ovine β

3
-adrenergic receptor in sheep may be 

important in thermogenesis, thereby impacting on lamb survival 
(Forrest et al., 2006). Considering the existing genetic variation 
in neonatal lamb cold survival (Forrest et al., 2003), increase in 
lamb survival can be achieved by including cold tolerance as a 
selection criterion in breeding programmes, and the development 
of genetic markers for cold tolerance in sheep would improve the 
accuracy of selection.

Dystocia

Birth difficulty is widely regarded as being economically 
important in sheep (Haughey, 1993). Dystocia can be maternal 
or foetal in origin (Arthur et al., 1982). Failure of the cervix to 
dilate (ring womb) is a common form of dystocia in sheep and 
may be due to hypocalcaemia (Stubbings, 1971) and/or ingestion 
of oestrogen by pregnant animals, present in fungi or clover 
(Adams, 1986). Occurrence of dystocia is related to several 
factors including postural abnormalities, number and size of 
foetuses, foetal anasarca or emphysema, nutritional status of dam, 
parity and breed (Arthur et al., 1982). Dystocia is recognized as 
a major cause of perinatal lamb mortality, particularly in Dorset 
ewes, with 53% of lamb deaths due to dystocia (Hall et al., 
1994) and other reports of 36% (George, 1976) to 80% (Fogarty, 
1971). Lambs may die due to hypoxia or trauma suffered during 
delivery (Haughey, 1993), either as a primary cause of death, or 
secondary to the impact of these insults on their ability to adapt 
to postnatal life (Dwyer, 2008). Lambs may fail to cope with 
the transition to independent life through inability to maintain 
homeothermy and establish breathing or through inability to 
show behavioural competency. Dystocia plays a significant role 
in triplet-born lamb deaths (Kerslake et al., 2005) being usually 
associated with heavier birth weights. The variation between the 
heaviest and lightest foetus within a triplet set is greater than in 
twins (Kenyon et al., 2007). Triplet mortality values range from 
37 - 41% (Amer et al., 1999; Morel et al., 2008). Mortality is 
highest for the lightest lambs born and the lowest for the heaviest 
lamb born (Morel et al., 2008). Dystocia does not only lead to 
mortality of lambs at the time of parturition but also contributes 
to deaths from the SME complex, where evidence of dystocia is 
accompanied by varying degrees of catabolism of brown fat.

Other causes

Perinatal mortalities from causes other than birth stress and the 
SME complex usually amount to only a small proportion of 
deaths. Nevertheless, on isolated occasions, perinatal mortalities 
from infectious causes, congenital malformations, trace element 
deficiencies and predation can be serious.

Infections probably cause less than 10% of lamb deaths 
in Australia (Dennis, 1974). They can be far more important 
in individual flocks and are more common with high stocking 
rates or where shed-lambing is practised. The principal infective 
agents responsible for neonatal lamb losses in Australia include 
Clostridium spp, Staphylococcus aureus, Escherichia coli, 
Corynebacterium pyogenes, Fusobacterium necrophorum, 
Pasteurella spp, Streptococcus spp, Erysipelothrix insidiosa, 
Dermatophilus congolensis, and contagious ecthyma virus 
(Dennis, 1974). In the majority of cases, infections result from 
umbilical contamination at birth, some by ingestion, and some 
can be superimposed complications upon an already existing 
condition such as starvation. Congenital infections are transmitted 
between to foetus during pregnancy, and may result in abortions 
as well as lamb deaths.

There is evidence that micronutrient variations, even around 
conception, can have an impact on the survival of the neonatal 
lamb as they have a role in the regulation of metabolic processes. 
In practice, clinical or sub-clinical deficiencies have been reported 
and described for cobalt, copper, iodine, iron, manganese, 
selenium and zinc (Rooke et al., 2008). Significant deficiencies 
in maternal cobalt reduce lamb vigour at birth and lamb survival 
(Fisher and MacPherson, 1991). Supplementation of pregnant 
ewes with selenium, vitamin E and fatty acids has been reported 
to improve lamb survival (Capper et al., 2005, 2006; Kott et 
al., 1983; Langlands et al., 1991). Complex interactions exist 
between these micronutrients and other nutrients, however, 
such interactions have been largely ignored in studies relating 
to lamb mortality (Rooke et al., 2008) and thus require further 
investigations.

The significance of primary predation as a cause of perinatal 
lamb losses has been difficult to assess. Many live lambs 
taken are probably not viable (secondary predation) and many 
lambs disappear or are mutilated after death from other causes 
(scavenging). The most common predators are foxes, feral pigs, 
dingoes, domestic dogs, ravens, crows and wedge-tailed eagles. 
Generally primary predation is thought to cause only minor losses, 
with exceptions in some seasons and in some districts where 
losses can be extremely high. Pigs, dogs (including dingoes) and 
foxes can be responsible for primary predation. Although losses 
of lambs to predators are low, there is a substantial variation 
between properties and the impact of predation can be high in 
some cases. Variation between farms is likely to be ascribed to 
differences in husbandry practices (outdoor/indoor lambing), 
flock size, environmental conditions, stocking density and 
management systems (Moberly et al., 2003). With the advent of 
ultrasound and the realisation that more lambs often ’disappear’ in 
Merino flocks than was previously thought, the role of predators 
and especially of foxes needs to be re-evaluated.
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Diagnosis of pregnancy and of litter size

Early pregnancy diagnosis is a useful management tool as it 
allows separation of the sheep flock into pregnant and barren 
ewes allowing better control of management and improved 
nutrition for the pregnant animals (Table 10.6). Pregnancy testing 
in sheep flocks is a vital tool to investigate reproductive problems. 
Depending on the stage at which pregnancy diagnosis is carried 
out, the techniques enable a clear separation between problems 
associated with joining (pre natal wastage) and perinatal lamb 
loss. The techniques may also facilitate the identification of foetal 
loss in mid late pregnancy in flocks where abortion is a significant 
problem. Pregnancy testing represents an important management 
tool that allows producers to separate multiple bearing ewes 
from single bearing and non-pregnant ewes.  The identification 
and subsequent separation of ewes in different groups will allow 
differential management which can result in a more efficient use 
of feed and, potentially, in a higher survival rate of twin-born 
lambs (Table 10.6).

Table 10.6. Advantages and disadvantages of pregnancy 
diagnosis in sheep. 

Benefits of pregnancy scanning Disadvantages of pregnancy 
scanning

More precise flock and lambing 
paddock management

More mobs to manage and 
stress of extra handling in 
some seasons

More targeted use of feed 
supplements when economically 
justified or allocation of dry, single 
bearing and twin bearing ewes to 
appropriate feed resources

More labour intensive when 
scanning and managing for 
multiple births

Targeted management (more shelter 
and privacy) of twin bearing ewes to 
protected paddocks to improve lamb 
survival

Potential for mismothering 
when twinning mobs are run 
together under high stocking 
rates at lambing

Non-pregnant ewes can be run as dry 
sheep for wool production or culled 
and sold if feed resources are limited

Late lambing mob to manage 
where dry ewes are rejoined 
and the normal breeding 
cycle on the farm is disrupted

Basis for careful fodder budgeting and 
forward planning of pasture utilisation 
to achieve high reproduction rates 
and/or target markets

Potentially an additional 
and unnecessary cost in low 
twinning flocks

Likely to be most cost effective in 
drought years or when ewes are 
mated at low condition score and 
maidens at low body weight

More precise management 
required and this may 
compete with other farm 
operations

Twins can be managed with better 
pasture in lambing mobs with a high 
proportion of twins. They can be 
run in protected paddocks or where 
twins are separated there could be a 
saving in supplementary feed costs

Opportunity cost of scanning 
and extra labour

May identify where reproductive 
losses are in the breeding cycle

Source: AWI and MLA (2008).

There are many potential methods for diagnosing pregnancy 
and litter size. Traditionally pregnancy diagnosis relied on one 
of the following techniques: abdominal ballottement, visual 
assessment of udder development (Watt et al., 1984), radiography, 
recta-abdominal palpation, teasing for behavioural characteristics 
of oestrus with harnessed vasectomised rams (Watt et al., 1984), 
serum steroid assays (Rawlings et al., 1983), assay of pregnancy-
specific proteins (Haugejorden et al., 2006; Karen et al., 2003), 
cytological examination of vaginal smears (Sotto et al., 1983) or 
vaginal biopsies (Richardson, 1972), and manual palpation of 
the uterus via laparotomy (Lamond, 1963). The rosette inhibition 
test may be used to determine early pregnancy in sheep and to 
detect embryo mortality within 24 hours of death (Evison et al., 
1977) but it is too complex for field conditions. Progesterone 
(P4) assay at Days 16–18 after mating is recommended as an 
early pregnancy test with high (88–100%) sensitivity. However, 
the specificity of the test for non-pregnant ewes is highly 
variable (60–100%) (McPhee and Tiberghien, 1987; Susmel and 
Piasentier, 1992). Most these techniques are unpractical because 
they inaccurate or accurate only within few weeks of lambing, 
or too expensive, slow or dangerous; or cannot be applicable on 
commercial farms. For pregnancy diagnosis, ram harnesses or 
ultrasound devices are usually employed commercially.

Ram harnesses

Ram harnesses and crayons are sometimes employed to diagnose 
pregnancy. Although, this technique cannot identify multiple 
bearing ewes from single bearing ewes, there are occasions when 
it is useful to identify non-pregnant ewes and remove them from 
the breeding flock. When crayons are used during joining the 
accuracy of detection of pregnant ewes should be high. However, 
the accuracy of detection of non pregnant ewes is highly variable 
and commonly low, since marked ewes are not necessarily 
pregnant. The use of crayons after joining can provide the basis 
of a relatively inexpensive pregnancy diagnosis system. In this 
case harnessed vasectomized rams or androgen treated wethers 
are run with the flock for 20 30 days immediately after the end 
of joining. If joining ends at the end of summer-autumn the non 
pregnant ewes should be cycling and will be marked. However, 
if joining ends during the non breeding season this technique is 
not useful, since the non pregnant ewes in the flock are probably 
in anoestrus. For a more detailed description of the use of ram 
harnesses and crayon see Chapter 9.

Ultrasound pregnancy diagnosis

The diagnosis of both pregnancy and ewes bearing multiples is 
carried out by real-time ultrasound. This technique enables rapid 
and reliable diagnoses. Both linear and sector scanners can be 
suitable. Probes are usually applied externally to the abdominal 
wall, but rectal probes may be used. High accuracies and 
reasonable speed are achieved only with considerable experience. 
Ewes can be examined either standing or turned onto their backs 
and using virtually any sheep handling system.
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The main commercial system used today is transabdominal 
real-time ultrasound. There are two main types of probe used: 
sector and linear. The main advantage of linear scanners is that 
there is a wide field of view in the near field, so they are ideal for 
imaging very superficial structures. They are preferable, therefore, 
for rectal evaluation of the reproductive tract (Barr, 1992). The 
major disadvantage of linear scanners is that they require a 
relatively large contact area between skin and transducer. Sector 
scanners require only a small area of contact between the skin 
and transducer, so they can be very small and, consequently, are 
easily manoeuvrable. The major disadvantage of sector scanners 
is that there is only a very restricted field of view in the near 
field which can make it difficult to determine the anatomical 
relationship of superficial structures (Barr, 1992).

Real-time ultrasonography is an accurate method that can 
easily be used on the farm. Between Days 40 and 90 of gestation 
transabdominal scanning accurately determines the presence of a 
pregnancy and the number of the foetuses present in utero (Fowler 
and Wilkins, 1984; White et al., 1984). Ewes can be examined 
either standing or turned onto their backs and using virtually any 
sheep handling system. In some breeds, but not the Merino, this 
technique requires the ventral part of the abdomen to be shaved, 
which may be time-consuming and laborious in large-scale 
farms. Similarly, transabdominal ultrasonography can provide 
accurate pregnancy diagnosis only from Day 40 of gestation 
(Fowler and Wilkins, 1984). High accuracies and reasonable 
speed are achieved only with considerable experience. Accuracy 
will depend on the apparatus used, the skill of the operator and 
the stage of pregnancy. Accuracy is defined as number of ewes 
correctly diagnosed pregnant / number of ewes actually pregnant 
x 100. As a non-pregnancy test transabdominal ultrasound is 
extremely accurate. As a pregnancy test it should become 99% 
accurate by about day 55, but the diagnosis of multiples takes 
considerably more skill and accuracy peaks after day 55 at around 
90%. In practice, commercial operators prefer to test ewe flocks 
about 12 weeks after the commencement of joining (i.e. with an 
autumn joining, when most ewes are about 65-85 days pregnant). 
Diagnosis later than this remains accurate, but is less valuable, 
since less use can be made of the information obtained.

Transrectal ultrasonography offers several advantages 
over other methods used for pregnancy diagnosis in sheep. 
These include an earlier time of pregnancy diagnosis, earlier 
determination of conceptus number, embryo/foetus viability, the 
estimation of embryo/foetus age, and reduction of misdiagnosis 
(Romano and Christians, 2008). During real-time transrectal 
scanning, early pregnancy can be recognized already at Days 
17–19 by the presence of anechoic fluid in the uterus (García 
et al., 1993), while the embryo proper and placentomes can be 
visualized on Days 26–28 of gestation (Buckrell et al., 1986). 
However, the accuracy of transrectal scanning for the detection of 
pregnancy between Days 17 and 50 varies greatly (Buckrell et al., 
1986; García et al., 1993; Gearhart et al., 1988). The age and the 
breed of the ewes and the experience of the operator are among 
the main factors responsible for these variable results (Buckrell, 
1988). Before Day 25 of gestation it may be difficult to identify 
the conceptus by a linear transducer, especially when large-sized, 
mature ewes are scanned under field conditions (Karen et al., 

2004). Fasting ewes for 12 h prior to scanning and lifting up their 
abdomen while conducting the scanning significantly improve 
the accuracy of the transrectal ultrasonography for detecting early 
pregnancy (Karen et al., 2004). The speed, ease, and accuracy of 
transrectal ultrasonography make it an attractive option for early 
pregnancy detection. However, even though it can detect ovine 
embryonic vesicles as early as Days 17–19 after breeding (García 
et al., 1993),  the technique has a very low sensitivity (12%) 
before Day 25 of gestation (Gearhart et al., 1988), increasing to 
85% only at Days 32–34 of gestation (García et al., 1993).

Pregnancy-associated glycoproteins (PAG) are detectable in 
the maternal blood around the time of definitive attachment of 
the foetal placenta when the trophoblastic binucleate cells start to 
migrate and fuse to the endometrial cells forming the fetomaternal 
syncytium (Zoli et al., 1990). Therefore these glycoproteins 
are good indicators of both pregnancy and foeto-placental well 
being. By using heterologous radioimmunoassay, ovine PAG can 
be detected in the blood of pregnant ewes around Day 20 after 
mating (Ranilla et al., 1997). The sensitivity and the specificity of 
PAG tests at Day 22 are high (93.5 and 100%, respectively). The 
PAG-RIA test also seems to have significantly higher specificity 
for diagnosing non-pregnant ewes than the P4 test (Karen et al., 
2003). The advantage of the PAG test over the P4 test is that it 
can differentiate between pregnancy and prolonged inter-oestrus 
intervals. Another advantage of the PAG test is that it requires a 
single plasma sample for early pregnancy diagnosis. Recently, 
a rapid PAG enzyme-linked immunosorbent assay (ELISA) has 
been developed in dairy and beef cattle (Green et al., 2009). This 
rapid PAG ELISA is highly sensitive and specific for pregnancy 
detection in dairy and beef cattle. Considering that results can 
be yielded within two hours and do not require any specialized 
laboratory equipment, it is reasonable to assume that a similar 
test will be developed in sheep for commercial applications. The 
potential use of the PAG test in a modified kit form will enable 
sheep producers to apply the test in the field, thus overcoming lab 
expenses, the radioactivity hazard of using the RIA method and 
delays in obtaining test results (Karen et al., 2003).

Identifying the causes of reproductive 
wastage 

In New Zealand the average lamb marking percentage from 
the predominantly Romney flocks is 118 %, while in Australia 
the lamb marking percentage from Merino sheep is only 79%. 
Producers often do not know why these figures are so low. Losses 
of lambs from ovulation to weaning may occur at various stages 
of the reproductive cycle, and though losses may be small at each 
stage, on a cumulative basis substantial wastage can occur. In 
addition, the stage of loss may vary between flocks within farms, 
and between farms and regions (Kleemann and Walker, 2005b). 
Sheep reproductive problems vary not only according to different 
regions, and thus environmental conditions, but also between 
breeds. Reproductive wastage in Merino sheep can be as high 
as 42.4% in Southern Australia flocks (Kleemann and Walker, 
2005b). This compares with 44% observed in Western Australian 
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Lamb present at birth

Lamb absent at birth

Dying before 7 days

Dying after 7 days

Various causes of perinatal death

Various causes of postnatal death

Present at pregnancy testing

Absent at pregnancy testing

Rams sound

Ram not sound

Rams normal

Ewes mated

Ewes not mated

Rams not normal

Ewe infertility

Ram infertility

Ewes anoestrus
Not enough rams

Ram failure
to mate

Abortion

Figure 10.11. The categorisation of reproductive wastage investigations should aim first to identify the general area in which 
reproduction is failing. Source: Abbott and Maxwell, 2002.

Merino flocks (Knight et al., 1975; Lindsay et al., 1975) and 34% 
obtained for New Zealand Romney, Coopworth and Perendale 
flock on the North Island (Knight, 1990) and 25% recorded for 
those on the South Island (Kelly and Johnstone, 1982). 

The identification of the principal causes of reproductive 
wastage is not easy, and requires detailed and thorough 
investigations. Reproductive efficiency can be improved by 
increasing ovulation rate through genetic selection (Chapter 
8) or through changes in husbandry techniques (nutritional 
flushing; see Chapters 9 and 14), however, lamb marking 
percentages haven not improved significantly in Australia 
(Chapter 9) indicating that the reproductive performance are 
not satisfactory and therefore can be significantly increased. To 
achieve high reproductive rates it is necessary to establish if a 
reproductive problem is really present and then the causes of low 
reproductive performances can be investigated. The investigation 
of reproductive wastage is complex as reproductive losses can 
occur at different stages of the reproductive cycle; furthermore 
its causes are numerous and multifaceted. In order to establish 
if producers have a reproductive wastage problem, satisfactory 
levels of flock reproductive performance must be established 
(Chapter 9). Because of the widely differing nature of sheep 
husbandry techniques adopted in Australia and worldwide, 
it is important to consider that individual flocks vary widely 
in their reproductive performances and thus each flock has its 
own individual problems which necessitate individual attention. 
To plan investigation of reproductive wastage initial history 
collection and on-farm investigation can indicate the stage of the 
reproductive cycle where losses have occurred as this will allow 
the preparation of a list of preferred steps for the investigation. 
An outline of reproductive wastage in a flock is given in Figure 
10.11.

Ram joining percentages and lamb marking percentages per 
paddock can provide reliable information while bodyweights and 
pregnancy testing results are often not available at the beginning 
of the history collection. On-farm investigations contemplate 
pre-joining examination of rams and ewes, nutrition assessment 
at joining, the use of harnesses on rams, pregnancy testing, 
estimating lamb losses with the ‘wet and dry’ technique. The 
reproductive characteristics of rams and ewes and the effect of 
nutritional status on sheep reproductive performances have been 
discussed in Chapter 9. The use of harnesses and ultrasound 
pregnancy diagnosis has been presented in the previous section 
of this Chapter. The use of the wet and dry’ technique to assess 
lamb losses is going to be discussed in the following paragraph. 
This method allows survival of singles and twins to be measured 
between tail docking and weaning (Kleemann and Walker, 
2005b).

’Wet and drying’

In Merino flocks with relatively few twinning ewes, this 
method can provide reasonably accurate estimates. ’Wet and 
drying’ of ewes at lamb marking is a procedure that relies on 
the size and appearance of the udder and teats, the nature of 
udder secretions, the contamination of the posterior surface 
of the udder and hocks with dried discharges associated with 
parturition (presence of ’lambing stain’) and to some extent on 
body and fleece condition (Kelly, 1992). According to these 
criteria, ewes are classified as:  ewes that have lambed and lost 
their lamb/s (cold udders with little development, teats will be 
developed but dirty, staining will be evident, body condition 
score may be poor or good depending on when the lamb was 
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lost, when teats are squeezed they will excrete a watery, pale 
liquid, if the lamb has just been lost the liquid will resemble 
watery milk; Figure 10.12), lambed ewes (enlarged udders, 
‘lambing stain’ and poorer fleeces and condition; Figure 10.13),  
dry ewes (dirty teats, no udder development or ‘lambing stain’ 
and usually better condition and fleeces; Figure 10.14). This 
technique allow producers to identify non-performing ewes 
that can be moved into another paddock or culled and provides 
important information about differences in reproductive 
performances between paddocks (variations in shade, watering 
points, predators) and age groups. However, there are some 
limitations to this technique as it must be done within 6-8 
weeks of lambing; the estimate of lamb losses is minimal as 
this technique cannot discern if one or all of multiples die 
and it can be biased by cross mothering; ewes which failed to 
establish pregnancy and those which became pregnant but then 
aborted cannot be identified with this technique.

(A)

(B)

Figure 10.12. A: Ewe that has lambed but has recently lost her 
lamb (Note the udder enlargement and the dirty teats, indicating 
that they were not being suckled); B: Ewe that has lambed but 
has lost her lamb (Note the absence of udder development, but 
staining below the vulva with birth fluids indicating that the ewe 
had recently lambed). Source: P. Windsor.

An alternative on-farm method of determining the number 
of lambs born involves counting dead lambs in the field and 
recording the number of lambs present at tail docking. This 
method allows detection of 9 - 10% of the lambs that may be 

undetected via ultrasound (Smith et al., 1988; Kleemann and 
Walker, 2005b). The survival of single and twin lambs can 
be determined using the marked udder method (Davis et al., 
1981). The method involves drafting the lambs from the ewes 
and spreading branding fluid over the udder (particularly 
the anterior portion) of each ewe in a group. After painting, 
the ewes are released back to the paddock, preferably to a 
small holding paddock close to the yards. The lambs are 
then released to the painted ewes overnight. The next day 
the lambs are examined individually and tagged according to 
group as identified by their head colour.

Figure 10.13. Wet ewe rearing one or more lambs. Source: 
P. Windsor.

Figure 10.14. Dry ewe, did not lamb (note no birth stain and 
absence of udder development). Source:  P. Windsor.

In Southern Australia the major source of reproductive 
wastage (55.6% of total reproductive loss) was loss at lambing 
(Kleemann and Walker, 2005b). In Western Australian flocks, 
ewes mating but not lambing was the most important source 
of wastage (44.8%), while partial failure of multiple ovulation 
(PFMO) was the main problem observed in the New Zealand 
studies (38.0%, North Island, 47.5% South Island). In South 
Australia, loss at lambing was mainly due to mortality of 
twins (Kleemann and Walker, 2005b). Lamb deaths were the 
second largest source of loss in both the Western Australian 
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and the New Zealand studies, but the contribution of single 
and twin lamb mortality to loss at lambing in these studies is 
unknown. When accurate assessment of prolificacy in a large 
number of commercial Australian Merino flocks was done 
through employment of ultrasound examination, a moderate 
incidence of twinning (28% of pregnant ewes) and high twin 
mortality (30–40%) were observed (Kelly and Croker, 1990, 
Kelly, 1992; Kilgour, 1992). Similar results were recorded in 
the study done by Kleemann and Walker (2005b) with 27% 
of pregnant ewes bearing twins and 44% mortality of twins. It 
is clear that lamb wastage, particularly from twins, is a large 
problem in Australia.

Partial failure in multiple ovulations (PFMO)

Another major source of reproductive wastage is partial 
failure in multiple ovulations (PFMO). In this case ewes 
lamb but produce fewer lambs than indicated from their 
ovulation rate. PFMO occurs predominantly in ewes with twin 
ovulations and, to a lesser extent ewes mating but not pregnant 
(Kleemann and Walker, 2005b). This seems to be a key 
problem in flocks in New Zealand (Kelly, 1982, 1984) and will 
become increasingly important in Australia as improvements 
in ovulation rate are generated through new management 
practices and genetic manipulation. PMFO it is also influenced 
by the progesterone environment during the early days of the 
oestrous cycle: reduced embryo mortality has been associated 
with progesterone supplementation given before day 12 
(Kleemann et al., 1991). However these treatments cannot 
presently be recommended on farms. High nutrition given 
before and during early gestation has also been implicated in 
increasing PMFO and embryo mortality (Brien et al., 1977; 
Lassoued et al., 2004; Smith et al., 1983). It seems that PFMO 
is a physiological adaptation, rather than a problem, as the 
uterus has mechanisms to reduce the number of embryos 
to match uterine capacity. However, since the uterus in the 
Booroola Merino ewe seems quite capable of supporting the 
development of up to five foetuses (Meyer et al., 1994), this 
explanation is not very convincing. There is evidence that the 
‘all-or-none’ hypothesis on fertilization (Restall et al., 1976) 
is not correct when ewes have more than two ovulations. In a 
number of sheep breeds high rates of incomplete fertilization 
(one of the recovered ova was cleaved, the other not) were 
found, depending on ovulation rates in naturally ovulating 
or stimulated ewes, in mating as well as in insemination 
procedures (Michels et al., 1998a). This means that embryo 
and foetal survival cannot simply be based on the difference 
between ovulation rate and the number of living embryos or 
foetuses at later times throughout pregnancy, or the number of 
lambs per ewe lambing. 

Embryonic losses can be accurately determined by 
examining the ewes’ reproductive tract by means of real-time 
ultrasound (see page 33), however, embryo mortality cannot 
be distinguished from failure of fertilization with real-time 
ultrasound. 

Nutrient requirements for pregnancy, 
lambing and early lactation 

Pasture seasonality will determine the availability of nutrients 
for pregnancy, lambing and early lactation. This will then 
influence flock reproductive and lactation performance as well 
as the reproductive capacity of future generations. To maximize 
reproductive efficiency the producer must seek to match the 
reproductive cycle of the ewe to the nutrient availability from 
pasture, which may be quite variable between years (Chapters 
14 and 18). The physiological and endocrine status of the ewe 
influences her ability to utilise nutrients, either ingested or 
stored within her tissues, while her nutritional history during 
adolescence may have a permanent effect on her pelvic size, 
body composition and metabolic disease susceptibility. 

Nutrition and the reproductive cycle 

The availability of nutrition during the reproductive cycle is the 
key determinant of reproductive performance. The influence of 
plane of nutrition and body weight on ovulation rate and ewe 
fertility is well known (Abecia et al., 2006) as is the capacity 
to manipulate these in order to increase conception rates. The 
major challenge for sheep producers is to consistently provide 
an appropriate level of nutrition throughout pregnancy in order 
to avoid situations of under- or overfeeding and to provide a 
constant pre-natal environment. The ewe’s major period of high 
nutritional demand is late pregnancy and early lactation when 
rapid development of the foetus requires substantial quantities 
of energy-yielding nutrients, essential amino acids, minerals 
and micro-nutrients, which must be derived from the maternal 
circulation. This also applies to the development of the udder 
and the provision of milk for the lamb. These requirements are in 
addition to those required for the ewe’s own maintenance needs. 
The ewe is able to respond to this increased nutritional demand 
by eating more, mobilising nutrients stored in maternal tissue or 
improving the efficiency of digestion or utilisation of nutrients 
by tissues. These changes are induced, in part, by her changing 
endocrine status. 

The nutritional requirements of pregnant and parturient 
ewes are reviewed in Chapters 13 and 14. Any change in 
nutritional status will have an impact on the development of the 
foetus as well as the placenta and effect post-natal viability and 
productivity. A severe restriction in available nutrition for the 
ewe may result in compensatory maternal, placental and foetal 
adaptations that often result in offspring survival at the expense 
of normal foetal development (Quigley et al., 2008). These 
changes in foetal development are due to partitioning of nutrients 
to maintain essential organs such as the brain whilst areas such 
as muscle development and growth, wool follicle formation, 
fat deposition and development of the gastrointestinal tract are 
impeded (Quigley et al., 2008).

The foetus and neonatal ruminant relies on glucose both as 
a primary energy source and for the synthesis of new tissues. In 
the pregnant ewe, both ruminal propionate production and the 
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efficiency of gluconeogenesis increase and, with the increased 
feed intake, help to maintain blood glucose levels in the dam and 
glucose transfer across the placenta to the foetus (Figure 10.15). 
The transportation of maternal glucose to the foetus is dependent 
on the maternal-foetal transplacental glucose concentration 
gradient as well as the number and activity of the associated 
transporters (Luther et al., 2007). Undernourishment of the ewe 
during late gestation will decrease glucose supply to the foetus 
at a time when requirements for body development and growth 
are highest.  

The dotted horizontal line in Figure 10.15b indicates 
the period of severe underfeeding. The striking rapidity and 
magnitude of foetal response shows that the rate of mobilisation 
of maternal reserves of growth substrates is substantially less 
than foetal requirements and emphasise the importance of 
ensuring a continuous supply of good-quality feeding during late 
pregnancy.

In late pregnancy the mobilisation of lipid or fat reserves 
provides additional energy-yielding nutrients for the foetus and 
raises the levels of free fatty acids in maternal plasma, but with 
little transfer across the placenta. A proportion of free fatty acid 
is metabolised in the ewe’s liver to form ketone bodies that her 
muscle cells and central nervous system can utilise (Campbell, 
1983). However, the sheep is particularly vulnerable to ketosis 
or pregnancy toxaemia resulting from high ketone levels and 
hypoglycaemia. 

Amino acids are actively transported across the placenta 
against a concentration gradient. They are utilised by the foetus 
for protein synthesis and tissue growth but are also oxidised as 
an energy source, particularly in underfed ewes where the supply 
of glucose to the foetus is limited. Until the last 3 weeks of 
pregnancy, a ewe usually obtains sufficient dietary protein if her 
metabolisable energy requirements are met (Chapter 13).

During the last few weeks of pregnancy, especially in ewes 
bearing multiples, dietary and microbial protein are unlikely to 
provide sufficient protein to support foetal growth and udder 
development. This net deficiency is due to the mobilisation of 

amino acids from her tissues and the resulting loss of ‘maternal 
(conceptus-free) body’ weight. Thus, the net effects of this on 
production depend not only on the extent and duration of the 
gap between intake and requirements, but also on the previous 
nutritional history and consequent body reserves, and on 
future demands. It is generally not practicable to prevent the 
mobilisation of maternal tissues in late pregnancy. Rather, ewes 
should be managed before and during mating as well as earlier in 
pregnancy so that they have reasonable body reserves when they 
become more vulnerable later in pregnancy. 

Although glucose is the primary energy source of the foetus 
and neonate, elevated plasma fructose concentrations in lambs 
while in utero and immediately following parturition provide an 
important initial energy source (Stafford et al., 2007). However, 
this is quickly utilised in the process of the lamb seeking to suckle. 
Once colostrum is ingested the plasma glucose concentrations 
increase and then stabilise in the newborn to increase its chances 
of survival. 

Effects of under-nutrition 

Ewes that are underfed at conception or lose excessive amounts of 
body fat during gestation are more likely to produce lambs of low 
birth weight (Dwyer, 2008). Light weight lambs, particularly of 
multiple litters, have a higher incidence of deaths from exposure 
and starvation than heavy lambs due to low vigour and their 
predisposition to hypothermia (Dwyer et al., 2003). These lambs 
have little energy stored as brown fat reserves and are unable to 
maintain suckling drive (Everett-Hincks et al., 2005; Stafford et 
al., 2007). This is especially true for lambs from multiple bearing 
ewes that were underfed in the last 4-6 weeks prior to lambing 
(Everett-Hincks et al., 2005).

It is important to remember a ewe’s appetite and capacity to 
consume food during late pregnancy is reduced particularly for 
ewes bearing twins. If the diet is not of high nutritive value and the 
underfed ewe does not have adequate fat reserves during the last 

Figure 10.15. Examples of foetal growth patterns and changes in the maternal plasma concentrations of glucose in: a) well-fed 
ewes, and b) severely underfed ewes between 112 and 142 days of gestation. Source: Mellor (1983).
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Figure 10.16. Desirable fat score ranges for Merino ewes during the breeding cycle. Source: AWI (2008).

month of gestation, she will have low plasma glucose which 
can limit milk production and lactose synthesis (Banchero et 
al., 2006). 

A further consequence of severe under nourishment during 
pregnancy is depressed maternal behaviour (including less 
time licking their lamb after birth and less attachment to lambs) 
which leads to increased lamb mortality in both singles and 
twins (Nowak, 1996; Dwyer, 2008). Supplementation prior to 
lambing improves maternal care of both single and twin lambs, 
as the ewe spends more time at the birth site, increasing single 
lamb survival by 7% and twin survival by 22% (Putu et al., 
1988). Lighter ewes are more inclined to move quickly from 
the birth site in order to graze, leading to increased separation 
and higher mortality rates. Placing ewes on abundant pasture 
will provide an adequate source of food, so that the ewe is less 
likely to move away from the birth site. 

Sub-normal foetal growth and reduced maternal fitness 
are the most important economic consequences of under-
nutrition. Other economically important consequences include 
the occurrence of pregnancy toxaemia (ketosis, twin-lamb 
disease), poorer subsequent reproductive performance and a 
reduction in wool growth.  

Pregnancy toxaemia is a metabolic disorder involving 
glucose and fat metabolism, primarily affecting ewes carrying 
multiple foetuses in the last three weeks of pregnancy. 
There is a long-held belief that this condition is the result 
of an inability to meet the increased glucose demand of the 
developing foetuses. However, there is evidence to suggest 
it results from a shortage of maternal glucose production 
caused by a stress induced disturbance of the maternal glucose 
homeostatic system (Schlumbohm and Harmeyer, 2007). This 
stress is caused by environmental and management-related 
challenges such as bad weather, stock movement or weakness 
due to diseases such as footrot. Although these challenges may 
occur throughout pregnancy, the impact on the ewe is more 
pronounced in late pregnancy.

Sheep with pregnancy toxaemia separate from the flock 
and may exhibit a variety of nervous signs, including apparent 

blindness. They become recumbent in 3 - 4 days and remain 
in a state of deep depression or coma for a further few days 
before dying. At autopsy, affected ewes have fatty, friable 
livers that are usually light brown in appearance. The condition 
usually affects a few ewes each day over a period of several 
weeks.  Previously well-nourished ewes in good condition 
are at risk if there is a short period of reduced feed intake 
associated with a disruption to grazing. Pregnancy toxaemia 
in a small proportion of the flock indicates many other ewes 
are sub-clinical which will contribute to subnormal growth and 
development of their foetuses. This high level of sub-clinical 
disease will often represent a greater economic loss than that 
caused by the clinical disease (Chapter 20). 

A ewe would usually meet the energy demands for foetal 
growth and lactation at a body condition score of 2.5-3.0 (Kelly 
and Lindsay, 1987). However, towards the end of pregnancy 
feed requirements are about 1.5 times that of dry sheep. During 
lactation the feed requirement rises to 2.5-3.0 times that of a 
dry ewe. Hence, if the level of available nutrition becomes 
inadequate, sheep may lose 85% of their subcutaneous fat 
during pregnancy and lactation without supplementary feeding 
(Dwyer et al., 2003). The desirable fat score ranges for Merino 
ewes during the breeding cycle are presented in Figure 10.16.

Under-nutrition of the pregnant and lactating ewe will also 
impact on lifetime reproductive capacity (Rhind, 2004) as well 
as the quality and quantity of wool production (Ferguson et al., 
2004; Chapter 15). Wool production from ewes undernourished 
during the second half of pregnancy may drop by 3-5% in 
terms of annual fleece production (Kelly et al., 2006). Pre-
natal ewes receiving sub-maintenance levels of nutrition 
adversely influences the mean fibre diameter and fleece weight 
of their lambs. This is through permanent reductions to the 
Secondary:Primary (S:P) wool follicle ratio as well as diversion 
of nutrient supply away from wool production during periods 
of compensatory growth (Kelly et al., 2006). Further, the wool 
production of lambs born to and suckling undernourished ewes 
is affected until the animal reaches 2.4 years of age (Kelly et 
al., 2006). 
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Overfeeding 

In some flocks overfeeding can occasionally lead to over-fatness 
and loss of appetite in late pregnancy and to dystocia. Overfeeding 
during the second half of pregnancy in ewes bearing singles leads 
to larger than normal lambs, but if ewes are grossly overfed in 
early and mid pregnancy lamb birth weights may actually 
be smaller than normal. The overfeeding of adolescent ewes 
throughout pregnancy results in impaired placental growth and 
the premature delivery of low-birthweight lambs (Matsuzaki et 
al., 2006). While the resulting lambs display normal vigour and 
levels of brown adipose tissue required for initial survival, there 
may be implications regarding the programming of their longer 
term body composition and metabolic disease susceptibility.  
The feed intake of all ewes should therefore be monitored to 
prevent overfeeding throughout pregnancy. If grazing on pasture, 
monitoring comprises a combination of visual body condition 
scoring and the assessment of pasture quality/quantity and 
associated subjective calculation of intake.

Practical aspects of nutritional management 

The objective of feed management during pregnancy is to ensure 
the ewe provides adequate milk supply soon after birth and 
that the lamb is large and vigorous; increasing survival should 
there be delays in establishing the ewe-lamb bond (Hatcher 
and Atkins, 2008). With seasonal and between-year variations 
in available nutrition influencing fluctuations in ewe body 
weight and condition score (BCS) it is recommended that the 
nutritional status of the flock be monitored throughout pregnancy 
in a random sample of ewes that are identified, weighed and/or 
condition scored at regular intervals. 

A clear nutritional management strategy based on weight 
or BCS targets should start in early pregnancy and be tailored 
to individual flocks to account for differences in breed, age, 
probable litter size and variations in pasture quality. This strategy 
involves adoption of the monitoring approach outlined in the 
overfeeding section.

The provision of adequate nutrition to ewes in late pregnancy 
is a recognised problem in the industry and intensifies under 
drought conditions (Bush et al., 2006). Producers should aim 
to have all ewes displaying a medium condition score (BCS 3) 
by mid pregnancy (Figure 10.14) so fat and light ewes will need 
different feed intakes. Periods of severe under-nutrition, even if 
only very short, should be avoided at any stage of pregnancy. 
Up until mid-pregnancy pasture quantity is more important 
than quality. From then, groups of ewes based on pregnancy 
status, ‘time-to-lambing’ and age of ewe should be fed different 
quantities and quality of pasture (Chapter 15). 

Real-time ultrasound pregnancy diagnosis is an option 
available for the detection of non-pregnant, single- and twin-
bearing ewes early in pregnancy. This allows for the selective 
feeding of pregnant groups later in pregnancy (Everett-Hincks 
et al., 2005). Dystocia and birth stress can be minimised in 
singles and lamb birth weight can be improved in multiples if 
ewes are fed separately (Haughey, 1991). Ultrasound is only 

cost effective if savings in feed, reduced lamb losses and ease of 
flock management at lambing can capitalize on the increase in 
multiple foetuses (Kelly and Lindsay, 1987). If pregnancy rates 
are consistently high amongst all ewe flocks, pregnancy testing 
is not worthwhile. The separation of dry sheep may enable a 
lower stocking rate in the lambing paddock, less drenching and 
vaccinating of dry

 
ewes or crutching. Dry sheep may be sold, run 

as dry sheep or rejoined where early joining is practised.  Another 
advantage of diagnosing ewes carrying multiples is the reduction 
in the incidence of ketosis and perinatal lamb mortality by 
providing ewes bearing multiples with the best feed and shelter 
available. Moreover, the technique can be used to select ewes 
for twinning which is a more accurate and simpler means than 
observing ewes at lambing.

In the absence of ultrasound diagnosis, ewes should be fed 
in late pregnancy according to the expected incidence of twins. 
It is expected the incidence will be higher in good seasons, lower 
in maiden ewes lambing in autumn and much higher in old ewes 
lambing in spring. 

It is common for producers to supplementary feed ewes in 
late pregnancy, especially during drought or if lambing will occur 
before the onset of normal seasonal pasture growth (Nottle et al., 
1998). As colostrum is a major source of energy in the form of 
fat and lactose and is also the only source of immunoglobulins 
and water for the lamb, insufficient colostrum due to poor feed 
can hinder lamb survival (Nowak, 1996). It is suggested multiple 
bearing ewes have less colostrum and early milk output per lamb 
compared to single bearing ewes (Hall et al., 1990).  Thus, early 
colostrum production is important for survival of multiple-born 
lambs. 

To be cost-effective in late pregnancy, supplements must be 
the cheapest ones available that supply those nutrients lacking in 
the pasture (Chapter 14) and fed for the shortest possible time 
(Nottle et al., 1998). Supplementary feeding and/or adjusting 
stocking rate should only be used during late pregnancy to 
maintain or slightly increase ewe liveweights. 

Ewes should not be disturbed during the last month prior 
to lambing. Crutching, vaccinations, drenching and other 
husbandry practices are best carried out 4-5 weeks before 
lambing commences (Chapter 17). If movement and yarding 
are unavoidable, stock should be moved calmly with feed 
supplements and water provided in the yards. 

Lambing management systems 

The extent and major causes of perinatal and ewe losses need 
to be understood for effective management. As discussed earlier 
in this chapter the major determinants of lamb survival rates are 
timing of lambing, optimal birth weight, ease of lambing and 
absence of birth injuries, protection from cold and maximal 
contact between ewe and lambs during the first 12 hours. Even at 
moderate temperatures lambs, particularly small or injured, are 
at risk of death from a combination of wind and rain (Pollard, 
2006).

Despite most lambs being able to survive if given adequate 
obstetrical assistance, warmth and food (Alexander, 1984), the 
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intensity of lambing management, such as manipulation of the 
ewe’s nutritional status, alterations to the physical environment 
and degree of supervision during lambing, on individual farms 
will be influenced by economics and producer attitudes.  

The potential impact of more intensive management on the 
farm feed year and calendar of operations must be considered. 

Level of supervision at lambing 

The level of supervision, varying from none to intensive indoor 
supervision, will depend on the availability of labour, value of 
flock and paddock size and the ease with which paddocks can 
be inspected. Many producers, especially those in pastoral areas 
where flock sizes are large and stocking rates low, provide no 
assistance at lambing, believing it will lead to mismothering. 
It remains unclear if natural selection over many years in these 
circumstances can substantially reduce the number of ewes 
experiencing birth problems. 

The most common level of supervision in Australia involves 
minimal interference with ewes inspected once or twice weekly. 
It is suggested more frequent observations, such as once or 
twice daily, is not advisable under most commercial conditions 
in Australia due to the increased risk of mismothering through 
disturbance and a low probability of observing the majority of 
ewes actually giving birth (Alexander et al., 1993). It is better to 
leave lambing ewes alone under extensive conditions, unless they 
have been made accustomed to the presence of human factors 
such as vehicles, people and dogs.  The exception to this is where 
supplementary feeding is required during drought (Langford et 
al., 2005). 

For circumstances requiring more intensive supervision it is 
suggested ewes be monitored twice daily using small lambing 
paddocks and intensive management designed to bond ewes and 
their lambs (Nowak, 1996). This level of attention is not usually 
provided in extensive commercial sheep flocks in Australia, 
apart from studs and research flocks. It has some applicability 
in intensive prime lamb production but is more common in New 
Zealand, Europe and North America where lambing is usually 
fully supervised and often occurs indoors with intensive hand 
feeding.

Regardless of the frequency of observations, ewes in obvious 
difficulty should be noted so that they can be re-observed 1-2 hours 
later. If it becomes clear that she requires help, the ewe should be 
approached quietly and the position of the lamb within the vagina, 
cervix and uterus determined through physical examination. The 
producer’s hands should first be washed or disposable gloves 
should be used. The examination may be done with the ewe lying 
on her side. Assistance usually involves applying gentle grip to the 
portion of the foetus protruding through either the cervix or vulva 
(where a normal presentation exists) to complete its expulsion 
from the ewe; or attempting to reposition a malpresented foetus 
within the uterus so that delivery can occur by repositioning the 
lamb so that the muzzle and two forelegs are presented or the two 
hind legs and tail are presented in the breech position (in which 
case the foetus is drawn out by the hind legs). At no time should 
undue force be used. It is useful to carry a bottle of vegetable oil 

or liquid paraffin to provide extra lubrication, if necessary. If the 
procedures are carried out too forcefully or without attention to 
cleanliness the ewes will often die from uterine infections due to 
Clostridia spp. or other organisms. Figure 10.17 illustrates some 
abnormal foetal presentations. 

Figure 10.17. Two abnormal presentations of the foetus at 
lambing: a) anterior presentation of the forefeet alone, head 
retained in the uterus by lateral deviation; b) posterior presentation 
with both hindlegs retained (breech presentation).Source: Arthur 
et al. (1982).

This approach primarily saves ewes, as few lambs will survive 
in the absence of further attention or if deserted by the ewe 
(Lee, 1976). Such lambs can usually be saved by fostering 
or bottle feeding, but generally this is not attempted due to 
the expense and labour involved. An advantage of this level 
of interference is that the producer is observing the lambing 
flock regularly and should gain some insight into the major 
cause(s) of lamb losses. The influence of interference on 
the incidence of mismothering and non-bonding is likely to 
increase where there is a higher incidence of twinning and/or 
the ewe is in its first parity (Cloete et al., 2005). 

Maiden ewes are often poor mothers with a stronger 
tendency to desert their lambs than adult ewes. Their maternal 
behaviour is not improved by running maidens with older 
ewes at lambing time. Hence, it is often more convenient 
to lamb maiden ewes separately, since it facilitates their 
increased supervision.

Intensive outdoor shepherding is rare in Australia, except 
on some British-breed studs, but common in many countries. 
Being extremely labour intensive it not only involves frequent 
day and night inspections and giving obstetrical assistance, but 
also includes the isolation of ewes stealing lambs, fostering of 
isolated, unsuckled or surplus (triplet) lambs and the provision 
of heat, cow’s milk or colostrum and perhaps intraperitoneal 
glucose to lambs in difficulty (Chapter 24). 

Drift lambing through a series of small paddocks is seldom 
practised in Australia due to the labour intensity. In this system 
each day’s crop of lambs and new mothers is separated from 
the flock by calmly moving the unlambed ewes on to another 
paddock. After 2-3 days the lambs and ewes can be moved to a 
larger paddock that holds older lambs so that the lambing mob 
may return to an empty paddock in the rotation. The procedure 
assists in identifying individual ewes and lambs but may be costly 
and has no influence on reducing lamb losses. 

It is possible perinatal mortality is correlated with fecundity 
and stocking density at lambing, as mismothering increases 
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disproportionately at stocking densities exceeding 18 ewes/
ha (Haughey, 1991; Kelly and Lindsay, 1987). When stocking 
densities decrease to 15 ewes/ha there is less mismothering, 
especially in the twin bearing ewes (Haughey, 1991). However, 
in more extensive grazing situations lamb survival appears to 
be related to flock size and not stocking density. An optimum 
flock size in these situations is about 400 ewes (Kleemann et al., 
2006). 

Intensive indoor lambing is widely practised in the Northern 
Hemisphere but rarely employed in Australia, with the exception 
of valuable stud animals or where deaths due to exposure are 
common. Ewes are often individually penned in some parts of 
Europe. This system may form part of an intensive breeding 
program that also includes induced parturition, early weaning 
and artificial rearing of lambs. Indoor lambing involves additional 
capital costs and husbandry skills, but can yield excellent 
results. 

In studs or experimental flocks it is sometimes necessary 
to identify the individual lamb soon after birth to establish its 
dam for pedigree purposes or its single/twin status. This often 
increases the incidence of mismothering and lamb mortalities. 
The lambing ewes are inspected each morning and night with 
new lambs caught and tagged. Lambs born as twins may be 
identified with less interference by spraying a permanent solution 
of dye onto them from a distance. Lambs should be caught 
quickly (with a crook) and with the least stress and ewes should 
be well accustomed to the shepherd’s presence. Drift lambing is 
helpful in this regard. At each inspection the flock may be briefly 
restrained in portable fences and yards to facilitate catching. In 
these intensive situations, ewe-lamb bonding can be facilitated 
by erecting temporary hurdles or a 1 metre diameter wire mesh 
fence around the birth site. The barrier should be removed 24-48 
hours after birth (Holst and Marchant, 2002).

In practice, most performance recorded flocks only have 
lambs tagged by sire groups at marking. All sheep within 
Australia require a National Livestock Identification System 
(NLIS) tag that enables individual animals to be identified and 
tracked from property of birth to slaughter (Meat and Livestock 
Australia, 2008).

Alterations to the physical environment 

In Australia, inclement weather is a major factor contributing 
to mortality of newborn lambs and can increase mortality rates 
in Merino sheep by 38-76% (Pollard, 2006). Combinations of 
wind and rain, as well as low temperatures are predisposing 
conditions that cause lamb mortality (Nowak and Poindron, 
2006), particularly in cooler regions, such as the tablelands and 
ranges of New South Wales, in paddocks that are devoid of 
shelter (Donnelly, 1984). Maternal care and postnatal activities, 
especially the search for teats, can be hampered by cold exposure 
with wind speed increasing heat loss and lamb mortality. 

The absence of shelter and mismothering exacerbate the 
problem of heat loss exceeding heat production (hypothermia), 
thus the provision of shelter is an essential strategy in areas with 
inclement weather (Mellor and Stafford, 2004; Nowak, 1996). 

Lambing and shearing dates should avoid temperature 
extremes. Shearing several weeks prior to lambing is widely 
practised to reduce the incidence of cast ewes and facilitate 
suckling. Despite the practical problems, shearing within 3-4 
weeks of lambing improves twin survival, as shorn ewes are 
more inclined to seek and provide shelter (Haughey, 1991; 
Pollard et al., 1999). Moreover, maternal cold stress, induced by 
winter shearing 8 weeks before parturition, can improve lamb 
birthweight and growth rate through increased maternal feed 
intake (Kenyon et al., 2006).  However, shearing ewes shortly 
before lambing commences is potentially hazardous, since 
it may induce ketosis in high-producing ewes, and those in 
poor condition may die from exposure due to wet and/or cold 
conditions off-shears. If ewes are not shorn before lambing it is 
common to crutch at 4-6 weeks before lambing, which is also a 
good time to drench and vaccinate. This may be done to promote 
hygiene, reduce the incidence of fly strike during lambing and 
facilitate suckling by providing clear access to the udder. 

With sheep producers having a greater awareness of the 
benefits of planting trees to prevent wind and water erosion as 
well as promote shade and birdlife, there are increasing options 
available for the provision of well protected lambing paddocks 
The size, aspect, placement and number of watering points, 
distribution and availability of pasture and topography and 
degree of timber or scrub cover may all influence the suitability 
of a lambing paddock (Kleemann et al., 2006). Ewes generally 
camp on the highest part of a paddock and tend to ignore shelter 
unless it is there. Substantial reductions in perinatal losses can be 
achieved using simple fencing to prevent ewes having access to 
high points in the paddock (sheep camps) which were exposed to 
prevailing winds. In trials conducted in shelter-depleted paddocks 
on the Southern Tablelends of NSW a single fence was shown to 
have more benefits than trees or any other form of shelter belt 
(Holst and Marchant, 2002).

The amount and disposition of shelter in the lambing 
paddock, stocking density and the duration of the lambing period 
can all influence the extent of predation losses. Producers may 
implement a coordinated ground baiting program to reduce fox 
predation of lambs (Riethmuller et al., 2005). Flocks producing a 
high proportion of multiples may be best lambed in several small 
paddocks with good feed and several water sources, to minimise 
the chances of permanent separation of lambs from ewes. 

Improving lamb survival by selection 

Regardless of nutrition and lambing management, unacceptable 
perinatal mortality rates of up to 30% continue to occur between 
pregnancy scanning and marking (Everett-Hincks et al., 2005). 
Lamb survival and ewe rearing ability involve a complex 
physiological and behavioural interaction between the lamb and 
ewe. Therefore, a simple single trait genetic approach to improve 
lamb survival remains elusive (Hatcher and Atkins, 2008; Chapter 
8). 

Selection for increased growth, leanness and litter 
size, puts high demands on dams during the pre-weaning 
period (Grandinson, 2005). Fecundity can increase without 
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Figure 10.18. Periods of focus feeding used to control the reproductive process in sheep. Mild undernutrition during the 
“Bloomfield period” can cause premature births in sheep. Overfeeding during the first two weeks after mating can induce 
embryo mortality. To accurately time periods of feeding, mating must be controlled and ultrasound must be used to classify 
the dams based on the age of their foetuses. The survival of the newborn lamb must be maximised by a combination of good 
genetics and good management. Source: adapted from Martin and Kadokawa (2006).

compromising lamb survival if selection pressure is placed 
on the number of lambs weaned per ewe to select behavioural 
adaptations that contribute to increased lamb survival (Cloete and 
Scholtz, 1998; Table 10.7). Selection for this trait has resulted in 
a reduction in lamb mortality and a reduction in the interval from 
standing to suckling (Everett-Hincks et al., 2005). Ewes that are 
selected for rearing ability or lamb survival tend to stay longer on 
their birth sites which facilitate stronger ewe-lamb bonds.

Lamb survival and rearing performance have low heritability 
but a higher repeatability (Everett-Hincks et al., 2005; Haughey, 
1991; Safari et al., 2005; Chapter 8). However, the inherent 
maternal influence on lamb survival, that is the ‘fitness’ of 
the ewe-lamb bond, may be more important than the directly 
inherited genetic components. 

Table 10.7. Postnatal lamb mortality of single- and multiple-
born lambs from ewes with High and Low multiple rearing 
success. 

Postnatal deaths

Multiple rearing success

 High (%) Low (%)

Singles 11 15

Multiples* 25 44

Overall* 20 29

* Signifies a significant difference between High and Low at P<0.01.
Source: Cloete et al. (2005).

There are significant breed and strain differences in maternal 
behavioural traits that will influence the effectiveness of selection. 
With Merino sheep there can be differences in the proportion of 
lambs born and weaned between strains in different environments 
(Table 10.8). Objective selection requires knowledge of the 
genetic relationship between behaviour of the dam, survival 

and growth of the offspring as well as the relationships between 
behaviour and other production traits in the breeding goal (Adams 
and Cronjé, 2003). An improved environment is needed as well 
as better genetics for improved behaviour and production.

Table 10.8. Reproduction rates in fine (F) and Medium (M) 
wool merinos at high, medium and low average annual rainfall 
locations. 

% Lambs 
born

% Lambs 
weaned

Fibre diameter 
(µm)

Rainfall F M F M F M

High (777mm) 78 82 71 76 18.1 20.7

Medium (600mm) 84 85 76 77 17.8 19.3

Low (480mm) 57 65 45 49 18.6 18.6

Source: Adams and Cronjé (2003).

Current and future developments

The quickest way to improve lamb survival is to provide optimum 
nutrition. An increased understanding of the nutritional needs of 
the ewe during all stages of pregnancy will assist in ensuring 
optimal birth weights, survival and growth. This includes the 
effect of energy and protein intake on colostrum production and 
hormone responses of parturient ewes (Holst et al., 2005). The 
relationship between the stress caused by environmental and 
management-related challenges and pregnancy toxaemia should 
also be investigated further as there could be opportunities to 
manipulate maternal glucose production and the maternal 
glucose homeostatic system (Schlumbohm and Harmeyer, 
2007).  In particular, the strategic use of nutritional supplements 
(focus feeding; Figure 10.18) can maximise litter size (ovulation 
rate), reduce embryo losses, program the future productivity of 
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the offspring and maximise postnatal survival and development 
(Martin and Kadokawa, 2006).

A longer term strategy involves genetic selection to improve 
productive and reproductive fitness within flocks. Improvements 
can be achieved through the use of pregnancy information 
to identify and cull ewes with poor maternal rearing ability. 
However, greater gains would be achieved if appropriate 
selection criteria were identified in the first 7 days of a lamb’s 
life that were strongly correlated with lamb survival (Hatcher and 
Atkins, 2008). Due to the complex interaction of physiological 
and behavioural changes in both the ewe and lamb this approach 
will require further development and is a way off yet.

Identification of the optimum level of supervision for various 
management systems, ranging from semi-intensive to extensive, 
in order to minimise mortalities and maximise productive 
efficiency may also assist in addressing the increasing welfare 
concerns associated with high lamb mortality rates. A detailed 
cost-benefit analysis is needed to determine the economic 
viability of increased monitoring in various systems and whether 
they are best commercial practice. 
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Introduction

Good ewe lactation performance is crucial for efficient and 
profitable lamb production, particularly with intensive systems.  
Sufficient milk production by the ewe ensures good lamb survival 
and early growth rate prior to the lamb’s increasing reliance on 
herbage as the rumen develops from around three weeks of age.  
Persistency of milk production enhances lamb growth until 
weaning at 10-14 weeks of age.

This chapter covers methods of measuring milk yield; factors 
influencing the level of production, including genotype of the 
ewe and her lamb(s); nutrition of the ewe during late pregnancy 
and lactation; ability of the lamb(s) to remove milk; and nutrition 
and growth of the lamb, including artificial rearing. 

Udder growth and milk removal

A preliminary period of mammary gland and udder growth 
occurs in ewe lambs up to 20 weeks of age but most development 
occurs when they are in late pregnancy. This is under the 
influence of several hormones, including the steroids oestrogen 
and progesterone (Fulkerson, 1979).   A schematic representation 
of udder growth in relation to the developing placenta and foetus 
is given in Figure 11.1. Rapid growth of the udder during the final 
4-6 weeks of pregnancy underlines the importance of good ewe 
nutrition during this period to ensure an adequate food supply 
for new born lambs. Treacher (1983) reported that severe under-
nutrition during the last third of pregnancy caused small udders 
and delayed the onset of lactation after lambing.  

The commencement of lactation is at parturition, with copious 
milk secretion beginning a few hours later. In sheep, as in other 
mammals, the initial mammary secretion of colostrum is rich in 
antibodies that are important for the development and function 
of the immune system to aid survival. Continuation of lactation 
depends on regular removal of milk from the mammary gland 
by the suckling lamb. Stimulation of the teats by the suckling 
lamb initiates a complex neuro-hormonal reflex causing release 
of oxytocin into the blood-stream (Fulkerson, 1979). Oxytocin 
stimulates contraction of myoepithelial mammary gland cells 
resulting in forceful ejection of milk into the udder cistern for 
the suckling lamb. Visual, olfactory and aural stimuli associated 
with suckling also elicit release of oxytocin. Stressful stimuli and 
the hormone adrenalin inhibits oxytocin and reduces blood flow 
to the mammary gland (Fulkerson, 1979). Consequently milk 
ejection will not occur. 
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gland

5

4

3

2

1

0.4

0
0 30 60 90 120 150

Days pregnant

Figure 11.1  Growth (kg) of the mammary gland, placenta and 
foetus during pregnancy. Source: D. Revell, pers. comm.

Measurement of milk yield

Measurement of milk yield in lactating ewes is necessary for 
nutritional and genetic studies of relationships between milk 
production and lamb growth. Whereas accurate measurement 
of milk yield in dairy animals is simple, it is relatively difficult 
in suckling animals because of interference with normal dam-
offspring relationships. Furthermore with the suckling lamb 
the capacity of the ewe to produce milk may exceed the lamb’s 
requirement or its capacity to consume milk. 

These factors should be considered, along with the objective of 
measuring milk production, before an appropriate measurement 
procedure is chosen (McCance, 1959).  

Four measurement procedures have been developed - 

(1) use of exogenous oxytocin injection to measure the rate 
of milk secretion over a test period with lamb separation 
followed by hand or machine milking (McCance, 1959),

(2) use of the lamb to measure the amount of milk removed by 
weighing before and after suckling (the ‘Plunket’ method) 
following a test period of separation (Robinson et al., 1968), 

(3) measuring lamb water turnover through isotope dilution 
(tritiated water) (Macfarlane et al., 1969),  and 



260   K.G. Geenty

International Sheep and Wool Handbook

(4) using lamb live weight gain as an indirect estimate of milk 
yield.  

Method (1) measures potential milk production uncomplicated 
by lamb appetite or capacity to consume milk while 2-4 relate to 
the amount of milk consumed by the lamb(s).

With methods (1) and (2), which rely on extrapolation from 
test periods of measurement, the following precautions should 
be taken -

substantial error will occur if the measured amount contains •	
quantities of residual or unremoved milk. It is therefore 
important to empty the udder completely or to the same 
extent at the start and end of the test period
the rate of milk secretion during the test period should be •	
similar to that throughout the period over which the estimate 
is to be extrapolated. It is difficult to satisfy this criterion 
completely because milk secretion rate (ml/hour) changes 
throughout lactation. Use of a standardized time of day for 
the test period(s) is the best solution. 
the procedure should not affect the rate of secretion in the •	
short or long term. With suckling animals this criterion is 
probably the most difficult to satisfy as such procedures 
interfere with the normal behaviour of both ewes and lambs 
(Robinson et al., 1968). 

All three methods outlined below require careful and skilful 
handling of animals for reliable and precise estimates of milk 
yield. 

Hand or machine milking after oxytocin injection 

In animals accustomed to either hand or machine milking, let-
down will occur in response to the stimuli (physical, visual, 
aural and olfactory) associated with milking. This allows easy 
measurements of yield during the course of normal milking. On 
the other hand, suckling animals not accustomed to the process 
will not ’let down’ their milk with hand or machine milking 
(Fulkerson, 1979). Restraint and milking are relatively stressful 
and naturally inhibit let-down.

 Administration of oxytocin by injection (subcutaneously, 
intramuscularly or intravenously) will induce milk let-down 
(McCance, 1959). By far the most effective route of administration 
of the hormone is intravenously, which requires skill and care. The 
dose of oxytocin should be sufficiently large to allow effective 
emptying of the udder, and is generally much higher than that 
required to mimic normal physiological levels. With intravenous 
application 5 i.u. is recommended, whereas with subcutaneous or 
intramuscular 10 i.u. is suggested (Geenty, 1980b).

It is essential that the udder is equally evacuated at the start 
and end of the test period and that milking occurs quickly with 
minimal disturbance. 

With the preferred method (McCance, 1959) the ewe is given 
a sterile intravenous injection of 5 i.u. oxytocin in a suitable 
volume (5 ml) of physiological saline and the udder is evacuated 
quickly by hand or machine milking within 1-2 minutes. The 
lamb is separated but kept near the ewe and should not be able 

to suckle. After 4-6 hours, a second intra-venous injection of 
oxytocin (5 i.u.) is given, the ewe is milked quickly and the exact 
time from the previous milking is recorded together with the 
weight of milk. The lamb is then returned to its dam. 

Several potential sources of error exist with this method: 

Separation of ewes and lambs will interfere with normal •	
behaviour, possibly affecting milk secretion rate. It will 
be less stressful if ewes and lambs are trained to accept 
separation. Clearly, this will be easier with penned than 
grazing animals. 
Milk secretion rate may be affected if the test period is too •	
long. In high-producing ewes test periods of 4-6 hours are 
recommended. 
The procedure will not provide reproducible estimates if •	
repeated on consecutive days. Furthermore, it appears that 
frequent use of the procedure may increase milk yields.
Failure to complete milking quickly after injection of oxytocin •	
may cause incomplete removal of milk. Oxytocin has a very 
short half-life of 1-2 minutes in the body (McCance, 1959). 

Since the procedure was first described by McCance (1959), it 
has been widely used (Lloyd Davies, 1963; Corbett, 1968; Joyce 
and Rattray, 1970; Doney et al., 1979; Geenty, 1979).  A  period 
of 4-6 hours separation of lambs from ewes allows reasonably 
consistent estimates of milk yields when extrapolated to a daily 
(24-hour) yield, while causing minimal deficit of milk for lambs. 
When the technique is used carefully at intervals of about a week, 
the normal pattern of lactation is unaffected. 

Lamb weighing 

Normally the suckling lamb stimulates milk let-down and is able 
to efficiently harvest milk from its dam. Measuring pre- and post-
sucking weights gives the weight of milk removed by the lamb. 
If the lambs urinate or defaecate between the two weighings, the 
measure is invalid. 

Lambs are separated from their dams for 4-6 hours, preferably 
in adjacent pens that do not allow them to suckle, and then allowed 
access to ewes until the emptying suckling is complete.  The ewes 
and lambs are then separated for another period of 4-6 hours, the 
exact time of the separation being recorded. Immediately before 
lambs are returned to ewes they are weighed. Once suckling is 
complete, lambs are reweighed to obtain an estimate of milk 
removed. Daily milk yield may then be extrapolated over a 24 
hour period. 

Use of several successive test periods during a particular day 
(Doney et al., 1979) produces more reliable estimates of daily 
milk yield. The more successive periods, the better the estimate 
of daily milk yield. In practice, measurements made over two 
successive periods provide quite good estimates of daily yield.

 The test weighing procedure has several potential sources 
of error. 

It is necessary to ensure that the udder is emptied to the same •	
extent at the start and end of the test period. This requires a 
pre-recording period of about the same interval. 
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Disturbance associated with separation of ewes and lambs •	
may interfere with suckling behaviour, or milk secretion rate. 
Accordingly, it is preferable to train ewes and lambs prior to 
making measurements. 
The procedure measures milk removed by the lamb(s) during •	
suckling and not necessarily the milk secreted by the ewe. 
Young or small lambs may not be able to harvest all the 
milk secreted during the test period, thereby resulting in an 
underestimate of potential milk production. 
The duration of the test period should minimise the stress •	
of separation. It should be short enough to prevent udder 
pressure reducing milk secretion rate, but allow the lamb(s) 
to consume all the milk produced during the test period. A 
period of 4-6 hours is recommended.
Voiding of faeces and/or •	 urine by the lamb(s) between 
successive weighings will result in an underestimate of the 
milk harvested. This problem may be minimised by disturbing 
the lambs shortly before reuniting them with ewes. 

In spite of the above, the procedure has been used widely since 
the beginning of this century (Robinson et al., 1968). In general, 
it provides an underestimate of true milk yield, particularly with 
single lambs in early lactation. If skill and care are exercised the 
errors are small. 

Isotope dilution 

A method for estimating milk yield based on dilution of a marker, 
commonly tritiated water, with water ingested by the suckling 
lamb was first described by MacFarlane et al. (1969).   The 
technique has been used subsequently by Dove and Freer (1979) 
and Geenty et al. (1985).

Ewes and lambs are penned and lambs weighed. Tritiated 
water, diluted in isotonic saline, is injected intramuscularly 
into the lambs at a known dose (approximately 10 ~tCi per kg 
liveweight). Lambs are then separated from their dams for 2 hours 
to allow equilibration of the injection with body water. A blood 
sample is then taken for determination of specific radioactivity 
of tritium in blood (SRA1). Ewes and lambs are reunited and 
left undisturbed (whether in pens or at pasture) for several days 
prior to recapture of lambs to collect a second blood sample for 
determination of specific radio-activity of tritium (SRA2). SRAI 
and SRA2 are used to extrapolate the isotope dilution curve and 
the rate of turnover of water calculated as ml/day (Dove and 
Freer, 1979). 

As liveweight increases, so does the volume of body water. 
Thus, the precision of the measurement of water turnover 
will increase if appropriate correction for liveweight is made, 
otherwise water turnover is underestimated by increasing 
amounts as the time elapsed between measurement of SRA1 and 
SRA2 increases. Once water turnover has been calculated it is 
necessary to know or assume milk composition so adjustments 
can be made to calculate milk intake (Mitchell, 1962). Values for 
this factor clearly vary with the composition of ewe’s milk but, if 
this is not measured, a value of 0.95 may be assumed (Dove and 
Freer, 1979). The procedure may be repeated at approximately 

weekly intervals, to estimate changes in milk yield throughout 
lactation. 

The method has two major advantages over others. It is 
not necessary to ensure uniform emptying of the udder and 
the technique involves minimal interference with ewe-lamb 
behaviour. In spite of this the procedure has two potential sources 
of error. 

The estimate of milk yield is based on measurement of the •	
amount harvested by the lamb and so may not reflect the 
ewe’s potential to secrete milk. 
If lambs consume water from sources other than milk •	
by drinking or in herbage consumed, milk intake will be 
overestimated. 

The technique appears to provide good estimates of milk 
intake and by inference, milk yield, during the first 4-5 weeks 
of lactation. Thereafter, intake of herbage and water renders the 
procedure less useful unless intakes of these other sources of 
water can be measured. 

Measurement of lamb growth 

Between birth and 4-6 weeks of age, growth of lambs is 
dependent mainly on ingested milk. The relationship between 
milk production and lamb live weight gain can be measured 
as conversion efficiency (kg milk/kg gain) or from regression 
relationships between weight gain and milk production.  Treacher 
(1983) reported that a mean efficiency of conversion of milk to 
live weight gain was 6 ±1.4 litres of milk for every one kg of 
liveweight gain. Variations in the efficiency of conversion are 
attributable to varying milk composition, stage of lactation, 
nutrition of ewes and lambs, and number of lambs suckled.  
Correlation coefficients are generally highest during early 
lactation with values ranging from 0.22- 0.76 but are lower later 
in lactation with increasing influence of herbage (Geenty, 1979). 
Therefore milk production of the ewe in early lactation may be 
estimated indirectly from live weight gain of lambs. Although 
not very precise, the estimate will give useful indications of milk 
production.

 
Choice of procedure 

Selection of a procedure for measurement of milk yield will 
be influenced by factors such as the precision required and 
availability of facilities. Evidence suggests that estimates made 
using the oxytocin procedure and test weighing are similar except 
during the first 1-4 weeks of lactation when the oxytocin method 
gives higher estimates (Doney et al., 1979; Geenty and Sykes, 
1986; Figure 11.2).

The isotope-dilution procedure is suitable for measurement 
of milk yield during the first weeks of life prior to consumption 
of significant quantities of herbage. Correction may be made 
for water consumed other than in milk, but this would require 
additional procedures. The major disadvantage of the procedure 
is its reliance on use of isotopes and the need for specialised 
laboratory equipment. 
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Figure 11.2. Comparisons of different techniques for measuring 
ewe milk production including oxytocin (broken lines), lamb 
suckling (dotted lines), and combinations of the two (solid lines). 
Symbols represent high (squares), medium (circles) and low 
(diamonds) levels of nutrition.  Source: adapted from Geenty and 
Sykes (1986).  

Assessment of milk yield from early lamb growth, although 
lacking the precision of the other methods, provides breeders and 
producers with indirect measures of ewe lactation performance. 
Ideally lamb live weights for this purpose should be recorded at 
marking time when lambs are about six weeks old.

Frequency of measurement and calculation of total yield

With methods 1-3 measurements should be more frequent 
during weeks 1-4 of lactation to correspond characteristically 
with increasing, peak, and declining yield during that period.  
Most commonly there have been 2-3 measurements during this 
early part of lactation and then another 2-3 as lactation yield 
declines towards weaning at around 12 weeks.  For each sample 
measurement the precise time is measured to extrapolate yield 
over 24 hours while total lactation yields are normally calculated 
from linear interpolation between each individual measurement.  
Initial and final extrapolation is at the rate of increase or decline 
between the next two nearest measurements.

Lactation performance 

Pattern of production

In well-fed ewes, milk yield generally increases to a peak around 
3-4 weeks after parturition then gradually declines until weaning 
(Figure 11.3). 

This pattern reflects the ability of the lamb(s) to harvest milk 
secreted, rather than the capacity of the ewe to secrete milk, 
particularly during early lactation in ewes rearing single lambs. 

In practical terms, the requirement of the lamb(s) is the most 
important determinant of milk yield, with twin lambs stimulating 
30-50% greater yields. 
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Figure 11.3. Ewe milk yield pattern for three sheep breeds. 
Source: Geenty (1974).

Adequately fed ewes can secrete copious quantities of milk. 
Daily yields in early lactation may exceed 2 l/day in grazing ewes 
rearing single lambs and 3 l/day in ewes rearing twin lambs. 

Many factors influence lactation performance in ewes, 
particularly breed, nutrition and number of lambs reared per 
ewe. 

Nutrition 

Undernutrition prior to parturition or during lactation (Figure 
11.4) will lead to lowered milk yields in ewes rearing either 
single or twin lambs, particularly the latter.  

Figure 11.4. Milk yields measured by the oxytocin method of 
Merino ewes rearing single (circles) or twin (triangles) lambs.  
Ewes were fed to ME requirements until three weeks after 
lambing when they were fed 0.80 (open symbols) or 1.3 (closed 
symbols) of ME requirements. Source: adapted from McDowell 
(1991).
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The nutrient requirements of lactating ewes are discussed 
below and in Chapter 14. 

Nutrition during pregnancy 

Severe under nutrition during late pregnancy prevents normal 
udder development, delays the onset of lactation and reduces 
milk production in lactation. In ewes that maintain or lose 
maternal body weight in late pregnancy, subsequent milk 
yield may also be reduced unless nutrition during lactation is
well above maintenance (Treacher, 1983).  Other studies by 
Wallace (1948), Owen (1957), Peart (1967), Treacher (1970) and 
Geenty and Sykes (1986) have shown varying effects of nutrition 
level during mid-late pregnancy on subsequent milk yield. 

The body condition of ewes at lambing can affect milk 
production. Ewes that are very fat at lambing eat less than 
thinner animals (Cowan et al., 1980). If feed quantity or quality 
is restricted during early lactation, fat ewes are able to mobilise 
body fat reserves and other tissues, thereby compensating in part 
for inadequate nutrition, and can thus produce higher milk yields 
than thinner ewes. On the other hand, if feed quality and quantity 
are adequate to sustain lactation, thinner ewes will eat more than 
fat ewes and differences between their milk yields will be small. 

Effects of nutrition prior to lambing on Merino ewes that 
were fed calculated requirements for metabolisable energy, or 
0.8 or 1.3 times those requirements during the last 6 weeks of 
pregnancy, are shown in Table 11.1. The Merino ewes were fed 
to meet requirements from lambing onwards.

Table 11.1. Pre-lambing nutrition and milk yield.

No. of 
lambs 
Suckling

Feeding level
before 

lambing*

Milk yield (g/day) in week Total  
milk

yield (kg)1 2 3

Single 0.8 1,365 1,389 1,562 30.2

1.0 1,201 1,502 1,679 30.6

1.3 1,558 1,548 1,455 31.9

Twins 0.8 1,724 2,026 1,746 38.5

1.0 2,215 2,002 2,026 43.7

1.3 2,337 1,746 2,429 45.5

* expressed relative to requirements
Source: G.M. Hough, unpubl. data.

Over the first 3 weeks of lactation all ewes were fed at the 
same level using calculated requirements for metabolisable 
energy. Differences between milk yields of ewes rearing 
single lambs were small, compared with large differences in 
those rearing twins, illustrating the importance of the lamb in 
determining milk production of suckling ewes. 

Nutrition during early life 

There are adverse effects of fast growth rates in ewe lambs on 
early mammary gland development. Johnsson et al. (1983) 
found development of secretory tissue in the mammary glands 

was reduced in lambs that grew rapidly from 1-5 months of age 
but was enhanced in lambs fed a high plane of nutrition between 
5-9 months of age.  However it is unlikely this early differential 
development would have significant effects on subsequent 
lactation performance.

Nutrition during lactation

Good pasture production greatly enhances the ewe’s nutrient 
intake and capacity to produce more milk and rear good lambs. 
Varying levels of nutrition during lactation are generally reflected 
directly in variations in milk yield (Peart, 1970; Coop et al., 
1972; Jagusch et al., 1972; Geenty and Sykes, 1986).  Restricted 
nutrition during the first 3-4 weeks of lactation has reduced milk 
production during the period of restriction (Peart, 1970; Jagusch 
et al., 1972) but the effect was less marked in fat compared with 
lean ewes and in those rearing twins (Coop et al., 1972).  Milk 
yield can be restored to normally predicted levels with removal of 
the restriction before the ewes would normally have reached peak 
production. Responses of milk yield to increased nutrition have 
been greatest in ewes underfed during pregnancy and so in lighter 
body condition (Treacher, 1971).  In situations where fat ewes 
have restricted nutrition, utilization of body fat reserves for milk 
production has increased with dietary protein supplementation 
(Robinson et al., 1979; Cowan et al., 1981). Therefore good 
pasture feeding of ewes during lactation is important for high milk 
production but if pasture is limited ewes in fat body condition 
will sustain better production than those in light body condition.

A summary of the effects of different levels of nutrition during 
pregnancy and lactation on milk yields is given in Table 11.2.

Table 11.2.  The influence of nutrition during pregnancy and 
lactation on ewe milk production during the lactation period.

Pregnancy 
level of 
nutrition

Lactation 
level of 
nutrition

Reference Lactation
period (w)

Milk 
yield 
(kg)

High Peart (1967) 10 142

Low 10 124

High Peart (1970) 12 117

Medium 12 122

Low 12 72

High Treacher (1970) 12 59

Medium 12 44

Low 12 27

High 6 63

Medium 6 61

Low 6 49

High Geenty & Sykes (1986) 6 103

Low 6 98

High 6 112

Medium 6 107

Low 6 84

Source: adapted from Peart (1967, 1970), Treacher (1970) and Geenty 
and Sykes (1986).
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Ewe breed

There are considerable differences in milk production between 
breeds (Table 11.3) with larger variation within breeds. 

Table 11.3.  Milk production in different breeds suckling single 
or twin lambs.
Breed Reference Lactation 

period (w)
Milk yield for 
singles (kg)

Increase for 
twins (%)

Suffolk Wallace (1948) 16 108 47
Border L.  
x Cheviot

16 139 67

Romney Barnicoat 
(1949)

12 116 28

Romney Coop & Drew 
(1963)

12 88 45

Border L.x 
Romney

12 130 17

Australian 
Merino

Lloyd Davies 
(1963)

10 66 50

Finnish 
Landrace x
Scottish 
Blackface

Peart et al. 
(1972)

10 134 53

Romney Geenty (1979) 9 99 18
Dorset 9 125 76
Border 
Leicester

Morgan et al. 
(2006)*

14 96

Coopworth 14 92
Finnsheep 14 80
East Fresian 14 129

*Ewes are crosses with medium wool Merinos and represent the 
average of twin and single suckled.  The mean difference between 
single and twin suckled lambs was 27%.
Source: adapted from the references listed in Table 11.3.

A feature in many studies is the large variation in milk production 
among individual ewes within breeds with coefficients of variation 
ranging from 15-25%. This means that the variation between the 
highest and lowest individuals within breeds (e.g. 135 ±30 kg, 
CV of 20%) was generally greater than the differences between 
breed averages.

The incentive to select ewes for high milk production within 
breeds is limited due to the increasing influence of pasture 
consumption to lamb growth from three weeks of age onwards 
(Geenty et al., 1985). 

Number of lambs born and reared

Ewes that bear single lambs have a lower potential to produce milk 
than those bearing multiple lambs due to reduced development of 
mammary tissue during pregnancy. Potential for milk production 
is only realised if ewes rear twin lambs (Figure 11.4). 

Ewes rearing twin lambs usually yield 30-50% more milk 
than ewes rearing single lambs in the same environment (Lloyd 
Davies, 1963; Coop and Drew, 1963; Peart et al., 1972; Geenty, 
1979). Ewes rearing triplets and quadruplets can yield 60- 
100% and 155% more milk, respectively, than ewes rearing 
single lambs (Treacher, 1983). Ewes with twin lambs usually 
produce maximum amounts of milk in the second to third weeks 

of lactation, whereas this occurs in the fourth or fifth week of 
lactation in ewes rearing singles (Figures 11.3 and 11.4).

The poorer persistency of lactation that may occur in ewes 
rearing twins possibly reflects an inability to obtain adequate 
nutrients and/or more rapid depletion of body tissue reserves. 
When fed well they will maintain high milk yields (Figure 
11.4).

A summary of the differences in milk yield between ewes 
suckled by twins or singles is given in Tables 11.3 and 11.4.

Table 11.4.  The difference between single and twin suckled 
ewe milk production in different breeds.

Breed Reference No. of
lambs

suckled

Lactation 
period 
(weeks)

Total 
yield (kg)

Merino Bonsma (1939) 1 12 62

Border L. x 
Merino

1 12 86

Romney x 
Merino

1 12 83

Romney Barnicoat et al 
(1957)

2 12 136

Cheviot x 
Romney

2 12 136

Romney Coop & Drew 
(1963)

2 12 127

Border L. x 
Romney

2 12 153

Romney Scales (1968) 1 12 113

Corriedale 1 12 113

Merino 1 12 109

Finish Landrace Crowley & 
McGloughlan 
(1972)

2 12 87

Suffolk x Finish 
L.

2 12 143

Romney Geenty & 
Jagusch (1974)

2 12 135

Corriedale 2 12 160

Dorset 2 12 188

Romney Geenty (1979) 2 9 117

Romney 1 9 99

Dorset 2 9 220

Dorset 1 9 125

Dorset x 
Romney

1 9 124

Romney x 
Dorset

1 9 135

Various Merino 
crosses

Morgan et al 
(2006).

1 13 92

Various Merino 
crosses

2 14 99

Source: adapted from the references listed in Table 11.4.

Age of ewe

Milk yields increase by 5-40% between the first and third 
lactation, remain relatively constant until the sixth lactation 
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then gradually decline, unless standards of management and 
nutrition are high (Treacher, 1983). 

Disease and udder damage

Lactation is adversely affected by most diseases either 
indirectly by imposing stress or directly by reducing available 
nutrients (Chapter 20).  Where disease control is good the 
major problem is usually mastitis.  Staphylococcus qureus, 
Streptococcus sp. and various species of enterobacteria are the 
causative agents of mastitis (Poutrel, 1983).  The incidence 
of subclinical and clinical mastitis is poorly documented but 
is probably similar in most countries.  For example, Konig 
et aI. (1983) found 1% of ewes in 16 flocks in Holland had 
clinical mastitis. In extreme cases milk production will cease 
and the ewe may die from bacteraemia or toxaemia. Effective 
treatment is difficult and affected ewes should be culled from 
flocks.

Jordan et al. (1984) found physical damage to udders, 
commonly occurring at shearing, resulted in lowered milk 
production, reduced lamb survival and poor growth of lambs. 
Accordingly ewes with damaged udders are best culled from 
flocks.

Sex and breed of lamb

Sex of lamb does not affect milk intake (Stapleton et al., 1980; 
Wohlt et al., 1984) and therefore milk production, even though 
male lambs are usually around 10% heavier at birth. Breed of 
lamb however significantly affects milk production.  Whether 
suckled by Merino or Border Leicester ewes, milk intakes of 
Merino lambs are lower than those of Border Leicester lambs 
(Langlands, 1972). Similarly, during the first 5 weeks of life 
Suffolk x (East Friesland x  Scottish Blackface) crossbred 
lambs consumed more milk than purebred Scottish Blackface 
lambs, when sucking from either purebred or crossbred dams 
(Doney et al., 1981).

Milk composition 

Colostrum

Immediately after lambing colostrum secreted by the 
mammary gland is variable in appearance and viscosity. 
It goes from opaque yellow with very high viscosity to 
a secretion resembling normal milk by day 2. Alexander 
and Davies (1959) found most Corriedale ewes secreted 
an opaque yellow fluid of moderate viscosity or an opaque 
yellow/cream fluid slightly more viscous than normal milk.

The protein content of colostrum is very high at around 
9% (Walker, 1979), consisting of antibodies transferred from 
the blood stream of the ewe and immediately made available 
to the newborn lamb. Some 24-48 hours after parturition the 
secretion of the udder takes on the appearance of normal 
milk.

Breeds

Milk from ewes has higher concentrations of the major 
components of fat, protein and lactose than cows or goats 
(Bencini and Pulina, 1997).The major components vary among 
breeds, with

 
stage of lactation and level of nutrition.  

The average composition of ewes milk of various breeds is 
summarised in Table 11.5.

In a comprehensive review on milk quality Bencini and 
Pulina (1997) found variation among breeds for concentrations of 
protein (5.4% in Welsh Mountain to 7.3% in Comisana) and fat 
(5.3% in New Zealand Romney to 9.1% in Comisana).  It should 
be noted that these breed comparisons, and those shown in Table 
11.5, are from different studies in widely differing environments 
with variations in field and laboratory methodology.

Stage of lactation

During the course of lactation fat levels progressively decline to 
mid lactation then rise during the final weeks, as does protein 

Table 11.5.  Composition (percent) of ewes milk.

Breed Reference Feed Fat Protein Lactose

Corriedale Whiting et al. (1952) 7% protein 7.9 4.4

10% protein 8.5 4.8

Border L. x Cheviot Hadjipieris et al. (1966) Grass cubes (singles) 8.5 5.7 4.8

Grass cubes (twins) 6.5 5.4 4.9

Border L. x Romney Joyce & Rattray (1970) Grass meal & barley meal 7.1 5.8

Romney, Dorset & 
Corriedale

Geenty (1979) Grazing pasture 8.8 4.8 3.7

Dorset Geenty & Sykes (1986) High pasture allowance 6.9 3.9 4.8

Medium pasture allowance 7.8 4.0 5.2

Low pasture allowance 7.9 4.0 5.1

Border Leicester x M Morgan et al. (2006)* Grazing pasture 9.3 3.8 5.9

Coopworth x M      “           “ 9.8 3.7 5.8

Finnsheep x M      “           “ 9.4 3.7 6.0

East Fresian x M      “           “ 8.4 3.9 5.2

* average milk composition at 21 days of lactation in Merino (M) cross ewes
Source: adapted from the references listed in Table 11.5.
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(Barnicoat and Logan, 1949; Corbett, 1968; Scales, 1968; 
Geenty, 1974) while lactose shows a gradual decline from early 
to late lactation (Figure 11.5).

 

Figure 11.5. Milk composition during lactation of three ewe 
breeds. Source: Geenty (1974).

Nutrition

Nutritional influences on milk composition include increased 
protein and fat with increased dietary protein (Whiting et al., 
1952; Cowan et al., 1981) and depression of fat, protein and 
lactose with hay feeding (Hadjipieris et al., 1966).  High grain 
diets have been shown to reduce milk fat content (Oddy, 1978).  
At low levels of feeding with depression of milk yield, fat content 
tends to increase (Barnicoat et al., 1949; Brett et al., 1972; 
Geenty and Sykes, 1986; Bencini and Pulina, 1997).  When 
pasture allowance was restricted in New Zealand, the proportions 
of long-chain fatty acid (particularly C18:1, oleic acid) in the 
milk of Coopworth ewes increased while short-chain fatty acids 
(C:6-C:14, caproic-myristic acids) decreased due to increased 
mobilisation of body fat reserves (Payne and Rattray, 1980). 
They concluded an increase in the C18:1 to C:10 (oleic:capric) 
ratio in milk indicates under nutrition during lactation. 

Short periods (7-9 days) of feed restriction in Border Leicester 
× Merino ewes caused solids-not-fat, including protein content, 
to decrease substantially, and milkfat to remain constant (Figure 
11.6) indicating reduced nutrient supply to lambs during periods 
of restriction.

Ewes fed large amounts of starch or lush fodder have 
high milk yields. The contents of solids-not-fat and protein 
increase, lactose content is normal and milk fat decreases 
(similar to the low-milk-fat syndrome in cows; Walker, 1979). 
These changes can be reproduced by intravenous infusion of 
glucose (Figure 11.7).

 

Figure 11.6. Changes in milk yield and composition in Border 
Leicester × Merino ewes following restricted feed intake of 0.6 
and 0.7 of ME requirements.  Closed circles are milk yield, 
triangles are lactose, squares are milk fat, and circles are milk 
solids. Source: McDowell (1991).

 

Figure 11.7. Effects of continuous intravenous infusion of glucose 
at a rate of 0.30 daily irreversable loss, on milk composition of 
Border Leicester × Merino ewes fed at ME requirements.  Closed 
circles are milk yield, triangles are milk lactose, squares are 
milk fat, and circles are milk solids-not-fat. Source: McDowell 
(1991).
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Body condition 

Ewes that lamb in good body condition are buffered against 
effects on milk composition of inadequate nutrition during 
lactation. Milk yield will be higher for ewes lambing in good 
than poor body condition. Cowan et al. (1980) reported that 
fat content of milk was higher, protein content lower and 
lactose content similar for ewes lambing in good rather than 
poor body condition. 

Number of lambs 

Ewes suckling twin versus single lambs have a higher fat 
content of milk and lower protein content with improved 
nutritive value to lambs (Treacher, 1983). They have a higher 
content of C:10 (capric) and C:12 (lauric) fatty acids and 
an increased ratio of C18:1/C:10 in milk fat as they have 
increased mobilisation of body fat reserves (Payne and 
Rattray, 1980).

Mastitis 

Mastitis reduces the contents of solids-not-fat and lactose 
and increases the content of protein (particularly plasma 
protein). Sodium, chlorine and bicarbonate increase whereas 
milk potassium, iron, calcium and phosphorus decrease with 
mastitis (Konig et al., 1983). 

Nutrient requirements of lactating ewes 

Reported estimates of feed intake by lactating ewes in different 
environments throughout the world are highly variable.  
Accordingly many systems have been developed to describe 
nutrient requirements of ewes.  Systems most commonly 
used in Australia are based on the nutrient requirements of 
sheep developed by the Agricultural Research Council in 
the United Kingdom (Agricultural Research Council, 1980; 
Chapter 14; Freer et al., 2007).

Sheep industry decision support systems in Australia such 
as GRAZPLAN (Freer et al., 1997) have been developed from 
a combination of feed intake studies with lactating ewes and 
requirements from the Agricultural Research Council (1980).  
General industry recommendations in Australia for pregnant 
and lactating Merino ewes are based on an extensive farm 
study called Lifetime Wool (Thompson and Oldham, 2004; 
Behrendt et al., 2006) which recommends maintenance of 
ewe body condition score at around 3.0 during pregnancy and 
lactation.  Body condition score provides a better reflection of 
fat and muscle tissue relating to body fat reserves (Jefferies, 
1961) than live weight which is often confounded with 
frame size.  Differential management of pregnant Merino 
ewes using e-sheep technology to regulate changes in body 
condition score to meet production targets is reported by 
Geenty et al. (2007). 

Feed intake 

Lactating ewes can eat more than comparable non-pregnant and 
non-lactating ewes. Feed intake is affected by body condition of 
the ewe, the stage of lactation, number of lambs being suckled, 
temperature and type of diet. Fat ewes eat less than thinner ewes 
(Cowan et al., 1980; Weston, 1982). Maximum feed intake occurs 
shortly after peak lactation 3-4 weeks following lambing. The 
capacity of the gut is reduced during pregnancy and hypertrophy 
of the gut occurs during early lactation resulting in a gradual 
increase in feed intake. Ewes suckling twins consume more of 
a given diet than ewes suckling single lambs. Ewes subject to 
heat stress consume less feed (particularly roughage) and alter 
grazing behaviour to avoid grazing during the hotter periods of 
the day. Feed intake is greater for good- than poor-quality rations 
(Chapter 14). 

If high-energy supplements are given to ewes the intake 
of roughages decreases but substitution of roughage with 
concentrates usually does not occur on a 1:1 basis.  For example, 
Dove et al. (1984) found average dry matter intakes were 1,113 
g per day for pasture alone and 1,435 g per day (359 g pelleted 
sunflower meal and 1,076 g pasture) for supplemented ewes. 

Predicted dry matter intakes for lactating ewes (Table 11.6) 
need to be adjusted for the factors listed above. 

Requirements for energy 

In lactating ewes, energy is partitioned between body tissues 
and the mammary gland. Factors such as the genetic potential of 
the ewe for milk production, her age, previous nutritional status 
and stage of lactation will affect this and so influence the milk 
production response to dietary energy. 

Nutrient partitioning is further complicated by ewe live 
weight gain or mobilisation of body tissue. Thus, defining the 
energy requirements of the lactating ewe is difficult, especially 
for grazing ewes. Required information includes liveweight and 
liveweight change, level of milk production, energy content of 
grazed pasture and expected intake. 

Estimated energy requirements of lactating ewes are outlined 
in Chapter 14 and by Agricultural Research Council (1980), 
Robinson (1983) and Freer et al. (2007).

An example calculation from Freer et al. (2007) of the energy 
requirement of a mature lactating Merino ewe grazing good 
quality pasture (digestibility of 0.77 and M/D = 11.0), weighing 
50 kg and yielding 1.5 kg milk/day, is as follows:

  
Efficiency of utilization of ME for maintenance (k

m
) = 0.72

Efficiency of utilization of ME for milk production (k
l
) = 0.62

Efficiency of utilization of ME for ewe liveweight gain = 0.60

 
Ewe live weight change = + 7 g/day

Lamb live weight gain = 258 g/day
Dry matter intake = 1.95 kg DM/day
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Metabolisable energy intake – 21.5 MJ ME/day
  

Consisting of:  9.1 MJ ME/day for maintenance
 11.6 MJ ME/day for milk production
 0.8 MJ ME/day for ewe liveweight gain

This above example represents a good level of ewe feeding as 
indicated by a small liveweight gain.  In a situation where ewe 
liveweight loss occurs and body tissues are mobilized for milk 
production, estimates of ME requirements will be reduced 
accordingly as shown in Table 11.7.

Table 11.7. Energy requirements (MJ ME/day) of lactating 
ewes.

Milk yield
(kg/day)

Maintaining
live weight

Losing 0.1 kg
live weight/day

1.00 13.8 11.5

1.50 17.9 15.6

2.00 21.9 19.6

2.50 25.9 23.6

Assuming 1 kg weight loss is equivalent to 28 MJ ME with 
efficiency of 0.84 for milk production. Approximate requirements 
for 40 kg lactating ewes producing milk of average composition 
(6.3% fat,11.5% solids not fat).  Source: adapted from Anon. 
(1975).

Differences in ME requirements for ewes rearing single and 
twin lambs are given in Table 11.8.

Table 11.8. Energy requirements (MJ ME/day) of ewes       
rearing single or twin lambs.

Month 1 Month 2 Month 3

Single 19.3 18.9 15.7

Twin 26.6 23.2 18.0

Approximate requirements for a 50 kg ewe grazing good quality 
pastures. Source: adapted from Anon. (1975).

     
Effects of lactation on digestion 

Digestion of roughages during lactation decreases compared with 
dry sheep. With increased feeding frequency and rumination, the 
rate of clearance of digesta from the rumen and water intake 
increase, causing decreased digestion of organic matter in the 

intestines (Weston, 1979; 1982).  This means lactating ewes 
should be provided with the best quality pastures available, 
particularly during early lactation (Chapter 14). 

Failure to provide feed of sufficient quality during lactation 
will restrict nutrient supply and lead to poor milk production and 
lamb growth. Ewes may also suffer body weight loss and reduced 
wool growth with lower overall economic returns. 

Requirements for protein 

Ruminant animals require 10 essential amino acids, normally 
accompanied by a similar proportion of non essential amino 
acids, in their digesta as they are unable to synthesise these amino 
acids in their bodies. The essential amino acids are required for 
protein synthesis in tissues, antibodies, and milk (Freer et al., 
2007).  Proteins are continuously synthesized and catabolised by 
the animal in response to changing physiological needs (Oddy 
and Sainz, 2002).  See chapters 13 and 14 for more detail.

For a given energy intake there is a minimum dietary 
protein intake below which milk yield decreases, for a given 
level of protein degradability. The minimum ratio of crude 
protein:metabolisable energy intake required increases with milk 
yield. Increasing concentration of dietary protein to a fixed intake 
of ME increases milk production unless the ewe has reached 
potential peak milk yield (Treacher, 1983). 

Diets providing 11 g/day of protein digested in the small 
intestine per MJ ME, e.g. high quality pasture, will support 
production of about 2 kg milk per day, provided the feed intake 
meets energy requirements. For ewes with higher milk yields, 
or those consuming insufficient energy, rations containing higher 
protein concentrations are required (Treacher, 1983). 

As with energy requirements, it is difficult to assess accurately 
the protein requirements of grazing ewes. Milk yields of ewes, 
lamb growth, body condition and live weight change of ewes 
must all be considered to estimate dietary protein requirements. 

Requirements for protein, minerals and vitamins by the 
lactating ewe are discussed in Chapter 14. 

Feed quality and production level

Growth performance of sheep to 3 years of age and their 
reproductive performance and wool growth are influenced by 
feed quality, e.g. a high energy-high protein diet (pasture and 
lupins) (Table 11.9).

Table 11.6.  Predicted feed intake (kg DM/day) of mature Merino lactating ewes grazing good quality pastures (digestibility 
0.75) or hand fed good quality roughage.

Live weight 
(kg)

10 days after lambing 30 days after lambing 60 days after lambing 90 days after lambing

Singles Twins Singles Twins Singles Twins Singles Twins

40 1.26 1.35 1.48 1.62 1.27 1.35 1.09 1.12

50 1.58 1.69 1.84 2.03 1.58 1.69 1.36 1.40

60 1.90 2.02 2.21 2.43 1.90 2.03 1.63 1.68

Source: adapted from Freer et al. (2007).
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Table 11.9. Effects of nutrition of ewes during late pregnancy-
lactation on subsequent performance of ewe lambs.

Ration fed ad lib. in late 
pregnancy and lactation
Hay Pasture + lupins

Weight of lambs (kg)
Birth 3.6 3.6
Weaning (14 weeks) 13.6 22.5*
34 weeks 23.1 29.4*
Puberty 35.0 40.9*
1 year 35.3 41.3*`
2 years 55.1 59.3*
3 years 59.3 32.0*

Age at puberty (weeks) 50.1 45.7*
Ovulation rate (natural)

1 year 1.00 1.21*
2 years 1.47 1.64*
3 years 1.41 1.54*

Clean fleece weight (kg)
1.5 years 2.23 2.39*
2.5 years 2.41 2.49*

 * differences significant
Source: Williams (1984).

    

Nutrition of suckling lambs 

Milk from ewes almost solely nourishes the new born lamb for 
the first 3-4 weeks of life when growth rate of the suckling lamb 
is correlated highly with milk intake. Then the lamb progressively 
consumes increasing quantities of solid foods, including pasture, 
crop or supplements.

Under the most common systems of rearing, lambs are 
weaned at 3-4 months. With continuous access to their dams the 
frequency of lamb suckling will be influenced by number and 
size of lambs, age of lamb, ewe milk production and intake of 
solid food (usually pasture) by the lamb. 

Milk intake 

Milk passes directly to the lamb’s abomasum, by-passing the 
undeveloped rumen via the oesophageal groove (Titchen and 
Newhook, 1975). During the first weeks of life the young lamb 
has a monogastric type of digestion, which results in rapid growth 
provided milk intake is high. The development and physiology of 
the lamb’s gastrointestinal tract are described in Chapter 10.

The demand by lamb(s) for milk normally sets the pattern of 
lactation in the ewe. Birth weight of the lamb has little effect on 
the demand for milk, provided it is within normal limits (Doney, 
1984). However, the number of lambs suckled, breed and strain 
of lamb, and breed of the ewe, influence demand and level of 
milk production. This supply and demand interdependence in 
turn determines lamb growth rates.

With single suckling lambs milk intake gradually increases to 
a peak around weeks 4-6 then gradually declines (Figure 11.4), 
as they commence eating significant quantities of solid food. For 

ewes suckling multiple lambs, their ability to produce milk will 
be the major factor influencing early growth of their lamb(s). 

The significant variation within breeds in the ability of lambs 
to harvest milk may be related to body size and genetic potential 
for growth. There is a linear relation between liveweight gain and 
total food intake, so milk intake strongly influences the lamb’s 
early growth rate (Doney et al., 1984). 

Intake of solid food 

Lambs do not begin to eat significant amounts of solid food until 
around 3- 4 weeks of age, with a difference between twins and 
singles related to milk availability (Figure 11.8).
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Figure 11.8. Transition showing decreasing ewe milk and 
increasing pasture intake by (a) single and (b) twin lambs during 
lactation. Source: adapted from Geenty et al. (1985).

This transition from milk to pasture has been quantified using 
isotope dilution (Macfarlane et al., 1969; Dove and Freer, 
1979; Geenty et al., 1985) with water turnover indicating 
total food intake by lambs and sample milking with oxytocin 
indicating level of milk production.  

As shown in Figure 11.8, twin lambs consume more pasture 
at an early age than singles due to lower availability of milk, with 
around 50% of their energy intake coming from pasture at 6 
weeks of age compared with approximately 22% for singles. 

(a)

(b)
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The transition to solid food intake depends on its 
digestibility. Penning and Gibb (1979) showed that lambs at 
pasture had higher intakes of herbage, of higher quality due 
to grazing selection, than lambs offered cut herbage indoors 
even though herbage and milk were freely available. 

As herbage intake increases, milk intake decreases. Some 
studies have shown high levels of pasture intake do not compensate 
for reduced milk intake in relation to early growth rate of lambs 
(Penning and Gibb, 1979; Doney et al., 1984) as illustrated in 
Table 11.7. However Geenty et al. (1985) concluded that young 
lambs grazing high quality ryegrass-white clover pastures 
successfully substituted pasture for milk to sustain comparable 
growth rates to lambs with higher milk supply (Table 11.10).

Table 11.10.  Lamb water turnover (l/day), milk supply (l/day) 
and liveweight (kg) at 3.5 weeks of age.

Ewe breed Water 
turnover*

Milk supply Live weight#

Romney – singles 2.23 1.69 15.0

Romney – twins 3.52 2.33 12.4

Romney x Dorset – 
singles

2.29 2.02 14.6

Dorset x Romney – 
singles

2.30 1.90 14.6

Dorset – singles 2.20 2.01 15.2

Dorset – twins 4.22 3.67 14.2

* sum of two lambs for twins; # live weights not significantly different.
Source: adapted from Geenty et al. (1985).

Lack of difference in live weights despite apparent milk deficits 
for twin lambs, and Romneys with singles, suggests these lambs 
substituted pasture for milk to achieve similar live weights even 
at this early age.  Comparative slaughter data for these lambs 
indicated significant rumen development at 3.5 weeks of age.

In later lactation both sward characteristics and pasture 
species affect herbage intake and growth by suckling 
lambs (Doney et al., 1984) as does  milk intake from ewes. 
Between weeks 3- 9 of lactation Scottish Blackface x (East
Friesland x Scottish Blackface) single lambs suckling foster East 
Friesland x Scottish Blackface ewes benefited from higher milk 
production than lambs suckling foster Scottish Blackface ewes 
with lower milk yields.   However there is a higher energy cost of 
increased lamb growth from greater ewe milk production (Doney 
et al., 1984) indicating the importance of good quality herbage in 
later lactation.  

Milk yield-lamb growth relationships

Milk production (kg/day) has a higher correlation with lamb 
growth than milk composition (Slen et al., 1963; Moore, 1966) 
with correlations highest during the first six weeks of lactation 
when lambs are most dependent on milk (Ricordeau and 
Boccard, 1961). In pasture grazing experiments, Geenty (1979) 
found correlation coefficients in different ewe breeds ranging 

from 0.22- 0.76 during the first six weeks of lactation and from 
0.17- 0.70 during nine weeks of lactation.

Geenty and Dyson (1986) concluded that lamb liveweight 
gain from birth to six weeks was a moderate indicator of ewe 
milk production under good pasture feeding, with an average 
correlation coefficient of 0.5.  This was because lambs effectively 
utlilised high quality spring pasture to compensate for lack of 
milk.

The efficiency with which milk is used for lamb liveweight 
gain i.e. the ratio of milk consumed to liveweight gain, ranges 
from 4.2-7.5 (Bonsma, 1939;  Barnicoat et al., 1949; Ricordeau 
and Boccard, 1961). Geenty and Dyson (1986) found a large 
range of efficiency indices, based on regression relationships 
between milk yield and lamb growth, from 1.2-14 between 
different breed groups.  At low levels of milk production lambs 
not only utilised milk more efficiently but also effectively utilised 
high quality pasture for growth, while the higher indices reflected 
overestimation of milk consumed by lambs with oxytocin-
sample milking measurements, particularly in Dorset ewes with 
high potential milk production.

Artificial rearing of lambs 

Artificial rearing of lambs has application for surplus lambs from 
high fecundity ewes, lambs born out of season in accelerated 
lambing programs and for lambs from ewes used for dairy milk 
production.

Importance of colostrum 

The newborn lamb has no antibodies in its blood-stream 
but obtains antibody protein from colostrum (Husband and 
McDowell, 1975; Dawe et al., 1982). This source of antibody 
can only be absorbed intact across the intestine in significant 
amounts during the first 24-48 hours after birth (Smeaton, 1969). 
Accordingly, it is important that lambs obtain colostrum in the 
first hours after birth or survival is severely endangered. Hence 
the ewe, by producing antibodies, ’passively immunises her 
lamb(s) against infectious organisms. 

Artificially reared and orphaned lambs during the first hours 
of their life need access to frozen ewe colostrum or need to be 
injected with plasma, serum or antibodies (gamma globulins) 
from mature sheep 

Milk substitutes 

The pre-ruminant lamb is unable to digest complex carbohydrates 
and requires a diet closely resembling ewe’s milk (Walker, 1979) 
available in a number of commercial milk replacers.  Calf milk 
replacers are unsuitable as the fat globules are not homogenised 
as in ewes milk and levels of lactose are higher often causing 
digestive upsets (Umberger, 1997).

Factors important when selecting and using a milk substitute 
for feeding lambs are outlined below. 
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Type of fat 

Ewe’s milk contains about 6% fat representing 35% of the dry 
matter. It is difficult to commercially prepare a milk substitute 
containing a high fat content. Those containing 25-30% DM as 
fat result in satisfactory lamb growth. Below this level, lambs 
consume more but have lower growth rates and increased 
incidence of digestive disorders. 

Animal fats such as tallow and lard are commonly used in 
formulation of milk substitutes. Small amounts of vegetable oils 
of equal digestibility may be added (Walker and Stokes, 1970). 

The fat should be stabilised with anti-oxidant. Addition of 
an emulsifying agent such as lecithin, mono- or triglyceride and 
homogenisation of the fat improves its utilisation. 

Type of protein 

Ewe’s milk contains about 5% protein representing 30% of the 
dry matter. Proteins are expensive but satisfactory growth rates 
are often achieved with 25% DM as total protein (Gorrill et al., 
1973). 

Skim milk powder, which contains casein as the predominant 
protein, is commonly used but is expensive. High temperatures 
during preparation denature the protein, rendering it less 
digestible for the lamb, so spray drying is preferred to the hotter 
roller drying. 

During recent years procedures have been devised for removal 
of ’growth inhibitors’ from vegetable proteins (Walker, 1979). It 
is now common to find that milk substitutes contain substantial 
amounts of vegetable and animal proteins. 

Type of carbohydrate 

Pre-ruminant lambs can utilise glucose and galactose in addition 
to lactose, the carbohydrate in ewe’s milk. A milk substitute needs 
to contain these carbohydrates, otherwise it will not be digested 
in the small intestine and may undergo fermentation in the large 
intestine leading to digestive disorders. 

Vitamins and minerals 

Skim milk contains sufficient water-soluble vitamins and 
minerals to support normal growth during the early weeks of 
life. It may be necessary to add supplements of the fat-soluble 
vitamins (Chapter 13). Milk substitutes containing other proteins 
may need vitamins and minerals added to achieve satisfactory 
growth. The contents of minerals and vitamins in ewe’s milk are 
shown in Table 11.11. 

Feeding systems
 

The design of systems for artificially rearing lambs (Gorrill et 
al., 1973) depends on the number of lambs to be reared, and on 
the nature, temperature, amount and frequency of feeding of the 
milk substitute. 

Liquid milk substitute is an ideal medium for microbial 
growth so it is essential that equipment is cleaned frequently 

and thoroughly. When cold milk substitute is fed, the frequency 
of cleaning is less at 2-3 times per week than at least daily if 
warmed substitute is fed. 

The growth of lambs fed chilled milk substitute available 
continuously can equal that of lambs reared naturally with their 
dams (Brisson and Bouchard, 1970; Gorrill et al., 1973; Smith 
and Geenty, 1983; Umberger, 1997). Such a system can be 
automated. 

During their first 2-3 weeks of life lambs should receive 
ad libitum milk substitute as they are very efficient converters 
of food into body liveweight gain at close to  100% efficiency. 
Intake of discrete meals is lower than ad libitum milk or milk 
substitute. 

Lambs of similar age and size should be maintained in groups 
of up to 10 to reduce competition, particularly if feed is offered 
continuously. Lambs that try to suckle others or show signs of 
disease should be separated for preferential feeding.

Table 11.11. Minerals and vitamins in ewes milk and 
requirements of growing lambs.

  Milk content Lamb requirement
  (mg/100g) (mg/kg live weight
   per day)

Minerals calcium 190 200-900
 phosphorus 150 100-600
 magnesium 20 40-110
 sodium 40 30-120
 potassium 190 900-1,800
 chlorine 140 30-80
 iron 0.05 0.2-0.3
 copper 0.01 0.04-0.05
 cobalt - 0.1-0.2
 manganese 0.006 -
 iodine - 0.02-0.04
Vitamins carotenoids   - 0.06
 (beta-carotene)    
 vitamin A (retinol) 0.05 0.01
 vitamin D - 0.00013
 vitamin E  0.12 -
 thiamin 0.07-0.12 0.065-0.15
 riboflavin 0.43-0.50 0.015-0.045
 niacin 0.50 0.26
 pantothenic acid 0.35-0.53 0.195
 vitamin B

6
  0.07  0.065

 vitamin B
12

 0.001 0.0004-0.0008
 biotin 0.005 0.002
 folic acid 0.005 0.005
 choline 4.0 26
 ascorbic acid 3.0 -

Sources: Walker (1979); Agricultural Research Council (1980).

Estimates of energy and protein requirements of early-weaned 
and young milk-fed lambs are shown in Table 11.12.

 

Early weaning of lambs 

Lamb rearing systems that allow early weaning of lambs or their 
being fed milk substitute reduce both the ME feed requirement 
for ewes and the cost of milk substitute. Although lambs can be 
weaned successfully at 3-4 weeks of age without adverse effects 
on performance (Jagusch et al., 1970;  Penning and Treacher, 



272   K.G. Geenty

International Sheep and Wool Handbook

1975; Rattray et al., 1976; Geenty, 1980a), care should be taken 
to ensure they have reached minimum weights and are fed 
adequately.  Milk intake prior to weaning must not be restricted 
and availability of high quality solid food before and after weaning 
is essential for good subsequent growth. Generally a minimum 
live weight of 12 kg is recommended prior to early weaning 
(Figure 11.9).  Walker and Hunt (1980, 1981) found lambs reared 
on reconstituted cow’s milk, fed at levels that maintained birth 
weight only, died within 1-4 days of abrupt weaning even though 
pelleted food was provided from 10 days of age. 

Growth performance (actual means) of lambs weaned at 
different ages (↓ = weaning point.)
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Figure 11.9. Growth performance of lambs weaned at different 
ages. Source: adapted from Geenty (1980a).

Quality of the ration for early-weaned lambs 

Solid feeds such as forage offered to young,
 
early-weaned lambs 

should be highly digestible with good protein levels (Chapter 
14). Early-weaned lambs have been raised successfully on high-
quality lucerne and mixed pasture (Geenty, 1980a) and on diets 
containing dried grass (Orskov, 1983).  

Mineral and vitamin content of ewes milk and lamb 
requirements are given in Table 11.11.

Table 11.12. Estimates of lamb requirements for metabolisable 
energy (MJ ME/d) and digestible crude protein (g DCP/d).

                         Liveweight Maintenance Gain of 100 g/d Gain of 200 g/d
(kg) ME DCP ME DCP ME DCP

 5 1.6 10 2.4 33 3.2 56
10 2.8 11 3.8 33 4.9 56
15 3.8 12 5.0 33 6.4 56
20 4.7 13 6.2 34 7.8 55

Source: adapted from Agricultural Research Council (1980).

Practical considerations

There is considerable nutritional flexibility in sheep production 
systems (Egan, 1984). Weight loss during non-critical periods of 
the reproductive cycle may not be detrimental provided nutrition 
is adequate at critical times including mating and late pregnancy-
early lactation. However weight loss should be minimized 
due to the high nutritive cost of regaining weight to around a 
body condition score of 3.0 at the critical times of mating, late 
pregnancy and early lactation. 

Lactating ewes can mobilise body tissue reserves during 
early lactation, if they have adequate body reserves and 
metabolic disease is not induced, without suppressing lactation 
performance.

A liveweight gain of 6-8 kg in the 6 weeks during late 
pregnancy and lamb birth weights of 3.5-4.5 kg are desirable if the 
effects of perinatal mortality are to be minimized (Egan, 1984). 
Thereafter, nutrition of the ewe will determine lamb growth.  
While dramatic changes in ewe body liveweights or condition 
are relatively easy to assess visually, more subtle changes are not. 
Accordingly, use of body condition scoring is valuable to assess 
nutritional requirements of ewes. 

For more sensitive tests of nutritional status, Parr et al. (1984) 
reported use of the ’glucose test’ to identify ewes under nutritional 
stress in mid pregnancy. This test is only suitable for lactating 
ewes that are grossly undernourished.  Foot et al. (1984) proposed 
measurement of plasma beta-OH-butyrate in lactating ewes as 
a useful index of the balance between fat mobilization and the 
extent to which nutrient intake fails to meet requirements. These 
tests are only likely to be used under experimental conditions to 
develop guidelines for commercial production.

The desired lactation performance and lamb growth will 
depend on the production system.  Lambs reared as replacements 
for wool producing flocks may grow slower than those reared for 
meat.  In the former, lower milk yields of ewes and slower lamb 
growth rates may be acceptable, as long term performance is not 
markedly affected (Table 11.9).  With prime lamb production it 
is desirable that high milk yields and good lamb growth rates are 
achieved or lambs may be carried over for longer periods and so 
increase feed requirements.

Lambs can be weaned as young as 4-6 weeks under special 
circumstances (Figure 11.9).  Critical shortage of feed for ewes 
and lambs allows preferential feeding of early weaned lambs 
and restricted allocation of feed to ewes. Use of ewes for dairy 
production is another potential application of early weaning.  
Early weaned lambs need to be at least 12 kg liveweight at 
weaning and they require good quality feed with high protein 
levels at around 16% of dry matter.

The usual intensive sheep industry management strategy 
employed with grazing ewes is to match predicted requirements 
of late pregnant-lactating ewes with pasture production patterns. 
For example, in temperate Australia ewes are commonly mated 
to lamb in late winter-spring when pasture quality and quantity 
are sufficient to meet predicted requirements. Of course there 
will be periods when supply and demand do not match and 
supplementation or rationing of pasture are options (Chapter 
14). 
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In the final analysis, the decision to supplement pastures to 
provide additional nutrient for the lactating ewe will be based on 
economic parameters. Simulation and decision support models 
such as those outlined by White (1984) and GRAZPLAN 
and GrassGro (Freer et al., 1997; Freer et al., 2002) can be of 
assistance in making management decisions. 

Current and future developments

The proportion of breeding ewes in the Australian sheep flock 
has increased this century from 65% to 72% (Curtis and Crocker, 
2005; Curtis, 2007)  indicating the increasing importance of lamb 
production.  With the shift in emphasis towards dual purpose 
wool and meat there is increasing emphasis on lamb survival and 
growth performance. 

Use of e-sheep technology (Geenty et al., 2007) is an 
emerging tool for precision management and achievement of 
ewe liveweight and body condition score targets to enhance lamb 
survival, lactation performance and lamb growth.  In addition the 
e-sheep technologies provide cost effective and labour efficient 
opportunities in a sheep industry constantly striving for improved 
productivity. 

Development of new genetic technologies by the CRC for 
Sheep Industry Innovation  may provide molecular genetic 
approaches for improved lamb viability through use of single 
nucleotide polymorphisms (SNPs).  The Information Nucleus 
program is comprehensively phenotyping progeny from a broad 
genetic base across several environments in Australia.  By using 
chips with 58,000 SNPs (Geenty et al., 2009) and carrying out 
association analysis with phenotypic data, it is anticipated that 
molecular estimated breeding values will be developed for lamb 
survival and growth traits. 

An international sheep genomics consortium comprising 11 
Australian and New Zealand research organizations is searching 
for useful genes for genetic selection (Oddy et al., 2007). Some 
20 industry sires are being genotyped with tens of thousands of 
SNPs to estimate genome derived breeding values, particularly 
for expensive or difficult to measure traits such as disease 
resistance, milk yield and composition and wool and meat quality.  
Sheep lactation and lamb growth research work is searching for 
quantitative trait loci (QTL) for lamb growth rate and maternal 
performance based on milk yield and energy content (Raadsma 
et al., 2009a). Another study (Raadsma et al., 2009b) is mapping 
QTL for different milk production traits including lactation curves 
and milk composition. More work is needed however before 
multiple QTL and SNPs relating to maternal performance, milk 
characteristics and early lamb growth can be used in commercial 
genetic improvement programs.

Use of the new and emerging technologies described above 
needs to be accompanied by the broad management and feeding 
principles outlined earlier in this chapter.  These include use of 
body condition score to ensure good ewe performance at the key 
times of late pregnancy and early lactation and judicious feeding 
of lambs during the post weaning period. The objective of high 
ewe and lamb productivity assumes more importance in prime 
lamb enterprises where lamb value is higher than in a wool 
enterprise.
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The term ‘weaner’ usually refers to a sheep between weaning 
and about 12 months of age. Many farmers have difficulty 
successfully managing weaners, especially Merinos (Clunies 
Ross, 1934; Campbell et al., 1986; Caple et al., 1989; 
Allworth, 1994; Vizard and Foot, 1994). Weaners, as growing 
animals, have more specific nutritional requirements than 
adult sheep and their immature immune system often makes 
them more susceptible to disease. This chapter describes 
the importance of weaner management to the broader farm 
enterprise, common weaner management practices and 
strategies, the syndrome of ‘weaner illthrift’, and pre- and 
post-weaning nutrition.

 

The effect of weaner management on 
the whole farm enterprise

The way weaners are managed affects the wider farm 
enterprise in a number of ways. In self-replacing wool- and 
meat-producing systems, weaner survival influences the 
number of young ewes available for replacing animals that 
die or are cast-for-age. For example, Figure 12.1 shows the 
predicted age structures of two wool flocks, each 10,000 dry 
sheep equivalents (DSE) in size but with different mortality of 
weaners up until 12 months of age. Flocks with greater weaner 
survival have a larger proportion of young sheep. In addition to 
affecting the age structure of the flock, the number of available 
replacement animals influences the rate of genetic progress 
possible through the intensity of selection that can be placed 
on young ewes entering the breeding flock (Norton et al., 
1990). For example, the long-term average mortality of 24% 
reported in a Merino flock in the semi-arid environment of 
north-western Queensland was more than twice the maximum 
that could be sustained by the flock if any form of genetic 
selection through culling were to occur (Rose, 1972).  In an 
analysis of reproduction over 4 years in a Merino flock in a 
similar environment, post-weaning mortality was identified as 
one of the three most serious causes of reproductive wastage 
(Kennedy et al., 1976).

Nutritional management of weaners has a large effect 
on their growth rate (Allden, 1968a), which is a prime 
determinant of profitability of farming systems in which 
weaners are sold for meat (Quinn et al., 2005). Growth rate 
also affects how rapidly ewes grow to the critical weight at 
which they reach puberty and can successfully conceive and 
rear a lamb (Dyrmundsson, 1981; Chapter 9).  
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Figure 12.1. An example of the structures of two typical self-
replacing, 10,000 DSE Merino flocks with different annual 
weaner mortality. Dashed rectangles in the ewe hogget 
columns represent the number of cull ewe hoggets available 
for sale from each flock—18% more from the lower mortality 
flock. (Assumptions: ewes & wethers sold at 6.5 & 2.5 years 
old, respectively; ewes first mated at 19 months old; average 
84 lambs weaned per 100 ewes).

In wool-producing enterprises, weaner management can 
affect wool quality (Mata et al., 2002; Campbell et al., 2006), 
as weaners produce wool of finer diameter than mature sheep 
in the flock (Donnelly, 1991).  Improving weaner survival in 
a wool enterprise has been estimated to increase gross margin 
by $1–4/DSE (Campbell et al., 2008), due to the different 
relative values of wool produced by weaners and adults, plus 
additional stock sales.

Weaner management practices and 
strategies

Goals of weaner management

Health and production programs for sheep flocks, including 
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weaners, have been developed in various countries with the 
aim of improving flock productivity and profitability, and 
preventing disease (Harris, 1978; Bell, 1980; Morley et al., 
1983; Hindson and Winter, 1998; Spedding and Hindson, 
2000; Menzies, 2006; Wolf, 2006). A hazard analysis and 
critical control points (HACCP) approach has been used 
to develop nutritional management strategies for weaner 
flocks grazing pastures (Roberts, 2006), although few other 
published programs specifically mention weaner sheep. In 
order to implement a health and production program, targets 
for both the weaner flock and the wider enterprise should 
be identified, and management, husbandry and monitoring 
implemented to achieve them (Thrusfield, 2005). Such a 
‘whole farm’ approach ensures management of the weaner 
mob is aligned with the goals of the wider enterprise. Tables 
12.1 and 12.2 suggest goals and best-practice management 
for weaners that could be included in a wider flock program. 

Table 12.1. Goals for weaner sheep management in 
different farming enterprises.

Enterprise type

Wool Meat

Minimise the occurrence of •	
tender wool
Attain liveweight targets •	
at first mating to achieve 
satisfactory conception rates 

Achieve growth rates to meet •	
market specifications for 
live- or carcass-weight
Attain liveweight targets for •	
satisfactory reproduction at 
first lambing (either ~1 or 2 
years old)

All Enterprises

For animals being retained in the enterprise, avoid periods of •	
undernutrition in early life that depress subsequent production 
as an adult
Mortality from weaning to 12 months of age •	 ≤ 4%

Pre- and post-weaning management

Several aspects of weaner management are critical to weaner 
health and production in many production systems. These 
include:

‘•	 imprint feeding’ prior to weaning if weaners are likely 
to receive supplementary feed after weaning
weaning lambs at an appropriate age—usually 12–15 •	
weeks after the start of lambing
weaning lambs onto low-parasite risk grazing areas•	
providing nutrition appropriate to the age and stage of •	
growth of weaners

Other, farm-wide sheep management practices, such as 
vaccination programs, internal parasite management, flystrike 
control and prophylaxis, and breeding management of the 
ewe, can also affect weaners (Chapters 8–10, 17 and 20).

Imprint feeding

An invaluable and practical nutritional management strategy 

that greatly improves the success of supplementing weaners 
is imprint feeding. It involves offering supplementary feeds 
to lambs pre-weaning, in order to improve acceptance of the 
same feeds when they are offered after weaning. ‘Imprinting’ 
is a form of particularly persistent learned behaviour that 
occurs at a “sensitive” time in an animal’s life, such as the 
transition from a milk to  forage diet (Provenza and Balph, 
1987). In sheep, it appears to be mediated by social learning 
between generations and is particularly profound when it 
occurs between a mother and her offspring. 

Exposing a lamb to supplement with its mother pre-
weaning has been shown to increase intake post-weaning 
about two-fold over exposure with other adult females, 
which in turn increases intake about two-fold over exposure 
to the feed alone (Thorhallsdottir et al., 1987). Imprinting is 
most successful if lambs are able to consume the feed, rather 
than just observing their mother or another adult eating it 
(Thorhallsdottir et al., 1990). Similarly, exposure to structures 
that will be used post-weaning, such as feed troughs, appears 
to improve feed acceptance in the short term, with about two-
fold decreases observed in the proportion of ‘shy feeders’ in 
groups not exposed to supplement, exposed to supplement on 
the ground or exposed to supplement in the feed troughs used 
after weaning (69%, 28% and 13%, consecutively; Savage et 
al., 2008). Lambs must be imprinted with the specific feeds 
they will be offered as weaners, because feed recognition is 
principally determined by flavour and odour characteristics 
(Hinch et al., 2004). 

Imprint feeding has a very persistent effect, increasing 
consumption of supplement offered weeks to years after 
weaning and may increase consumption 10-fold, even when 
the supplement is offered more than 12 months after weaning 
(Lynch et al., 1983; Green et al., 1984). In other words, 
imprinting is likely to improve supplementary feeding of 
weaners, whenever supplementation is started.  

Weaning age and destination

In Merinos on pasture, it is usually recommended that 
weaning occurs approximately 12–14 weeks after the start 
of lambing (Geytenbeek, 1962; Lean et al., 1997). Delaying 
weaning beyond this age has disadvantages for both lambs 
and ewes. By 12 weeks of age, the large majority of a lamb’s 
diet is pasture (Gibb et al., 1981) and it competes poorly with 
its dam for pasture when they are grazed together. Therefore, 
lambs weaned at an older age have lighter subsequent 
bodyweights than those weaned at 12 weeks (Geytenbeek, 
1962). Similarly, ewes whose lambs are weaned earlier regain 
body condition faster and have greater subsequent conception 
rates than ewes where weaning is delayed (Smeaton et al., 
1983). In non-Merinos, delaying weaning beyond 15 weeks 
does not improve progeny growth rates (Geenty, 1980) and 
weaning earlier may optimise growth rates where feed for 
ewes and lambs is limiting (Gibb et al., 1981).

Ewes excrete increased numbers of nematode eggs in their 
faeces in late pregnancy and early lactation, contaminating 
pastures on which they lamb and exposing their lambs to 
large numbers of infective larvae (Barger, 1993). Thus, 
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prolonged co-grazing of lambs and ewes frequently leads to 
lambs acquiring significant internal parasite burdens (Barger, 
1988; Barger, 1999). 

In pasture-based production systems, lambs should be 
weaned onto a ‘low parasite risk’ paddock that has reduced 

nematode infectivity, and they should continue grazing low-
risk pastures until approximately one year of age, to allow them 
time to acquire immunity to nematodes (Waller and Thomas, 
1981). Low-risk paddocks include cropped areas, paddocks 
grazed for the preceding 3–6 months by another livestock 

Table 12.2. Recommended management strategies for minimising illthrift in weaner sheep.

Management 
area

Procedure Rationale/Detail

Measurement 
of flock 
performance 

Calculate weaner mortality over first 12 months post-weaning 
in recent years (e.g. using counts from tally book and other 
stock inventory records)

Quantifies existing situation•	
May identify patterns of occurrence of problems in •	
the flock (e.g. particular seasons, years) 
Identifies required reduction of mortality, if it is •	
excessive

Calculate other measures of health and production For example:
wool or meat production per unit area or invested •	
capital
maiden ewe conception rate•	
number of anthelmintic drenches required•	
feed conversion ratio•	

General flock 
management 
affecting 
weaners

Choose lambing time of grazing flocks to optimise whole farm 
stocking rate & profitability, rather than just weaning weight

Lambing times are sometimes chosen to maximise •	
weaner size at the time of pasture senescence, to the 
detriment of overall enterprise goals

Mate ewes for 5 weeks (may require oestrus induction in ewes, 
depending on intended breeding season)

Enables management procedures to be performed •	
in a timely manner on the entire birth cohort, 
including weaning at the appropriate age 

Monitor ewe condition, especially during late pregnancy, and 
manage nutrition to meet pre-determined targets

Meeting •	 body condition score and pasture 
availability targets for Merino ewes in late 
pregnancy may increase progeny weaning weights, 
compared to ewes in lighter condition (Behrendt et 
al., 2006) 

Wean 12–15 weeks after start of lambing Later weaning penalises ewes & weaned lambs•	

Weaner 
nutrition

Identify trace element or vitamin deficiencies and provide 
appropriate prophylaxis

Use imprint feeding pre-weaning to train weaners to eat 
supplementary feed

Improves consumption of supplementary feed when •	
offered post-weaning

Ensure diet contains minimum 12–14% crude protein and 8 
MJ/kg dry matter metabolisable energy 

Minimum required for survival feeding; much •	
greater values may be relevant for production 
feeding

Monitor pasture availability, digestibility and protein content 
fortnightly and promptly institute supplementary feeding as 
required (grazing flocks)

Avoids weight loss during period of adjustment to •	
ration

Provide supplement at appropriate frequency Twice-weekly supplementation of grazing weaners •	
improves liveweight gain, compared to feeding 
daily, once ration is introduced (Franklin et al., 
1955)

Weaner health 
& monitoring

Vaccinate, castrate (if applicable) and mules (if applicable) 2 
weeks after end of lambing 

Facilitates timely weaning, especially in Merino •	
flocks that are mulesed

Separate off the lightest 20–30% of lambs at weaning for 
preferential grazing and nutritional management.

Directs management at lightweight weaners at •	
greatest risk of poor performance or death

Give an effective anthelmintic at weaning and move weaners to 
a prepared, low parasite-risk paddock

Instigate appropriate flystrike control/prophylaxis

Provide appropriate booster vaccination(s)

Monitor average flock bodyweight monthly of random (n=80) 
or tagged (n=40) sample from weaning onwards 

Manage nutrition to ensure weaners meet minimum 
bodyweight and growth rate targets for survival and future 
production 

See relevant chapter sections •	



280   A.J.D. Campbell

International Sheep and Wool Handbook

species (such as cattle) or by mature, non-pregnant sheep with 
known low worm egg counts (Barger, 1997). Other grazing 
strategies can be used to minimise deposition of parasite eggs 
onto pastures at times that would otherwise result in subsequent 
high levels of infective parasite larvae (Barger, 1999). One 
example of this is ‘Smart Grazing’, which was developed in 
winter rainfall areas in southern Australia (Niven et al., 2002) 
and has been adapted for use in a temperate, summer-dominant 
rainfall environment (Bailey et al., 2009).  In the Smart 
Grazing process, pastures are prepared for weaners to graze 
the following winter by using two periods of intensive grazing 
by adult wethers (or other dry sheep) at high stocking rate for 
a maximum of 3-4 weeks following anthelmintic treatment. 
The pastures are left ungrazed after each period. The intensive 
grazing periods are in December and February (winter rainfall) 
or January and March (summer rainfall), coinciding with times 
when pasture contamination by nematode larvae would lead to 
high infectivity for weaners subsequently grazing the pastures. 
The short grazing periods following anthelmintic treatment do 
not allow time for the wethers to excrete parasite eggs and the 
high stocking rates reduce pasture availability, helping to kill 
existing larvae by increased exposure to heat and UV radiation. 
Weaners are treated with anthelmintic before they commence 
grazing Smart Graze-prepared paddocks, after the autumn 
break or from mid-winter in winter- and summer-dominant 
rainfall regions, respectively.

Pre- and post-weaning nutrition

Proper nutrition of weaner sheep is vital for their survival 
and production. Weaners are managed in a wide variety of 
systems, from specialist meat-producing feedlot enterprises to 
extensively grazed pastoral systems, where sheep experience 
wide seasonal variations in nutrition. Although it is difficult to 
make general statements covering such a range of nutritional 
situations, this section identifies and discusses specific 
aspects of sheep nutrition that are relevant to weaners. 

Pre-weaning nutrition

Nutritional management of lambs prior to weaning is important 
because it influences liveweight at weaning, which is in turn 
correlated with liveweight at later times (Lloyd Davies et 
al., 1968). Liveweight gain is of fundamental importance 
to meat-producing enterprises. Additionally, liveweight and 
liveweight gain are associated with wool growth and quality in 
wool-producing enterprises. They also determine a weaner’s 
body energy reserves and ability to withstand subsequent 
periods of undernutrition (Allden, 1970). Where weaning is 
closely followed by the seasonal decline in pasture nutrition, 
weaning weight is particularly important because lambs 
with light weaning weights will require better nutritional 
management if poor production or survival is to be avoided. 
The relationship between bodyweight and weaner illthrift is 
discussed in more detail later in this chapter.

In pasture-based systems, an important aspect of pre-
weaning nutrition is the choice of  lambing date and ewe 
stocking rate, both of which influence weaning weight 
(Lloyd Davies, 1962; Kenney and Davis, 1974; Lloyd Davies, 
1983; Lloyd Davies and Devaud, 1988a). A lambing time 
must be chosen that achieves a desirable weaning weight 
efficiently and cost-effectively in the context of the whole 
farm enterprise (Falconer and Morrison, 1987; Warn et al., 
2006). Choosing lambing to coincide with, or just precede, 
the time of maximum pasture growth and quality best 
matches pasture availability to the nutritional requirements of 
reproducing ewes, optimises farm stocking rate and, hence, 
farm profitability (Caple et al., 1989; Lean et al., 1997; Warn 
et al., 2006). Furthermore, such a choice usually maintains 
weaning weight. For example, lambing in late winter or 
early spring, coinciding with the ‘spring flush’ of pasture 
growth, would be an appropriate choice of lambing time in 
southern Australia. However, a perceived drawback of such a 
lambing time is that weaners may subsequently lose weight 
grazing senesced pastures if they do not receive additional 
nutrition (Kenny and Reed, 1984). This problem tempts some 
producers to lamb at other times of the year (for example, 
autumn in southern Australia), in the hope that weaners are 
heavier before pastures senesce (Morcombe and Allen, 1993). 
This approach, which focuses on per-head weight of weaners, 
does not reliably increase weaning weight (McLaughlin, 
1968). Also, it commonly reduces enterprise profitability 
through effects on other parts of the production system, such 
as overall stocking rate or nutrition of pregnant ewes (Caple 
et al., 1989; Trengrove, 1990; Lean et al., 1997). 

Post-weaning nutrition

Weaner sheep often suffer from poor nutrition when grazing 
pastures of declining quality and/or quantity. In both winter- 
and summer-dominant rainfall regions in many parts of 
Australia, this decline begins in later spring (for example, 
in winter-dominant rainfall areas with improved perennial 
pastures) or summer (for example, summer-dominant 
rainfall areas with native pastures). A comparable situation 
exists in the semi-arid tropics of northern Australia, where 
the rainfall pattern dictates an autumn lambing and weaners 
graze mature pastures at the end of winter. The associations 
between weaner production, liveweight and body reserves 
are discussed further in later chapter sections.

If limitations to production are to be avoided, it is important 
to ensure that weaners’ minimum nutritional requirements 
are met. This is complicated by the tremendous variation in 
pasture nutritional quality between locations and seasons, 
and the change in nutritional requirements of weaners as 
they grow older. Growing weaner sheep need greater dietary 
concentrations of crude protein and metabolisable energy than 
adults (Allden, 1959; Chapters 13–14), and mature pastures 
may often not supply these requirements (Lloyd Davies, 1983; 
Bellotti et al., 1993). Thus, supplemental dietary energy, protein 
or a combination of both has been shown to increase liveweight 
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in different situations (Allden, 1959; Lloyd Davies et al., 1968; 
McLaughlin, 1973; McGregor and McLaughlin, 1980). 

Where pasture protein is limiting, diets containing 18–
22% crude protein may be required to achieve satisfactory 
weaner growth rates over summer (Lloyd Davies et al., 1968; 
McGregor and McLaughlin, 1980). However, weaner protein 
requirements are often met if pastures contain only a small 
quantity, or ‘pick’, of green feed, and growth responses are 
not observed with additional protein supplementation in these 
situations (Foot et al., 1983). Although some dry pastures 
may have high protein content (for example, dry subterranean 
clover contains 12–16% crude protein), they still tend to 
support only weight maintenance or slow growth of weaners 
(Allden and Geytenbeek, 1984; Kenny, 1984; Kenny and Reed, 
1984). Variation in the response to protein supplementation 
has also been associated with variability in the content of 
rumen ‘bypass’ protein (Egan, 1981; Chapter 13). 

Weaners need a dietary metabolisable energy 
concentration exceeding about 8 MJ/kg dry matter to at least 
maintain weight (Freer et al., 1997) and, similarly, this is 
often not supplied by dry pastures. Compared to adult sheep, 
potential feed intake of weaners declines more quickly as 
dietary energy falls, so that they are more likely to encounter 
a grazing situation where they cannot consume sufficient feed 
to meet daily energy requirements (Egan and Doyle, 1982).

Many supplementary or alternative nutrition strategies for 
weaners exist, and key ones are outlined here. It has been 
suggested that the problems of declining pasture quality 
may be addressed by cutting perennial pastures for hay 
when quality is still high, although the benefits tend to be 
associated with improved quality of the cut pasture and not 
necessarily with feeding the hay back to weaners (Bishop 
and Birrell, 1975; Cobon et al., 1990). Hay cutting can 
help to maintain the clover content, delay the maturation of 
perennial grasses and improve the quality of autumn pasture 
by reducing the amount of dead material (Birrell and Bishop, 
1980), although it may reduce subsequent production of 
annual pastures by reducing the seed available for future 
plant establishment (Myers and Squires, 1968). However, the 
successful conservation of pasture for hay, particularly early 
in the season, can be complicated by inclement weather in 
many regions. Furthermore, both hay and silage frequently 
contain insufficient metabolisable energy to meet weaner 
requirements (Flinn and Saul, 1983). Thus, although hay 
cutting may prolong weaner growth beyond the time when 
pastures usually senesce, it does not solve the problem of 
maintaining growth later in the season, when another form of 
supplementation is likely to be required.  

Weaners commonly graze the remnants of harvested 
crops, or ‘stubbles’, in the wheat-sheep zone of southern 
Australia (Coombe, 1981). Sheep grazing cereal stubbles tend 
to maintain weight, at best, depending on stocking rate and 
whether additional green feed exists in the form of weeds and 
reshot grain (Mulholland et al., 1976b; Butler, 1981; Rowe and 
Ferguson, 1986). Weaners grazing stubbles may avoid weight 
loss if the amount of green material or residual grain is greater 
than 40 kg dry matter/ha (Mulholland et al., 1976b). This 

situation is unlikely to last in grazed stubbles for longer than 
several weeks. Legume stubbles may offer better nutrition to 
weaners than cereal stubbles, however this also depends on the 
presence of unharvested grain and the amount of green material 
present (Mulholland et al., 1976a; Allden and Geytenbeek, 
1980a; Hynd and Allen, 1986; Butler, 1995). 

Perennial legumes and fodder crops can be established to 
provide green material over summer in suitable environments. 
Pastures of lucerne or perennial clover, and fodder crops 
such as rape or turnips can increase weaner growth and wool 
production (Reed, 1972; Kenny and Reed, 1984; Faulkner 
and Lear, 1975). Given appropriate rainfall, fodder crops 
improve weaner growth during summer and autumn, however 
this benefit must be assessed against the effect on total annual 
weaner production, as available grazing area will be reduced 
as the crops are being prepared (Fitzgerald, 1976). Whole 
standing legume grain crops have also been evaluated as feed 
sources for weaners when grazed in situ. They may support 
growth rates of up to 160 g/d and increased wool growth in 
Merino lambs, compared to ryegrass/subterranean clover 
pastures or whole cereal grain crops (Arnold et al., 1975; 
Allden and Geytenbeek, 1980b). However, summer rainfall 
can degrade the quality of standing crops, or cause toxicity in 
lupin or fenugreek crops (Arnold et al., 1978). 

Feeding grain supplements helps to avoid the problem 
of inconsistent hay quality (Egan and Doyle, 1982). Cereal 
grains, such as wheat or barley, will often supply digestible 
energy at lower unit cost then hay, but on their own may 
not meet the protein requirements of weaners (Hynd and 
Allden, 1986; McGregor and McLaughlin, 1980). In general, 
the liveweight response of grazing weaners to supplements 
plateaus with increasing supplementation due to the high 
level of substitution of pasture with supplement (Allden, 
1969; Foot et al., 1983; Freer et al., 1985). This limits the 
efficiency of high levels of supplementation. 

Similarly, ‘lick blocks’ may be used to provide 
supplementary energy and/or nitrogen to grazing sheep. 
Although favoured for their convenience and low labour costs, 
generally they are unable to maintain liveweight, let alone 
growth, in weaners and suffer from variable intake of the 
blocks by grazing sheep (Beames and Morris, 1965; Lobato 
and Pearce, 1978; Cottle, 1988; Bowman and Sowell, 1997). 
Thus, licks blocks are often an inefficient and expensive form 
of supplementation for weaners (Rowe and Ferguson, 1986). 

Consequences of poor weaner nutrition

Poor nutrition can affect growth, wool production, disease 
susceptibility and survival of weaner sheep. These factors 
differ in their importance to different kinds of farms. For 
example, slow liveweight gain sufficient to ensure survival 
and maintain wool quality might be acceptable in a wool-
producing enterprise, whereas maximised growth rates are 
desirable in a system where weaners are produced for meat. 
The consequences of poor nutrition are also modified by sex 
of the weaner, extent of potential liveweight retardation, and 
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the potential for weaners to undergo compensatory growth 
when nutritional restriction ceases. 

Wool production 

The production of wool with low staple strength by Merino 
weaners is a common problem and a limitation to wool 
quality in large parts of Australia (Foot and Vizard, 1993; 
Barton et al., 1994). Low staple strength is often associated 
with fluctuations in the nutrition of grazing weaners relative 
to requirements, with weight loss or poor growth associated 
with changes in wool fibre properties that lower staple strength 
(Saul, 1988; Bellotti et al., 1993; Morcombe and Allen, 
1993; Peter et al., 1993; Doyle et al., 1995). For example, 
weaners on a reduced plane of nutrition maintaining or losing 
weight over summer grow wool of lower staple strength than 
weaners supplemented to steadily gain weight (Peterson et 
al., 1998). Similarly, even if final liveweights are similar, 
weaners that lose and then regain weight grow wool of lower 
staple strength than weaners that maintain weight (Masters 
et al., 1998; Thompson and Hynd, 1998). In both situations, 
reduced nutrition decreases minimum fibre diameter, and 
hence staple strength, of wool. Faster rates of liveweight loss 
by weaners are also associated with decreased staple strength 
(Gherardi and Oldham, 1998). 

Weaner staple strength may be improved by 
supplementing weaners to gain weight or reduce the rate of 
weight loss (Cottle, 1988; Litherland et al., 1993), avoiding 
periods of rapid liveweight change, particularly around the 
time of the seasonal break (Mata et al., 1999; Mata et al., 
2002), or choosing a shearing time that does not place the 
expected position of break in the middle of the wool staple 
(Campbell et al., 2006). However, the cost of strategies to 
manage weaner staple strength should be evaluated against 
the expected improvement in wool value.

Weaners experiencing poor nutrition may also grow less 
fleece, although these effects are often minimised or negated 
by compensatory growth when nutrition improves (Allden, 
1968c; Allden, 1969; McLaughlin, 1973). Likewise, improving 
weaner nutrition, such as through supplementation, tends to 
increase wool growth compared to unsupplemented weaners 
(McLaughlin, 1973; Langlands and Donald, 1977; Kenny 
and Reed, 1984; Morcombe and Allen, 1993), although the 
low conversion efficiency of feed into wool (Allden, 1979) 
makes supplementation of weaners purely to increase fleece 
weight uneconomic in virtually all situations. 

In addition to immediate influences, poor weaner nutrition 
can also affect subsequent adult production, and the size of 
effect probably depends on the severity of restriction. Severe 
growth restrictions imposed on weaners at an early age 
(growth arrested at 15 kg until 400 days old: Allden, 1968c; 
15 kg difference at 14 months of age: Giles, 1968) can reduce 
adult body size and wool production, although lasting effects 
may not occur if milder nutritional restriction is imposed 
(Allden, 1968c; Bottomley et al., 1977; Davis et al., 1983; 
Langlands et al., 1984b). 

Reproduction 

Poor post-weaning nutrition is potentially more serious in 
ewe weaners than wethers because it can affect subsequent 
reproductive performance, especially if nutritional restriction 
occurs approaching mating. A low plane of nutrition imposed 
on ewe weaners at some stage between weaning and joining 
can reduce reproductive efficiency by lowering liveweight, 
and the proportion of ewes reaching puberty and exhibiting 
oestrus (Reardon and Lambourne, 1966; Davis et al., 1983; 
Dyrmundsson, 1981; Langlands et al., 1984a; Kenyon et al., 
2004; Chapter 9). The severity of the effect depends on the timing 
and extent of restriction. For example, nutritional restriction 
severe enough to result in liveweight differences at mating may 
decrease reproductive performance (Hodge, 1990), even if some 
compensatory growth occurs (McLaughlin, 1966; Kenney and 
Davis, 1974). In contrast, even if ewe weaners are restricted 
for several months post-weaning, lambing performance at two 
years of age may not be affected if restriction ends before 9–11 
months of age (Reardon and Lambourne, 1966; Bottomley et al., 
1977; Davis et al., 1983). Some researchers have reported that 
reduced reproduction following severe nutritional restriction 
of weaners persists into subsequent lambings (Reardon and 
Lambourne, 1966; Langlands et al., 1984a), although other 
workers have reported no effect beyond about two years of age 
(Giles, 1968; Davis et al., 1983). 

 Generally, the greater the duration and/or severity 
of nutritional check, the longer it will take for weaners to 
regain weight, wool growth and reproductive performance. 
The effects of severe nutritional restriction of weaners may 
take up to six years to disappear (Allden, 1968d). However, 
the mild to moderate nutritional restriction more commonly 
encountered on farms tends to result in production losses 
that are regained once nutrition improves. Thus, in many 
environments, nutritional management of weaners should be 
directed at preventing weaner illthrift and mortality. This is 
discussed in the following section.

Weaner illthrift and mortality

Weaner illthrift syndrome is the “…failure of weaner sheep 
to thrive…when all other classes of sheep appear to be of 
satisfactory health and bodily condition” (Mulhearn, 1958). 
It has multiple aetiologies, frequently associated with the 
grazing of dry pastures by young sheep in Australia, and 
often has an insidious onset (McLaughlin, 1967). Weaners 
with illthrift have sub-optimal productivity or performance, 
including poor liveweight gain, poor wool growth and/or poor 
wool quality (Gordon, 1981). Excessive mortality is also a 
component of the syndrome and a manifestation of illthrift 
in its most extreme form (McLaughlin, 1967; Gordon, 1981). 
A maximum mortality of 4% in the year after weaning has 
been suggested as a target for weaners (Larsen et al., 2002; 
Behrendt, 2003). Weaner illthrift and mortality has been 
identified as the fourth most costly animal health issue in 
the Australian sheep industry (Sackett, 2006). Illthrift thus 
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presents a significant challenge to weaners meeting the 
production criteria described in Table 12.1.

Figure 12.2. An example of weaner illthrift. The  se Merino 
weaners are 12 months old but the smallest weighs about 
12 kg.

Occurrence of weaner illthrift and mortality

Weaner illthrift and mortality, particularly involving Merinos, 
has been a longstanding problem in the Australian sheep 
industry, with many farmers finding it difficult to successfully 
manage weaners (Campbell et al., 1986; Caple et al., 1989; 
Vizard, 1990; Allworth, 1994; Vizard and Foot, 1994). For 
example, Sir Ian Clunies Ross reported that farmers in the 
Midland and Great Southern Districts of Western Australia 
were experiencing “considerable difficulty” rearing young 
sheep in 1934. In a national survey of 1410 Australian sheep 
producers in 2008, 44% of farmers reported having annual 
average weaner mortality greater than the target maximum 
of 4% (K. Curtis, pers. comm.). Fourteen percent reported 
mortality was 10% or greater. Mortality has also been 
estimated from incidentally or indirectly reported data from 
field experiments (Table 12.3). These data also indicate that 
weaner mortality, especially amongst Merinos, exceeds 10% 
per annum on regular occasions in many regions of Australia, 
and that death rates have not decreased in recent times. Similar 
post-weaning mortality has also been reported in other parts 
of the world in widely varying production systems. 

Table 12.3. Examples of post-weaning mortality reported in commercial enterprises or field experiments.

Production 
system

Environment Breed Location Mortality 
range

Reference(s)

Feedlot Merino, Merino-
cross, composite

south-western Queensland; central NSW; 
Nebraska, USA

7–16% Franklin et al., 1955; Davis 
et al., 1976; Southey et al., 
2001

Grazing A Merino Broken Hill, NSW; Patagonia, Argentina 12–19% Kennedy et al., 1976; 
Mueller et al., 2005

Grazing ST Merino Lesotho, Africa “High” Mafisa, 1993

Grazing ST-A Merino, other Julia Creek, Queensland 14–24% Rose, 1972; Cobon et al., 
1990

Grazing T Merino, Fulbe, 
Red Maasai, 
Dorper, RM x D

north-western Queensland; North 
Cameroon, central Africa; Kenya, Africa

17–53% Moule, 1966; Njoya et al., 
1997; Nguti et al., 2003

Grazing UR Merino Western Slopes & Southern Tablelands, 
NSW

6–39% Langlands et al., 1984b; 
Denney et al., 1988; 
Hatcher et al., 2008

Grazing WR Merino, 
Corriedale

south-eastern SA; southern WA;, central 
Victoria; eastern Victoria

6–56% Mulhearn, 1958; Gabbedy, 
1971; McDonald, 1975; 
Brown, 1977; Walker et 
al., 1979; Brown et al., 
1985; Holmes, 1992; 
Hocking Edwards et al., 
2008

Grazing WR & UR Merino, Merino-
cross

western Victoria; south-eastern SA; 
Western Slopes, NSW

1–14% Drinan, 1968; Fogarty et 
al., 2005

Mixed sheep-
cropping

WR Merino, other Mallee, Victoria 0–25% Harris and Nowara, 1995

Opportunistic 
grazing & 
supplementation

T, ST Sahelian, West 
African Dwarf 
sheep, Priangan-
cross

Ghana, Africa; Papua New Guinea 19–24% Benjamin, 1994; Turkson, 
2003; Turkson and Sualisu, 
2005

Key:  A: arid; ST: sub-tropical; T: tropical; UR, WR: uniform, winter rainfall
 NSW: New South Wales; WA: Western Australia; SA: South Australia
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Weaner mortality can vary substantially from season to 
season and/or year to year. In regions of southern Australia 
with winter-dominant rainfall, most weaner deaths usually 
occur during summer (Engel, 1958; Lloyd Davies et al., 
1968; Lloyd Davies, 1983), which usually coincides with 
weight loss or poor growth of weaners grazing poor-quality 
dry pastures. However, different patterns of weaner illthrift 
and mortality may occur in other environments or production 
systems. Weaners may be at greater risk of illthrift in autumn 
and winter in mixed sheep and cereal cropping enterprises, 
where crop stubbles may offer better grazing opportunities 
for weaners immediately after harvesting in summer (Harris 
and Nowara, 1995). Perversely, weaner mortality may be 
greater during seasons of higher rainfall, both in temperate 
(Beveridge et al., 1985) and tropical  (Nguti et al., 2003) 
environments, when environmental conditions favour 
the development of increased burdens of gastrointestinal 
nematodes, whose effects outweigh any benefit offered by 
improved pasture nutrition at these times. 

Causes of weaner illthrift, disease and mortality

Inadequate nutrition, ranging from insufficient protein or 
energy intake to specific trace element deficiencies, is the 
primary causative factor of weaner illthrift (Gordon, 1981). 
In a survey of Victorian woolgrowers from the Western 
District enrolled in an extension program for innovative 
farmers, the areas of weaner management of most concern 
were weaner feeding, and achieving target growth rates and 
bodyweights (Larsen, 1999). Additionally, weaners in poor 
body condition are considered to be more susceptible to other 
diseases (Allworth, 1990).  

After inadequate nutrition, gastrointestinal parasitism 
is a common secondary contributor to weaner illthrift and 
death (Gordon, 1981) in both wet and dry areas (Johnstone 
et al., 1979; Thompson and Callinan, 1981; Brown et al., 
1985). In winter rainfall environments, death solely due to 
parasitism is thought to be rare during summer (Wilkinson, 
1981), although it may precipitate death in weaners with 
great mortality risk caused by undernutrition (Beveridge et 
al., 1985). The adoption of strategic prevention strategies is 
often essential to avoid mortalities and will generally result 
in increased liveweight gains and wool production (Anderson 
et al., 1976; Barger and Southcott, 1978). 

A variety of diseases, either following malnutrition or 
parasitism, or independent of them, have also been implicated 
in outbreaks of weaner disease, illthrift or mortality. These 
include pneumonia (Goodwin-Ray et al., 2008), lungworm, 
liver fluke, acidosis due to cereal grain overload, bacterial 
enteritis (Stephens, 1983), infection with Mycoplasma (formerly 
Eperythrozoon) ovis, myopathies (usually associated with 
selenium or vitamin E deficiency; Walker et al., 1979; Holmes, 
1992; White and Rewell, 2007), other vitamin or trace element 
deficiencies (Caple and McDonald, 1983; McDonald and 
Caple, 1983), polioencephalomalacia, grass seed infestation 
(Little et al., 1993), flystrike, mycotic dermatitis, scabby mouth 

(Higgs et al., 1996), pyrrolizidine alkaloid toxicity (Harris and 
Nowara, 1995) and lupinosis (Wilkinson, 1981; Hungerford, 
1990 ). Wilkinson (1981) estimated the relative importance of 
these diseases to weaners in Australia and the likelihood of 
success of preventive strategies.

General risk factors for illthrift and mortality

Although identification and treatment of specific diseases 
is appropriate in weaner illthrift investigations, one specific 
treatment may not always resolve illthrift satisfactorily. For 
example, in some field trials of trace element and vitamin 
supplementation of weaners, mortality of 6–19% occurred 
in treated animals (Franklin et al., 1955; Mulhearn, 1958; 
Gabbedy, 1971; Walker et al., 1979; Barton and Causland, 
1987; Holmes, 1992). This reinforces the concept of weaner 
illthrift as a syndrome of multiple causes. In such a situation, 
targeting factors that broadly protect against illthrift and 
mortality may be an efficient preventive strategy. Bodyweight 
is the factor most frequently reported to be associated with 
post-weaning mortality in sheep and other small ruminants. 
Weaners of lower bodyweight at birth (Ganai and Pandey, 
1996; Turkson and Sualisu, 2005), weaning (Allden, 1968d; 
Lloyd Davies, 1983; Lloyd Davies et al., 1988b; Holmes, 
1992; Hatcher et al., 2008; Hocking Edwards et al., 2008; 
Campbell et al., 2009) and later (Mandonnet et al., 2003; 
Nguti et al., 2003; Campbell et al., 2009) have been shown 
to have greater risk of death than heavy weaners, regardless 
of cause of death or when it actually occurs. Generally, a 1 
kg weight decrease is associated with a 30–90% increase 
in mortality risk. Relatively more mortality also occurs in 
lightweight weaners, regardless of a mob’s absolute weight 
(Wilkinson, 1981; Hatcher et al., 2008; Hocking Edwards 
et al., 2008; Campbell et al., 2009). Even in trials where 
mortality has been attributed to a particular cause, such 
as selenium deficiency, a greater proportion of weaners 
that were below average bodyweight at weaning died after 
weaning than ones of above average bodyweight (Walker et 
al., 1979; Holmes, 1992). 

This mortality–weight association has been observed 
in widely differing environments (Mediterranean-type, 
semi-arid and tropical) and production systems that involve 
different weaning ages and presumably different major 
causes of death. Weaning weight is well correlated with 
weight at subsequent times (Lloyd Davies et al., 1968), so the 
association between mortality and weight at a particular time 
such as weaning is likely to reflect a more general association 
between bodyweight and survival.  

Growth rate change has also been shown to be associated 
with mortality risk, with weaners growing very slowly or 
losing weight having considerably greater risk of death than 
weaners gaining weight more quickly (Allden, 1968d; Davis 
et al., 1976; Campbell et al., 2009). Growth rate appears to 
be more strongly associated with mortality than bodyweight 
per se, with relatively small changes linked to large changes 
in risk of death at low growth rates. For example, Figure 12.3 
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shows that the hazard ratio for weaners with an average post-
weaning growth rate of 0.75 kg/month is about 0.7, relative to 
weaners growing at 0.5 kg/month. In other words, the death 
rate of the faster growing weaners is only 70% of the slower 
growing ones, and the associated small increase in average 
weaner growth rate requires relatively little extra feeding. A 
similar hazard ratio of about 0.6 is observed if lightweight 
weaners are 2 kg heavier at weaning. However, this increase 
in weaning weights, and hence reduction in mortality risk, 
requires greater feeding of ewes and lambs pre-weaning to 
achieve. This example suggests that mortality risk might be 
more efficiently managed by promptly increasing growth rates 
of lightweight sheep after weaning, rather than attempting to 
wean lambs at heavier weights, which would require indirect 
manipulation of weight via factors such as ewe nutrition. 

A variety of different feeds will potentially reduce mortality 
in any one situation, provided the chosen supplement fills 
the grazing weaner’s nutritional deficit and increases weight 
(Allden and Anderson, 1957; Mulhearn, 1958; Weir and 
Torell, 1967; Allden, 1968d). Thus, supplementation should 
focus on correcting nutritional deficiencies on a case-by-case 
basis using the most convenient source of feed. However, 
a Western Australian survey found no correlation between 
weaner survival and the amount of money spent by farmers 
on supplementation (Norris, 1986). The author concluded that 
farmers often fail to correctly identify the correct supplement 
needed to achieve satisfactory growth of grazing weaners. 

The association between bodyweight and mortality is not 
surprising in weaners experiencing malnutrition grazing dry 
pastures. However, a similar association has been observed in 
seasons when grazing conditions are more favourable (Nguti 
et al., 2003) or other causes of death are confirmed, such as 
gastrointestinal parasitism (Hodge, 1990). Weaner bodyweight 
also appears, at least partly, to mediate the association between 
increased mortality risk and maternal factors, including increased 
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Figure 12.3. Hazard ratios (ratio of rates at which death occurs) for increases from the labelled values of : 2 kg in weaning 
weight, and : 0.25 kg/month in average flock growth rate during the first 5 months post-weaning. Note that a hazard ratio < 1 
indicates a decrease in mortality risk and that a statistically significant effect does not include 1 within the confidence interval. 
Dotted lines indicate 95% confidence intervals. Source: Campbell et al. (2009).

parity (Ganai and Pandey, 1996) and decreased dam liveweight 
at lambing (Nivsarkar et al., 1982; Lloyd Davies, 1983).  

It is likely that the association between bodyweight, rate 
of bodyweight change and mortality is mediated through 
changes in a weaner’s body energy stores. Following a period 
of weight loss, death occurs when body energy reserves have 
been fully consumed and vital organs are catabolised in an 
attempt to meet the animal’s daily metabolic requirements 
(Thornton et al., 1979). Allden (1970) found that the total 
body energy stores of Merino and Merino x Dorset Horn 
weaners increased linearly with liveweight according to the 
equation:

Thus, a heavy weaner has a greater energy density and a greater 
proportion of energy stored as fat than a light weaner. The 
accumulation of fat content in the body is also independent 
of weaner growth rate (Kellaway, 1973). The implications for 
a lightweight animal are that it has fewer fat stores than a 
heavy one. If forced to mobilise body energy for any reason, 
it will lose more weight and a greater proportion of this 
weight loss will be protein in vital tissues, to the detriment of 
organ function and survival (Allden, 1970; Doyle and Egan, 
1983). 

Additionally, lightweight weaners remain at increased 
mortality risk for longer than heavy ones because they 
replace lost body protein more slowly when protein and 
energy intake is limited (Donald and Allden, 1959; Allden, 
1970). The age at which growth is restricted also affects how 
quickly young sheep regain weight, as weaners restricted at a 
younger age recover weight more slowly than older weaners 
(McLaughlin, 1966; Allden, 1968b). 

Male weaners have a greater risk of death than females 
(Southey et al., 2001; Nguti et al., 2003; Turkson and 

Body fat content (kg) = 0.265 x Fleece-free liveweight (kg) – 3.958
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Sualisu, 2005). Several possible explanations exist. Males are 
more susceptible to internal parasitism than females (Barger, 
1993), may be exposed to post-operative infection following 
castration, and have a different proportion of body fat than 
females (Mersmann, 1987). However, none comprehensively 
explains the differences in mortality observed.

Management recommendations for preventing 
illthrift and mortality

Where specific causes of illthrift and mortality are identified, 
it is appropriate to institute treatment or prevention programs. 
However, illthrift usually has multiple causes and it may be 
difficult to identify or specifically address all of them. 

The greater mortality risk of lightweight weaners, 
irrespective of a flock’s absolute weight, and the prolonged 
association between weaning weight and post-weaning 
mortality mean the lightweight portion of the flock should be 
separated from the main flock without delay at weaning each 
year, for subsequent preferential management (Campbell et 
al., 2009). Currently, many Australian farmers would draft 
off the ‘tail’ of the weaner flock at some time over summer. 
However benefits could be derived from doing this sooner, as 
increasing the weaning weight of the lightest 20% of weaners 
may eliminate 71% of the deaths amongst this group and 
31% of deaths across the entire weaner flock (Campbell et 
al., 2009).  

Historically, there have been few quantitative 
recommendations for the management of weaners in 
Australia. It has been recommended to only feed weaners “for 
survival”, based on the likelihood of substantial substitution 
of pasture with supplementary feed (Chapter 14; Allden, 
1969) and weaners’ ability to undergo compensatory growth 
when nutrition improves (Allden, 1968a). The principal 
advice for minimising post-weaning mortality in southern 
Australia has been that lambs should reach at least of 45% 
of adult bodyweight by weaning or drying-off of pastures, 
whichever is the later, and then grow at 1 kg/month until the 
onset of autumn rains (Foot et al., 1987). However, ongoing 
instances of high weaner mortality suggest that few farmers 
follow these recommendations or that better guidance is 
required.  

The studies that have quantified mortality risk (e.g., 
Hatcher et al., 2008; Hocking Edwards et al., 2008; 
Campbell et al., 2009) allow the required increase in growth 
rate or bodyweight for a specific reduction in mortality to be 
calculated. This can be used to determine an efficient, cost-
effective supplementary feeding regime and implemented in 
several ways. Farm production records could be examined 
to determine existing weaning weight, growth rate and 
mortality, and ewe and weaner nutrition strategically planned 
to reduce long-term mortality to below the target of 4% p.a.. 
Tactically, if monitoring of mortality identifies increasing 
deaths, weaner nutrition and target growth rates could be 
adjusted within a season to decrease mortality risk and offset 
the rise to keep total mortality below the total target at year’s 

end. The coefficient of variation of bodyweight for weaners 
is about 20% (Campbell et al., 2009) so, when bodyweights 
are to be monitored, weighing a uniquely identified, repeated 
sample of 40 weaners or a random sample of 80 weaners will 
detect a true increase or decrease of 2 kg in the flock average 
weight, at 95% confidence and a power of 90%. 

Frequently weighing weaners may be a barrier to some 
farmers adopting these strategies. Condition scoring, rather 
than weighing, has been suggested as an alternative measure 
of fatness because condition score is correlated with weight 
in weaner sheep (R. Thompson and R. Behrendt, pers. 
comm.). However, the small weight differences associated 
with important changes in mortality risk correspond to 
changes in condition score of only 0.1–0.2. These would be 
difficult to detect and require scoring of very large numbers 
of weaners to detect changes over time. Nevertheless, farmers 
could manage mortality risk without weighing if they were 
willing to err on the side of weaners reaching heavier weights 
than might be required in the most economically efficient 
scenario. 

Since weaner weight can be manipulated indirectly, via 
ewe nutrition pre-weaning, or directly, via post-weaning 
nutrition of the weaner, strategies should be chosen according 
to how efficiently they use supplementary feed, their cost-
effectiveness and ease of implementation. Regardless of 
the method, reducing mortality through the manipulation of 
bodyweight and growth rate is especially suited to addressing 
a multiple-aetiology syndrome such as weaner illthrift 
because the approach is not restricted to particular causes of 
death.

Recent and future developments

‘Walkover weighing’

Automated, or ‘walkover’, weighing systems have been 
developed in recent years that could have important roles 
in weaner management and avoid farmers’ reluctance to 
monitor bodyweight and growth rate. They could be used to 
monitor weaner bodyweight in order to assess and respond 
to mortality risk, and in lamb finishing systems to monitor 
production more closely and improve marketing. Such 
systems encourage labour-efficient collection of bodyweight 
data by removing the need to regularly muster and manually 
weigh weaners. 

Automated weighing systems usually involve placing an 
electronic weighing platform at a location that sheep regularly 
pass through, such as an access point to feed or water (Jordan 
et al., 2006). The platform records a number of weights as 
an animal passes over it and an algorithm then determines 
the weight of the animal, which is recorded for subsequent 
retrieval and analysis. Systems equipped with automatic 
drafting gates can be used to draft lightweight weaners into 
separate areas, where they receive different amounts or 
kinds of supplementary feed (Bowen et al., 2009). Weaners 
can be identified with radio frequency identification device 
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(RFID) tags, which are available as part of national livestock 
identification schemes such as the Australian National 
Livestock Identification Scheme (Meat and Livestock 
Australia, 2007). Automated platforms can be fitted with 
RFID tag readers, so that weights can be recorded against 
an animal’s identification. These systems develop automated 
weighing further, by allowing producers to monitor or record 
performance of individuals, rather than just the average of a 
flock. 

Figure 12.4. An automated weighing platform at the access 
point to a water trough. The data recording unit and solar 
panel are to the left of the weighing platform, which is 
within the access race. The curved, ‘lobster pot’ fencing of 
the access race discourages sheep from walking back across 
the weighing platform in the wrong direction, and the rocks 
before the platform slow down movement over the platform, 
improving recording accuracy. Source: J. Larsen, Mackinnon 
Project, University of Melbourne.

To date, at least two prototypes have been developed 
in Australia, although neither has yet progressed to 
commercialisation. Automated systems have been estimated 
to reduce the time required for routine weighing and drafting 
operations by 40% (Rowe, 2006). Despite the labour efficiency 
offered by automated weighing systems, the potentially high 
cost of a unit may be a barrier to their wide adoption within 
the sheep industry (Jordan et al., 2006).

Related weblinks

Australian National Livestock Identification Scheme: http://
www.animalhealthaustralia.com.au/aahc/programs/adsp/
nlis/nlis_home.cfm

Making More from Sheep: http://www.makingmorefromsheep.
com

Wormboss: http://www.wormboss.com.au
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Introduction

All herbivorous animals have an expanded part in their 
alimentary tract where the bulky, fibrous feed that usually forms 
a large part of their diet is delayed during its passage through 
the tract and undergoes extensive fermentation, necessary 
for its utilisation (Annison and Lewis, 1959).  Sheep, along 
with goats, cattle, deer and many non-domesticated grazing 
species, are hooved ruminant animals. In ruminants the 
expanded part of the tract is represented by three additional 
stomach compartments - the rumen, reticulum and omasum, 
between the oesophagus and the abomasum (see Figures 13.1 
and 13.2). Domesticated ruminants are the most numerous 
group of herbivores existing today. Other herbivores closely 
related to ruminants, such as the Camelidae (camels, 
vicunas, alpacas and llamas), also have compound stomachs 
(Bone, 1979). Some herbivores, such as kangaroos, have a 
compartmentalised saccular stomach, but don’t ruminate. 

Figure 13.1. Views of the forestomachs of the sheep.

The word ruminant is derived from the Latin ruminate -to 
chew over again. A ruminant swallows its feed initially with 
little chewing. Having ceased eating, it then regurgitates one 
bolus or ’cud’ after another, which it slowly chews and re-
swallows. Initially the plant material is not very dense and is 
mixed thoroughly in the rumen by a series of synchronised 
reticulo-ruminal contractions. The rumen microbes start to 
break it down, and it is softened by the rumen fluid. Later 
this material reaches the cardia and is passed into the lower 
oesophagus as a bolus. This is regurgitated up the oesophagus 
and is re-chewed, ensalivated and re-swallowed. 

By this time the material is more finely ground and 
therefore more dense. It passes into the rumen or into the 
reticulum, where it is propelled by contractions through the 
reticular-omasal orifice. In the omasum, water is extracted 
before the remainder passes to the abomasum, where true 
gastric digestion takes place. Some of the breakdown products 
of the feed are synthesised into more complex compounds 
within the rumen microbes. The microbes are digested in a 
similar manner to undegraded feed. 

Therefore prior to intestinal digestion and absorption, 
the herbage is subjected to chewing, microbial digestion and 
gastric digestion. The digesta flowing to the intestines consist 
of undegraded or ’bypass’ feed, gastric-digested microbial 
cells and breakdown products of the feed, e.g.,short-chain 
organic acids called volatile fatty acids (VFAs). The processes 
of digestion and absorption of nutrients in the intestines are 
similar to those in other mammals. 

Animals do not produce enzymes that can attack cellulose 
- the main constituent of plants making up the structure of 
cell walls, along with hemicellulose and lignin. The rumen 
is one modification of the gastrointestinal tract (GIT) that 
allows the animal to utilise cellulose by the presence of rumen 
microorganisms, which produce the enzyme β-1,4 cellulase. 
The horse, koala and rabbit represent another modification 
to the GIT, in which there is a large caecum (or appendix). 
Microbial fermentation takes place in the colon and caecum 
of all mammals, but pre-gastric fermentation is restricted to 
ruminants. Cellulose can only be utilised by microbes if the 
cell walls are not heavily encrusted with indigestible lignin. 
Alkali treatment of feed can break lignin bonds. 

Apart from the advantage of being able to use the energy 
in cellulose, rumen microbes can synthesise some essential 
nutrients from simpler chemical compounds. For example, 
essential amino acids can be synthesised from non-protein 
nitrogen (NPN), such as urea and vitamin BI2 from cobalt. 
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These advantages tend to be greatest on low-quality diets (that 
is, high roughage, low protein content), which are typically 
grazed by non-domesticated ruminants. In these situations 
the rumen microbes may be very specialized, e.g.,the rumen 
fungi in reindeer that graze on lichen. 

Genetic engineering techniques may enable the transfer of 
genes coding for cellulase in specialist microbes to those more 
commonly found in domesticated ruminants (Hobson, 1988). 
Cellulose is the most abundant biomass in nature, composed 
of repeating cellobiose units linked by β-1,4-glucosidic 
bonds. Cellulose can be degraded to glucose through the 
synergistic activity of three classes of cellulose (Lynd et 
al., 2002) including endo-β-1,4-glucanase (EC3.2.1.4), 
cellobiohydrolase (EC3.2.1.91) and β-glucosidase 
(EC3.2.1.21). Large numbers of rumen microbes are 
responsible for the degradation of cellulose (Krause et al., 
2003; Kamra, 2005).  It is generally considered that more 
than 99% of the microorganisms in nature are unculturable 
(Amann et al., 1995). Even for the intensively studied rumen, 
more than 85% of its microorganisms have not yet been 
cultivated in the laboratory (Krause et al., 2003). Culture 
independent approaches normally involve the extraction of 
DNA from environmental samples to obviate the cultivation 
of each organism. The environmental DNA is subsequently 
cloned into vectors to construct metagenomic libraries that 
are screened for genes of interest (Chapter 8). Examples 
of this approach include DNA libraries isolated and cloned 
from microbes in an anaerobic digester (Healy et al., 1995), 
lake water samples and their enrichment cultures (Rees et 
al., 2003), microbial consortia in the enrichment cultures of 
soil (Voget et al., 2003) and from the rumen (Ferrer et al., 
2005). Gregg (1995) attempted to detoxify fluoroacetate (a 
poisonous component of trees and shrubs in Australia, Africa 
and Central America) by genetic engineering of rumen 
bacteria, while Ouwerkerk et al. (2005) attempted to develop 
a probiotic drench or feed additive to transfer bacteria from 
kangaroo stomachs to sheep to reduce methane production.

Maintaining dense populations of rumen microbes has 
disadvantages for the animal. The microbes use some energy 
– i.e. heat of fermentation (Figure 13.2) for growth and 
maintenance. They also degrade some substrates that would 
be better absorbed directly in the small intestine. For example, 
soluble carbohydrates and essential amino acids may be 
converted to methane, carbon dioxide, VFAs and (in the case 
of amino acids) ammonia. The anaerobic (low oxygen, high 
hydrogen) conditions in the rumen facilitate the saturation of 
dietary fatty acids by microbes and this influences the body 
com position of ruminants and their milk products. These 
disadvantages tend to be greatest on high quality diets (i.e. 
high concentrate, high protein content) commonly used in 
Europe and North America. Hand feeding these rations to 
ruminants is relatively inefficient compared with production 
from monogastric animals, such as pigs and poultry (Van 
Soest, 1982).

The nutrition of the ruminant is more complex than that 
of monogastrics, due to the modifying influence of rumen 
microbes. Also, the grazing ruminant has an intake that varies 

markedly throughout the year (Chapter 18). An understanding 
of the nutritive value of different pastures and feedstuffs and 
the nutrient requirements for various forms of production is 
needed to determine whether production can be increased 
economically by supplementation or grazing management, 
such as adjustment of stocking rates (Chapter 14). Computer 
models based on this knowledge can be used to provide 
guidelines for feeding and for grazing management.
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Figure 13.2. Rumen energy transactions. 
Source: Leng (1973).

Anatomy and physiology of the 
ruminant digestive system 

There are many accounts of the ruminant digestive system: 
Annison and Lewis, 1959; Bone, 1979; Church et al., 1971; 
France and Beever, 2000; Freer and Dove, 2002; Givens 
et al., 2000; Hungate, 1966; McDonald and Warner, 1975; 
McDonald et al., 1981, 2002; Sejrsen et al., 2006; Wilson 
and Brigstocke, 1981. The Proceedings of the International 
Symposium on Ruminant Physiology, published every 5 
years since 1960, also contain many relevant papers.  

The forestomachs (Figure 13.1) contain about 70% of 
the digesta in the ruminant GIT compared with about 30% 
in monogastrics. The rumen is rarely filled to capacity and 
usually holds 4-10 litres of digesta in sheep. 

The whole digestive system is shown diagrammatically 
in Figure 13.3. Various organs attached to the GIT secrete 
materials into it or receive absorbed nutrients. The most 
important organ in regard to metabolism of nutrients (Figure 
13.4) is the liver  which secretes bile and stores or metabolises 
various nutrients it receives via the hepatic portal vein (which 
drains the veins from the whole of the digestive tract). The 
metabolites are then distributed in the peripheral blood and 
utilised or excreted by various body tissues and organs. 
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Figure 13.3. Functions of parts of the digestive tract. 
Source: Anon (1971).

The fore-gut 

Lips, mouth, tongue and teeth

Sheep have a mobile cleft upper lip, which permits close 
grazing. They tear rather than cut their feed, by grasping 
with their lips, teeth and tongue. Sheep chew using a circular 
motion. The upper jaw is wider than the lower, so they only 
chew on one side at a time. Since the canine teeth are missing 
they have a gap (diastema) between the incisors at the front 
of the mouth and the twelve molar teeth at the rear (six on 
each jaw). The food is mixed with saliva to form a bolus that 
can be swallowed quickly during feeding time, so sheep can 
graze quickly when threatened by predators and ruminate in 
safety. 

When ruminating each bolus of regurgitated feed is 
chewed 40-50 times. About equal time is spent each day eating 
and ruminating, with about 40,000 jaw movements occurring 
in 15-18 ruminating periods totalling 6-8 hours. Clauss et 
al. (2008) found grazers had larger masseter muscles than 
browsing ruminant species to assist chewing grass. Celaya et 
al. (2007) found sheep and goats were more productive than 
cattle when there was more browse (herbs, gorse, heather, 
leaves, twigs) and forbs and less grass available. 

Grazing time is influenced by availability of feed (Figure 
13.5). Most is done at dawn and dusk, presumably to avoid 
temperature extremes and to ingest any dew on the feed. 

The saliva glands open into the mouth. There are five 
pairs of glands: the parotid, inferior molar, palatine, buccal 
and pharyngeal and three single glands: the submaxillary, 
sublingual and labial (Phillipson, 1977). The saliva helps 
buffer the rumen against the acid end products of fermentation. 
It also acts as a lubricant for digesta transport and as a culture 
media for the microbes, as it contains urea (9-36mgN/100ml),
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Figure 13.5.  The relationship between grazing time and 
herbage availability.  Source: Yeates et al. (1975).

sodium (~400mg/100ml), phosphate (~60mg/100ml), 
potassium (~30mg/100ml), bicarbonate (~30mg/100ml), 
magnesium (~1mg/100ml), calcium (~2mg/100ml) and 
mucins (McDougall, 1948). Sheep secrete 5-20 L saliva per 
day (by comparison, humans only secrete 1-2 L per day). 
About 50% of salivary flow comes from the parotid gland and 
this is constant, thin and watery, while the other glands produce 
thicker secretions in response to feeding (Kay, 1960). 

The forestomachs 

The rumen (paunch) and reticulum (honeycomb) function 
physiologically as one. The reticulo-rumen is divided into 
sacs (Figure 13.1) by the rumeno-reticular fold and various 
pillars. The cells lining it and the omasum (bible) are 
keratinized, stratified, squamous epithelial cells that are non-
glandular and do not produce mucus. They form microscopic 
papillae that increase the surface area in contact with the 
digesta and aid in the absorption of VFAs and ammonia, 
which are mainly absorbed in the rumen (Figure 13.3). 

The mean retention times of fluid and solid matter in the 
rumen are about 12 hours and 24 hours respectively, but vary 
considerably with different diets. Fermentation results in 
production of about 5 L of gas per hour. This lies in the upper 
dorsal sac and has an approximate composition of 65% CO

2
, 

28% CH
4
, 6% NH

3
 and 1% O

2
 (by volume). The gases must 

be removed during rumination by eructation (belching), or 
small amounts may be absorbed. Sometimes the gas pressure 
builds up due to foam promotants in the diet (such as tannins 
and protein) and bloat results (Laby and Weenink, 1966). The 
rumen pressure can be relieved by making an incision on the 
left side of the sheep near the junction of the last rib and the 
backbone. 

The omasum (bible or manyplies) absorbs about 60-70% 
of the water entering it. This volume of water is roughly 
equivalent to the volume of gastric juice added in the abomasum 
(Annison and Lewis, 1959). Volatile fatty acids, electrolytes 
and ammonia are also absorbed from the omasum, which is a 
muscular organ that pumps the digesta into the abomasum. It 
consists of a large number of layers of epithelial tissue, giving 
the appearance of the leaves of a book. 

The abomasum is the glandular stomach. It secretes gastric 
enzymes and hydrochloric acid, which reduces pH to about 
1-2, destroys microbes and commences protein digestion. 
The abomasum consists of three parts: the fundic portion 
near the omasum containing the fundic glands in large spiral 
folds of mucous membrane; the body; and the pyloric portion 
terminating at the pyloric sphincter. It continually receives 
digesta and is a common research sampling or infusion 
site. The forestomachs develop from a long spindle-shaped 
dilation of the foetal gut. At birth all tissue layers of the 
structural walls are present and the capacity of the abomasum 
is about 55% of the forestomachs’ total weight. By 8 weeks 
of age the abomasum contributes only 20% of that weight 
(Warner and Flatt, 1965). 

The rumen mucosa are poorly developed in the lamb, which 
behaves as a ’pre-ruminant’. During suckling, a reflex action 
causes the oesophageal groove to form a tube-like structure, 
through which the milk flows straight to the abomasum. 
Copper sulphate also triggers this reflex. When the young 
ruminant eats small quantities of solid feed, the groove does 
not close, so the material enters the rumen. Propionate and 
butyrate, VFAs produced by the microbial fermentation, are 
metabolised to lactate and ketone bodies respectively in the 
rumen wall and this stimulates the development of the rumen 
papillae. Dry feed also stimulates the muscular movement 
and development of the rumen. 

The rumen of lambs on pasture is functional by 3 weeks of 
age, but it does not reach its adult proportions for 4-6 months. 
The rumen is larger when the diet has a high fibre content. 
From birth to 3 weeks of age the lamb depends on milk. This 
corresponds with the ewe’s peak lactation period (Chapter 
11). One of the major enzymes secreted by the abomasum in 
the lamb is rennin, which coagulates the milk protein (casein) 
to form a curd. The whey fraction enters the duodenum very 
quickly and the carbohydrates, such as glucose, are absorbed 
rapidly from the intestines. The plasma glucose levels in a 
lamb are similar to levels in a monogastric (90 mg/100g), 
whereas an adult ruminant has low levels (35 mg/100g). 
The lamb has little fat reserves, so fat is synthesised from 
carbohydrates and lipids in the milk. The curd remains in 
the abomasum for several hours, where it is broken down by 
rennin and pepsin. If a lamb drinks milk from a bucket, rather 
than sucking, some of it can enter the reticulorumen where it 
is rapidly fermented, which can cause bloat. 

From 3-8 weeks of age the rumen develops as the intake 
of pasture increases. Enzymes involved in gluconeogenesis 
(glucose synthesis) and fat synthesis from acetate increase in 
the body. Those involved in fat synthesis from carbohydrate 
decrease. By 6-8 weeks of age the rumen is usually fully 
functional and it is possible to wean lambs quite successfully 
if body weight is satisfactory. 

The mid-gut 

The small intestine connects the abomasum to the caecum 
and large intestine. It consists of three parts: duodenum, 
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jejunum and ileum. Occupying about 5% of the total length, 
the duodenum is the fixed part, closely attached to the rumen 
and forming an S-shaped loop. The pancreatic and bile ducts 
join and enter about 5 cm after the pyloric valve. The pancreas 
secretes digestive enzymes such as: trypsin and peptidases to 
break down protein; amylase, sucrase, lactase and maltase to 
break down carbohydrate (mainly microbial); and lipase to 
break down lipids to free fatty acids and glycerol. The bile salts 
stored in the gall bladder emulsify (solubilise) any lipids and 
neutralise the acid gastric juices (Caple and Heath, 1975). 

The jejunum makes up about 90% of the total length of 
the small intestines and has no distinct starting or finishing 
point. With the ileum, it is suspended from the dorsal part 
of the abdominal cavity by the mesentery, which also holds 
the blood vessels and nerves. When unwound from this it 
is about 20 metres in length. The internal surface is lined 
with columnar, epithelium cells interspersed with mucous 
cells, which cover the fold or rod-like projections (villi) and 
intestinal glands. The villi ensure that digesta contact a large 
area of absorptive tissue. The epithelial cells are continually 
turning over and account for much of the endogenous (self) 
loss of protein from the animal. 

The jejunum is the main site of protein and water 
absorption. Usually, 40-80% of duodenal protein is derived 
from microbes (Hume, 1976). Amino acids and small peptides 
pass into the small capillaries that supply blood to the villi. 
Monosaccharides resulting from carbohydrate digestion also 
enter these, which drain into the portal blood system. The 
hyme (acid digesta pulp) leaving the abomasum is converted 
to chyme (paler fluid) following the introduction of bile and 
pancreatic juices causing the digesta pH to increase towards 
the ileum. Peristalsis causes the contents to continually mix 
on their slow passage towards the large intestine, which takes 
about 3 hours. 

The hind-gut 

The hind-gut comprises the caecum, large intestine (proximal 
colon, centipetal and centrifugal coils of the spiral colon) and 
rectum (Figure 13.3). The caecum - a cul de sac about 30 cm 
long - leads from the .junction of the ileum and colon (large 
intestine). A complex cycle of muscular contractions (every 
2 minutes) moves digesta around it. The caecum and the first 
region of the proximal colon act as a single compartment, 
containing about 1 L of digesta which is the main site of 
microbial fermentation in the hind-gut. Digesta stay about 
6-10 hours in the caecum, 1 hour in the centripetal colon, 
1 hour in the centrifugal colon, 2 hours in the distal colon 
and 5 hours in the rectum. Digesta flow into the caecum and 
proximal colon is intermittent and variable. 

Viable bacteria are present throughout the small and large 
intestines, with a large population (107 

per g) of cellulolytic 
bacteria producing acetate (Table 13.2) in the caecum. About 
5-30% of the dietary cellulose is digested in the caecum or 
colon, with about 10% of the total VFA and methane production 
occurring here. Not many soluble sugars reach the caecum, but 
‘bypass’or ‘resistant’ starch can be fermented there.

The caecal microbes also break down any residual protein. 
The proportion of dietary protein digested here varies from 
10% for fresh pasture and cereals to 30% for hay. Some 
protein is degraded to ammonia, much of which is absorbed 
from the caecum and is converted to urea in the liver. Some 
of this urea is recycled to the rumen and is used to synthesise 
microbial protein. Minor amounts of amino acids may also 
be absorbed from the caecum (Dixon, 1978). 

The main function of the colon is to remove excess water 
from the digesta before defecation occurs. Removal occurs 
throughout the whole colon, with the centripetal coils of the 
spiral colon being the most efficient site. Ammonia, VFAs 
and minerals such as Na, P and Ca are also absorbed into the 
blood-stream. 

In summary, carbohydrates and lipids are mainly broken 
down in the rumen. The carbohydrates are fermented to 
VFAs, which are mainly absorbed across the rumen or are 
synthesized into microbial cells. The lipids are hydrolysed 
to free fatty acids (longer-chain fatty acids) and pass to the 
abomasum. Protein is either undegraded and passes intact to 
the abomasums, or is broken down to peptides, amino acids 
or ammonia, which are incorporated into microbial cells or 
small amounts are absorbed from the rumen or pass down 
to the abomasum. Some quantitative estimates of these 
processes are given in Figure 13.6. 

Ruminant digestion 

Rumen microbes 

There are many reference texts and papers on rumen 
microorganisms and their interactions with diet. Examples 
include Annison and Lewis, 1959; Church et al., 1971; Clarke 
and Bauchop, 1977; Edwards et al., 2008a; Firkins and Yu, 
2006; Hobson, 1988; Hobson and Stewart, 1997; Hungate, 
1966; McDonald and Warner, 1975; Mackie et al., 2002; 
Ogimoto and Imai, 1981 and Theodorou and France, 2005. 

The microbes live in ideal anaerobic conditions, the pH is 
5-7.5 and the temperature is about 39°C. A constant infusion 
of feed and saliva and removal of fermentation end-products 
by absorption or passage ensure no acid build-up and 
inhibition of fermentation, as occurs in natural fermentations 
such as in silage and sewage. 

An equilibrium is usually maintained in the composition 
of microbial fauna and flora, which is only interrupted by 
rapid changes in external conditions, e.g. different types 
of feed. The predominant microbes are usually anaerobic 
bacteria and ciliate protozoa. Small numbers of flagellate 
protozoa, fungi and bacteriophages are also present. The 
concentration of microbes in the rumen fluid is usually about 
1010 

bacteria per mL and 105 protozoa per mL. The larger size 
of the protozoa means they may have an equivalent biomass 
to the bacteria. Over 200 species of rumen bacteria and 100 
species of protozoa have been described (Theodorou and 
France, 2005).
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Bacteria

The diet of the ruminant is also the substrate of the microbes 
and determines the proportion and types of microbes inhabiting 
the rumen. Roughage-based diets usually mean a wider range 
of bacteria and ciliated protozoa. The small bacteria tend to 
be gram-negative, i.e. do not stain with gram stain (crystal 
violet, iodine and safranin) - because they contain less starch-
like polysaccharide. Concentrate diets, such as grain, mean 
fewer types of microorganisms and these tend to be gram-
positive. The main rumen bacteria are listed in Table 13.1. 
Most are found attached to plant matter rather than in the 
fluid phase (Cottle, 1980). In general, roughage diets result 
in higher VFA concentrations and molar proportions of 
acetate to propionate (66/22), while grain diets decrease this 
proportion (40/40). 

Changes in diet must be made slowly so the microbial 
populations can adjust. For example, if sheep are suddenly 
introduced to grain containing soluble carbohydrates there is 
a rapid increase in numbers of gram-positive bacteria, like 
Streptococcus bovis and Lactobacilli spp., which ferment 
starch to lactic acid. Bacteria such as Peptostreptococcus 
elsedenii, which can convert lactic acid to propionic acid but 
have a slower growth rate than S. bovis, do not have time to 
multiply and remove the lactic acid. Health problems may 

then result from the build-up of lactic acid (acidosis). The 
problem is reduced if populations of lactic-acid-utilising 
bacteria are already present. For example, pregnant ewes can 
be fed grain so their microbes are passed to their lambs by 
direct contact, herbage or faeces. Lactic acid silage is a good 
conditioner for later wheat feeding (Chapter 14). 

Protozoa 

Rumen protozoa are single-celled, eukaryotic animals that 
occur in variable numbers (Coleman, 1975). They mainly 
belong to the Class Ciliatea, Subclass Holotrichia or Order 
Entodiniomorphida (Clarke and Bauchop, 1977; Hungate, 
1966). The holotrichs are completely and uniformly ciliated, 
and are larger but simpler ciliates than entodiniomorphs. 
The latter, such as Entodinia spp., have tufts of cilia only on 
the anterior parts of the body (Church et al., 1971). Rumen 
flagellates are now considered to be zoospores of rumen fungi, 
a unique group of cellulolytic anaerobes. Over 12 species of 
fungi have been described (Theodorou and France, 2005).

Animals obtain protozoa by direct transfer from other 
animals, as there are no free-living forms of the anaerobic 
species that colonise the rumen. The population can vary 
widely between animals on the same diets (Clarke and 
Bauchop, 1977), with large diurnal fluctuations in their 

Figure 13.6.   Whole animal model of nitrogen transactions (gN/day).  Source: Nolan (1975).
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Table 13.1. Energy sources and fermentation products of the main rumen bacteria and ciliate protozoa.
Energy sources

Shape Gram 
reaction

Glucose Cellulose Xylan Starch Lactate Glycol Major fermentation
products

Bacterial Group 
Cellulose decomposers
Bacteroides
     succinogens

Rod to 
coccoid -ve + + - # - - A,@F,S, -CO

2
Butyrivibrio
     fibrisolvens

Small, curved 
rods -ve + # * * - - &A,B,F,L,@F,@H,&CO

2
Ruminococcus
     flaveifaciens

Medium 
cocci ±ve # * * - - - A,@E,@F,@L,S,@H,&CO

2
     albus Medium cocci ±ve # * * - - - A,C,F,@L,@H,@CO

2
Starch decomposers
Bacteroides
     amylophilus

Rods to 
coccoid -ve - - - + - - A,F,S, -CO2

     ruminicola Long rods to 
coccoid -ve + - * * - - A,F,S, -CO2

Lactobacilli spp Rods ±ve + - - # - - L,@A
Selenomonas
    ruminantium Curved rods -ve + - - * # # A,P,@L,CO

2
Succinimonas
    amylolytica Short rod -ve + - - + - - A,S, -CO

2
Streptoccocus  bovis Cocci ±ve + - - + - - A,L
Lactate utilisers
Veillonella
    alcalescens Small cocci    -ve - - - - + - A,P,CO2,H
Propionibacterium
     spp Rods   ±ve + - - - + - A,P,CO

2
Peptostrepto-
    coccus elsedenii Large cocci

 
-ve + - - - + * &A,B,@C,@P,V,CO

2
,H

Others
Succinovibrio
    dextrinsolvens Small rods    -ve + - - # - - A,F,L,S,@CO

2
Borrelia spp Spirochete  -ve + + - - - - A,F,S,CO

2
Eubacterium
     ruminantium Small rods   ±ve + - * - - - A,F,L,H,CO

2
Methanobacterium
     spp

Rods to 
coccoid  ±ve H

2
, CO

2
CH

4
Lachnospira
    multiparus Rods  -ve + - - + - - A,E,F,L,H,CO

2

Energy sources

Protozoa genera Glucose Sucrose Maltose Cellulose Hemicellulose Cellobiose Starch Pectin Major fermentation
products

Isotricha
    intestinalis + + - - - - + + A, P, B, L, H, Li
    prostoma + + - - - - + + A, P, B, L, H, Li, CO

2
Dasytricha
     ruminantium + - + - - + + - A, B, L, H, CO

2
Entondinium
     bursa - - - - + - + - -
     caudatum + + + - - + + - A, P, B, L, H, Li, CO

2
     fuca bilobum - - - - - - - - Li
     simplex - - - - - - + - Li
Diplodinium
    polyplastron + + - + - - + - A, P, B, L, H, CO

2
   diploplastron - - - + + - + - -
   eudiplodinium - - - + + - + - A, P, B, L, H, F, CO

2
   ostracodinium - - - + + - + - -
   eremoplastron - - - + + - + - -
Epidinium
    ecaud. caudatum - + + + + - + - A, P, B, L, H, F, Li
Ophyryoscolex
     caudatus - - - + + - + - A, P, B, H

* most strains utilize; # few strains utilize; A acetate; H hydrogen; B butyrate; CO
2
 carbon dioxide; & uptake or produced; C caproate; CH

4
 

methane; @ sometimes produced; E ethanol ; Li lipids; F formate; L lactate; P propionate; S succinate; V valerate 

Source: adapted from Annison and Lewis (1959); Hungate (1966); Pond et al. (2005).
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concentrations. Holotrichs and small entodiniomorphs 
proliferate on diets rich in simple sugars, while large 
entodiniomorphs proliferate on starch-based diets. 

Protozoa are preferentially retained in the rumen (Cottle, 
1980). Their numbers increase as the intake of soluble 
nutrients increases but then decline at higher intake levels. 
Increasing the frequency of feeding or rumen pH increases 
their numbers. Inverse relations between bacterial and 
protozoal numbers occur due to competition for substrate 
and to protozoal engulfment of bacteria. Rumen ciliates are 
capable of utilising nearly all major plant constituents (Table 
13.1). Holotrichs deposit large amounts of amylopectin 
and appear unable to degrade cellulose and hemicellulose. 
Entodiniomorphs ingest particulate matter from rumen 
digesta and the major carbohydrate components of plant 
fragments are broken down to acetate and butyrate. In 
general, ammonia is not used for amino acid synthesis. Many 
species, in addition to engulfing bacteria, take up amino acids 
from the medium. Entodinomorphs account for most of the 
saturation of the fatty acids in the rumen (Gooden, 1977; 
Doreau and Chilliard, 1997). 

The effects of defaunation (protozoa removal) 

Protozoa are not essential for rumen fermentation (Coleman, 
1975). Koenig et al. (2000) found total-tract digestion was 
reduced in defaunated sheep by 8, 17, 15, and 32% for OM, 
N, NDF and ADF respectively, so defaunation improved 
ruminal N metabolism through the enhancement of bacterial 
protein synthesis and improvement in the flow of microbial 

protein to the host animal. The most effective agents to 
remove protozoa are surfactants (detergents), particularly 
anionic long-chain sulphates and phosphates like sodium 
lauryl diethoxy sulphate, which cause membrane damage and 
loss of mobility. However, cross-contamination with protozoa 
makes defaunation of sheep in the field very difficult. 

Defaunation may become a practical method of reducing 
methane production (Hegarty, 1999). Ciliate protozoa are an 
important microbial cohabitant with methanogens in the rumen, 
providing both a site for methanogen attachment and a source 
of hydrogen for these organisms. Slow speed centrifugation 
to remove protozoa and feed particles removed 76% of rumen 
methanogens (Newbold et al., 1995). Control of protozoa is 
unlikely to lead to hydrogen accumulation and an inhibition 
of fermentation. This is in contrast to strategies which directly 
target methanogens such as halogenated methane analogues, 
medium and long-chain unsaturated fatty acids (e.g. coconut 
oil), lower rumen pH, ionophores and antibiotics, bacteriocins, 
enhanced acetogenesis, yeast cultures, dicarboxylic organic 
acids, bacteriophages (bacterial viruses) and methane 
oxidants. Eugene et al. (2004) conducted a meta-analysis of 
many papers and summarised the affects of defaunation as: 
greater average daily liveweight gain (11%); no change in 
voluntary feed intake; greater wool growth (14%), especially 
on diets low in protein, high in energy, and fed at high intake 
levels; reduced whole-tract diet digestibility (-1.7%); reduced 
ruminal fermentation and digestibility (-7.3%); increased 

microbial growth efficiency; increased flow of crude protein 
from the rumen; and reduced acetate and increased propionate 
percentages in fermentation products.

Associated reasons for expecting methane production to 
decline are: reduced total ruminal fermentation, so there is 
less substrate for methanogenesis; less fermented feed goes to 
VFAs and more goes to microbial cell synthesis, synthesis of 
VFAs favours hydrogen-using reactions (propionate synthesis) 
and reduces hydrogen production (via acetate synthesis); and 
liquid turnover rate is faster in defaunated animals, which 
favours reduced methanogenesis (Hegarty, 2004).

Microbial cell synthesis 

The energy transactions in the rumen are summarised in 
Figure 13.3. The yield of microbial cells per mole of ATP 
generated from breakdown of feed varies widely and is much 
lower than theoretically possible because of the extensive 
breakdown and recycling of microbial cells that occurs in the 
rumen (Dijkstra et al., 1998). 

Usually rumen microbial protein production is measured 
rather than cell synthesis, as microbes are more important in 
supplying protein than energy to the duodenum. It is measured 
by the concentration of a marker in both microbes and the rumen 
or duodenal digesta. Common markers used are S35, DAP, RNA, 
EAP (Hume, 1976) or amino acids (Cottle and Nolan, 1982). 

Carbohydrate metabolism 

The first stage is the breakdown of carbohydrate to pyruvic 
acid by extracellular microbial enzymes (Figure 13.7). 
The second stage involves the cellular uptake of sugars for 
synthesis into structural carbohydrates, or metabolism to 
the VFAs (Figure 13.8), producing ATP that can be used to 
’drive’ other reactions, e.g. protein synthesis. 

The main end products of ruminal fermentation are 
therefore acetate, propionate, butyrate, carbon dioxide 
and methane, with small quantities of hydrogen, pyruvate, 
succinate, lactate, isobutyrate (from valine), valerate 
(from proline), 2-methylbutyrate (from isoleucine) and 
3-methylbutyrate (from leucine). 

Amino acid metabolism 

Protein digestion in the rumen commences with proteases 
located on or in the bacterial cell walls. The peptides formed 
are transported into the cell, where they are synthesised into 
protein or broken down into amino acids or deaminated to 
ammonia before de novo protein synthesis occurs. Most of 
the energy used in protein synthesis is used in polymerisation 
of the amino acids, rather than in synthesis of amino acids 
from ammonia, which is no more energy demanding than 
transport of amino acids across the microbial cell membrane. 
Most rumen bacteria obtain amino acids by de novo synthesis 
from ammonia and various carbon sources (Figure 13.9). 
Biosynthesis usually occurs as ammonia  amide  
glutamate  aspartate and alanine  other amino acids. 
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Figure 13.7.  The first stage in the breakdown  of carbohydrates to pyruvic acid by extracellular microbial enzymes.
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Figure 13.9. The sources of carbon for amino acid synthesis. Source: Cottle (1980).
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A large recycling of protein occurs within the rumen 
caused by temperate and virulent bacteriophage and 
cytoclastic mycoplasma species, engulfment of microbes 
by protozoa and death and lysis of microbes. Some ciliates 
have their own intracellular parasites, such as rickettsia-like 
organisms and fungi (Clarke and Bauchop, 1977).

Attachment and sequestration of microbes 

To remain established in the rumen, microbes must divide 
faster than the dilution rate of digesta or avoid being carried 
out in the digesta. Passage may be delayed by continual 
attachment to feed particles or the rumen wall. The size (0.5-2 
µm) and shape of the reticulo-omasal orifice does not prevent 
microbes from escaping. Czerkawski and Breckenridge 
(1979) found that both bacteria and protozoa are sequestrated 
in the rumen. Protozoa may sink to the bottom of the ventral 
sac after ingestion of carbohydrate (Coleman, 1975). 

The effects of flow rate 

The dilution rate of rumen contents affects the maintenance 
energy requirements of microbes and the efficiency of microbial 
protein synthesis (Hespell, 1979). As dilution rate increases 
there is a reduction in propionate and an increase in acetate 
and butyrate concentrations. Acetate-oxidising bacteria, and 
thiaminase-containing bacteria and methanogens appear to 
decrease with higher flow rates (Rowe et al., 1979). Soluble 
substrates with high rates of degradation are unaffected by 
increased dilution rates, but those with lower rates are less 
digested. Insoluble structural carbohydrates are unaffected 
until, as a result of degradation, they are sufficiently small to 
pass from the rumen. Wells and Russell (1996) reported that as 
much as 50% of the microbial mass turns over before N passes 
to the lower gut, and this N recycling significantly decreases 
the availability of microbial protein. Dietary manipulations 
(e.g. salt feeding and particle size reduction) that increase 
liquid and solid dilution rates can increase bacterial flow by 
decreasing bacterial residence time and turnover. To the animal, 
the net result of these changes will depend on the quality of 
dietary proteins and carbohydrates. Generally an increase in 
the protein:energy supply to the animal occurs with increasing 
rumen dilution rates. 

Digestion and metabolism of nutrients 

Post-ruminal digestion and metabolism of nutrients is 
similar to that found in monogastrics (Annison et al., 2002; 
Freer et al., 2007; McDonald et al., 1981, 2002; White et 
al., 1973; Wilson and Brigstocke, 1981). The ruminant has 
a different pattern of carbohydrate metabolism, e.g. no liver 
glucokinase, as most energy is absorbed as VFAs rather than 
monosaccharides, so glucose has to be synthesised. 

The sites and the substrates of the enzymes involved 
in digestion are shown in Table 13.2. The pancreatic 
secretions contain several pro-enzymes, such as trypsinogen, 

chymotrypsinogen and procarboxypeptidases, which are 
converted to enzymes that break down protein. An intestinal 
enzyme, enterokinase, converts trypsinogen to trypsin. Trypsin 
is responsible for the conversion of all other proenzymes to 
their active forms. Prolipase, a-amylase, deoxy-ribonuclease 
and ribonuclease are also secreted by the pancreas. 

Table 13.2.  Sites of enzyme activity. 
Site Enzyme Action
Saliva Amylase Starch  →  maltose
Small intestine Amylase Starch  →  maltose

Maltase Maltose  →  glucose
Caecum and large 
intestine

Amylase Maltose → glucose

Small intestine 
onwards

Sucrase Sucrose → glucose and 
galactose

Small intestine 
onwards

Lactase Lactose → glucose and 
galactose

Abomasum Rennin Curdles milk proteins
Pepsin Starts breaking down 

protein
Small intestine Trypsin Proteins → amino acids

Chymotrypsin Proteins → amino acids
Aminopeptidases Peptides → amino acids
Dipeptidases Dipeptides → amino acids

Abomasum Lipase Fats → fatty acids and 
glycerol

Lipase Fats → fatty acids and 
glycerol

Caecum and large 
intestine

Lipase Fats → fatty acids and 
glycerol

Absorbed nutrients are first processed by the liver after 
entering the portal or lymphatic system via the rumen or lower 
digestive tract. Their fate depends on the physiological status 
of the sheep and associated hormone levels, which affect 
enzyme levels in the liver. The complexities of metabolic 
control are covered in biochemistry texts. The fates of the 
major body metabolites are summarised in Figure 13.4. 

Energy metabolism

Dietary organic matter is extensively modified in the rumen 
and only a small proportion of the gross energy (GE) of the 
diet becomes available to the animal in its original form 
(Figure 13.3). While acetate is the major product of rumen 
fermentation, it is not used directly as a major energy source, 
but is first converted to long-chain fatty acids, which can be 
stored as triglyceride or can be oxidised to provide energy. 
Most ruminant diets contain only 2-5% fat so acetate and 
butyrate are the major precursors of lipid. Due to direct 
incorporation of lipid by bacteria or de novo synthesis, most 
of the fatty acids absorbed in the duodenum are of microbial 
origin. Adipose and lactating mammary tissues are the major 
sites of fatty acid synthesis, and 10-80% of the daily energy 
intake passes through these tissues. Digested bacterial cells, 
which contain about 39% protein, 7% nucleic acid, 12% 
polysaccharide, 14% lipid, 18% ash and 10% cell wall 
material (Czerkawski, 1978) provide variable amounts of 
energy to the animal. 
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Carbohydrates 

The end products of carbohydrate metabolism are mainly the 
VFAs. Butyrate is mainly converted to ß-hydroxybutyrate 
in the rumen wall and passes with acetate from the liver 
into general circulation. In the body cells these VFAs are 
metabolised by various pathways (Leng, 1973; McDonald 
et al., 1981, 2002) to yield energy that is made available 
either for anabolism (synthesis) of other compounds or for 
mechanical work such as muscle movement. The relative 
yields of energy from the various substrates available are 
shown in Table 13.3. 

Table 13.3. Efficiency of nutrients as energy sources.  
Nutrient Mole ATP per

mole nutrient
Mole ATP
per 100g

Rank
(on weight)

Glucose 38 21.2 4
Propionic acid 17 22.9 3
Acetic acid 10 16.7 5
Butyric acid 25 28.4 2
Glutamic acid 23 15.6 6
Tripalmitin (fat) 408 50.5 1

Source: McDonald et al. (1981).

Propionate is either oxidised to provide energy or converted 
to glucose in the liver. This can be converted to triglycerides, 
used in the body as an energy source or NADPH source (for 
fatty acid synthesis) or can be used for glycogen synthesis 
and storage. Because carbohydrates are fermented, 90-100% 
of circulating glucose is produced in the liver (80%) and 
kidney cortex (10%), mainly from propionate (40%), lactate 
(20%), glycerol (5%), alanine (5%) and glutamate (5%). 
Glucose is required for the oxidative metabolism of the brain, 
red blood cells and the medulla of the kidney. It is also used 
in the synthesis of ribose and lactose. 

Lipids 

Dietary lipids are mainly present as esterified mono- and 
digalactoglycerides if the animal is grazing pasture, and 
as triglycerides if the sheep is fed concentrates (Leat and 
Harrison, 1975). In the rumen these are hydrolysed and 
saturated, so the major lipids in digesta entering the small 
intestine are stearate, oleate and palmitate. Bile salts 
(containing phospholipids) facilitate the transfer of free 
fatty acids from the insoluble particulate phase to a soluble 
micellar phase. Lipases are acid-labile and are more active 
in the more neutral pH of duodenal digesta. Fatty acids in 
micellar solution are absorbed across the intestine and re-
synthesised into triglycerides in the mucosal cells. 

Whereas glycerol and VFAs enter the portal system, long-
chain fatty acids enter the lacteals as triglycerides. The lacteals 
(lymphatic system) are the spaces between capillaries of the 
vascular system in the intestinal villi. Lymph fluid mainly 
contains very

 
low-density lipoprotein droplets and enters the 

venous blood vessels via the thoracic duct. On entering the 
blood stream triglycerides are carried by the plasma as an 
albumin-bound complex (high-density lipoprotein) to the 

liver, where they are hydrolysed or sent to other parts of the 
body and metabolised. The fatty acids in the liver can be used 
for energy or triglyceride synthesis. 

Negative associative effects are not likely to be 
observed in ruminants consuming forage-based diets with 
supplemental fat at ≤2% of DMI (Hess et al., 2008). Inclusion 
of supplemental fat at ≤3% of DM is recommended to obtain 
the most benefit from the energy contained within the fat and 
other dietary components in high-forage diets. For ruminants 
fed high-concentrate diets, supplementing fat at 6% of diet 
DM is expected to have minimal impacts on utilization of 
other dietary components. Although there is greater potential 

to supply the ruminant animal with unsaturated fatty acids 
from dietary origin if fat is added to high-concentrate diets, 
incomplete ruminal biohydrogenation of C18 unsaturated 
fatty acids results in an increase in duodenal flow of 18:1 
trans fatty acids regardless of basal diet consumed by the 
animal. Increasing unsaturated fatty acids status of ruminants 
imparts physiological responses that are separate from the 
energy value of supplemental fat. Manipulating maternal 
diet to improve unsaturated fatty acid status of the neonate 
has practical benefits for animals experiencing stress due to 
exposure to cold environments or conditions which mount an 
immune response.

Proteins 

Amino acids and dipeptides are absorbed from the intestines 
and enter the portal blood. In the liver they are used for protein 
synthesis or pass into the systemic blood and join amino acids 
produced from tissue catabolism. They are used for tissue 
synthesis, such as wool growth, or return to the liver, where 
they are broken down to ammonia and keto-acids. The keto-
acids can be used for energy or to synthesise other amino 
acids in demand (by transamination reactions).  In the liver, 
ammonia is converted into urea that is either excreted via the 
kidneys or re-enters the GIT. 

Sulphur (S) metabolism 

In the reticulo-rumen, S in feed and endogenous secretions 
is largely reduced to sulphide and converted into microbial 
proteins, absorbed directly across the rumen wall or eructated 
from the rumen as H

2
S gas. Post-ruminally the main processes 

are the digestion of protein and other S-containing materials, 
and the absorption of amino acids, peptides and inorganic 
and organic sulphates (Bray and Till, 1975). 

If the N:S ratio in rumen-fermented protein is higher 
than that found in microbial matter, deamination of non-S-
containing amino acids will increase. The average N:S ratio 
in plant protein is 15:1. Microbial protein N:S ratios vary 
from 11:1 to 37:1 and are higher in protozoa than bacteria. 
Addition of NPN to the diet often requires the addition of 
inorganic S. Sulphur deficiency in the rumen restricts bacterial 
growth and dry matter digestibility. Bacteria derive about 
55% of their protein S from the sulphide pool. Sulphide is 
absorbed very rapidly from the rumen so is inefficiently used 
by microbes (Kennedy and Milligan, 1978). 
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Responses to dietary supplementation of sulphur-containing 
amino acids (SAA), such as methionine (Met), occur either 
under S-deficient conditions (Doyle and Moir, 1979), where 
degradation of the SAA, is avoided (Downes et al., 1976), or 
when very large doses are given (Cottle and Velle, 1989). The 
N:S ratio in microbes and “bypass” protein should equal the 
N:S requirements of body tissue protein (that is, 10:1 to 13.5:1 
for sheep) for optimal utilisation of non-SAA. About 52% 
of microbial SAA, flowing from the rumen is retained in the 
body, with about 40% of this being present in wool, which has 
a high cystine content. Very little organic S is absorbed in the 
hind-gut (Judson et al., 1975). 

Recycling of S to the rumen contributes towards a relatively 
steady N:S ratio of 14:1 in digesta flowing to the intestines. 
Sulphate is recycled in saliva or may diffuse from the blood 
into the rumen. Sheep on low-quality pastures have difficulties 
maintaining high levels of sulphate recycling to the rumen. 
Most recycled inorganic sulphate enters the post-ruminal tract 
(Kennedy and Milligan, 1978) and is eventually excreted. 

Nitrogen (N) metabolism 

Metabolism of N has been extensively studied (Agricultural 
Research Council, 1980; Dijkstra et al., 2005; Freer and Dove, 
2002; Freer et al., 2007) and is illustrated in Figure 13.6. Feed 
protein systems based on N metabolism are described on page 
314.

Inefficient utilisation of dietary energy results if ammonia 
levels in the rumen limit the rate of fermentation (lowering intake 
and digestibility). If rumen ammonia levels are well in excess of 
microbial requirements for degradable N, inefficient utilisation 
of dietary N occurs, as most is excreted as urea (Nolan and Leng, 
1972). With many diets most urea in the animal is degraded 
post-ruminally and hence is utilised by hind-gut microbes rather 
than recycled to the rumen. Diversion of urea from the hind-gut 
to the rumen occurs in sheep fed low-N diets. The recycling of 
N through the gut either as urea or via endogenous secretions 
represents a major contributor to the amount and pattern of 
amino acids absorbed (Lapierre and Lobley, 2001). Urea returned 
to the gut represents up to 80% of the digested N in sheep. Of 
this, approximately 50% may be converted to anabolic products 
(normally amino acids). This provides a vital mechanism to 
conserve feed and body N and maintain the supply of amino acids 
to peripheral tissues. Sheep appear more efficient in producing 
anabolic products from urea-N than cattle.  

The extensive recycling of N to the rumen represents an 
evolutionary advantage of the ruminant in terms of absorbable 
protein supply during periods of dietary protein deficiency, 
or asynchronous carbohydrate and protein supply, but incurs 
a cost of greater N intakes, especially in terms of excess N 
excretion (Reynolds and Kristensen, 2008). 

Feed intake 

The amount of food consumed is one of the most important 
factors determining the productivity of sheep. Feed and fluid 

intake are affected by the interaction of physical, metabolic 
and endocrine factors. The importance of each depends on 
the nature of the diet and the physiological state of the sheep 
(Forbes and Provenza, 2000). Poppi et al. (1987) proposed 
that with low pasture allowances – due to high stocking rates 
(SR) - non-nutritional factors such as pasture structure, mass 
and allowance are most important in limiting intake. At high 
intake levels, nutritional factors such as digestibility, digesta 
passage rates and concentration of metabolites become more 
important. The factors affecting intake can be grouped under 
potential feed intake, affected by the size of the animal 
relative to its mature size and its physiological state, and 
relative intake, affected by herbage quality, weight and sward 
structure and selective grazing (Freer et al., 2007).  Feed 
intake is determined solely by potential intake and herbage 
quality/digestibility in sheep grazing pasture containing 
at least 2 tonnes of herbage DM/ha.  With less pasture and 
higher SR it becomes difficult for sheep to satisfy their 
potential intake in the time they can spend grazing each day 
and intake depends on the relative availability of the various 
herbage classes (Figure 13.10).
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Figure 13.10.  Relative availability and its component 
attributes for sheep (for the first herbage class, where the 
unsatisfied appetite of the animal has a relative value of 1) 
in relation to the weight of herbage dry matter; upper  line 
is relative time spent grazing, lower line is relative rate of 
eating and middle line is the product, relative availability.  
Source: Freer et al. (2007).

Predicting intake is extremely difficult due to the large number 
of interactive factors (Baldwin, 1995; Black, 1984; Freer 
et al., 2007; de Jong, 1984; Chapter 14). Intake of a highly 
digestible diet appears to be mainly controlled by metabolic 
regulation via the appetite centres in the lateral hypo-thalamus. 
Intake of low-digestible diets is mainly controlled by physical 
factors via satiety centres in the ventromedial nuclei of the 
hypo-thalamus. The reticulum and abomasum appear more 
sensitive to distension (Grovum and Phillips, 1978). As 
energy balance is maintained at tissue level, intake control 
is mediated by endocrine hormones, such as insulin. Rumen 
and abomasum motility are affected by positive and negative 
feedback signals. Abomasal infusion of VFAs decreases 
abomasal emptying while infusion of proteins increases it 
(Kempton, 1979). 
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Sheep preferential graze various plants (Forbes and 
Mayes, 2002) so diet selection and intake levels of feed 
components are important. For example, sheep select green 
rather than dead material, young rather than old and leaf 
rather than stem, i.e. more digestible material, and prefer to 
graze a mix of about 70% clover and 30% grass when given 
free choice (Edwards et al., 2008b).

Capacity of the gastrointestinal tract 

The digesta load within the rumen and the rate at which it is 
removed by digestion and passage affect intake, particularly 
on forage diets with lower digestibilities. These are controlled 
by the level and frequency of fluid and feed intake, the physical 
and chemical attributes of the diet (particle size, specific 
gravity and solubility), salivary flow, rumen osmotic pressure, 
volume and motility. Diets with moderate levels of roughage 
have higher flow rates of rumen fluid than concentrate diets. 
Smaller rumen volumes and increased volume of flow occur 
with more frequent feeding. 

Factors that will affect clearance rate include: potential 
digestibility of the feed, since feeds with a high cell wall 
content will be poorly digested and intake will be low; rate 
of digestion; physical form of the diet; time spent chewing 
during ingestion and rumination; and rate and amplitude of 
reticulo-rumen contractions 

Intake and flow rate may be increased on diets that support 
very low levels of production by feeding salts if water intake 
can also increase. It may also be beneficial to change the 
physical form of forage as a reduction in particle size leads to 
increased passage rates, or to solubilise ligno-cellulose with 
sodium hydroxide or ammonia, or to feed ’bypass’ protein. 

Energy balance  

Energy balance is the difference between intake and loss of 
energy. Ruminants try to change their feed intake to maintain 
energy balance. This is not always achieved on poorly 
digestible feeds. 

Composition of rumen fluid 

The lowering of rumen fluid pH below 5.5 caused by an 
increase in VFAs or lactate concentration can depress feed 
intake if rumen stasis develops and propulsion of digesta to 
the omasum is restricted. However, on forage diets rumen pH 
or osmolarity are unlikely to limit feed intake. 

Increasing the ruminal concentration of either acetate or 
propionate, but not butyrate, has been shown to reduce feed 
intake of sheep. The receptors for acetate and propionate 
appear to lie in the rumen wall and liver respectively. 
Butyrate, injected intravenously, will depress feed intake but 
is normally metabolised by the rumen epithelium and so has 
no effect. 

Nutritional deficiencies 

Feed intake of sheep will be depressed when the diet is 
deficient in crude protein as rumen microbial activity is 
restricted. Imbalances or deficiencies of amino acids available 
to the animal can also limit feed intake through metabolic 
effects. It can also be depressed by deficiencies in a number 
of minerals and vitamins, including phosphorus, cobalt, 
calcium, sodium, potassium, vitamin A and vitamin B12. 

Water load 

Pasture and fodder crops (notably oats) often contain a high 
percentage of intracellular water, which may impose a limit 
on feed intake in mature sheep when it rises to 87%. Young 
growing sheep are likely to be affected at even lower levels. 

Palatability 

This has only a small influence and will not overcome other 
limitations to feed intake. An interaction between palatability 
and energy balance affects feed intake. Hungry sheep are 
less likely to be influenced by palatability than sheep near 
satiation. Dust content and contamination from rodent excreta 
influence palatability. 

Physical form of the diet 

Feed intakes of herbage diets are usually increased by 
reducing the particle size by grinding, chopping, chaffing, 
compressing and pelleting, particularly with poorer-quality 
feeds. The response is likely to be larger in young sheep than 
older animals, and may be related to the size of the reticulo-
omasal orifice. Kenney and Black (1984) found that intake 
rate and ’taste’ of forage are better predictors of diet selection 
than digestibility. 

Physiological state 

Intakes tend to be higher in sheep with higher nutrient 
requirements, in general, young sheep (with a high potential 
for growth) eat more feed than mature sheep when adjusted 
for metabolic weight (liveweight0.75). The highest intake/ 
metabolic weight occurs when 30% of adult weight is attained 
(Allden, 1979). Ram lambs have the capacity to consume 
more feed than wethers. 

Although the nutrient requirements of the ewe increase 
rapidly in late pregnancy, feed intake does not correspondingly 
increase. Rumen volume is decreased by the increasing size 
of the conceptus and together with the increased rate of 
oestrogen secretion this reduces feed intake, particularly in 
ewes bearing twins. It may be compensated to some extent 
by increased passage rate from the rumen. During lactation 
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energy losses via the milk increase, consequently feed intake 
is increased (Chapter 11). To achieve this, lactating ewes 
spend more time grazing and ruminating, have a higher 
rumen digesta capacity and increase the propulsive activity 
of the recticulo-rumen. 

Environmental effects 

Exposure to mildly cold conditions will increase intake, 
compensating for increased heat loss. However, severe heat 
losses will decrease intake. The extent of heat loss will 
depend on environmental temperature, fleece length, rainfall, 
wind strength and body condition. Shearing in cold, wet and 
windy conditions is likely to have disastrous consequences 
on feed intake and body heat loss. 

High temperatures depress feed intake and those above 
40°C can reduce intake to zero. However, the effect of high day 
temperatures under grazing conditions is to change grazing 
time from day to night. High humidity is likely to exacerbate 
the effect, while fleece length will determine the extent of 
insulation from solar radiation. Reduced accessibility of feed 
and water reduces intake. The amount of green herbage per 
hectare, plant height, plant density and the physical nature of 
the plant species affect accessibility. 

Prediction of feed intake 

Formulation of a ration for supplementary feeding needs 
ad libitum feed intake to be predicted. The growth rates 
achieved when feeding for production will be restricted by 
the maximum feed intake. When feeding for survival it is 
unwise to feed a cheap low-quality feed if sheep are unable 
to consume sufficient for maintenance. 

Approximate ad Iibitum dry matter intakes are 3-5% of 
liveweight for mature sheep and 5% of liveweight in young, 
rapidly growing sheep. The actual intake will depend on 
factors discussed previously. A feed should contain 1% crude 
protein for each MJ of metabolisable energy (ME), if rumen 
ammonia levels, and hence potential feed intakes, are to be 
maintained. 

Composition of feed 

The composition of plants and animals is shown in Figure 
13.11. The main component of dry matter in plants is 
carbohydrate, as cell walls consist of cellulose and energy 
is stored as starch. Cell membranes in animals contain 
lipoproteins and energy is stored as fat. This means plants 
contain more carbohydrate and less fat and protein than 
animals. In both plants and animals, proteins are the main 
N-containing compounds. In plants most protein is present 
as cell enzymes, whereas in animals it is contained in tissues 
such as muscle, skin, wool, hair and hooves. 

water carbohydrates

lipids

proteins

nucleic acids

organic acids

vitamins

food organic

dry matter

inorganic minerals

solvent - nutrients and waste

hydrolysis reactions

high specific heat (controls body temp.)

latent heat of evaporation (lungs and skin)

sheep require about 2.5 L/kg DM eaten

pregnant and lactation sheep require
about 3.7 L/kg DM eaten

water

Figure 13.11. Components of plants and animals

Plants can synthesise all the vitamins they require for 
metabolism, whereas animals cannot. Ruminant microbes 
can synthesise B and K vitamins from precursors. A brief 
description of the major components of feeds follows. For 
fuller details see: Givens et al., 2000; McDonald et al., 1981, 
2002; White et al., 1973 and Wilson and Brigstocke, 1981. 

Classifications of carbohydrates, fatty acids and lipids are 
outlined in Tables 13.4-13.6. 

Proteins are made up of polypeptide chains of amino 
acids. The different side chains of amino acids determine 
their chemical properties and are shown in Table 13.7. The 
vitamins are shown in Table 13.8, while a list of minerals 
required by sheep and their major functions are shown in 
Table 13.9. 

Analysis of feeds 

Much of the information we have on feeds is derived from 
the proximate (Weende) analysis of feeds, which divides 
food into six fractions (Table 13.10). No fraction represents a 
particular compound, but each can be used to estimate nutritive 
value. With modern laboratory equipment, feeds are usually 
fractionated further to better predict their value for livestock. 

Often the original crude fibre method is replaced by acid 
detergent fibre (ADF), which is more closely related to dry 
matter digestibility (DMD) (Figure 13.12). For example, 
the Feed Evaluation Unit (FEU) of the New South Wales 
Department of Agriculture used the equation: 

DMD% = 83.58 - 0.82 ADF% + 2.62 N% 
(Oddy et al., 1983) 
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Table 13.4.  Classification of carbohydrates.   
Trioses
C

3
H

6
O

3

Glyceraldehyde
Dihydroxyacetone

Tetroses
C

4
H

8
O

4

Erythrose

Monosaccharides
Pentoses
C

5
H

10
O

5

Arabinose
Xylose
Ribose

Hexoses
C

6
H

12
O

6

Glucose
Galactose
Mannase
Fructose

Sugars Disaccharides
C

12
H

22
O

11

Sucrose (Glucose+fructose)
Lactose (glucose+galactose)
Maltose (glucose+glucose) a 1,4
Cellobiose (glucose+glucose) ß 1,4
Trehalase

Trisaccharides
C

18
H

32
O

16

Raffinose

Tetrasaccharides
C

24
H

42
O

21

Stachyose

Pentosans Arabans
Xylans

Homopolysaccharides

Glucans

Starch
Dextrins
Glycogen
Cellulose

Non- Hexosans Fructans Inulin
sugars Levan

Galacturonans
Mannans
Glucosaminans

Pectic acid

Chitin

Hemicelluloses
Complex acidic-
Polysaccharides

Gums
Mucilages

Heteropolysaccharides Sulphated-
Polysaccharides
Amino-
polysaccharides

Hyaluronic acid
Chondroitin
Heparin

Source:  McDonald et al. (1981).

Table 13.5.  Free fatty acids.   
Saturated Formula Unsaturated Formula
Butyric
Caproic
Caprylic
Capric
Lauric
Palmitic
Stearic
Arachidic

C4
C6
C8
C10
C12
C14
C18
C20

C3H7COOH
C5H11COOH
C7H15COOH
C9H19COOH
C11H23COOH
C13H27COOH
C17H35COOH
C19H39COOH

Palmitoleic
Oleic
Linoleic
Linolenic
Arachidonic

C16/1
C18/1
C18/2
C18/3
C20/4

C16H29COOH
C17H33COOH
C17H31COOH
C17H29COOH
C19H31COOH

Source: McDonald et al. (1981).
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Table 13.6.  Classification of lipids.    

Lipids

Glycerol based Non-glycerol based

Simple Compound

Glycolipids Phospholipids Waxes
Cerebrosides

Steroids

Glycolipids Galactolipids Terpenes
Sphingomyelins

*Fats Lecithins Cephalins

CH
2
OH    CH

2
.O.CO.R

1

 + R
1
COOH

CHOH  R
2
COOH → CH.O.CO.R

2
 

  R
3
COOH

CH
2
OH    CH

2
.O.CO.R

3

glycerol  fatty acids  triglyceride
    (fat)
Source: adapted from McDonald et al. (1981).

Table 13.7.  The amino acid side chains.
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Table 13.8.  Vitamins.

Vitamin Alternative name
Fat soluble
A Retinol, carotene
D2 Ergocalciferol
D3 Cholecalciferol
E Tocopherol
K1 Phylloquinone
K2 Menaquinone
Water soluble
B1 Thiamine, aneurine
B2 Riboflavin
B3 Pantothenic acid, calcium pantothenate
B5 Nicotinamide, nicotinic acid, niacinamide
B6 Pyridoxine, pyridoxal biotin, vitamin H folacin, 

vitamin M choline, choline chloride myo-inositol
B12 Cyanocobalamine
B13 Orotic acid
*B15 Pangamic acid
*B17 Amygdalin, laetrile, beta-cyanophoric glycosides
C Ascorbic acid

* vitamin status uncertain

Table 13.9. Major minerals.

Mineral Major functions
Calcium Bone formation and maintenance; egg shell formation; 

milk synthesis; muscular and neural functions; blood 
clotting

Phosphorus Bone formation and maintenance; metabolic energy 
transfer; component of cell membrane and nucleic acids

Sodium Regulation of osmotic pressure and pH
Magnesium Neuromuscular function; enzyme substrate activator
Potassium Neural function; enzyme stabilizer
Sulphur Essential component of some amino acids
Cobalt Component of vitamin B12; enzyme substrate activator
Copper Component of certain enzymes
Fluorine Component of bones and teeth
Iodine Component of thyroid hormone
Iron Component of haemoglobin and certain enzymes
Manganese Enzyme substrate activator
Selenium Antioxidant
Zinc Component of certain enzymes; enzyme substrate 

activator

ME content is then calculated as 0.15 x digestible organic 
matter in the dry matter (DOMD) for diets with less than 30% 
grain and 0.16 × DOMD for high-grain diets. DOMD or D 
value can be calculated as 0.98 DMD - 4.8 (MAFF, 1975). 

Feeding systems (energy) 

Sheep need nutrients for maintenance and also for milk and 
wool production, growth and pregnancy. Energy is often the 
most limiting nutrient. Energy is not a separate nutrient, in 
that all complex organic compounds can be broken down to 
simpler substances to yield energy. Protein can be used for 
energy and glucogenic precursors, such as ’bypass’ starch, can 
be used to spare glucogenic amino acids from deamination. 

The value of a feed is usually related to its energy content, 
which can be expressed in different ways. The simplest method 
of estimating it is to dry the feed and subtract mineral content 
to determine organic matter (OM) content. The gross energy 
(GE) value of feeds is determined in a bomb calorimeter, 
by completely burning a weighed amount in an atmosphere 
of oxygen and measuring heat liberated. This value in most 
feeds is 18 MJ per kg DM. 

All feed evaluation systems measure the energy content 
of feeds at different stages during their digestion and 
utilisation (Figure 13.13). Digestibility of any nutrient can 
be determined by measuring the concentration of the nutrient 
(or nutrient marker) in the feed and the concentration in the 
faeces. 

Digestibility = (g nutrient/kg feed - g nutrient/kg faeces)  
 (g nutrient/kg feed)

Average marker concentrations in faeces are determined 
following a 7-day collection period. If DE is being 
determined, the GE of feed and faeces must be determined. 
This technique measures apparent digestibility and under-
estimates true digestibility, as some of the material in the 
faeces is endogenous in origin. 

Table 13.10. Proximate analysis.   
Methods:
Moisture: dry 100oC
Ash: ignite 500oC
Crude protein: Kjeldahl N ammonia
Ether extract: petrol ether reflux
Crude fibre:  ether extract residue boiled in acid then alkali
Nitrogen free extractives:  residual

Fraction Main components
Moisture H

2
O, VFA

Ash Essential elements: (major) Ca, K, Mg, Na, S, P, Cl
  (trace) Fe, Mn, Cu, Co, I, Zn, Mo, Se, Cr
Non essential elements:  Si, Ni, Ti, Al, V, B, Pb, Sn

Crude protein Proteins, amino acids, amines, nitrates, nitrogenous glycosides, glycolipids, B vitamins, nucleic acids
Ether extract Fats, oils, waxes, organic acids, pigments, sterols, vitamins A, D, E, K
Crude fibre Cellulose, hemicelluloses, lignin
Nitrogen free 
extractives

Cellulose, hemicelluloses, lignin, sugars, fructans, starch, pectins, organic acids, resins, tannins, pigments, water 
soluble vitamins

Source: adapted from McDonald et al. (1981).
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Metabolisable energy (ME) is more accurate than 
DE because it measures feed energy that can be used for 
maintenance and production, however, urine and methane 
must also be collected and analysed for direct measurement. 
In most feed evaluation systems it is predicted from other 
parameters that are easier to analyse and measure, such as 
DOMD. 

Net energy (NE) content of feed is the energy actually 
used for maintenance and stored in product - that is, wool, 
meat or milk. The NE for production is equal to the GE of 
the products produced. The energy losses during digestion, 
transport and metabolism are lost as heat. In cold climates 
this can be useful in maintaining body temperature. Net 
energy varies with different production and feeding levels so 

Figure 13.12.   Method of partitioning fibre components. Source: Van Soest (1976).

Feed sample
boiled with neutral detergent

(Na lauryl sulfate: sodium EDTA)
pH 7.0

neutral detergent
fibre (NDF)

neutral detergent
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boil with acid detergent
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bromide in 1N H2SO4)
pH ~0

acid detergent
fibre (ADF)
cellulose

lignin

acid detergent solubles
hemicellulose

KMnO4
pH 3

lignin and minerals
530°C

72% H2SO4

cellulose dissolved

cellulose and
some minerals

550°C
lignin ash lignin

ash cellulose

plant cell wall:
  hemicellulose
  cellulose
  lignin
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  starch
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  protein
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Gross energy (= heat of combustion) GE
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(20-40% GE)
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used for
production
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total heat production
of animal  (H)
(15-30% GE)

Figure 13.13.  Partitioning of feed energy.
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is usually determined by measuring energy balance (ME - H) 
at different intake levels. The feed system gaining acceptance 
(ARC, 1980; Corbett, 1987; Freer et al., 2007) is based on 
the efficiency of use of ME for varying production and feed 
levels. It is, in effect, an NE system (Figure 13.18). Better 
technology, analytical systems and computer technology 
will probably lead to the development of a system that better 
recognises the biochemical components of feeds. 

A brief background to other feed systems will be given to 
demonstrate the relationship between systems.

Starch equivalents

The German, Oscar Kellner, observed that starchy feeds, such 
as oats and barley, could be reliably used to fatten adult cattle. 
He developed a system that ranked feeds on this ability. ’Starch 
equivalents’ (SE) were the number of pounds of pure starch 
to which, for feeding purposes, 100 pounds of the feed was 
equivalent - for example, oats 59, hay 30. Kellner found starch 
had an NE for fattening of 99 MJ per kg DM. The SE system 
should only be used when fattening adult cattle and cannot 
be applied to growth of young stock or pregnant or lactating 
animals; however, it is widely used throughout the world.

The proximate analysis (Table 13.10) of feeds can be 
used to calculate SE. Correction for the digestibility of its 
individual components results in a measure of DOMD. The 
digestibilities of the same components in different feeds can 
vary widely - for example, the digestibilities of wheaten hay 
and oat crude protein are 54% and 78% respectively. Kellner 
calculated a ’food unit’ value for a feedstuff by multiplying the 
digestible proximate analysis components by the equivalence 
factors 0.95, 1.0, 1.91 and 2.12 - for CP, fibre and NFE, ether 
extract in roughages and ether extract in grains respectively. 
He also corrected for the proportion and relative condition of 
fibre present. Food units have been used widely and closely 
compare with MAFF (1975; 1990) values. The SE and food 
unit systems are based upon sound analytical principles, 
which have been used in ME systems. 

Other energy systems

The SE system was the mainstay of Australian extension 
advice for sheep- and cattle-feeding until very recent times. 

Elsewhere, other systems of expressing feed requirements 
and feed values have been adopted. Foremost among these is the 
Total Digestible Nutrient (TDN) system, which is used in the 
United States (NRC 1975, 1985, 2007; Chapter 14). The TDN% 
and SE formulae for converting digestible proximate analysis 
components to food units are very similar. ME or M/D (MJ per 
kg DM) is about 0.15 x TDN, SE or DOMD and 0.82 × DE. 

NRC feed requirements are given as TDN, DE, ME and NE, 
which suggests a gradual shift to energy partitioning systems. NE 
systems need to quote separate values for each type of production, 
i.e. NE maintenance, NE gain and NE lactation. 

Other systems in use are East German energy feed units 
and Scandanavian feed units, which are similar to Kellner’s 

system. Dutch feed units for lactation are based on production 
levels 150% above maintenance and a NE value for barley of 
8 MJ per kg DM. 

ARC ME system 

The ME system enables the estimates the nutritive value of 
feed without animal experimentation. Laboratory techniques 
are used and the ME is predicted (ARC, 1980; Freer et al., 
2007; MAFF, 1975) in a similar manner to the food unit 
system. New techniques allow the simple, rapid and reliable 
estimation of energy value of feeds, e.g. near infrared 
reflectance spectroscopy (Downey et al., 1987) and cellulase 
enzyme digestibility. 

Feed-value tables (Chapter 14) are used when laboratory
 

facilities are unavailable. Individual feed samples, especially 
of forages, may vary widely from average values (Leche et 
al., 1982). 

Protein systems 

Requirements for protein were originally based on specifying 
minimum dietary crude protein levels. Later digestible CP 
content for various production levels was specified. Total CP 
con-tents are determined using the Kjeldahl technique. (The 
N is assumed to be present in the form of protein N). The 
technique converts N to ammonia. Protein content equals N 
x 6.25 (average molecular weight of amino acids/molecular 
weight of N). Because of technical problems in separating 
undigested feed protein from microbial protein in faeces, the 
calculation of CP is usually preferred to digestible CP. 

Recently the partitioning of protein into rumen-degradable 
(RDP) and undegraded dietary (UDP) fractions (Freer et 
al., 2007; McNamara et al., 2000; Miller, 1978) has helped 
explain the responses to NPN and ’bypass’ protein. 

The final step in describing requirements and feed 
composition would be in terms of individual essential amino 
acids, as occurs in the pig and poultry industries. Measures 
of protein quality for monogastric animals include protein 
efficiency ratio, gross protein value, biological value, 
chemical score and essential amino acid index (McDonald 
et al., 1981, 2002). 

Protein systems based on the use of constant factors are 
inaccurate (Black et al., 1982; Faichney and Black, 1979). 
Protein supply and subsequent performance can be more 
accurately predicted knowing: 

the intake of feed, its chemical composition and physical •	
form 
the inflow of endogenous material •	
the potential degradability of feed and endogenous •	
constituents 
the rates of degradation and outflow of these •	
constituents 
the mass of the microbial population, its requirements for •	
maintenance and growth and its fractional outflow rate 
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However, this information is seldom known in field situations, 
where feed collection and characterisation are relatively 
crude (Smith, 1982). 

The ARC (1980) system proposes that a diet is formulated 
in terms of ME needed for the required performance. This 
energy intake determines the amount of microbial growth 
possible, which determines the amount of rumen-degradable 
N (RDN) needed in the diet. 

RDN required (g/d) = MEI × F x Do × M x E where 

MEI = ME intake (MJ) 
F = conversion of ME to DOM 
1 /0.82× 19 = 0.064 
[DOMI = MEI/(0.82 x 19)] 
Do = proportion of DOM digested in the rumen = 0.65 
M = microbial N yield per kg DOM digested in rumen = 30 
E = efficiency of conversion of degraded N to microbial N = 1 

Therefore RDN (g/d) = ME x 0.064 × 0.65 × 30 = l.25 × ME 
RDP (g/d) = 7.8 × ME 

A dietary N content of around 1%, or 65g CP/kg DM, is 
commonly regarded as the minimum needed for viable rumen 
fermentation. If a sheep eats 1kg DM/day of a forage with a 
M/D = 6 MJ/kg DM, then its RDP requirement would be 
46.8 g/day, which would require the digestibility of the CP 
to be at least 72% to match the requirement of the microbes, 
assuming that ammonia (RDN) outflow from the rumen is 
balanced by recycling of N to the rumen. Rumen ammonia 
levels are the most direct measure of the adequacy of RDN in 
the diet (Freer et al., 2007).

Microbial yield is lower on autumn compared with spring 
growths of temperate C3 pastures, which have higher water-
soluble carbohydrate contents (Dove and Milne, 1994) and  
lower (M = 5-22) on tropical, warm season (C4) grasses 
(Bowen, 2003). C4 photosynthesis refers to a suite of traits 
that increase photosynthesis in high light and temperature 
environments (Chapter 18; Edwards and Still, 2008). C4 
grasses have 3 subtypes based on the mechanisms used 
to transport CO

2
 to bundle sheath cells and to regenerate 

phosphoenol pyruvate (Taub and Lerdau, 2000). The bundle 

sheath decarboxylation enzymes are either NAD malic 
enzyme, NADP malic enzyme or phosphoenolpyruvate 
carboxykinase. C4 species, such as wallaby grass, are 
increasingly dominant north of 34° south latitude in Australia. 
With global warming and increased CO

2
 levels, C4 grass 

species dominance may move about 250 km further south in 
future (M. Howden, pers. comm.).

The supply of microbial amino acids to tissues (TMN) - 
that is, wool, milk, liveweight gain - is calculated as: 

TMN (g/d) = RDN × P × A x E 

where P = proportion of microbial N as amino acid N (aaN) 
= 0.8 
A = absorbability of aaN in the small intestine = 0.7 
E = efficiency of utilisation of absorbed aaN = 0.75 

Therefore TMN (g/d) = RDN x 0.8 x 0.7 x 0.75 = 0.53 x ME 
TMP (g/d) = TMN x 6.25 = 3.3 x ME 

The total requirement for N in tissue (TN, g/d) is the sum 
of N required for maintenance (inevitable urinary, faecal and 
dermal losses) plus N retained in the tissues for gestation, 
weight change, lactation and wool growth. When energy 
balance is zero there is usually a small positive N balance. 
The TN levels required for different production levels are 
tabulated by ARC (1980) and Freer et al. (2007). The ARC 
(1984) feed requirements were based on different assumed 
values of A, E and endogenous loss, but are similar to the 
above calculations. ARC (1980) incorrectly assumed that no 
endogenous faecal protein loss is derived from endogenous 
N and made no allowance in dietary protein requirements 
for endogenous faecal protein loss, whereas NRC (1978) 
allowed 15.2 g protein/kg DMI for sheep and cattle. AFRC 
(1993) assumed E for the use of digestible protein leaving the 
stomach was 1.0, 0.59, 0.85, 0.68 and 0.26 for maintenance, 
growth, pregnancy, lactation and wool growth respectively, 
whereas Freer et al. (2007) used a common, lower value of 
0.7 for all uses, except wool growth which was allocated 
a lower partial efficiency of 0.6 due to its high content of 
sulphur amino acids. Black et al. (1982) suggested E for 
microbial and feed proteins for wool may only be about 0.3 
due to limiting amounts of cystine and Met. 

If TN is less than TMN, then no further dietary protein 
supplement is required. If TN is greater than TMN then 
undegradable dietary N (UDN) is needed and the requirement 
is calculated as: 

UDN (g/d) = (TN - TMN)/(A x E) 
= (TN – 0.53 x ME)/(0.7 x 0.75) 
= 1.9 × TN -1.0 x ME 
UDP (g/d) = 1.9 × (TP – 3.3 x ME) 
Total CP requirement is thus: 
= RDP + UDP 
= 7.8 x ME + (1.9 x TP- 6.3 x ME) 
= 1.5 x ME + 1.9 × TP 

The minimum CP concentration needed in the dry matter intake 
(DMI) to meet tissue requirements is: (RDP + UDP)/DMI. 

The sheep’s maintenance protein requirements can 
usually be met by microbial protein, i.e. by RDP. However, 
fast-growing sheep, sheep with twins during the later stages 
of pregnancy and high-producing lactating animals require 
additional protein in the form of UDP. Urea cannot be used as 
a source of UDP. It can provide RDP for the rumen microbes. 

To calculate the supply of UDP from a feed the extent of 
degradation of its protein in the rumen must be estimated. 
Untested feeds are assumed to be 80% degradable (Class A, 
Table 13.11). In situations where a UDP response is expected, 
more economic responses are likely if the protein fed has 
low digestibility or has been heat or chemically treated. 
Free oils can markedly increase the efficiency of microbial 
protein synthesis, possibly by their defaunating effect, and 
this may enhance the potential for using non-protein-N on 
oil-supplemented diets (Sutton et al., 1983).
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The ARC system and Feed Evaluation Unit values require 
ME intakes, protein degradability and production levels as 
inputs. These need to be known or predicted. A simpler 
method for predicting the supply of amino acids to the tissues 
is to assume dietary CP is 64% degraded and that microbial 
N yield per kg DOM digested in the rumen is 39 (Hogan, 
1982). Thus crude protein leaving the stomach and entering 
the intestines (CPLS, g/d) 

= 0.36 CPI (g/d) + 0.16 DOMI (g/d) + 6 g/d (endogenous) 

The supply of amino acids to the tissues is calculated as:

CPLS x P x A x E. 

Other nutrients 

Some dietary fibre is essential to maintain stable rumen 
fermentations and to stimulate rumination, especially during 
lactation to promote a fermentation conducive to milk 
production. All-grain rations, with the exception of oats and 
some grain legumes, have less than 10% (w/w) fibre and should 
be supplemented with hay or straw. Pregnant and lactating sheep 
require 13% and 15% dietary fibre respectively (ARC, 1980). 

Some major and minor (trace) minerals are essential for 
health and production. Requirements for major minerals can be 

expressed as a daily allowance, dependent on sex, age and level 
of production. Trace element needs are usually expressed as a 
minimum dietary content. Potential mineral toxicities, especially 
of F, Pb, Cu and Co, are possible (Chapter 14). Of the vitamins, 
only A, D and E generally need to be supplied by ruminant diets. 
Under certain conditions, though, some of the B group vitamins, 
such as thiamine (B

1
) and cobalamin (B

12
), may need to be 

administered. Interactions between minerals and vitamins are 
complicating factors (see pages 321-322). 

Maintenance and production 
requirements 

Energy requirements are split into maintenance energy 
requirements (ME

m
) and production energy requirements 

(ME
p
). Different factors determine these so they are calculated 

separately then added together (Freer et al., 2007; Geenty 
and Rattray, 1987; Graham, 1982). 

Maintenance 

A sheep unavoidably expends energy to maintain 
homeothermy and vital processes in its body and in physical 

Table 13.11.  Suggested grouping of different dietary protein sources into four classes, based on the extent of protein degra-
dation in the rumen.  
Class Range of 

degradability
Forages Cereals Protein supplements

A 0.71 – 0.90

Average 0.8

Grass hay
Legume hay
Grass silage (wilted and unwilted)
Artificially dried grass (chopped)
(Swede roots)

Barley
(wheat)
(barley)

Casein
Wheat gluten
Peanut meal
Soyabean meal (unheated)
Rapeseed meal
Field bean meal
Yeast protein

B 0.51 – 0.70

Average 0.6

Grass (fresh or frozen)
Legumes (fresh or frozen)
Artificially dried grass (ground and pelleted)
Artificially dried legume (except sainfoin) (chopped)
(Maize silage)
(Clover silage)

Maize
(maize)

Soyabean meal (cooked)
Lupin meal
Coconut meal
Fish meal*
(Cottonseed meal)
(Sunflower seed)
(Ground peas)
(Linseed cake)

C 0.31 – 0.50

Average 0.4

Artificially dried legume (ground and pelleted) Milo Zein
Casein (formaldehyde treated)
(Ground winter beans)
(Meat and bone meal)
(Guar meal)
(White fish meal)

D <0.31

Average 0.2

Grass silage (formaldehyde treated)
Artificially dried
Sainfoin (chopped)

(Peruvian fish meal)

*Results for fish meal are divergent, probably because of different treatments in processing and/or differences between types of fish.  It 
may be reasonable to allocate white fish meal to Class B and herring meal and Peruvian fish meal to Class C.
In brackets are results from the synthetic fibre bag technique.

Source: Miller (1978).
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activities such as walking and feeding. Energy maintenance 
(or balance) is generally not coincident with maintenance of 
body fat or protein or with constant liveweight, although this 
is used as a practical guide to the adequacy of maintenance 
rations. Growing sheep usually use over 40% of their total 
ME intake for ME

m
. 

Measurement of maintenance requirements 

The ME used to support essential body functions is dissipated 
as heat. This heat production in a sheep fed at maintenance for 
1-2 weeks then starved of feed for 3-4 days, kept in thermo-
neutral conditions, is its minimal energy requirement and is 
termed its fasting heat production (FHP). Fasting metabolism 
(FM) or basal metabolic rate comprises FHP plus the GE of 
urine excreted (FM = 1.08 x FHP). FM, after adjusting for the 
difference between fasted weight and liveweight and adding 
an activity allowance, is the net energy requirement for 
maintenance (NE

m
) and efficiency of utilization of energy for 

maintenance (k
m
) is NE

m
/ME

m
; k

m
 is the slope of the relation 

between energy balance and ME intake below maintenance 
(Figure 13.14).  

Because these measurements are made on confined 
animals, allowances for grazing activity must be added to 
FHP.  Graham (1964) estimated energy costs (kJ per hour 
per kg liveweight) as: eating 2.3, ruminating 1.0, standing 
0.5, walking horizontally 2.5 and walking vertically 27. Thus 
the relative ME

m
 for sheep was: basal level 100; small pen 

116; good level grazing 134; sparse-level grazing 172; hill 
pasture 153.  Freer et al. (2007) predicted the ME of eating 
and walking (not ruminating) as:

ME
graze

 (MJ ME/day) = W [0.02 DMI(0.9 – D) + 0.0026 HD] /k
m 

where:

W= liveweight (kg)
DMI = dry matter intake (kg/day)
D = digestibility of DM (0-1)
k

m 
= efficiency of energy use for maintenance

HD (horizontal distance walked, km) = T [(minimum (1,  
 SR/5)/(0.057GF + 0.16)]; where

T = terrain factor, 1-level to 2-steep
SR = grazing density (sheep /ha)
GF = availability of green forage (t DM/ha) or total forage  

 if <0.1 t/ha

The maximum value assumed for HD for grazing was 6.3km/
day, additional energy costs may occur walking to water in 
arid areas.

Wool growth continues at a reduced rate with sub-
maintenance feeding. Its energy requirement (~ 1 MJ per 
day) is normally accepted as part of ME

m
 which for a 45kg 

ewe grazing good to average quality pasture is 9-10 MJ 
ME per day (NE

m
 = 0.34 MJ/kg W

0.75
, k

m
 = 0.64). Most 

determinations of k
m
 have been made with sheep growing 

about 6 g greasy fleece (GF) per day (ARC, 1980). For fleece 
growth in excess of this, ME

m
 (M J/d) would increase by 0.11 

× (GF (g/d) - 6). 

Factors affecting maintenance requirements 

Bodyweight (W) - FHP is proportional to W•	 0.73. 

Figure 13.14.  Net efficiency of use of metabolisable energy for maintenance (k
m
), milk production (k

l
), growth and fattening 

(k
g
)  and the products of conception (k

c
). ME

m
 is the ME intake that results in zero energy balance when level of feeding (L) 

is 1. Variation with diet quality (M/D) in k
m
 is indicated by broken lines (a) and (b), and those in k

l
 and k

g
 by the vertical lines, 

the higher values are for higher M/D values. Source: Corbett (1987).
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Level of feeding - Higher feed intakes result in higher •	
FHP. Maintenance requirements per unit W decrease 
when sheep are undernourished. ME

m
 estimates from 

drought feeding trials are about 84% of those found in 
grazing sheep. The energy from liveweight loss is used 
with about 80% efficiency. 

•	 Body condition - ME
m
 is related to lean body mass, so 

fat sheep have lower requirements per unit W. 
Sex/age - Entire rams have a FHP about 10% greater than •	
ewes and wethers. Metabolic rates decline at about 5% 
per year. Thus ME

m
 (MJ ME per kg W0.73)

 
varies from 

0.35 for lambs, to 0.26 for 6-month weaners, to 0.21 for 
4-year-old sheep (ARC, 1980). 
Type of diet - k•	

m
 increases (ME

m
 decreases) as the diet 

increases in digestibility. ME
m
 increases when diets are 

high in CP.  ARC (1980) assumes the relation: 

k
m
 = 0.02 M/D + 0.5 where, M/D = MJ ME per kg DM                                                                     

(Equation 13.1) 
 

Climatic factors - Below a critical temperature sheep •	
use additional energy to maintain body temperature by 
shivering. They derive this energy from body energy stores 
or increased intake. The critical temperature can vary 
from below zero to over 20°C. Environmental factors that 
influence it include wind speed, precipitation and incident 
radiation. These are modified by fleece length, fat cover, 
liveweight and physiological state. In dry conditions, 
a non-pregnant 35-kg sheep (fleece depth 10 cm) will 
have critical temperatures of -17°C and 25°C when wind 
speeds are 0 and 36 km per hour respectively. Pregnancy 
is associated with additional heat production and will tend 
to lower the critical temperature: in the case of a pregnant 
(130 days) 35-kg sheep (fleece depth 10 cm), the lower 
critical temperatures are -34°C and 23°C at wind speeds of 
0 and 36 km per hour. Additional energy requirements (as 
a percentage of maintenance) in cold conditions (0-10°C 
and a 7-km-per-hr wind), declines from 129% off shears 
(fleece depth 1 cm) to 62% at 3 cm, 29% at 5 cm and 
0% at 10cm. Sheep in poor condition are very susceptible 
to cold stress so hand feeding at above maintenance 
levels to improve liveweight and body reserves should 
be considered in the weeks before shearing. Freer et al. 
(2007) calculated the energy cost in chilling weather in 
various wind, rain, temperature, coat depth combinations 
as: E

cold
 (MJ) = A (T

lc
 – T

a
)/(I

t
 + I

e
) where, T

lc 
=lower critical 

temperature (°C), T
a
=ambient air temperature, I

t
= tissue 

insulation (°C m2 d/MJ), I
e
= external insulation (fleece and 

body boundary air).The energy cost of increased panting 
in hot conditions to increase evaporative heat loss is less 
quantified and lower than cold stress.

Equations for predicting ME requirements for maintenance 

The following equations have been derived to predict ME
m
, 

allowing for age, sex, liveweight, environment and level of 
production (Corbett, 1987). 

ME
m
 (MJ/d) = (S.M. (0.26 W

0.75
. e -0.03A) ) / k

m
   + 0.09 MEI 

+ E
work

 /k
m
+ E

cold

= S.M. (0.28 W
0.75

. e -0.03A)   + 0. l ME
p
 + E

Work
 / k

m
 + E

cold                                                                                                                                  

(Equation 13.2)
where: 

S = 1 for ewes and wethers, 1.15 for rams 
M = 1 + (0.26 – 0.015 . w), (w = week of life) 
     = 1 + (0.23 × % DE from milk) 
W = liveweight (kg) 
A = age (years) 
MEI = ME intake 
ME

p
 = dietary ME used directly for production 

E
work

 = energy expenditure on muscular work 
E

cold
 = additional energy expenditure when below critical  

 temperature 
k

m 
= net efficiency of use of ME for maintenance 

The SheepExplorer spreadsheet (www.pi.csiro.au/grazplan) 
can be used to make similar maintenance and production 
energy calculations. 

Production 

Pregnancy 

ARC (1980) describes the rates of accretion of energy during 
foetal and conceptus growth with the Gompertz equation: 

ln Y = 7.65 – 11.47e-0.0064t 

where: Y = energy content (MJ) of the gravid (containing a 
developing foetus) uterus

t = time (days after conception) 

This prediction of the ewe’s NE requirements for pregnancy 
allows for growth of the foetus, uterus and mammary glands 
and is based on a lamb weighing 4 kg at 147 days of gestation 
or 4.3 kg at 150 days.  Freer et al. (2007) suggested the values 
of Y can be increased in proportion to the number of young 
carried and the ARC equation could be used more generally 
by including the scaled birth weight (SBW) term:

Ln Y
foetus

 = SBW (4.70 – 21.44 e -0.0173t), 
ln Y

gravid uterus 
= SBW (7.64 – 11.46 e -0.00643t)

where:

Ln Y
 
= Energy content (MJ) of the foetus or gravid uterus  

 at time t (days)
SBW = expected birth weight / 4 kg
 

The efficiency of use of ME for conceptus energy gain (k
c
) varies 

little from 0.13. This appears low because all energy costs of 
gestation are expressed as a function of gain in the conceptus only. 
It is relatively constant because while k

c
 is lower on low-quality 

diets (k
c
 = 0.029 M/D - 0 16), maternal energy contributions are 
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used with greater efficiency than dietary ME. The ARC (1980) 
estimates of ME requirements during pregnancy in addition to 
ME

m
 were 0.4, 1.1, 1.7, 2.6, 3.8 and 5.3 MJ per day at 12, 8, 6, 

4, 2 and 0 weeks before term respectively. The additional ME 
requirements at term approach ME

m
 values and depend on the 

relative weight and number of foetuses carried. 

Lactation 

The energy value of milk (E, MJ per kg) can be predicted 
(Geenty and Sykes, 1986) from the equations:

E = 2.2 + 0.033 F + 0.003 D                                                                                                                                    
(Equation 13.3) 

where: F = fat content (g/kg) 
D = day of lactation 
or 
E = 0.028 TS – 0.023 

where: TS = total solids (g/kg) 

Lactation causes an increase in metabolic rate of up to 30% of 
ME

m
. An allowance for this effect is inherent in the calculation 

of the efficiency of use of ME for lactation (k
l
) because this 

has been derived from measurements made over a wide range 
of feed intakes (ARC, 1980).  However, the term 0.1 MEp 
(Equation 13.1) should be added to ME

p
 calculations. The 

ARC (1980) prediction equation is: 

k
l
 = 0.02 M/D + 0.4 (i.e. ~0.6)                                                                                                                        

(Equation 13.4)

The efficiency of use of body reserves for milk production 
appears lower in ewes (<0.50) than cows (0.82) (Geenty and 
Rattray, 1987). The efficiency of conversion of ME to tissue 
fat and protein, i.e. growth (k

g
), is lower than k

l
 and is higher 

in lactating sheep. 
An example of calculating the ME requirement of a 50kg 

ewe in the third week of lactation follows:

Assume: milk yield= 1.5 kg/d 
F = 75 g/kg 
D = 21 days 
Therefore E = 7.07 MJ/d (from Equation 13.3) 
M/D = 11 MJ/kgDM 
Therefore k

m
= 0.72 (from Equation 13.1) 

   k
l
 = 0.62 (from Equation 13.4) 

Therefore ME
m
 = 6.4 (from Equation 13.2) 

ME
p
 = 7.07/0.62 = 11.4 

         + 0.1 MEp = +1.1 
Total ME (MJ/d) = 6.4 + 11.4 + 1.1 = 18.9 

Generally requirements would decline by 1.7 MJ ME per 
day for each 100 g liveweight loss per day and increase by 
about 3-4 MJ ME per day for each 100 g ewe liveweight gain 
per day. The ME requirements for lactation are higher than 
ME

m
. 

Growth and fattening

Similar to maintenance, pregnancy and lactation energy 
requirements, the requirements for liveweight gain (ME

g
) 

can be calculated from the NE content of gain (NE
g
) and 

the efficiency of utilisation of ME (above maintenance) for 
energy gain (k

g
) as:

ME
g 
= NE

g
/k

g 

The NE
g
 equals the heats of combustion of the fat (39.3 KJ 

per g) and protein (23.6 KJ per g) gains in the body. The 
composition of liveweight change varies with breed, sex, 
age, physiological state, level of feeding and feed quality 
(Chapter 16). The NE

g
 (Table 13.12) can be predicted from 

empty body weight (EBW) scaled for breed size at maturity 
((EBW/mature EBW) x 50) as follows: 

NE
g
 (MJ per kg EBW gain) = 8.68 + (18.53[1 + e-0.108 (EBW – 25.88)])

For the weaned sheep EBW = (W - 3) x 0.91. Fat-free (lean) 
gain has an energy content of about 4.7 MJ per kg. 

The ARC (1980) estimates of k
g
 are 0.70 for milk diets, 

0.47 for ground and pelleted feeds and k
g
 = 0.042 M/D + 

0.006 for all other temperate feeds. This value falls as grasses 
mature and the levels of soluble carbohydrates decline. 
Thus autumn growth of temperate grasses has a lower k

g
 

value than spring growth for the same M/D (Waghorn and 
Barry, 1987). For grassy forages with M/D less than 10, or 
for tropical, subtropical and C4 forages (such as sorghum) 
or tropical legumes, k

g
 = 0.063 M/D - 0.308, i.e. k

g
 is lower, 

as they contain less soluble carbohydrates. 
Fat deposition is more energy-efficient (0.7) than protein 

deposition in lambs (0.4) and adult sheep (0.1-0.35). Gains 
high in lean tissue (rams > lambs > adults) require higher 
MEI per unit energy deposited than high fat gains, but on 
a feed conversion basis (MJ MEI per kg gain) lean gain 
is more efficient because it has a high water content (75% 
water, 20% protein). A gram of fat contains over eight times 
as much energy as a gram of wet lean tissue. Graham (1982) 
reported that k

g
 increased from 0.32 in 2-month-old weaners 

to 0.55 in these sheep when adults as the percentage of fat 
in the gain increased. The body composition of a given 
breed, sex and W can be affected by nutrition, but these 

Table 13.12.  Energy content of 1kg empty body weight gain (MJ).  
Current EBW (kg)

Mature EBW (kg) 10 20 30 40 50 60 70
40 12.3 17.6 23.2 26.0 26.9 27.2 27.3
50 11.6 15.2 20.1 24.0 26.0 26.8 27.1
60 11.2 13.8 17.6 21.6 24.4 26.0 26.8
70 10.9 12.9 15.8 19.4 22.5 24.7 26.0

Source: Corbett (1987).
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effects are greatest for sheep lighter than 40 kg. If the diet 
contains adequate protein, increasing MEI increases the fat 
percentage and growth rate. Conversely, if diets are deficient 
in protein but provide a constant level of ME, fat percentage 
increases but growth rate is reduced (Black, 1981). 

Condition score (CS)

The body reserves of sheep are important sources of energy 
when energy requirements are high. These reserves are 
better assessed by assessing body condition (Chapter 16) 
rather than liveweight, when sheep vary in mature size, 
stage of pregnancy and gut fill. A change in CS of one unit 
corresponds to a change of 7 kg in W and 7% fat content 
in adult Merinos, 11 kg W in Merino weaners and 12 kg W 
and 9% fat content in British breeds. The amount of ME 
required to increase CS by one unit can be calculated from 
these values and the energy content of gain (Table 13.12). 
For example, for an adult Merino if M/D = 10, k

g
 = 0.43 

for spring grass, then (7 x 24)/0.43 = 390 MJ per CS or an 
additional 39 kg DM of this feed is required to increase CS 
by one unit. ME

m
 does not appear to vary with CS in sheep 

with the same liveweight. 

Wool growth 

As wool fibres consist almost entirely of the protein keratin, 
the requirement for dietary protein to sustain wool growth is 
comparatively high. A sheep producing 6 kg of greasy wool 
annually is depositing about 9.5 g protein (1.5 g N, 1 g  SAA), 
2-6 g wax and 0.7 g suint daily in greasy wool fibres. 

As a 50-kg sheep only excretes about 1.7 g endogenous N 
daily in the urine, the sheep’s N requirement for wool growth is 
quite appreciable in relation to its maintenance requirements. 

Absorbed amino acids are used much less efficiently for wool 
synthesis than for maintenance, as keratin is characterised 
by its high content of cystine (9-13% w/w) compared with 
plant and microbial proteins (2-3% w/w) (Tables 13.13 and 
13.14). 

Table 13.13. Amino acid composition (% w/w) of wool, 
myoglobin and microbial proteins.

Protein

Amino acid Wool Muscle Bacteria Protozoa
Alanine
Arginine
Aspartic acid
Cysteine/cystine
Glutamic acid
Glycine
Histidine
Isoleucine
Leucine
Lysine
Methionine
Phenylalanine
Proline
Serine
Threonine
Tryptophan
Tyrosine
Valine

3
10
6

10
14
4
1
3
7
3
1
3
7
8
6
2
6
5

6
3
9
0

17
6
8
5

12
16
3
6
-
5
3
4
2
5

8
12
10
1

10
8
4
4
6

12
2
3
3
5
5
-
3
6

6
11
11
1

11
7
4
5
6

15
2
4
3
4
5
-
3
4

Source: Simmonds (1954); Cottle (1980).

To achieve maximum rates of greasy wool growth, which 
may vary from 8-21 g per day (Hogan et al., 1979), a Merino 
must absorb about 120-150 g protein per day in the intestines 
(Reis, 1969). The supply of microbial protein to the intestines 
is usually 20-50 g per day. The supply of UDP will therefore 
greatly affect wool growth. 

Table 13.14.  Amino acid composition (% w/w) of protein in some feedstuffs.

Amino acid Barley Cottonseed Fishmeal Linseed
Lucerne 

chaff
Lupins Oats Sorghum Soybean Wheat

Alanine
Arginine
Aspartic acid
Cyst(e)ine
Glutamic acid
Glycine
Histidine
Isoleucine
Leucine
Lysine
Methionine
Phenylalanine
Proline
Serine
Threonine
Tryptophan
Tyrosine
Valine

4
5
6
2

22
4
2
3
7
4
2
4
9
4
3
1
3
5

4
12
8
2

19
3
3
3
5
4
1
4
4
4
3
-
2
4

6
8
7
1

11
8
4
4
7
7
3
4
5
4
4
-
3
6

4
9
8
2

19
7
3
4
6
4
2
5
4
4
4
2
3
5

5
4
9
1

10
6
2
5
7
5
1
5
6
4
4
1
3
6

3
11
12
1

28
4
2
3
7
4
1
4
-
6
3
-
3
4

5
6
8
2

20
6
2
4
7
4
2
5
5
4
3
1
4
5

9
4
7
3

20
4
2
4

13
3
2
5
9
5
3
1
4
5

4
7

11
1

18
4
3
4
7
6
1
5
5
5
4
2
4
5

4
5
5
1

28
4
2
4
7
3
2
5
9
4
3
1
3
5

Source: Cottle (1980).
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The production of clean dry wool is about 12 g per 
100 g amino acids absorbed or about 1.7 g per 100 g DOMI in 
mature sheep and 1-2 g in weaners (Doyle and Egan, 1973). 
An ME intake of about 630 kJ is needed to produce 1 g clean 
dry wool, which contains 24 kJ GE, and 0.27 g wax, which 
contains about 11 kJ GE. Only about 5% of energy intake is 
channelled into greasy fleece production. In contrast, about 
60% of the cysteine absorbed from the GIT is converted into 
wool (Hogan et al., 1979). 

Protein:energy supply 

The quantity of protein digested in the small intestine (P) per 
MJ of ME intake can be expressed as the ratio P/ME. Black 
et al. (1973) suggested the optimum P/ME ratio for wool 
growth in fine-wool Merino wethers was 12.3. If protein 
was limiting, an increase in protein absorption stimulated 
wool growth, but an increase in energy absorption reduced 
it. Kempton (1979) stated the optimum P/ME ratio for wool 
growth was 12, or 0.45 g digestible SAA, per MJ of ME in 
young lambs and mature wethers, while an additional 2-3 g 
UDP per MJ of ME was required for maximum wool growth 
in pregnant or lactating ewes - that is, a P/ME of 14- 15, and 
0.56 g digestible SAA, per MJ of ME. 

Microbial protein will only supply a P/ME of about 6.6 
and 0.2 g SAA, per MJ of ME. On diets with low levels of 
UDP, the primary factors limiting wool growth are the SAA 
followed by other amino acids, such as serine, threonine and 
tyrosine. 

ARC (1980) calculations suggest 50 g of UDP per day 
need to be supplied to wool follicles to maximise wool growth 
rates in sheep fed at maintenance. Possible sources of UDP 
are given in Tables 13.11 and 13.15 and Chapter 14. 

Table 13.15.  Protein levels and degradabilities in some 
feeds. 
Feed Crude

Protein
 (%)

Fermented
protein 

(%)

UDP 
(%)

SAA
 (%)

Meat meal
Fish meal
Soyabean
Lupin
Peanut (heated)
Linseed (heated)
Cottonseed (heated)
Lucerne hay
Oats

55
55
45
28
42
32
41
15
9

30
20-80
20-70

65
20
20
20

50-60
30-50

39
11-44
14-36

10
34
26
33

6-8
5-6

2.4
3.8
2.5
1.9
2.1
2.9
3.1
2.5
3.5

Source: Leche et al. (1982).

Amino acid supply 

The effects of amino acids on the growth and properties 
of wool were reviewed by Reis (1979). Administration 
of any single one, apart from the SAA, did not stimulate 
wool growth. With sheep receiving moderate amounts of 
roughage, maximal response in wool growth was obtained 
with abomasal infusions of 1-2 g of SAA per day. The 

effectiveness of Met that is not exposed to degradation in the 
rumen is well documented (Cottle, 1988; Dove and Robards, 
1974; Downes et al., 1976; Freer and Dove, 2002; Reis et 
al., 1973; Wheeler et al., 1979; White et al., 2000). Large 
rumen doses of Met and threonine can result in substantial 
outflows of them to the duodenum (Cottle and Velle, 1989), 
which suggests the degradative activity of rumen microbes 
can be overwhelmed. 

Most SAA research has involved post-ruminal infusion 
studies, whereas in practice supplements are administered by 
feeding, drenching, or injection. Attempts to overcome the 
problems associated with rumen microbial protein breakdown 
have focused mainly on chemical or physical mechanisms 
for preventing the degradation of dietary protein (Kaufmann 
and Lupping, 1982; Broderick et al., 1991) or for protecting 
individual amino acids from breakdown in the rumen 
(Ferguson, 1975; Kaufmann and Lupping, 1982). Peptides are 
intermediates in the breakdown process (Annison, 1956), but 
protection of peptides from rumen degradation has received 
little attention (Wallace, 1992).

Formaldehyde treatment of proteins leads to higher 
absorption of all amino acids in the intestines except for 
lysine (Amos and Evans, 1978; Faichney and White, 1979). 
Polyphenols (Theodorou et al., 2006) and condensed tannins 
(McNabb et al., 1993) can also be used to protect protein. 

Various Met analogs or derivatives and protected Met 
supplements are available commercially (Buttery et al., 
1977, Wheeler et al., 1979; Schwab and Ordway, 2009).  Met 
derivatives have a chemical block added to the amino group 
or the acyl group is modified. Some examples that show 
some resistance to ruminal degradation include isopropyl-
DL-Met, t-butyl-DL-Met, N-stearoyl-DL-Met, N-oleoyl-
DL-Met, and capryl-caproylic-DL-Met (Loerch and Oke, 
1989).  Two liquid sources of Met hydroxy analog (MHA), 
more appropriately called 2-hydroxy-4-methylthiobutanoic 
acid (HMB), are Alimet (Novus International Inc., USA) 
and Rhodimet AT88 (Adisseo Inc., France). The protected 
supplements include Met-Plus™ (Nisso America Inc.), 65% 
DL-Methionine embedded in a matrix of calcium salts of long-
chain fatty acids, lauric acid and butylated hydroxytoluene; 
Mepron® M85 (Degussa Corporation, Germany), a core of 
85% DL-Methionine surface-coated with several thin layers 
of ethylcellulose and stearic acid; and Smartamine™ M 
(Adisseo Inc., France), a core of DL-Met plus ethylcellulose 
which is covered with a coat of stearic acid containing small 
droplets of poly (2-vinylpyridine-co-styrene), a lipid/pH-
sensitive polymer.

Studies in sheep of feeding Met sources to increase 
wool growth include the use of methyl-methionine hydroxy-
analogue (Wheeler el al., 1979), methionine:sodium 
bentonite added to drinking water (Stephenson et al., 1985),  
MHA (Cottle, 1988), Mepron (Cottle, 1988; Murray et al., 
1991) and Smartamine (Mata et al., 1997, 2000). Responses 
have usually not been economic and below the 60% wool 
growth responses obtained when Met is abomasally infused 
into sheep (Chapter 15). 



   Digestion and metabolism   321

International Sheep and Wool Handbook

Vitamins, minerals, water and feed 
additives 

Additional information on vitamins, minerals and feed 
additives can be found in specialist animal nutrition texts, 
such as Freer and Dove, 2002; Freer et al., 2007;  McDonald 
et al., 1981 and Wilson and Brigstocke, 1981. 

Vitamins 

The term vitamin describes organic micro-nutrients that 
are required in small amounts for the basic biochemical 
processes of growth and development. They have a minor 
importance with grazing sheep, as requirements are usually 
met by pasture or from rumen microbial synthesis. If sheep 
are hand fed more attention must be paid to the level of the 
fat-soluble vitamins (A, D and E) and some of the vitamins 
in the water-soluble B complex. The major symptoms of 
vitamin deficiency are given in Table 13.16.

Table 13.16.   Vitamin deficiencies.

Vitamin Major deficiency symptoms
Vitamin A Blindness; rough coat; stiff//swollen joints
Vitamin C - 
ascorbic acid  

Scurvy- spots on the skin, spongy gums and 
bleeding from mucous membranes. 
Note: Some fish, e.g. trout and some primates, 
e.g. humans and guinea pigs, are not able to 
make L-gulonolactone oxidase to synthesise 
ascorbic acid in their livers because of a ge-
netic mutation that occurred about 63 million 
years ago.

Vitamin D Rickets; bone deformities
Vitamin E Muscular dystrophy (degeneration); reproduc-

tive failures
Vitamin K Poor blood clotting
Thiamine Poor appetite; hyper irritability
Riboflavin Dermatitis; diarrhea; leg problems
Niacin Dermatitis; poor appetite; disorders in alimen-

tary tract
Pyridoxine Anaemia; poor muscle coordination; convul-

sions
Pantothenic acid Dermatitis; digestive disorders; heart defects
Folic acid Blood disorders
Vitamin B12 Poor appetite; anaemia; reproductive failures
Biotin Dermatitis; hair loss; reduced fertility
Choline Uncoordination; abnormal fat metabolism

Vitamin A (retinol) 

A dietary supply is necessary for normal functioning. 
Deficiency can result in loss of appetite, rough coat, eye and 
nasal discharges, night blindness, corneal cloudiness, scouring, 
oedema, lameness, loss of libido, irregular oestrus, miscarriage, 
abortion, retained placenta, weak, blind, malformed lambs, 
weight loss and blindness. The  recommendations in ARC 
(1980) are for 3, 7 and 5 international units (i.u.) vitamin A per 
kg liveweight per day for maintenance and growth, pregnancy 
and lactation respectively or 60, 120, 90 µg ß-carotene per kg 
LW per day respectively. 

The vitamin is synthesised in the intestines and liver from 
ß-carotene, which is contained in green feed combined with 
chlorophyll. Carotene is destroyed by oxidation, so hay and 
silage are poor sources. Fresh grass contains 40-100 mg 
ß-carotene per kg, while cereals only contain 0.1-0.5 mg 
per kg. Vitamin A is stored in the liver (180 µg retinol per 
g liver), so a continuous supply of green feed is not needed. 
However, if sheep are housed (Chapter 24), are in a feedlot, 
or fed grain for over 6 months in a drought (Chapter 14), they 
need vitamin A injections or drenches, or green feed such as 
lucerne hay. 

Vitamin D 

Vitamins D
2 

(ergocalciferol) and D3 (cholecalciferol) are 
synthesised in the skin of sheep by ultraviolet light activating 
sterols. Vitamin D deficiency is only likely in housed sheep 
and is associated with disturbances in calcium and phosphorus 
metabolism (Hove, 1984). Liver storage of vitamin D is less 
efficient than that of vitamin A, and most commercial vitamin-
mineral mixtures contain vitamins A, D and E. A complete 
mixture (per sheep per day) for housed sheep contains 1300 
i.u. vitamin A, 250 i.u. vitamin D3, 37 i.u. vitamin E, 7.5 g 
CaCO

3
, 2.5 g NaC1, 125 mg Mg, 25 mg Fe, 12 mg Zn, 15 mg 

Mn, 250 µg I, 55 µg Co and 55 µg Se (Cottle, 1988). 

Vitamin E (a- tocopherol) 

Because vitamin E is present in green pasture and in many
 

cereal grains (such as wheat, 16 mg per kg) and is stored in 
the body, a deficiency is rare. Some feeds, such as maize and 
lupins, are low in vitamin E. Vitamin E prevents oxidation of 
cell membranes. Deficiency in lambs can give rise to ‘white 
muscle disease’ or muscular dystrophy. The trace element 
selenium forms part of an anti-oxidation enzyme system 
operating in cell fluids and also prevents muscular dystrophy 
(Chapter 20). 

Vitamin B complex 

This group of water-soluble vitamins includes a large number 
of unrelated chemical compounds with basic functions in cell 
metabolism. Rumen bacteria are capable of synthesising all 
of them. Vitamins B

1
 (thiamine) and B

12
 (cobalamin) can 

become limiting. Thiaminase can be present in rumen fluid, 
perhaps from ingesting bracken fern, fish silage or molasses, 
and may result in cerebrocortical necrosis. If cobalt is 
lacking, and so vitamin B

12
 is deficient, propionic acid is not 

metabolised, leading to poor appetite and ill-thrift. 

Minerals 

Summaries of the role of minerals in sheep nutrition are 
given by Fraser and Stamp, 1987; Freer and Dove, 2002; 
Grace, 1983; McDonald et al., 2002; and Underwood and 
Suttle, 1999. The major symptoms of mineral deficiency are 



322   D.J. Cottle

International Sheep and Wool Handbook

listed in Table 13.17. Minerals are the inorganic elements 
remaining (~2 kg per sheep) when animal tissue is completely 
combusted. Over 90% of this consists of calcium (Ca) and 
phosphorus (P). About 99% of Ca is found in bone, whereas 
80% of P is in bone and the remainder in soft tissues. Sheep 
obtain minerals from forage, concentrates, water and soil. 

Table 13.17.  Mineral deficiencies.

Mineral Major deficiency symptoms
Calcium Poor skeletal growth
Phosphorus Poor skeletal growth; depraved appetite; infertility
Sodium Reduced feed consumption; reduced utilisation of 

nutrients
Chlorine No real deficiency symptoms
Magnesium Tetany; hyper irritability
Potassium Hind leg stiffness; lethargy; coma
Sulphur Poor hair or feather growth; excess salivation
Cobalt Vitamin B12 deficiency; pale skin; watery eyes
Copper Anaemia; diarrhoea; hair colour loss; hind leg 

paralysis
Fluorine May affect teeth (excess more probable)
Iodine Goitre; reduced basal metabolic rate
Iron Anaemia; unthriftiness
Manganese Enlarged joints; deformed legs; physical weakness
Selenium Nutritional muscular dystrophy; cardiac muscle 

regeneration
Zinc Parakeratosis; rough hair coat; swollen joints

The essential minerals are usually divided into two groups: 
the major elements - Ca, P, Mg, K, Na and C1 - are required 
in relatively large amounts (% DM); and the trace elements - 
Co, Cu, F, I, Fe, Mn, Mo, Se and Zn - are required in small 
concentrations (ppm = mg/kg = g/tonne). Most of the trace 
elements are concerned with catalysing enzyme reactions and 
some, such as I in thyroxin, are constituents of hormones. Many 
factors affect the mineral requirements of sheep, including 
age, level of production, chemical form of the mineral and the 
balance of other minerals (Chapter 14). The mineral contents 
of feeds vary with species, variety,

 
maturity, climate, soil and 

fertiliser history. The minerals Ca, Mg, Na and Mn increase 
as plants mature, whereas P level declines. Legumes are richer 
in minerals than grasses. Nitrogenous fertilisers reduce P, Mg, 
K and I in grass but increase Na and Cu. Potassium fertilisers 
reduce Mg, Na, P and Cu. Liming can reduce Mg, Co, Cu, Fe 
and Zn. In general, grasses are deficient in P, Cu, I and Zn. 
Granitic tablelands and the coastal plains are most deficient 
in minerals, whereas the dry inland areas are least deficient. 
High-pH soils have low Cu, Co, Zn and Mn levels whereas 
acid soils are likely to be low in Se, I, Mo and Cu. 

Calcium 

Animals need Ca for the normal development and maintenance 
of skeleton and teeth, coagulation of blood and function 
of heart, nerves and muscles. Metabolism can be studied 
by a combination of tracer techniques and balance studies 
(Ramberg et al., 1975). 

Calcium deficiency in grazing sheep is usually 
restricted to lactating ewes (lambing sickness, milk fever or 
hypocalcaemia) or pregnant ewes shedded for pre-lambing 

crutching or shearing. Calcium deficiency is more common 
in grain-fed sheep during long droughts and in lot-fed lambs. 
The deficiency is corrected by adding 1-2% ground limestone 
to grain diets. Plant material containing 0.25-0.35% Ca is 
regarded as suitable for sheep. The Ca concentration affects 
the availability of P, and dietary Ca:P ratios between 1:1 and 
2.5:1 are considered satisfactory. 

Phosphorus 

Phosphorus is involved in bone formation and is also essential 
for energy and protein metabolism (via ADP, ATP) and the 
chemical structure of membranes (phospholipids). Studies on 
its metabolism have used similar methods to Ca studies (Tomas 
and Potter, 1976). Phosphorus deficiency can be expected when 
pastures contain less than 0.16% P or 0.2% P with pregnant 
ewes. Supplementary P can be supplied as NaPO

4
, Na

2
PO

4
 or 

CaPO
4
. Lambs absorb P (90-100%) more readily than adults 

(55%). Superphosphate fertiliser and supplements usually 
control the problem in southern areas of Australia (Cayley and 
Quigley, 2005; Hill et al., 2004). 

Magnesium 

About 70% of Mg is present in the skeleton. The mineral is 
also an activator of many enzyme systems and is involved with 
protein metabolism. It is vital for the normal functioning of the 
muscular and nervous systems. Levels of  Mg in pasture are 
usually adequate (> 0.2%). Acute hypomagnesaemia (grass 
tetany or staggers) occurs on spring pastures, particularly if 
N or K fertilisers have been used and the ratio of K:(Ca + 
Mg) in feed is greater than 1:5. Preventative measures include 
supplementing with MgO (Causmag) or using intradominal 
Mg alloy bullets. 

Potassium 

Not only is potassium required for enzymes involved in 
energy metabolism and for the functioning of the nervous 
and muscular systems, but it also helps regulate water intake, 
along with Na and CI. Pasture usually contains over 0.7% 
K, which is more than the requirements (0.4% K) of sheep. 
Supplementation with KC1 is only recommended when 
sheep are fed on high grain/urea diets or when sheep develop 
urinary calculi. 

Sulphur

Improved pastures usually contain sufficient levels; only 
mature grasses and hays may be deficient (< 0-2%). Sulphur 
is converted by rumen microbes into SAA. Supplementation 
is only needed when diets contain NPN and the N:S ratio is 
higher than 10:1 (page 306). Fertilising pastures with single 
superphosphate appears to promote more wool growth in 
grazing sheep than directly supplementing sheep with the 
equivalent amount of inorganic S, much of which is excreted. 
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Sodium and chlorine 

Both these elements affect the consumption of feed and 
water. They are important constituents of blood and are 
widely distributed around the soft tissues. There is likely to 
be a deficiency of Na in grasses, hays and silage, particularly 
when K fertiliser has been used on sandy soils. Particularly 
with lactating ewes, 0.5% NaCl should be added to grain 
diets. Sheep like salt, eating far more than required, so it is 
often used to make lick blocks attractive to sheep and to limit 
block intake. If the drinking water contains high salt levels, 
as well as the feed, the kidney excretion capacity for salt can 
be exceeded. 

Cobalt 

Rumen microbes use cobalt to synthesise vitamin B
12

. 
Deficiency leads to loss of appetite and a starved, haggard 
appearance and may occur when pastures contain less than 6 
ppm. A constant dietary intake is required as it is not recycled 
to the rumen. CoSO

4
 or cobaltised superphosphate can be 

top dressed on pasture or on soils high in Ca or Mn. Cobalt 
can be provided in mineral mixes or salt licks. A 5g bullet 
containing CoO and Fe (clay) can be inserted into the rumen 
to provide lifetime protection. It can also be used to detoxify 
the compound that causes chronic phalaris staggers. This 
effect is not mediated through vitamin B

12
. 

Copper 

A deficiency causes ’steely wool’ and loss of pigmentation 
in black sheep. Copper is involved in energy metabolism, the 
nervous system, bone formation, haemoglobin production 
and skin pigmentation. Large areas of southern and western 
Australia are no longer deficient due to massive applications 
of Cu-containing fertilisers. It can be provided in salt licks, 
drenches or injections. Sheep can draw on body reserves for 
up to 6 months. Lambs born to deficient ewes are weak or 
paralysed. Their hindquarters can sway (swayback or enzootic 
ataxia) and anaemia associated with poor Fe absorption also 
occurs. Merinos require about 7 ppm in the diet; however, 
Cu poisoning can occur with over 10 ppm or when Mo or S 
is very

 
low or when the liver is damaged by the consumption 

of poisonous plants -for example, heliotrope. When mineral 
mixes for sheep are made by firms also producing mixes for 
pigs, care must be taken to avoid Cu contamination. 

Selenium

Both selenium and vitamin E can be used to treat white muscle 
disease. However, Se improves weight gains and fertility even in 
the presence of high levels of vitamin E. Breeding ewes should 
receive over 0.1 ppm dietary Se, but there is little difference 
between deficiency and excess. Glutathione peroxidase, a Se-
dependent enzyme, is a good predictor of the Se status of sheep 
(Paynter, 1979). A combined vitamin E/Se drench or mineral 
lick is safest, or Se pellets can be administered. 

Water 

Although water is not a nutrient, sheep cannot survive for long 
when deprived of it. Merinos can survive without water for 10 
days, even after losing one-third of their body weight (Clark, 
1972). Water functions as a solvent for metabolites in the body 
and is involved in many metabolic reactions. Intake includes 
water contained in the feed. Wethers in experiments in the 
high-rainfall zone have satisfied their requirements from rain 
and dew falling on pasture and moisture in feed. 

Water intake increases during pregnancy and lactation. 
Requirements at 15°C for 25kg growing sheep, 40kg fattening 
sheep, 45kg ewes in early pregnancy, 45kg ewes in late 
pregnancy, 60kg ewes in early lactation and 60kg ewes in late 
lactation are 2.4, 3.0, 4.4, 7.4, 12.0 and 5.6 L per sheep per day 
respectively. 

Higher water intakes occur on diets with high CP or salt 
contents to meet functional needs such as discharge of urine 
and faeces and to maintain body temperature and plasma 
volume. However, there is a limit to the amount of salt a sheep 
can assimilate. When salinity of water increases beyond 1.4% 
(14,000 ppm) when sheep graze grasses and legumes - or 1% 
on saltbush, bluebush and cotton bush - water consumption 
by adult dry sheep declines, as does feed intake and wool 
production. Weaners and ewes with lambs have lower 
tolerances of salinity than wethers (50% and 70% tolerance 
respectively). 

Total salinity is more important than the types of minerals 
present, although contamination with Mg, F and nitrates may 
cause health problems. Troughs should be emptied and cleaned 
out after droughts or when paddocks have been spelled during 
summer, as evaporation can raise the salt content of the residual 
water. Sheep appear to prefer water when it is at ambient 
temperature, even in hot environments (Savage et al., 2009). 

Feed additives 

These may be mixed with the feed or administered directly 
by drenching, injection or implants. They may be used as: 
therapeutic drugs, e.g. antibiotics designed to assist lambs 
overcome bacterial disease; prophylatic additives to prevent 
infection or infestation, e.g. anthelmintics; growth promotors 
that modify the rumen metabolism, e.g. monensin; or whole-
animal metabolism, e.g. peptides and hormones; chemicals that 
stabilise the rumen, e.g. NaHCO3 and bentonite; palatability 
enhancers, e.g. caramel; and binders or dispersal agents, e.g. 
corn steep liquor. They are not often used in Australia. They 
are mainly used in more intensive industries of Europe and 
the United States, where legislation increasingly requires a 
veterinary prescription for their use. 

Chemical manipulation 

Rumen fermentation can be modified by increasing the rate 
of digestion of low-quality roughage by alkali or ammonia 
treatment and by processing grain (Orskov, 1979). Ammonia 
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release from NPN can be regulated by using glycosylureides 
and inhibiting urease activity. The fermentation pattern can 
be altered by inhibiting methanogenesis and increasing 
propionate production, adding nutrients needed by rumen 
microbes, e.g. nicotinic acid, or by defaunation (page 302). 
Other possibilities are the treatment of feed proteins by 
heat, aldehyde and tannins, encapsulation, and by chemicals 
inhibiting proteases; inhibiting amino acid fermentation by 
diaryliodonium compounds, hydrazine, sodium arsenite and 
thymol; and protecting starch from fermentation. Some of 
these compounds are shown in Table 13.18. 

Halogenated compounds shift methane production to 
propionate and hydrogen as they are toxic to methane-
producing bacteria. Increased animal performance occurred 
using these on roughage diets (Davies et al., 1982). Ionophores 
(which carry cations through lipoprotein membranes) are 
usually antibiotics and have similar effects to halogenated 
compounds. They also lower ciliate protozoal numbers, cause 
a shift from rumen to large-intestine digestion and decrease 
digesta passage rates. Monensin, which has been studied the 
most, inhibits cellulolytic organisms, so it does not increase 

performance on low-quality diets. The growth-promoting 
activity of most chemicals is not completely explained by 
their non-specific depressions of rumen microbial activity. 
Effects in the hind-gut and at tissue level are also involved 
(Owens et al., 1983). 

Relatively few antibiotics or probiotics have been studied 
in ruminants (McDonald et al., 2002). Wool growth responses 
to Avoparcin, which increases propionate production and 
increases protein absorption in the intestines, have been 
observed (Cottle, 1988). All chemicals that manipulate 
rumen digestion show an array of interrelated effects. Effects 
on wool growth depend on the specific feeding conditions. 
Chemical manipulation is one of the options for attempting 
to reduce methane production in ruminants (Figure 13.15). 

Recent developments 

An understanding of the factors affecting intake, digestion 
and metabolism allows the prediction of sheep performance 

Table 13.18.  A selection of chemical agents that affect rumen fermentation.

Ionophores Halogen
containing

Antibiotics Herbicides,
Insecticides

Others

Monensin
Lasolocid
Salinomycin
ICI 139603
Laidlomycin
Narasia
Other polyethers

Methane analogues
Alcohols
Aldehydes
Acids
Esters
Amichloral
Benzol-1,3 dioxins

Avoparcin
Thiopeptin
Actaplanin 
Capreomycin disulfate
Virginiamycin

Cotoran
Dalapon
2,4-D
M15
DDT
Ronnel

Nonylphenol
Biguinolate
Hydroxamates
Antipain
Leupeptin
Pepstatin
Chymostatin
Long chain fatty acids

Figure 13.15.  Methane mitigation options. Source: Cottle and Nolan (2009).
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and the likely limiting factors on different feeds. Computer 
software is increasingly being used to apply this basic 
knowledge to the practical feeding of sheep, the subject of 
the next chapter. Ruminant animal production should become 
increasingly more efficient as rumen microbial ecology and 
nutrition studies are better integrated (Firkins and Yu, 2006). 
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Chapter 14 focuses on the practical aspects of feeding. The 
primary consideration when supplementing sheep either at 
pasture, in containment areas or in feedlots is the cost-efficiency 
of any feeding decision. As there are many supplement options, 
from forage crops to grain screenings and by-products, it is 
impossible to generalise about which feeding strategy is most 
cost-effective, except on a case by case basis. Animal welfare 
should also be considered to fully account for the potential cost 
of a decision not to supplement.

Background

The majority of sheep in Australia are born and reared on extensive 
pasture-based systems with a relatively small percentage being 
supplemented at pasture or in more intensive management 
systems. As the Australian sheep population fell by 27 million 
from 1998-2007 (Hooper, 2008) and the gross value of lamb and 
sheep production is estimated at $A2.2 billion (Hooper, 2008), 
there is incentive for Australian producers to markedly increase 
the productivity of their sheep flocks. 

The development of Australian Sheep Breeding Values has 
provided sheep breeders with the opportunity to achieve higher 
rates of genetic gain (Chapter 8), but some gains remain unrealised 

due to an apparent lack of understanding of the feed requirements 
of sheep, the difficulties of meeting feed requirements cost-
effectively and the complexity of constraints to feed intake on 
pasture-based systems (Figure 14.1).

Negative stimuli arise from visceral receptors that respond 
to distension and digestion products, from the liver which 
monitors glucose status and oxidation, and from adipose tissue. 
Higher brain centres such as the prepyriform cortex also generate 
information about the food (its taste, smell, colour and texture), 
whether it is familiar as a result of previous exposure and whether 
that exposure has led to learned (conditioned) associations 
between the food and its post-ingestive effects. Such associations 
may lead to positive or negative signals being sent to the centres 
in central nervous system which, in turn, generate feeding 
behaviour responses by the animal. Some of the hormone factors 
are listed in Table 14.1.

The level of supplementary feeding required by grazing 
animals is driven by their level of productivity and hence demand 
and is determined by the amount of the feed on offer (FOO) 
that the animal is physically able to consume. There are many 
factors that affect intake (Chapter 13) however not all these 
factors are accounted for in feed formulation programs. The 
complexity of these factors means that feeding continues to be 
an inexact science. There is sufficient information available to 

Feed intake

Signals to the
CNS

Balance

(Neural and hormonal 
signals)

Protein demand
Energy demand (physiological state)
     - climate
Nutrient demand (amino acids, Ca)
Low gut fill
Low blood glucose or VFA
Familiary flavour of feed

Over-supply of energy
     - high blood glucose
     - high rumen VFA
Over-supply of protein
Nutrient imbalance, toxins
Gut distension, gut CCK, osmolality
Fatigue (time to graze sparse plants)
Disease, parasitism, high body temperature
Unfamiliar feed (neophobia)

Stimulatory
factors

Inhibitory
factors

Figure 14.1. An indicatation of how positive and negative signals may be collated by the central nervous system to influence 
animal feeding behaviour. Whether or not an animal will start, continue, or stop feeding activity depends on the integrated 
effects of different stimuli in the brain. Source: adapted from McClymont (1967).
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ensure that grazing animals can be fed a balanced diet under most 
conditions; however, getting the balance right, while ensuring 
supplementation is cost-effective, remains a challenge.

Table 14.1.  Hormones, neuropeptides and neurotransmitters 
that stimulate or inhibit intake.

Orexigenic substances 
(intake stimulating)

Anorexigenic substances 
(intake inhibiting)

Agouti Cholecystokinin
Agouti-related peptide Cocaine-amphetamine-related 

transcript
Ghrelin Corticotropin-releasing hormone 
Melanin-concentrating 
hormone

Insulin

Neuropeptide Y Leptin
Orexins A and Bt Peptide YY

POMC/alpha-MSH
Serotonin

Source: adapted from Baile and McLaughlin (1987).

Feed intake 

As sheep obtain the majority of their feed from grazing pastures, 
the nutrient content of the pasture and the factors that potentially 
limit its intake are the critical factors in determining productivity. 
Black (1990) reviewed the factors that limit pasture intake of 
grazing sheep, including the nutrient content of the available 
forage, the pasture components selected by the animal, intake 
rates of selected pasture species, the ability of the rumen microbes 
to utilise the nutrients, and the efficiency of use of absorbed 
nutrients.

Figure 14.2.  MLA pasture ruler. 
Source: Meat and Livestock Australia (2004).

As the majority of the nutrients required by grazing ruminants 
are contained within the dry  matter (DM) portion of the feed, 

unlike monogastric animals, ruminant rations are considered and 
formulated on a DM basis. Dry matter intake (DMI) is driven 
by feed quantity and quality and production response is largely 
dependent on intake. Assessment of FOO is done on a DM basis 
to facilitate the matching of pasture supply with appropriate 
stocking densities; this is referred to as pasture budgeting.

DMI is limited by the capacity of the animal as determined 
by body weight and digesta outflow rate and is driven by the 
production (energy) demands of the animal. Where intake is 
limited by the quality of FOO a larger animal is to some extent 
able to compensate for low quality by increasing intake. Small or 
immature animals with higher nutrient requirements are unable 
to compensate to the same extent which limits their productive 
capacity on low quality feed. Although DMI requirements are 
similar the daily nutrient requirements of weaned lambs are far 
greater than those of non-pregnant ewes at maintenance (Table 
14.2).

Nutrient requirements vary with stage of production and 
hence demand such that the DMI of a dry sheep is similar to an 
early-weaned fast growing lamb, however the nutrient density of 
the diet needed by the growing lamb is considerably higher.

Table 14.2. Daily requirements for DMI, crude protein (20% 
undegradable) and metabolisable energy (MJ ME) for a dry ewe 
and a weaned lamb growing at 250g/day.  
 LW Daily DMI Crude 

protein
Metabolisable 

energy
 kg % body 

weight
kg g @ 20% 

UDP
MJ ME

Ewe 65 1.68% 1.09 84 8.9

Lamb 30 3.54% 1.06 133 12.7

Source: adapted from NRC (2007).

Feed determinants of intake

Assessment of FOO or pasture quantity

A key component of matching feed supply with animal demand is 
accurate assessment of pasture availability. Daily pasture growth 
rate must also be taken into account (Chapter 13). Current tools 
available to assess pasture availability include:

MLA pasture ruler (Figure 14.2)•	
Rapid pasture meter (Figure 14.3)•	
Rising plate meter (Figure 14.4)•	

Assessment of pasture quality

As nutritive value is a major determinant of DMI, regular 
pasture quality assessment should be an integral component 
of ewe management. Pastures often do not meet the nutrient 
requirements of ruminant animals despite green pick 
reportedly being highly digestible. During winter, pasture 
protein levels can be excessively high (Figure 14.5) which 
contributes to scouring, lameness and magnesium deficiency 
and increases the energy demand of grazing animals.
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Figure 14.4. Rising plate meter. Source: Farmworks (2005).

In spring, pasture quality declines at a rapid rate even under 
rotational grazing systems (Jolly, 2009c). In high rainfall areas 
when lambing is delayed to avoid harsh winter conditions, the 
nutritive value of the pasture has generally fallen below the 

requirements of lambs prior to weaning in late spring (Table 
14.3). Dry ewes with lambs newly weaned have a small window 
of opportunity to gain weight before the pasture dries off in 
summer and falls below their requirements. If ewes to be joined 
in autumn still have sufficient FOO it is likely to be below quality 
requirements for joining, unless crop stubbles with a high grain 
content have been held over for this purpose.

Table 14.3. A guide to the daily intake, ME and crude protein 
requirements of late maturing weaner lambs.  Source: adapted 
from NRC (2007).

Liveweight 
(kg)

Growth rate        
(g/d)

Daily DM Intake 
% LW

ME                    
MJ/d

CP                  
g/d

20 200 2.97% 5.94 116

 300 3.04% 7.28 155

30 200 3.51% 8.45 137

 300 2.93% 8.78 169

40 250 3.31% 10.58 171

 300 3.84% 12.30 199

These factors collectively contribute to the need for an 
improved understanding of sheep nutrition and the concept of 

Figure 14.3. Rapid pasture meter. Source: Farmworks (2006). 

Figure 14.5. Variation in Crude protein % ( ) and predicted levels of ME (MJ/kg DM) ( ) in western Victorian perennial 
pastures during winter and spring of 2003 and 2004. Source: Jolly (2009).
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complementary feeding instead of supplementary feeding (see 
below). Complementary feeding refers to the use of supplements 
to fill feed gaps and hence complement the base feed, usually 
pasture, hay or silage. 

Table 14.4.  Dry matter, crude protein, NDF and digestible dry 
matter percentages and estimated ME (MJ/kg DM) of “green” 
western Victorian pastures in winter and late spring. 

       Date      Pasture DM% CP% NDF% DDM% ME

27/09/2005 Ryegrass/clover 13.0 24.0 38.7 73.7 11.1

27/09/2005 Ryegrass/clover 14.9 23.2 44.0 74.7 11.2

27/09/2005 Ryegrass/clover 15.3 20.5 45.8 75.3 11.3

27/09/2005 Ryegrass/clover 14.5 29.5 41.4 75.6 11.4

25/11/2005 Lucerne 28.1 20.4 41.1 64.8 9.3

25/11/2005 Cocksfoot/clover 18.1 17.3 53.3 59.7 8.5

25/11/2005 Phalaris/clover 18.5 16.6 52.2 63.5 9.1

25/11/2005 Native pasture 27.0 10.5 57.8 55.4 7.8

Source: Jolly (2009c).

The water content of pasture is a potentially important factor 
limiting DMI in sheep (John and Ulyatt, 1987; Kenney et al., 
1984; Lloyd Davies, 1962; Orr et al., 1997; Wilson, 1978) 
although the mechanisms are unclear.

A 65kg ewe grazing vegetative pasture at 15% DM needs to 
consume 7.2kg of wet feed per day to meet DMI requirements. 
In contrast a weaned lamb at 30kg liveweight must consume 7kg 
of this wet feed to meet daily requirements. The ability of the 
lamb to achieve this level of intake has been questioned but has 
not been investigated in detail. Many feed formulation programs 
(Chapter 13), do not take into account the water content of the 
feed or neutral-detergent fibre (NDF) content as factors limiting 
intake potential. This limits the ability of these programs to 
accurately predict intake.

Feed preference and selective grazing

Selective grazing has been reviewed by Chapman et al. (2007), 
Edwards et al. (2008) and Forbes and Mayes (2002). Edwards et 
al. (2008) defined preference as an animal’s ability to discriminate 
between pastures or their components where intake and FOO 
are not constrained and selection as the preferential removal of 
specific plant species or their component parts. When grazing 
animals are provided with choice they will preferentially select 
feeds although whether this is more related to sight, odour, touch, 
taste, post-ingestive feedback, nutritive value, innate learned 
behaviour or a combination of these factors remains unclear.

Factors influencing diet selection by sheep

Factors that are known to influence the composition of the diet 
selected by sheep include height and density of pasture, moisture 
content (Black and Kenney, 1984), protein content (Kyriazakis 
and Oldham, 1993), clover content (Chapman et al., 2007; 
Marotti, 2004), prior experience (Hinch, 2008; Provenza et al., 
2003), digestibility and rumen pH (Phy and Provenza, 1998). 
Thus in a diverse pasture system this makes the nutritive value of 
the total diet and hence anticipated level of production response, 
quite difficult to accurately estimate. 

There is generally a preference for leaf rather than stem; 
green rather than dry, mature material, higher nitrogen (N) and 
phosphorous (P) content than the mean on offer, although not 
always, e.g. sheep have been observed avoiding medic in the 
vegetative growth stage. Sheep are attentive and inquisitive 
but usually have neophobia, or fear of ‘new’ material, which is 
discussed in more detail in the feedlot section of the chapter. 
Sheep undergo observational learning about what to eat, similar 
to other animals, by watching their mothers (Lowe et al., 2006) 
or other sheep, or by detecting food cues in milk. They also 
learn by personal ‘trial and error’ and can develop conditioned 

Figure 14.6. Variation in crude protein % ( ) and predicted levels of ME (MJ/kg DM) ( ) in western Victorian perennial 
pastures during summer and autumn in 2003 and 2004. Source: Jolly (2009).
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taste aversion (caused by toxicity or illness). Sheep, like many 
animals, thus learn by observation and mimicking and have 
a sensitive learning period around weaning time (Chapter 12). 
Their knowledge of foods is subject to a long memory.

Meeting nutrient demand

Sheep grazing cereal stubbles appear to readily ingest finely 
ground limestone voluntarily when it is provided and it 
is generally assumed that this is in response to a calcium 
deficiency. This behaviour is referred to as nutritional wisdom 
where animals attempt to self-correct a deficiency of an essential 
nutrient. However grazing animals may not always “balance” 
their diet and can be at risk of serious deficiency, particularly 
where nutrients cannot be provided as a single unit. For example, 
where salt is added to ad-libitum calcium licks, depending on the 
proportions of each in the mix, it may be salt that is the attractant 
and not calcium. High levels of salt, the exact level depending 
on the sodium status of the animal and diet, will depress intake 
and may reduce the potential intake of calcium in the mix, even 
where calcium is known or suspected to be deficient.

The complexity of nutritional wisdom is evidenced by sheep 
seeking to “balance” a high protein and/or high concentrate diet 
and hence improve conditions in the rumen by eating straw. 
Straw will markedly reduce the energy density of the diet at a 
time when daily ME intake may already be sub-optimal.

Sheep appear to select a diet that optimises rumen pH at 
~6.8. Rumen pH can be increased either by providing sodium 
bicarbonate (Cooper et al., 1996) or an additional or effective 
fibre source in the diet to stimulate saliva production (Campion 
and Leek, 1997). Sheep grazing lush pasture will actively seek 
out a source of palatable fibre such as hay or finely chopped 
straw. However not all lush pasture lacks fibre; sheep offered 
hay or straw when grazing young cereal plants will seldom show 
interest in an additional source of fibre. The fibre content of 
pastures can be determined by laboratory analysis if confirmation 
of fibre intake is required.

Selective grazing behaviour is not limited to pasture-based 
animals. Francis (2002) found that NDF content and rate of 
carbohydrate degradation in the rumen influenced selection 
and intake of pellets by feedlot lambs. Lambs offered a choice 
of pelleted diets with high (H), medium (M) and low (L) rates 

of ruminal degradation preferred a combination of M/L pellets 
(Francis, 2002). The M/L combination produced higher growth 
rates (395g/d) but the greatest feed efficiencies were obtained 
from the M and H/M combinations (Table 14.5).

Many pastures in their early growth phase provide grazing 
animals with levels of crude protein in excess of their daily 
requirements. Animals select against diets high in crude protein 
by either seeking out feed lower in crude protein (Kyriazakis and 
Oldham, 1993) or by limiting total intake (Marotti, 2004) and 
clover intake (Cosgrove et al., 1999) to limit rumen ammonia 
levels. 

Given choice, animals appear to exercise it, although the nature 
of, and reasons for, these choices can be complex and unclear. 
The most frequently reported example is the preference of sheep 
for clover over grasses. There is a limit to the amount of clover 
sheep will eat and this amount often falls short of that required 
to meet daily nutrient requirements (Chapman et al., 2007; 
Edwards et al., 2008). The failure of sheep to optimise intake 
when grazing pure clover (Marotti, 2004) can be attributed to 
negative post-ingestive feedback induced by high concentrations 
of rumen ammonia.

Unfortunately a reduction in DMI to control rumen ammonia 
levels without supplementation with an energy source, such as 
cereal grain, is likely to result in a diet that is energy deficient.  
An example for lactating ewes grazing lucerne is given below.  
High rumen ammonia levels have the potential to limit intake 
such that energy requirements may not be met where ewes may 
not eat enough to satisfy their energy requirements due to the 
high protein content of lucerne. Kempton (1979) has discussed 
the optimal balance of protein and energy in the diet in relation to 
wool production in dry, pregnant and lactating sheep. 

Example:
Lucerne pasture DM analysis: ME 11 MJ/kg DM, CP 
35%

Ewe, 60kg, twin lambs, early lactation requirements: ME 
18 MJ/d; CP 15.6% (281g/d)

DMI potential: 1.8kg

1.24kg DMI required to meet daily protein intake 
requirements, but

1.24kg provides only 13.6 MJ ME (4.4MJ short of 
requirements)

Table 14.5.  Effect of diet choice on total intake and live weight gain. 

  H M L H/M H/L M/L sed P

DMI* g/day 1725 1648 2174 1879 2144 2201 191.1 *

CPI g/day 319 314 401 356 396 415 35.9 *

MEI MJ/day 17.4 16.2 20.4 18.6 20.6 21.3 1.86 ns

NDFI g/day 581 641 905 713 832 876 75.3 ***

LWG g/day 186 232 352 348 368 395 54.4 **

FCR gDMI/gLWG 10.6:1 6.17:1 7.09:1 6.19:1 6.69:1 6.4:1   

*DMI (dry matter intake); CPI (crude protein intake); MEI (ME intake); NDFI (NDF intake); LWG (live weight gain); FCR (feed conversion ratio)
Sed (standard error of difference); * (P<0.05); ** (P<0.01); *** (P<0.001).
H (high rate of degradability); M (medium rate of degradability); L (low rate of degradability)
Source: adapted from Francis (2002).



336   S. Jolly and D. Cottle

International Sheep and Wool Handbook

There is phenotypic and genetic variation between individual 
sheep in their pasture component selection behaviour 
(Attwood et al., 2006; Nicol et al., 2008). Variations are 
observed in response to dietary components (Rutter, 2006), 
grazing management (Rutter et al., 2003) and the choice of 
feed available (Provenza et al., 1996). 

Sheep grazing temperate pastures preferentially select 
the most digestible components of the pasture (Milne, 1991) 
and when offered a choice of clover or ryegrass preferentially 
select approximately 70% clover and 30% grass (Chapman 
et al., 2007). However their ability to select highly digestible 
pasture does not guarantee optimal intake or performance.

Merino lambs grazing fodder crops such as rape (Brassica 
napus) appear to selectively graze dry grass of low nutritive 
value in preference to rape. It is unclear if this is related to 
the nutritive value of the rape, the presence of secondary 
compounds, neophobia or a combination of factors.

Preference for a feed is not simply its palatability. The 
evaluation of palatability can be problematic and the reasons for 
low or high palatability can differ between feeds. Investigations 
into differences in palatability between Oldman saltbush plants 
growing in the same environment showed clear differences in 
preferences of sheep for particular saltbush plants (Franklin-
McEvoy, 2002).  

Figure 14.7. Selective grazing of Oldman saltbush (Atriplex 
nummalaria) by sheep on Yorke Peninsula, SA. 
Source: Franklin-McEvoy (2002).

Diet digestibility can be estimated by Faecal Near Infrared 
Spectroscopy (FNIRS) from laboratory analysis of faecal 
material collected from animals grazing a range of plant species 
(Dixon and Coates, 2009). This does not define the species 
being selected, unless alkane markers have been used (Dove 
and Charmley, 2008), but is a useful adjunct to concomitant 
analysis of plant tissue, especially in pastoral environments, 
where the mix of plant species contributing to the total diet 
may not be easily identifiable.

Effects of selection and preference on supplementary 
feeding decisions

It is important to accurately determine the components and 
nutritive value of a diet before calculating supplementary feed 
requirements to ensure the supplement complements the feed 
consumed. In paddocks with higher stocking rates the majority 
of FOO is consumed so a representative pasture sample is 
easier to obtain. Otherwise preferentially grazed and hence 
indicator species need to be sampled as diet selection can make 
a significant difference to the choice and amount of supplement 
required. Sheep grazing a paddock with green and dry material 
will preferentially select the green feed. The program Grazfeed 
® allows for this selection when calculating the digestibility of 
DMI (Freer et al., 2006). It is recommended to walk diagonally 
through a paddock collecting handfuls of pasture, ensuring not 
to include roots or species known to be avoided, or in the case 
of pastoral species such as saltbush, sampling only leaves and 
smaller stems <2mm.

Supplementary feeding must complement the nutritive 
value of the selected components of pasture to be cost-effective. 
When sampling feed for nutritive value it is important that a 
representative sample is obtained (Anon, 2009a). However this 
may not necessarily be what the animal eats.  

Overcoming the effects of selective grazing

Selective grazing will, over time, reduce the amount and 
availability of the preferred species in the pasture sward, however 
rotational grazing and grazing pressure or stocking rate (SR) 
can be an effective management tool to combat this. Rotational 
grazing of temperate pastures in conjunction with high SRs will 
enhance pasture utilisation rates, however if a component of the 
pasture mix is not preferred, or fails to meet nutrient requirements, 
this practice can come at a production cost. A balance needs to 
be established between pasture management, animal production 
and welfare (Chapter 18).

In arid and semi-arid environments (Chapter 22) some 
plants appear to be unpalatable due to the presence of plant 
toxins, secondary compounds or high concentrations of mineral 
salts. Management of selective grazing by increased SR is not 
recommended in these areas due to the risk to animal welfare and 
environmental degradation.

Feeding the ewe

The aim of optimising the nutrition of the ewe is to allow her to 
cost-effectively express her genetic potential for growth, survival, 
reproduction, mothering ability and milk production. There are 
many factors within pasture-based grazing systems that prevent 
her achieving that potential. Thus, producers need to consider 
cost-effective supplementation strategies in addition to tactical 
adjustments of SRs. The cost-effectiveness of feeding strategies 
need to be evaluated annually and case by case, being dependent 
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on quality of FOO, supplement prices, availability and moisture 
content.

There are many sources of recommended nutrient 
requirements for ruminants, including AFRC, 1993; Freer et al., 
2007; NRC, 2007 and SCARM, 1990.  NRC, rather than ARC,  
recommendations are reproduced in this chapter as the equations 
are simple and may be considered more user friendly when 
formulating rations and crossbred ewe requirements are also 
detailed. Jolly and Wallace (2007) reviewed the requirements 
of growing lambs and noted that there is considerable variation 
between publications in predicted daily requirements.

Ewe management begins at weaning

Planning for joining begins at the previous weaning where ewes 
should be separated by body condition score (BCS) into “fats” 
(BCS >3) and “thins” (BCS <3) and fed accordingly. It is more 
than likely that the thinner ewes will have reared multiple lambs 
and therefore require additional nutrients to achieve BCS 3 in time 
for joining. In order to preserve wool quality in fine wool flocks, 
the plane of nutrition at weaning should be increased gradually if 
ewes are not to be shorn at this time. Condition scoring of ewes 
and fat scoring of lambs is described in more detail in Chapter 27 
and on the lifetime wool website (http://www.lifetimewool.com.
au/conditionscore.aspx).

Ewe feeding management at joining

The current industry recommendation (AWI, 2009) is for a BCS3 
target at joining for mature ewes and 45kg or 80% of mature 
weight for maiden ewes and ewe lambs. There appears little 
evidence for additional reproductive benefits above BCS 3.5. 
There is a reproductive benefit from increasing BCS from <2.7 
to >3.3 across Australia (Figure 14.8; Table 14.6; Chapter 13). 
If a condition score of 3 were to be achieved in late pregnancy, 
lamb mortality would probably be less than 10% and 30% for 
singles and twins, respectively (Hinch, 2009).  However, because 
of variation associated with the mean, achievement of maximum 
survival would be unlikely unless the flock were segmented and 
managed differentially. King et al. (1990) showed that BCS 
varied greatly for all live weight classes within a commercial 
Merino flock (i.e., frame size varied), which highlights the 
difficulty of using live weight as an index, particularly after 90 
days of pregnancy, when the contribution of the conceptus masks 
maternal weight changes. The lifetime wool (LTW) calculations 
(Ferguson et al., 2007) show that the loss of one BCS point 
reduces single lamb birth weight by 0.33 kg if it occurs by 90 
days of pregnancy and by 0.45 kg if it occurs between 90-150 
days of pregnancy. Mortalities may occur among lambs with 
birth weights below the optimum (4.5–6 kg for medium-frame 
Merino ewes); this is particularly important in the case of twin 
lambs, which usually have birth weights less than the optimum 
in the absence of nutritional restriction.

The majority of ewes in Australia are joined to rams 
in summer and autumn when grazing dry pastures or crop

Figure 14.8. Ewe condition score at joining and pregnancy status. 
Source: adapted from Irving (2005).
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Figure 14.9. Ewe condition score at joining and pregnancy status. 
Source: adapted from AWI (2009).

Table 14.6. Relationship between ewe condition score at joining 
and the number of foetuses scanned across 7 locations.  

 BCS  

Site <2.7 >3.3 % increase

1 112 164 46%
2 74 112 51%

3 124 149 20%

4 78 106 36%

5 110 130 18%

6 132 147 11%

7 92 103 12%

Source: AWI (2009). 

stubbles. Crop stubbles held over for ewes at joining will 
provide ewes with supplementary grain, but the amount of grain 
available will vary with yield (Table 14.7). The nutritive value 
of dry pasture, however, is more likely to have fallen below the 
nutrient requirement of ewes for maintenance or joining, which 
necessitates supplementary feeding.

Lupin grain is generally accepted as the best grain for ovulatory 
stimulation (Chapter 9). Lupins have low starch content (2%) in 
comparison to wheat (68%) or barley (55%) (Figure 14.10). This 
makes them also useful for “flushing” ewes for short periods, 
which is widely promoted (Chapter 9).
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Figure 14.10.  Starch contents of grains, including narrow-leafed 
lupin grain (L. angustifolius). Source: Pulse WA (2009). 

Flushing for 7 days pre-joining appears beneficial but no 
additional benefits are found after 7 days (G. Martin, pers. 
comm.). The advantage of lupins for flushing is their low starch 
content (van Barneveld S, 1999), so no introductory period is 
required to avoid acidosis (grain poisoning). Kenney (1980) 
compared the effect of lucerne hay and urea supplements 
with lupins and found them all to be ineffective in improving 
reproductive rates in ewes, although Curkpatrick (2007) 
reported a 22% increase in ovulation rates of Merino ewes 
grazing summer-active perennials from feeding additional 
lucerne hay and chicory.

Ovulatory stimulation is currently thought to be mainly 
caused by increased circulating levels of glucose, rather than 
amino acids (Viñoles et al., 2005; Letelier et al., 2007). 

The recommended daily nutrient requirements of mature 
ewes (NRC, 2007) vary with liveweight (Table 14.8). 
Consideration must be given to the physical nature of the feed 

Table 14.7. Crop yields, post-harvest yields and estimated grazing days to the point of critical ground cover. 

Type of crop Crop yields (t/ha)

Wheat

Grain yield (t/ha) 4.0 3.6 3.2 2.8 2.4 2.0 1.6 1.2 0.8

Stubble yield (t/ha) 7.4 6.7 5.9 5.2 4.4 3.7 2.9 2.2 1.5

Grazing days (10 DSE/ha) 338 297 260 223 185 148 111 74 37

Oats   

Grain yield (t/ha) 2.0 1.8 1.6 1.4 1.2 1.0 0.8 0.6 0.4

Stubble yield (t/ha) 6.0 5.4 4.8 4.2 3.6 3.0 2.4 1.8 1.2

Grazing days (10 DSE/ha) 263 233 203 173 143 113 83 53 23

Barley   

Grain yield (t/ha) 3.8 3.4 3.0 2.6 2.2 1.8 1.4 1.0 0.6

Stubble yield (t/ha) 6.8 6.0 5.3 4.6 3.9 3.2 2.4 1.8 1.0

Grazing days (10 DSE/ha) 300 265 229 194 158 123 87 51 16

Cereal rye  

Grain yield (t/ha) 2.0 1.8 1.6 1.4 1.2 1.0 0.8 0.6 0.4

Stubble yield (t/ha) 4.9 4.4 3.9 3.4 2.9 2.4 1.9 1.4 0.9

Grazing days (10 DSE/ha) 207 183 158 134 109 85 60 36 11

Triticale   

Grain yield (t/ha) 3.8 3.4 3.0 2.6 2.2 1.8 1.4 1.0 0.6

Stubble yield (t/ha) 8.4 7.6 6.7 5.8 4.9 4.0 3.1 2.2 1.3

Grazing days (10 DSE/ha) 385 341 296 252 207 163 118 74 29

Lupins   

Grain yield (t/ha) 2.0 1.8 1.6 1.4 1.2 1.0 0.8 0.6 0.4

Stubble yield (t/ha) 6.0 5.4 4.8 4.2 3.6 3.0 2.4 1.8 1.2

Grazing days (10 DSE/ha) 225 195 165 135 105 75 45 15 15

Source: Carter (2007).
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and the ewe’s ability to meet intake requirements. Ewes grazing 
dry pasture may not be able to eat enough despite adequate 
amounts of FOO.

Table 14.8. A guide to the daily intake, ME and crude protein 
requirements of mature ewes during joining. 

Liveweight Daily DMI ME CP
(kg) (% LW) (MJ/d) (g/d)

50 2.00% 8.0 81

60 1.92% 9.2 93

70 1.85% 10.3 104

80 1.79% 11.5 115

Source: adapted from NRC (2007).

Feed requirements of ewe lambs at joining

Fogarty et al. (2007) suggested joining ewe lambs once they 
have reached 80% of mature weight, although their nutrient 
requirements are considerably higher than for mature ewes (Table 
14.9). The cost-benefit of joining fine wool Merino ewe lambs 
must account for their wool quantity and quality and potential 
to achieve minimum joining weights (42kg by 7 months of age). 
Provision of summer active perennial pastures such as lucerne, 
forage rape (Brassica napus) or ripened cereal crops will reduce 
supplementary feeding costs for growing ewe lambs.

Table 14.9. A guide to the daily intake, ME and crude protein 
requirements of ewe lambs during joining. 

Liveweight Daily DM Intake ME CP

(kg) (% LW) (MJ/d) (g/d)

50 3.1% 15.4 132

60 3.0% 18.1 154

70 2.9% 20.7 176

80 2.9% 23.2 198

Source: adapted from NRC (2007).

As the mature weight of crossbred ewes averages 77 kg, ranging 
from 65kg (Border Leicester / Merino) to 90kg (Poll Dorset/
Merino), a target weight of 50kg by 7 months is more easily 
achievable than with Merinos due to higher weaning weights 
and growth rates from weaning to puberty. White Suffolk / Poll 
Dorset ewe lambs that are joined at 12 months can be up to 80 
kg after being weaned at 50 kg. Ewe lambs of wool-shedding, 
meat sheep breeds such as Dorper, Wiltshire Horn and Wiltipoll 
should be joined at 7 months of age to compensate for the lack of 
income from wool. 

Two examples of required daily growth rates to achieve a 
joining weight of 50 kg at 7 months of age are as follows:

Example 1:
Birth weight: 4 kg

Weaning weight at 100 days: 36 kg (daily growth rate = 320g/d)

Target joining weight at 200 days: 50 kg (daily growth rate: 
14kg/100d = 140g/day)

Example 2: 
Birth weight: 4 kg

Weaning weight at 100 days: 30kg (daily growth rate = 260g/d)

Target joining weight at 200 days: 50kg (daily growth rate: 
20kg/100d = 200g/d) 

Complementary feeding

The principles of complementary feeding incorporate the 
following questions: 

What are the daily nutrient requirements of the animal?•	
What is the nutritive value of the feed(s) on offer?•	
How much of the available feed is the animal physically •	
able to consume?
What is the extent of the feed gap?•	
How can the feed gap be filled cost-effectively?•	
Will it be cost-effective •	 not to supplement taking into 
account mortality and twinning rates?
Would a reduction in stock numbers be a more profitable •	
option?

The cost-efficiency of not supplementing is often not considered. 
For example, if mortality rates increase as a result of no 
supplementation, the cost may be potentially higher than the cost 
of supplementation. 

Culling strategies also play a critical role in determining the 
cost of supplementation. Common industry practice is to cull the 
old and keep the young, whereas the young are more expensive 
to feed (higher feed quality requirements) and less likely to be 
reproductively successful following a period of feed shortage. 
However, younger animals should have higher genetic merit and 
can be bred from longer after a feed shortage period, delaying the 
need for expensive restock purchases.  

Complementary feeding ensures that the supplement selected 
complements the base diet and fills the feed gap between 
requirements and the quality of the FOO which could be pasture, 
hay or silage. Hence the risk of substitution is reduced or avoided. 
Skill in ration formulation is required to optimise this process. 

Calculating the amount of supplement required to 
complement dry pasture in summer for a ewe in early pregnancy 
is demonstrated in Table 14.10. The rate of digestion of the NDF 
fraction of the pasture may limit the amount the ewe can eat 
and it is unlikely that she will consume more than 770g DM, as 
estimated from the equation DMI = LW x (120/NDF)% (Moran, 
2005). Either 410g or 390g/d of barley or wheat respectively 
would be required to complement the pasture and meet daily 
energy and protein requirements. The variation in pasture NDF 
over a 9 month period is highlighted in Figure 14.12.

Nutrition during early pregnancy

The nutrient requirements of ewes in the first 50 days of gestation 
increase with litter size (Table 14.10). The nutritive value of 
dry pasture alone will usually not meet daily requirements of 
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either single or twin bearing ewes. This difference in demand 
forms the basis for pregnancy scanning of ewes and separation 
into nutritional management groups (Chapter 10). However, if 
nutrient demand of either group is not met with a reasonable 
degree of accuracy then separate feeding strategies are unlikely 
to be cost-effective (Sheep CRC, 2009). 

Table 14.10. Complementary ration formulation for a 60kg ewe 
with a single foetus within 50 days of joining, grazing dry feed 
in summer. Source: adapted from NRC (2007).

 DMI ME CP NDF

 (g/d) (MJ/d) (g/d) (g/d)

Requirements:

60kg ewe (single pregnancy) 1,300 10.5 108 540

FOO (*NV/kg DM):

     Dry pasture 770 7.6 102 700

Cereal grain (Barley): 13.0 100 330

Cereal grain (Wheat): 13.5 140 120

Supplements and ration outcome:

Cereal grain (Barley): 410 10.5 114 543

Cereal grain (Wheat): 390 10.5 127 517

*NV Nutritive value – depends on the quantity of food digested 
and absorbed and the amounts of essential nutrients (protein, fat, 
carbohydrate, minerals and vitamins) contained within.

Allocation of ewes with multiple pregnancies to a paddock 
with a greater amount of dry FOO does not guarantee 
that daily intake will be higher. The nutritive value of the 
FOO and any available supplements is best determined by 
laboratory analysis, if the paddock has no test information, 
and a complementary diet formulated.

Many ewes in Victoria, Australia probably receive inadequate 
levels of nutrition during pregnancy as shown by the fluctuations 
in the maternal liveweights of supplemented ewes (Figure 
14.11). This is due to the complexity of filling feed gaps and the 

use of BCS as the primary management tool for the nutritional 
status of livestock. Unfortunately BCS is a retrospective measure 
of the success or failure of nutritional regimes, whereas ration 
formulation based on the difference between feed requirements 
and nutritive value of FOO is a more predictive tool. Management 
of ewe liveweight during pregnancy is a critical factor in ewe 
and lamb survival and lifetime productivity of the progeny 
(Chapter 10). Weight loss at any stage during pregnancy should 
be avoided. 

Table 14.11. A guide to the daily intake, ME and crude protein 
requirements of mature ewes (single and twin foetuses) in early 
gestation. 

Liveweight 
(kg)

Daily DM Intake
(% LW)

ME
(MJ/d)

CP
(g/d)

Single Twin Single Twin Single Twin

50 2.00% 2.60% 9.2 10.5 96 112

60 2.19% 2.50% 10.5 12.1 108 129

70 2.09% 2.40% 11.7 13.4 120 144

80 2.00% 2.30% 12.9 14.7 132 157

Source: adapted from NRC (2007).

Nutrition of the ewe during mid pregnancy

Although mid-pregnancy nutrition has no effect on lamb survival 
(Fogarty et al., 1992; Chapter 10), important processes including 
the development of secondary wool fibre follicles, the placenta 
muscle fibres and the reproductive system are initiated during 
this period (Martin et al., 2004). 

Nutrition during mid-pregnancy (day 50 - 100 gestation) 
affects placental growth and early foetal development 
(Heasman et al., 1999; MacLaughlin et al., 2007; Rumball et 
al., 2008; Vonnahme et al., 2003; Figure 10.5; Figure 14.14) 
however, there are no specific guidelines for nutritional 
requirements during this period.  

Figure 14.11 The seasonal variation crude protein ( ) and predicted levels of ME (MJ/kg DM) ( ) of perennial pastures for ewes 
in western Victoria highlighting the gap in feed requirements during the summer and autumn joining period of February and March. 
Source: Jolly (2009b).
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Figure 14.13. The pattern of maternal liveweight change for 
single-bearing ewes on the LTW sites in southern Australia 
in 2001 fed to maintain condition score 2 or 3 until day 90 of 
pregnancy. Source: Ferguson et al. (2004).
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Figure 14.14. Growth and development of the placenta and 
foetus in Merino ewes. Source: Kelly et al. (1990).

Nutrition of the ewe during late pregnancy

Nutritional management of ewes in late pregnancy is 
recognised as an Australian industry problem (Banchero et al., 
2004) evidenced by the occurrence of pregnancy toxaemia, 
hypoglycaemia (Graham, 1968) and the high mortality rate of 
low birthweight lambs. Although the quality of feed (Figure 
14.15) is often sufficiently high to meet energy requirements 
(Table 14.12) in late autumn and winter, feed supply is often 
limited and intake restricted by the growing foetus(es). 
Energy demand increases toward the end of gestation, such 
that the energy density of the FOO must be at least 10 MJ 
ME / kg DM for mature ewes and 12 for ewe lambs with twin 
pregnancies. The energy density of winter pastures may be 
sufficient to meet requirements of ewes but frequently fails 
to meet the energy demands of ewe lambs (Figure 14.15). 
Sowing winter cereal crops to fill the winter feed gap is a 
useful strategy (Chapter 18).

Table 14.12. A guide to the daily intake, ME and crude protein 
requirements of mature ewes (single and twin foetuses) in late 
gestation. 

Liveweight 
(kg)

Daily DM Intake
(% LW)

ME
(MJ/d)

CP
(g/d)

Single Twin Single Twin Single Twin

50 2.90% 2.90% 11.5 14.6 126 155

60 2.70% 2.75% 13.0 16.4 141 173

70 2.58% 2.61% 14.4 18.2 156 192

80 2.47% 2.48% 15.8 19.8 170 208

Source: adapted from NRC (2007).

Feeding high energy supplements is therefore recommended 
for ewes carrying twins in late pregnancy as a routine 
procedure. However, the choice of supplement will depend on 

Figure 14.12. Variation in neutral detergent fibre (NDF) levels in four western Victorian perennial pastures during 2003 and 
2004. Source: Jolly (2009b).
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the quality and quantity of FOO and the cost and availability 
of supplement. If paddock FOO is less than 1,000 kg DM, high 
quality hay (NDF < 45%) should be provided in addition to a grain 
supplement. It should not be a considered a replacement for grain. 
It is important to clearly differentiate between sources of protein 
and energy when supplementing in late gestation. High protein 
diets (165g CP/d) can significantly increase lamb birthweight, 
reduce lamb survival and reduce colostrum production (Ocak et 
al., 2005).

Calcium nutrition for ewes in late pregnancy

Hypocalcaemia (milk fever), most often occurs in the 
periparturient period in twin-bearing mature ewes (Chapters 10 
and 20). The most common cause can be attributed to inadequate 
skeletal mobilisation of calcium secondary to excessive dietary 
calcium intake earlier in the pregnancy (Sykes and Russel, 
2000). Pastures known to be high in calcium such as lucerne, 
clover and medic should therefore not be grazed by pregnant 
ewes in the month leading up to lambing. Calcium deprivation 
during mid pregnancy and feeding anionic salt formulations in 
late pregnancy have been suggested as management tools in 
stimulating parathyroid function and calcium mobilisation in late 
pregnancy. 

A less common cause of hypocalcaemia is an overt calcium 
deficiency due to prolonged, inadequate intake. Ewes grazing 
cereal stubbles or confined for long periods and fed a cereal based 
diet without calcium supplementation can become deficient. The 
acute deficiency does not generally become apparent until demand 
markedly increases in late gestation. Supplementation with finely 
ground limestone and salt (90%:10% ratio respectively) ad-lib 
should reduce the incidence of milk fever if ewes are grazing 
cereal stubbles or calcium deficient pastures between weaning 
and mid pregnancy.

Nutrition of the ewe during lactation

If the nutrition of the ewe has been well managed during pregnancy 
to a target BCS 3.5 at parturition and there is 1,500-2,000kg DM/
ha of high quality (>15% crude protein and 10 MJ ME/kg DM) 
FOO for lactation, providing there are no physical limitations to 
intake, the ewe is well positioned to express her genetic potential 
for milk production. 

Table 14.13. A guide to the daily intake, ME and crude protein 
requirements of mature ewes (single and twin foetuses) in early 
lactation.

Liveweight 
(kg)

Daily DM Intake
% LW

ME
MJ/d

CP
g/d

Single Twin Single Twin Single Twin

50 2.51% 3.20% 12.6 16.1 177 254
60 2.96% 3.01% 14.2 18.0 210 281
70 2.80% 2.83% 15.7 19.8 229 306
80 2.67% 2.69% 17.0 21.6 248 330

Source: adapted from NRC (2007).

Ewes weighing 50kg rearing twin lambs require 28% more feed 
than their single-rearing counterparts (Table 14.13) however this 
difference in intake diminishes with an increase in ewe liveweight. 
Intake differences between 70kg ewes are reduced to 0.03%. 
Protein requirements increase in early lactation by 1.2 times 
those in late pregnancy and 2.6 times maintenance requirements. 
The lower the body weight the higher the percentage increase in 
requirements above maintenance. Although high protein intake 
is undesirable during late gestation, milk production is highly 
responsive to the amount of protein in the diet. If a sufficient 
amount of pasture DM (>1,500kg/ha) is available for grazing 
during winter, there is unlikely to be a protein deficit.  Crude 
protein levels of winter pastures can often exceed 30% (Figure 
14.16). Metabolism of excessive amounts of nitrogen by rumen 
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Figure 14.15. Estimated ME (MJ/kg DM) in western Victorian perennial pastures during autumn and winter of 2003 and 2004 
compared with the ME required by ewes (solid line) and ewe lambs (dashed line) with twin pregnancies in late gestation. 
Source: (Jolly, 2009b).
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microbes places significant demands on energy resources and 
can result in weight loss if dietary ME is limiting (Chapter 13).
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Figure 14.16. Crude protein levels in pasture samples analysed 
in western Victoria. Source: Jolly (2009b).

Roughage (effective fibre) is an essential component of the diet 
of lactating ruminants, and may be limiting during winter and 
early spring. High quality roughage such as hay or silage should 
be provided as required to compensate for any obvious lack of 
dietary fibre. Supplementation with low quality straw or hay will 
further reduce the ME density of the diet, and should not be fed 
during early lactation. 

Sub-optimal rumen pH below 6 has been detected in cows 
grazing early spring pastures (Williams et al., 2006) therefore it 
may be less desirable to supplement ewes with well fermented, 
acidic silage than with high quality hay. The quantity of NDF 
present in pasture, hay or silage cannot be estimated visually and 
a laboratory analysis is recommended in these situations before 
any supplementation strategies are implemented.

Nutrients are generally partitioned to the areas of greatest 
need in animals. If nutrition during pregnancy and/or lactation 
is sub-optimal, wool growth suffers (Oddy, 1985) whereas with 
adequate nutrition wool growth continues (Williams and Butt, 
1989). There is little to be gained from underfeeding ewes at 
any stage of reproduction and a better understanding of their 
nutritional requirements will provide improved animal welfare 
and productivity outcomes.

Water intake

Total water intake is closely correlated to DMI and increases with 
advancing pregnancy and lactation (Forbes, 1968). Water intake 
increases by ~126% from the onset of pregnancy to parturition 
(ARC, 1980) and by up to 30% in the final 2 months of gestation 
(Forbes, 1968). Water intake is affected by demand, environmental 
temperature, distance between food and water supplies (Squires 
and Wilson, 1971) and water quality. It is commonly thought that 
sheep drink and eat less in hot conditions where poor quality or 
hot water is offered. However, Savage et al. (2009) in controlled 
experiments found in hot conditions, sheep prefer hot water and 
drink more as water temperature increases. An increase in the 
concentration of total dissolved salts above 2,000 ppm may result 
in a reduction in DMI. However lactating ewes with lambs at 
foot can tolerate 1% total dissolved salts (chloride type) in the 
drinking water (Peirce, 1968) and up to 1.7% total dissolved 
solids (NRC, 2007).

Stocking rate decisions

Economic benchmarking invariably demonstrates that the most 
profitable graziers achieve low costs of production, primarily 
because they turn off more wool, beef or lamb per hectare of land 
(e.g. Lean et al., 1997; Patterson, 2005). SR is the most important 
profit driver in these businesses (Sackett, 2001).  Producers rate 
SR, alongside water supply and animal health as the most critical 
success factor in a grazing enterprise (Reeve et al., 2000).  

The relationship between production per head and per hectare 
as SR increases (Figures 14.17 and 14.18) was first published by 
Mott (1961). Production per head is related to feed intake which 
is related to SR and herbage mass (Freer et al., 2007, 2008).
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Figure 14.17. Production per head and per hectare as stocking 
rate increases.  Source: Hodgson (1990).
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Optimizing SR and fully utilising the pasture resource without 
degrading it and meeting natural resource management (NRM) 
objectives (Chapter 19) is most important.  Graziers need to 
achieve both high per head and per hectare performance for 
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sustainability (Scott et al., 2000). Many producers run sheep 
at 1-10 dry sheep equivalents (dse)/ha less than their most 
profitable SR on good grazing country as they are fearful of 
overstocking and uncertain of their optimal carrying capacity. 
This represents a large waste of Australia’s pasture resources 
and can result in sheep enterprises being less profitable. 

Leading consultants suggest a ‘rule of thumb’ is that, on 
average, a 40-50% increase over the district average SR is 
possible and probably close to the optimum SR (D. Sackett, 
pers. comm.). This increase is dependent on many factors, such 
as the length of the growing season, soil fertility status, pasture 
composition, etc. The difference such an increase in SR can 
make on profit, measured by gross margins (GM) will vary - for 
some flocks it will mean an additional 1 dry sheep equivalent 
(dse)/ha and for others an additional 5-10 dse /ha. The long term 
average GM for wool flocks is $17 per dse (Holmes and Sackett, 
1997-2005). However, as the SR increases, the GM per dse will 
decline slightly (more feed supplements may be needed, lower 
per head performance may result).

If the GM/ha increases by say 40% with a 40% increase in 
SR, it can result in a much larger percentage increase in profit if 
overheads do not increase. For example,

                         7 dse       10 dse

GM/dse               $19                $17
GM/ha               $119              $170        +43%
Overheads/ha    $100              $100
Profit/ha               $19                $70      + 368%

This is why getting SR optimised and fully utilising the pasture 
base is so important to producers.

Graziers aim to set SRs that are both productive and 
environmentally sustainable but find this difficult to do (Simpson 
et al., 2006; Chapter 19). This leads to situations in which 
graziers can inadvertently lock themselves into a sub-optimal 
business position (e.g. low fertiliser use and reduced SR; Graham 
and Hazell, 1999), or which encourage them to adopt cost cutting 
strategies that put their businesses into a downward production 
spiral (Lean et al., 1997).  Simpson et al. (2006) reported that 
graziers nominated key issues such as pasture availability, gross 
margins, sheep condition and supplement costs as primary 
concerns when thinking about SRs.  Graziers who had undertaken 
Prograze ® courses (Bell and Allan, 2000; Crosthwaite, 2002; 
NSWDPI, 2009) developed skills in objective pasture assessment 
and linking pasture availability to animal production but not in 
assessing the carrying capacity of grazing land or the setting of 
long-term sustainable SR targets. They were concerned about 
the risks associated with climate and production variability when 
carrying high stock numbers but had no way of accounting for 
these risks when setting SRs.  If the risks are managed properly 
(e.g., exit strategies) business success is more certain and ‘fears’ 
of running higher SRs can be alleviated. Choice of optimum 
SR is a complex decision but success leads to improved pasture 
utilisation.

Optimum SR is also influenced by the grazing system 
practised, flock structures (size of age/sex groups) and on mixed 

farms (where 50-60% of Australian sheep are run) is strongly 
influenced by the proportion of land committed to crops and the 
availability of fodder resources within the cropping system. 

There are at least four types of SR decision that producers 
may need to make and where decision support tools (DSTs) may 
improve and add value to their decisions:  

(i)  long-term sustainable SR for the core flock that is permitted 
by the farm resources, management system and climate 
variability.

(ii)  SRs for “one-off” tactical use of feed in a ‘bumper’ year, a 
fodder crop or when controlling risks in poor seasons.

(iii)  flexible SRs for situations where some sort of longer-term 
“reactive” management policy is possible or is required for 
NRM reasons.

(iv)  optimum SR decisions in mixed farming systems where 
amounts and qualities of feed available from crops, crop 
residues, sown pastures in rotations and permanent pastures 
varies through seasons and farming phases.

The need to optimise SR for profitability is an old problem.  
However, there are now additional pressures on farm businesses 
that add difficulty to SR decisions.  

a) SR have already increased on some farms and are therefore 
closer to the maximum potential SR permitted by farm 
resources. The desire to increase SR must be tempered by an 
understanding of the sustainable capacity of farm resources 
and take account of NRM objectives (Chapter 19).

(b) animal welfare issues are far more prominent issues for 
farms today and deaths or malnourished animals are not 
acceptable outcomes of changed management conditions.

(c) pricing structures for animal products also emphasize 
the need to meet wool and meat quality standards whilst 
producing an optimal quantity of animal product per ha. 
This may modify the SR that will capture maximum profit 
per ha. 

(d) for sustainable systems, there is a need to achieve both high 
per head and per hectare performance (Scott et al., 2000).

Changes in SR on farms are often made slowly and by “trial 
and error” and decision making can be confounded by the high 
variability of climate in Australia.  Few livestock producers 
use technical advisors compared to the cropping industry and 
many are understocked. DSTs can be used to help reach and 
efficiently manage optimum SRs. It is now possible to address 
many of the issues that make SR decisions so difficult by 
application of technologies such as simulation modelling, remote 
sensing and automated monitoring of pastures and animals.  
These technologies allow the capability of farm resources, the 
consequences of management decisions, impacts of climate 
variability on profitability, business risks and NRM objectives to 
be explored. 

Cautiously increasing SRs is a way to increase productivity 
and to achieve the 2-4% annual improvements in profitability 
that are necessary to stay ahead of the declining terms of trade for 
farming. However, there are calls from graziers adopting more 
intensive management for better information to: 
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(i)  guide their adoption of SRs that are economically and 
environmentally sustainable, and 

(ii)  prevent destabilisation of pasture composition as more 
intensive management is applied.

Pasture composition

Recent grazing trials are indicating that under intensive 
management perennial grass cover may be degraded as grazing 
pressure and competition from annual species and weeds 
increases (phalaris, Danthonia and Microlaena pastures: Bolger 
and Garden, 2002; Hill et al., 2005; Figure 14.19; Chapter 
18). Loss of perennial grass cover is of major concern because 
it threatens productivity and sustainable management (Scott 
et al., 2000), will increase nitrate leaching losses (leading to 
acidification of soils) and will increase deep drainage which can 
contribute to dryland salinity problems.  The fear that perennial 
grass losses will occur is most acute on soils where farmers rely 
on native perennial grasses because re-sowing of these species 
is not economically feasible.  Native grass seed is prohibitively 
expensive and often of unknown provenance and quality.

During summer and autumn sheep producers are faced with 
a trade-off between maintaining livestock condition, preventing 
soil loss and erosion and minimising the cost of supplementary 
feed. The dynamics of pasture quantity and quality and the use 
of forage crops or crop residues must be modelled correctly to 
ensure that management options are accurately represented. 

Monitoring pasture 

A number of on-farm extension programs have developed the 
pasture assessment skills of sheep producers and coupled those 
skills with a structured approach to feed budgeting. However, 

few sheep producers apply these skills in a systematic way that 
enables them to optimise SR in response to pasture availability. 
One key reason for this failure of adoption is the time taken to 
assess pasture growth, quantity and quality and lack of confidence, 
by producers, in their own assessment skills.  

It is possible to integrate remotely sensed data with a plant 
growth model (Moran et al., 1995). A classification of potential 
pasture growth derived from Landsat TM data was used as an 
input to Grazplan ® (a component of GrassGro ®). Output 
from the model was used in a geographical information system 
(GIS) to map pasture productivity at paddock scale (Hill et al., 
1999). Kunnemeyer (2001) found that he could explain 70% of 
the variation in the amount of green biomass in pasture using a 
hand-held reflectometer. In France, Di Bella et al. (2004) found 
remotely sensed data improved the reliability of leaf area index 
predictions and pasture growth models. 

Pasture monitoring is a prerequisite for DSTs that support 
tactical decision making. Such models often require data about 
the seasonal quantity and quality of pasture for model calibration, 
e.g. Pastures from Space (PfS). This has been calibrated in WA 
for annual pastures in Mediterranean environments where it has 
provided reliable, validated estimates of both pasture growth 
rate (PGR) (Donald et al., 2004; Edrisinghhe et al., 2002) and 
FOO (Edrisinghhe et al., 2002).  A pilot web delivery of satellite-
derived PGR (weekly) and FOO (monthly) for paddocks on 
individual farms was established using Pasture Watch™ software 
(Wiese et al., 2004).  Gherardi et al. (2004) found in all case 
studies the use of the PGR information improved the profitability 
of the producers’ sheep enterprise. The increase in GM ranged 
from $23-$90/winter grazed hectare and resulted from better 
utilisation of pasture through more effective feed budgeting and 
introduction of new management techniques into the farming 
system.  

In WA the rate of PfS uptake has been lower than hoped. This 
may be due to a lack of support services and/or economic proof 
of concept or case studies. A close collaboration between DST 

Figure 14.19.  Composition of danthonia-subclover pastures subjected to continuous grazing by sheep with differing levels 
of annual fertiliser application. SRs on fertilised pastures were adjusted upwards to achieve approximately similar livestock 
performance per head in each treatment.  Source: adapted from Bolger and Garden (2002).
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developer and potential end users needs to occur to determine ‘felt 
needs’ for the technology. PfS is a spatial system that, through 
better satellite technology, was able to refine its data capture and 
output system so that it was relevant at farm scale. GrassGro 
and the SGS Pasture model, on the other hand, are point based 
simulation tools that can be used in spatial analyses by running 
linked simulations for each spatial unit in a landscape.  This for 
instance, has been done for analysis of water flows in catchment 
models (Clifton et al., 2007). Large spatial applications of the 
tools are generally more useful for higher level landscape 
decisions than for farmer level decisions.

Decision support tools

DSTs have been used in the industry for decades to assist 
decisions for complex farming systems problems such as SR 
decisions (Donnelly et al., 2002, Simpson et al., 2005). The 
DSTs have ranged from the very simple (one equation) to the 
very complex (AusFarm). 

An example of a simple equation is: SR (dse/ha) = 1.3 x 
(annual rainfall – 250 mm)/25 for winter rainfall areas used by 
French (1987). Cayley and Quigley (2005) then recommended 
superphophate fertilizer rates, based on French’s estimated SR, 
as follows: Fertiliser (kg/ha) = (100 x 0.83 (kg P/dse) x SR (dse/
ha)) / %P (=9% for single super). 

Saul and Kearney (2002) used:

SR = -11.05 + 3.41 (growing season, months) + 0.178 x (Olsen 
P, mg/kg), or 

SR = -9.68 + 0.036 (annual rainfall, mm) + 0.254 x (Olsen P, 
mg/kg).  

More complex simulation tools incorporate the latest scientific 
knowledge and allow the users to use this to explore the biological 
and financial consequences of management decisions on their 
farms over a range of seasons.  Most of these software packages 
focus on increasing the efficiency of pasture use (e.g. changing 
lambing time to match the animals’ demands for nutrients with 
the pasture’s peak availability and quality).

SR (in DSE or stock units) is almost always benchmarked 
when comparing farms either on a per hectare (ha) basis or 
per ha/100mm rainfall. Often the DSE’s are calculated on an 
enterprise basis and do not factor in per head animal performance 
or differences in age at sale of young stock. Despite this much 
is made of benchmark ratios such as kg of lamb produced per 
DSE. GrassGro provides a robust way of evaluating the DSE 
rating of an enterprise when simulating enterprises but in relation 
to benchmarking there is a genuine need for a more robust and 
consistent DSE calculator for industry use.  This would enable 
the user to account for factors such as reproductive rate, rate 
of animal weight gain, sale age and base weight of breeding 
animals, so that comparative benchmark data is more accurate 
and accounts for more factors than just number of head per ha.

Swain (2004) reviewed DSTs for livestock management. 
When viewed collectively, these tools had redundancies and 
often fail to allow integration across decisions. Most State 

Agriculture Departments have developed their own software 
models for feed budgeting and whole farm feed planning but they 
are often incomplete. The best features of DSTs from different 
State Departments and consultants have not been combined 
or integrated for national use. Similarly, many agricultural 
consulting firms have developed their own software tools, often 
consisting of relatively simple spreadsheets, which are not 
completely finished or integrated with other packages due to time 
constraints (D. Sackett, pers. comm.). Often some elements of 
bio-economic modelling are missing, e.g. integration with flock 
number dynamics or economic risk modelling. For example, 
NSW DPI staff have developed the ProPlus and Stockplan 
programs (Davies et al., 2007) and DAFWA staff have developed 
MIDAS (Falconer and Morrison, 1987) but few DSTs are used 
widely and none nationally. 

Keys to DST success

DSTs have a modest track record in being used by producers 
or their advisors/consultants. The main reasons for this are: 1) 
the non-universal applicability of any equation or model; 2) 
producers often don’t know what options are available; 3) if they 
do, they are not convinced of the benefits and economics of using 
them, and 4) if they are, they are too complex to implement. 
Despite the range of new data, information and management 
technologies becoming available, many producers feel that they 
are complex, the changes required are large and that they don’t 
have control over how well they achieve the optimum priced 
market specifications. 

Although there is a perception of “market failure” for use of 
models in agriculture (e.g. cropping industry models; McCown, 
2002), some Australian livestock industry advisors have been 
relatively open to the use of grassland decision support tools 
(Alcock 1998; Donnelly et al., 2002; Moore, 2005).  Initially, 
the simulation tools have been most influential when advisors 
trained in the use of the tools have used them to provide new 
insights and when computer-derived information has been 
combined with more traditional extension methods (Donnelly et 
al., 2002; McCown and Parton, 2006).  Subsequent acceptance 
of the value of the information, combined with development of 
the user-friendliness of DSTs in response to feedback from users 
has increased their direct uptake by farmers (Donnelly et al., 
2001; Simpson et al., 2001). 

McCowan and Parton (2006) promoted the use of a soft 
intervention approach that features farmers shaping their goals 
and expectations by ‘experimenting’ in a local, but virtual 
environment provided by simulation of the production system 
using ‘hard’ models (objective knowledge of scientists outside 
the system). This is essentially the GrassGro approach. These 
authors support the views of Mullins (2002) that powerful 
scientific models combined with the use of spreadsheets budgets 
to do ‘a few figurings’ as the best way forward for professional 
intervention in farm management. 

The impact of the simulation tools is wider than the immediate 
user group because each advisor influences a larger network 
of farmers; some have used them to formulate industry-wide 
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advice (e.g. Holmes, Sackett and Associates, 2003).  GrazFeed 
was used to develop the Prograze extension program (Bell and 
Allan, 2000) which in 2009 had been extended to all southern 
Australian states and presented to > 6,000 graziers.  Currently 
GrazFeed is estimated to be used either directly or indirectly by 
~10-15% of Australian graziers (Moore, 2005).  The benefit-cost 
ratio for investment in its development was estimated to be 79:1 
(CIE, 2002).  

Lifetime Wool 

Lifetime Wool (LTW) was a national Australian project 
developing guidelines for the nutritional management of ewes. 
The guidelines are based on condition score (CS) targets at 5 
key times during the reproductive cycle. Plot-scale research data 
on over 10,000 sheep was initially used to develop relationships 
between ewe CS profile and the reproduction, mortality and wool 
production of ewes and the survival and lifetime performance of 
their progeny (Thompson and Oldham, 2004). Results from the 
plot-scale research were supported by the outcomes of paddock-
scale research (Behrendt, 2006). Guidelines (Curnow, 2006) and 
DSTs were developed to determine the optimum SR for a flock/
paddock(s) in a particular season/year and were road-tested by 
over 120 farmers in 2005-2006. 

Figure 14.20. Schematic representation of a condition score 
profile for a winter-spring lambing in Western Australia, showing 
separate profiles for single and twin bearing ewes and FOO (kg/
ha) boundaries at the break of season, leading up to lambing and 
at weaning. Source: C. Oldham, pers. comm.

Three DSTs developed were: (i) “LTW-Joining”; (ii) “LTW-
Lambing” and (iii) “Let the Sheep Talk”. Each tool is based on the 
feed budget equations from GrazFeed but include modifications 
from the LTW project on tightly grazed annual pastures. The 
strengths of these LTW tools include: 

(a) Inputs and outputs are customised for the specific decision 
being analysed; 

(b) Inclusion of production responses derived from the LTW 
database; and 

(c) Addition of a cost-benefit analysis to quantify the economic 
implications of different nutrition strategies. 

LTW-Joining:-This tool focused on the nutrition of ewes around 
joining and allowed comparison of standard nutrition practice 
versus the LTW recommended practice. The tool quantified the 
difference in supplementary feeding required and the lambing 
percentage achieved and the future value of the CS of ewes.
LTW-Lambing:- This tool focused on the nutrition of ewes from 
joining through to lambing. The relative profitability of LTW 
recommended versus standard practice is based on predicted 
progeny production levels of the progeny.

Sheep Talk:- Was designed to help farmers who have been 
monitoring sheep liveweight and rate of supplement to select 
supplementary feeding rates to achieve the liveweight targets 
they have set for their sheep. Choice of optimum SR in paddocks 
during the year interacts with supplementary feeding decisions.

GrassGro

GrassGro is a computer program that uses historic weather 
data to drive a pasture growth model that, in-turn, interacts with 
predicted animal intake. GrassGro was developed by CSIRO 
Plant Industry and released commercially in 1997.  GrassGro 
is based on over 15 years of research into modelling pasture 
and grazing productivity (Scott et al., 2001).  It integrates these 
models with management rules (Clark et al., 2000).  Testing 
management strategies using detailed information concerning 
soil properties, weather patterns, pasture growth and animal 
nutrition is its primary goal (Figure 14.21).  GrassGro is suited to 
use in areas that utilise sown pastures; its application to northern 
environments and native grass systems needs to be improved (Hill 
et al., 1997). Currently, GrassGro models daily wool production 
and fibre diameter but other important price drivers – staple 
length, strength and position of break are not modelled. GrassGro 
is complemented by the FarmWi$e package which is used for 
mixed grazing and cropping enterprises and is programmed so 
that, where appropriate, APSIM cropping modules can be used 
(APSIM, 2009). The mixed farming sector (livestock-cereal 
zone) presents an opportunity to realise substantial benefits from 
complementary livestock and grain enterprises (Chapter 18). 
The benefits accruing can include greater capture of atmospheric 
nitrogen, increased organic matter, enhanced soil structural 
stability, improved weed and pest control options, increased 
yield, grain protein and improved price and profitability. These 
benefits need to be balanced against possible conflicts such as 
soil compaction and the need for infrastructure in the form of 
fencing and watering points etc.

Simulation models have been developed because of 
the complexity of the grazing enterprise and the number of 
management options available (Donnelly et al., 1998). GrazFeed 
provides the daily feed supply-grazing animal component of 
GrassGro (Freer et al., 2006).   

An animal’s potential intake is based principally on its 
“normal weight” which is based on its normal pattern of growth 
to a standard reference weight.  Potential intake is also affected 
by the physiological status of the animal, rumen development, 
temperature, etc. (Freer et al., 2006). Actual feed intake is 
predicted from potential intake and the quality and quantity of 
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feed supply.  Feed quality is defined by the digestibility of the 
pasture.  GrazFeed accounts for differences in intake of C4 and 
C3 pasture species at the same digestibility.  Intake is also affected 
by pasture legume content and substitution from supplementary 
feeding (Freer et al., 2006).
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Figure 14.21. Typical output from GrassGro. 
Source: Donnelly et al. (1998).

Energy and protein use by animals is based on MAFF (1990) 
equations.  Energy use is determined by the animal’s weight, 
physiological status, distance the animal must walk, temperature 
and the ME content of the feed (Chapter 13). The model also 
predicts conception rates, birth rates and mortality which are 
affected by the predicted condition of sheep.  It is possible to 
select the breed of animal, which affects milk production, wool 
growth and heat tolerance (Freer et al., 2006).

Examples of how GrassGro has been used in grazing 
management are presented in Table 14.14. 

Table 14.14. Examples of how GrassGro has been used to 
assess farm management practices.

Author Management problem

Alcock et al., 1998 Estimate the amount of supplementary 
feed.

Crawford et al., 1998 Assess the benefit of legumes in prime 
lamb/grain production.

Salmon et al., 2002 Deferred grazing of annual pastures in 
autumn.

Clark et al., 2003 Impacts of rainfall patterns on the 
profitability of wool flocks.

Salmon et al., 2004 Time of lambing and SR.

Alcock and Hegarty, 2006 Effects of pasture improvement on 
productivity, gross margin and methane 
emissions.

Tactical management can’t be fully analysed with GrassGro 
because many of the tactical options are implemented at the whole 
farm level (e.g. deferment on crop paddocks). Also, simulation 
is very time consuming because of the many combinations of 
options available. This makes an optimisation approach highly 
desirable.

SGS Pasture Model

This is a biophysical model funded and developed by IMJ Pty. 
Ltd., MLA, Dairy Australia, AgResearch and the University of 
Melbourne (Johnson, 2008).
The model is currently used to analyse management scenarios 
for research purposes rather than as a producer or consultant 
tool. It is used in the EcoMod software by AgResearch and 
Dairy Mod by Dairy Australia. SGS Pasture Model simulates 
pasture growth with multiple species, soil water dynamics, soil 
organic and inorganic nutrient dynamics with the emphasis on 
N and P, and animal intake and liveweight (Figure 14.22).  It is 
especially useful for modelling hydrology and leaching events.  It 
has multiple paddocks that can have individual soil and pasture 
characteristics.  The model has been applied around Australia for 
both native and improved pastures to predict pasture production 
and  climate variability risk analysis (Johnson, 2009). The model 
does not currently predict wool quantity or quality.   A “proof 
of concept” study has demonstrated the potential for using 
Differential Evolution (a similar technique to genetic algorithms) 
to optimise long term SRs.

Mineral nutrition

Detailed information about the mineral requirements of sheep are 
available (Grace, 1983; National Research Council, 2007; Rattray 
et al., 2007; Underwood and Suttle, 1999). The mineral status of 
grazing animals is often unclear due to a lack of current or local 
information about the mineral content of the FOO. The mineral 
status of Australian soils and plants has not been investigated in 
recent years whereas the change in fertiliser practices over the 
last 30 years has been substantial. Fertiliser programs can change 
the availability of key nutrients such as selenium, copper and 
phosphorous. 

Unfortunately advice about the cause and prevention of 
mineral deficiencies and toxicities, common interactions and 
daily requirements can be biased and misleading. Therefore 
when considering animal production it is important to clarify the 
mineral status of both plants and animals prior to determination 
of the complementary mineral requirements of livestock grazing 
on those paddocks.

Although energy and protein are the nutrients of primary 
importance, deficiency of a trace mineral can significantly affect 
the productivity of sheep and lambs (Chapter 13). Identification 
of the deficiency and the probable cause is the key to successful 
treatment and long term prevention. Induced deficiencies caused 
by interactions between minerals are increasingly being reported 
in intensive sheep production systems where high SRs and 
fertiliser inputs are accepted practice. 

Mineral deficiencies

The most commonly observed mineral deficiencies in sheep 
grazing Mediterranean and temperate pastures (predominantly 
C3 grasses and legumes) include calcium, magnesium, copper, 
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cobalt and selenium. Deficiencies of calcium, zinc and copper 
have also been detected in sheep and cattle grazing the arid 
lands of Australia (Jolly, 2009b). Sheep grazing crop stubbles in 
summer and autumn are more likely to exhibit signs of calcium 
and zinc deficiency and both sodium and magnesium deficiency 
have reduced the growth rate of lambs grazing high protein, 
winter wheats (Dove et al., 2005; Figure 14.23).

Figure 14.23. Magnesium oxide, lime and salt supplement 
provided ad-libitum to lambs grazing winter wheats. 
Source: Grain and Graze (2005).

Brassica species such as rape (Brassica napus) and turnips 
(Brassica rapa L.) can induce a temporary deficiency of iodine 
due to prolonged ingestion of goitrogens from either the soil and/
or plant material (Knowles and Grace, 2007). 

Diagnosis of mineral deficiencies

General trends are not a substitute for individual on-farm analysis 
of soils, plants and animals to determine the presence and extent 
of mineral and trace element deficiencies. The cost of sampling 
plants is ~$110/paddock compared to the cost of mineral mixes 
of ~$1,200/t. Money can be wasted on unnecessary mineral and 
trace element supplements that do not result in cost-effective 

increases in productivity. If a mineral deficiency is induced 
from high intake of another mineral, supplementing with oral 
preparations, such as loose licks, mineral blocks or drenches, are 
unlikely to be successful.

Mineral deficiencies are best diagnosed by a combination 
of soil, plant and animal testing. Judson and McFarlane (1998) 
reviewed mineral disorders in grazing livestock and the usefulness 
of soil and plant analysis in the assessment of these disorders. 
Their suggested useful analyses are listed in Table 14.15. 

Soil samples should be taken in the dry season and plant 
analyses taken when the plant is growing rapidly between the 
vegetative and flowering stage (late winter / spring in Southern 
Australia). Analytical laboratories usually provide “testing kits” 
which contain sampling instructions and costs. Costs vary widely 
between laboratories. Blood sampling is a reliable detection 
method for cobalt (Vitamin B12), selenium (GSH Px) and zinc 
deficiency, but less reliable for copper. Copper deficiency is more 
reliably detected from analysis of liver tissue samples taken from 
the left lobe either by live biopsy or from samples collected 
freshly at slaughter (D. Paynter, pers. comm.)

Mineral interactions

Induced rather than inherent mineral deficiencies are more 
difficult to treat and subsequently prevent and can be due to 
inappropriate and/or excessive applications of mineral fertilisers. 
Increasing soil pH releases previously unavailable minerals; 
this factor needs to be considered where livestock are receiving 
supplementation to avoid toxicity.

Changing fertiliser practices to improve pasture productivity 
and increasing use of independent agronomic advice has meant 
that area-specific deficiencies are no longer the norm. Pasture 
applications of agricultural lime and/or gypsum to increase 
pH of acid soils will increase the availability of minerals as 
pH increases, in particular molybdenum (Figure 14.24). These 
changes should be monitored on an annual basis and appropriate 
supplementation strategies implemented. 

Figure 14.22. SGS Pasture model screen.
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Figure 14.24.  Changing availability of soil minerals with soil 
pH. Source: Anon (2009b). 

Elevated pasture concentrations of molybdenum can depress 
the availability of copper and induce a physiological copper 
deficiency in sheep (Ward, 1978). High plant concentrations of 
sulphur and iron are known to increase this effect. Molybdenum 
should not be applied to pastures without the addition of copper 
or without prior knowledge of the copper status of plants and 
grazing animals. The relationship of copper to molybdenum in 
plant tissue can provide a guide to the presence of a deficiency 
(Table 14.16) with a ratio < 2:1 Cu: Mo likely to result in 
copper deficiency. These interactions can vary with forage type 
(Underwood and Suttle, 1999).

Elevated pasture concentrations of sulphur, either 
inherent or induced as a result of applying sulphur-containing 
fertilisers such as gypsum or single superphosphate, may 
induce a selenium deficiency (Nolan, 2008; White et al., 
2004) in grazing animals. 

Table 14.16.  Ratio of copper to molybdenum in pasture grazed 
by sheep is likely to result in copper deficiency.

Copper Molybdenum Ratio (:1)

5 2 2.50

5 5 1.00

7 5 1.40

7 7 1.00

12 7 1.71

Source: adapted from (Grace, 1983).

Many soils, crops and pastures in Australia are inherently high 
in potassium (> 2%) whereas the daily sheep requirement is 
~ 0.8% of the dietary DM (Underwood and Suttle, 1999). 
Acid soils reduce magnesium uptake by plants (Figure 14.24) 
and high forage concentrations of potassium and nitrogen 
can combine in the gut to reduce magnesium absorption. 
Magnesium deficiencies are most commonly seen in livestock 
at the first emergence of green feed following the break of 
the season and/or when grazing cereal crops prior to growth 
stage 30 (Stapper, 2009) when the first leaf node is visible but 
it cannot be felt when the stem is cut in half and the tip of the 
developing ear is more than 1cm from the stem base. 

Figure 14.25. Cereal tillering at growth Stage 30. 
Source: TOPCROP (2008). 

Table 14.15. Useful analyses in assessing mineral disorders of livestock.

Element Liver Blood/ plasma Rib bone Milk Urine Faeces Pasture
Calcium (Ca) Ca Ca Ca, K, Na, Cl, Na
Magnesium (Mg) Mg Mg Mg, K, Ca, Na
Phosphorus (P) P P P
Sodium (Na) Na
Sulfur (S) S S
Cobalt (Co) B

12
, MMAA B

12
B

12

Copper (Cu) Cu Cu Cu, Mo, S, Fe
Iodine (I) T4, T3B I
Manganese (Mn) Mn
Selenium (Se) Se, GSH, PxC Se
Zinc (Zn) Zn Zn

A Methylmalonic acid. B Tetra-and tri-iodothyronine. C Glutathione peroxidase.   
Source: Judson and McFarlane (1998).
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Figure 14.26. Growth stage 30; onset of stem elongation. Source: 
Grain and Graze (2007).

Monitoring of the mineral status of plant tissue where 
molybdenum, calcium, sulphur and/or potassium is applied 
to grazed pastures or crops will result in the early detection of 
potential problems. Copper deficiency can be either inherent in 
soils and plants or induced by the presence of high concentrations 
of molybdenum; its availability is reduced by high dietary intakes 
of molybdenum.

Figure 14.27. Suspected selenium deficiency in a lamb born to 
a ewe grazing on lush improved clover-dominant pasture in SW 
Victoria August, 2008. 
Source: D. McLennan, pers. comm.

Enzootic ataxia has been diagnosed in newborn lambs grazing 
pasture with copper:molybdenum ratios < 2:1. Chronic 
scouring and lameness has also been observed in sheep with 
copper:molybdenum ratios < 5:1 in the presence of high pasture 
N concentrations. Molybdenum-induced copper deficiency 
responds poorly to oral treatments, as grazing animals continue 
to ingest molybdenum. Thus, daily injections of copper heptonate 
tend to be more effective (Judson, 2002).

Selenium deficiency has been reported in lambs born to ewes 
grazing pastures where high rates of gypsum (calcium sulphate) 
have been applied. Lambs affected by selenium deficiency may 
be unable to stand (Figure 14.27). Selenium and sulphur have 
similar chemical properties and compete for incorporation into 
amino acids, thus when sulphur is ingested in high concentrations 
the absorption of selenium is impaired (Pope et al., 1979).

Mineral toxicities

Selenium

Many plant species preferentially grazed by sheep in the arid 
shrublands of Australia contain high concentrations of selenium 
(Franklin-McEvoy and Jolly, 2005). Drenches and vaccines are 
more often containing selenium, so sheep grazing in the arid 
lands are at risk of toxicity if inadvertently supplemented with 
selenium when grazing seleniferous plants.

Copper

British and European breeds are more susceptible to copper 
toxicity than Merinos, e.g. Texels have a maximum tolerance of 
5 ppm copper in comparison with Merinos whose tolerance is as 
high as 25 ppm (Underwood and Suttle, 1999).  Copper toxicity is 
associated with treating sheep with too much copper, particularly 
in summer and autumn. Copper is a cumulative poison so sheep 
receiving copper from multiple sources, e.g. licks, pasture and 
injections, accumulate toxic amounts of copper. Long term 
ingestion of plants that cause liver damage also results in copper 
poisoning. Sheep grazing clover dominant pastures, containing 
normal to high levels of copper with low molybdenum and 
sulphur concentrations can occasionally cause copper toxicity 
during winter (Roberts, 2005).

Although copper deficiency has been detected in Merino sheep 
and lambs grazing in the arid shrublands of southern Australia, 
many plant species contain concentrations of copper that may be 
potentially toxic for alternative breeds (Figure 14.29). 

Ingestion of plants such as Heliotropium europaeum 
(Common heliotrope / potato weed) can cause acute copper 
toxicity and sudden death, whereas Echium plantagineum 
(Salvation Jane /Patterson’s Curse) may predispose sheep to 
copper accumulation in the liver and lead to chronic poisoning 
(Figures 14.30 and 14.31).

Supplementation with mineral products formulated for 
other species, including cattle and pigs, where sheep have 
ad-libitum access can lead to copper toxicity and is not 
recommended.

Supplementation with by-products / co-products

By-products or co-products are residues of the milling, 
distilling and fermentation industries and are becoming 
an  increasingly important supplement for sheep, especially 
when grain prices are high. However, the nutritive value of 
these products can be highly variable (Ensminger et al., 1990). 
The cost-effectiveness of feeding by-products depends on the dry 
matter content, handling and storage costs and the recommended 
inclusion rates in a ration. By-products should be tested for 
pesticide residues prior to feeding or at least be accompanied by 
a vendor pesticide declaration. Some commonly fed by-products 
contain high concentrations of copper (20-54ppm) which are 
potentially toxic for sheep (Table 14.17). These may include 
products from:
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Figure 14.29.  Minimum ( ) average ( ) and maximum ( ) copper concentrations (ppm) detected in selected, preferentially 
grazed plant species in the Outback Lakes Region of South Australia. Source: Jolly (2009b).

I. Distilling industries (from copper vats):
•	 barley distillers grains

beet pulp•	
corn distillers grains•	
molasses•	

II. High protein by-products (from the process of copper 
hydrogenation (Cowan et al., 1972)

Linseed meal•	
Soybean meal•	

III. Products sprayed with copper sulphate pre harvest:
Potatoes•	
Grape marc, seeds and meal•	

By-products should be analysed for nutritive value prior to being 
fed to livestock to avoid copper toxicity and to ensure the daily 

requirements for essential nutrients are being met. Most by-
products should not make up more than 20% of the dietary DM.

Table 14.17. Selected mineral concentrations detected in grape 
marc, corn gluten meal, potatoes and solvent extracted soybean 
meal. 

 Ca P S Mg K Cu

 g/kg g/kg g/kg g/kg g/kg mg/kg

Grape marc 8.3 2.8 1.8 1.4 25.1 54.0

Corn gluten meal 0.8 5.3 7.2 0.8 2.2 27.0

Potatoes 0.4 2.4 0.9 1.4 21.7 28.4

Soybean meal 4.0 7.1 4.7 3.1 22.2 22.3

Distillers dried grains 1.0 4.2 4.6 0.7 1.8 41.7

Source: Productive Nutrition Pty Ltd, 2008b; Ensminger et al., 1990.

Figure 14.28. Minimum ( ) average ( ) and maximum ( ) selenium concentrations (ppm) detected in selected, preferentially 
grazed plant species in the Outback Lakes Region of South Australia. Source: Jolly (2009b). 
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Figure 14.30. Heliotrope / potato weed (Heliotropium 
europaeum). Source: Dickson (2009b). 

Figure 14.31. Salvation Jane /Patterson’s Curse (Echium 
plantagineum). Source: Jolly (2009a).

Risks to sheep when feeding by-products

Dietary sulphur concentrations above 0.4% of DM can induce 
polioencephalomalacia or thiamine deficiency (Shurson and 
Alghamdi, 2008) in cattle and has been observed in both grazing 
and feedlot sheep. Distillers dried grains with solubles may 
contain high concentrations of sulphur which potentiates copper 
and selenium deficiency. This product has a low pH (3.7-4.6) 
which may increase the risk of acidosis at high dietary inclusion 
rates, especially if fed in conjunction with acidic feeds such as 
silage. 

Mineral requirements of sheep

References to the mineral requirements of sheep can be found 
in many publications (ARC, 1980; Freer et al., 2007; NRC, 
2007; SCARM, 1990; Underwood et al.,1999) however 
recommendations vary between publications. Much of the 
variation has arisen from a lack of recent research into daily 
requirements and the complexity of the research required due 
to variations in diet and fertiliser practices between farms. An 
added complexity is the rate and extent to which minerals are 
absorbed by sheep which differs with breed, interaction with 
other minerals, physiological demands and rumen pH  (Lee et 
al., 2002).

Daily mineral requirements increase with increasing body 
weight and/or nutrient demand. Although weaned lambs are of 
lighter body weight than mature ewes, their rate of growth and 
development increases their nutrient demand over and above that 
of their mature parents (Table 14.18).

Table 14.18. A guide to the daily mineral and vitamin 
requirements of mature non-pregnant ewes (65kg ) and weaned 
lambs (30kg) growing at 300g/d.

 Mineral  Units Weaned lambs Non-pregnant 
ewes

Calcium g/kg DM 5.25 2.09
Phosphorus g/kg DM 4 1.71

Magnesium g/kg DM 1.04 1.0
Sodium g/kg DM 0.66 0.64
Chloride g/kg DM 0.47 0.55
Potassium g/kg DM 4.5 5.18
Sulphur g/kg DM 1.8 1.6
Manganese mg/kg 22 14.5
Iron mg/kg 73 7.2
Zinc mg/kg 26.6 27.2
Copper mg/kg 6.09 3.6
Cobalt mg/kg 0.2 0.1
Selenium mg/kg 0.21 0.027
Iodine mg/kg 0.47 0.45
Vitamin A iu/kg 30,000 18,840
Vitamin E iu/kg 300 289

Source: adapted from NRC (2007).

Sodium content of the diet and intake

Salt (sodium chloride) has been effectively used as an attractant 
or intake stimulant particularly to increase palatability of 
mineral preparations. However as salt intake increases to a 
level that exceeds daily requirements of 0.66 g/kg DM, intake 
declines, making it a useful tool to limit excessive intake of urea 
preparations which are potentially toxic for sheep at levels above 
1% of dietary DM. 

Oral urea poisoning is basically due to excessive rumen 
ammonia (NH

3
) production. Normal levels of NH

3
-N are 60-680 

mg/L in rumen fluid and 0.8-2.5 mg/L in blood. When NH
3
 levels in

rumen fluid exceed 500-800 mg/L, NH
3
 levels increase in the 

peripheral blood. Thus, after ingestion of urea, levels of NH
3
 in 
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rumen fluid and NH
3
 and urea in blood increase markedly and 

rapidly. In sheep, deaths occur at blood NH
3
-N levels >32 mg/L 

(Rogers, 1999) and the pH of rumen fluid (post-mortem) is 
alkaline (7.1-7.9) and has high NH

3
 levels.

The toxic level of dietary urea depends on many factors 
including adaptation of the ruminal microbes and specific dietary 
factors. If the amount of urea entering the rumen is excessive 
over a short period of time, or if the ruminal environment favours 
very rapid conversion of urea to NH

3
, levels of NH

3
 in rumen 

fluid and NH
3
 and urea in blood may reach toxic levels. Given as 

a drench, a dose of 8-10g urea can kill sheep, especially if they 
are malnourished or have liver damage. If urea is included in a 
loose lick formulation care should be taken to ensure no clumps 
of urea granules are present in the mix before feeding out. 

In arid environments, plantations and drought reserves, 
where halophyte shrubs such as saltbushes (Atriplex spp.) and 
bluebushes (Maireana spp.) predominate, the high proportion of 
mineral salts in the forage (Jolly, 2003; Jolly, 2007) can severely 
impact on the intake potential of grazing animals (Table 14.19).

Table 14.19. Daily DMI (DMI), liveweight gain (g/d) and clean 
wool growth of six month old Merino wethers (35kg LW) fed a 
diet of oats, lupins and oaten hay with increasing concentrations 
of sodium and potassium. 

Dietary 
concentration

Intake
kg/day (as fed)

LW gain
g/day 

Clean wool growth 
g/day

Na % K %

0.16 1.60 1.35 144 13.50

2.27 1.60 1.31 162 13.80

4.74 2.30 0.93 77 9.76

7.60 2.50 0.55 -12 8.60

Source:  adapted from Masters et al. (2005).

There is increasing interest in the establishment of halophyte 
shrubs in low rainfall environments to provide a source of 
roughage for sheep during droughts or prolonged dry periods 
in preparedness for climate change (Chapter 18), however the 
potential to limit DMI of sheep grazing these relatively drought-
resistant species must be taken into account.

Interestingly Spanish work (Sardans et al., 2008) investigating 
the potential effects of drought and global warming on the nutritive 
value of selected shrubland species demonstrated significant 
changes in nutritive concentration responses between species.

Mineral supplementation

There is no additional benefit to animals in providing mineral 
supplements in excess of daily requirements, therefore it is 
essential to first determine the degree of deficiency prior to 
supplementation. 

Where a mineral deficiency is suspected or detected from plant 
analysis, animal analysis can be carried out for confirmation of the 
deficiency prior to commencing supplementation. Professional 
and independent advice should be sought prior to supplementing 
with copper or where deficiency is induced from interaction with 
a competing mineral (for example copper: molybdenum) where 

simple supplementation strategies may be costly and ineffective.
In Mediterranean climates, deficiencies are usually most 

pronounced at the end of winter with the exception of selenium 
and calcium which can also be deficient in summer when sheep 
are grazing dry feed. Sheep usually ingest some dirt while 
grazing dry feed which is often high in essential minerals and 
any deficiency may be corrected without supplementation.

Methods of supplementation

There are many ways of increasing the amount of minerals grazing 
animals consume on a daily basis including: fertilisers, pasture-
direct applications (foliar sprays), animal-direct applications, 
injectables, powders (loose mineral licks ad-libitum, additions 
to a grain mix and augered with grain), compressed lick blocks, 
pellets, drenches and water additives (Table 14.20).

 
Sources of minerals

The mineral content of feeds differs with the type of feed, the 
soil characteristics where grown and the seasonal conditions 
during growth. However despite these factors, certain feeds are 
inherently high or deficient in specific minerals as highlighted in 
Table 14.21.

Table 14.21. Common sources of minerals. 

Mineral Source
Calcium lucerne hay molasses

citrus waste soybean meal
saltbushes finely ground limestone

 gypsum
Phosphorus cereal grains distillers by-products
 mono sodium phosphate di-calcium phosphate
Magnesium wheat distillers grains

saltbushes molasses
legume forages cottonseed

 dolomite
Sodium saltbushes distillers solubles
 sodium chloride
Potassium forage crops and pastures carrots
 tomatoes
Sulphur molasses distillers grains
 oilseed meals lucerne
Manganese legume hay rice and rice by-products

wheat maize
 sorghum cottonseed hulls
Iron legume hay soil
 distillers solubles safflower meal
Iodine Wheat oats

Molasses soybean meal
 Kelp
Copper grape marc, seeds and meal 
 cottonseed
Molybdenum pastures, hays and grains 
 no supplementation is recommended
Cobalt soybean meal molasses

maize / corn wheat
 rice cottonseed meal
Selenium cereal grains oilseed meals
 maize molasses

Source: Ensminger et al. (1990).



   Feeding   355

International Sheep and Wool Handbook

Integration of sheep and crops

Sheep and crop production fluctuate with commodity prices. 
However those farms that retain a balance of livestock have 
usually been the most profitable, including in Mediterranean 
climates where land resources vary in quality (Wibberley, 2006). 
Integration of livestock into a cropping system provides not only 
a risk management tool but in high rainfall areas, dual purpose 
crops can increase profit margins by up to $20,000 (Kirkegaard 
and Filmer, 2008).

Contribution of pastures and animals to crop production

Advantages

Incorporation of legume pastures such as medics, vetches, clovers 
or canola into cereal cropping systems has many benefits which 
include nitrogen fixation, increased crop yields and wheat protein 
in crops following the pasture phase levels (Roesner and Fettell, 
2003), provision of a “break crop” for cereal disease control 
and more cost-effective management of grass weeds such as 
herbicide-resistant ryegrass.

Grazing cereal crops prior to growth stage 30 (Figure 14.25) 
or commencement of stem elongation can provide significant 
grain yield benefits in high rainfall areas (Figure 14.32). These 
benefits vary considerably between species, varieties, seasons 
and growing areas and the majority of crops investigated to date 
have demonstrated a yield penalty.

Figure 14.32. Percentage impacts of grazing on grain yield of 
wheat, barley and triticale in south-west Victoria over four years. 
Each symbol represents the difference in grain yield of a grazed 
compared to an ungrazed crop. 
Source: Nicolson (2007).

Table 14.20. Advantages and disadvantages of various methods of mineral supplementation. 

 Advantages Disadvantages
Soil and plant applications
Inclusion in fertilisers ease of handling•	

reduced up front cost•	
ideal for chronic deficiency•	

slow uptake•	
ineffective for acute deficiency•	
low and high pH •	 → reduced availability
mineral interactions reduce availability•	

Pasture-direct applications (foliar 
sprays) 

rapid uptake into plant•	
expensive•	

most incorporated via soil•	
limitations as above•	

Animal-direct applications
Injectables effective•	

all animals treated•	
not all products registered and available in injectable form•	
most short-acting•	
labour intensive•	

Powders - Loose mineral licks ad-
libitum

convenient•	
ideal when relatively large intake •	
required (calcium)

risk of over-ingestion and mineral toxicity•	
risk of urea toxicity•	
not all sheep will consume it•	
low intake if unpalatable•	
formulation critical to success•	

Powders - Additions to a grain mix simple and cost-effective•	 not useful if grain not being fed•	
Powders - Augered with grain labour efficient•	 OH&S; dust•	

wastage•	

Compressed lick blocks labour efficient•	
safe delivery of urea•	

expensive•	
ineffective if large intakes required (calcium)•	
trace mineral levels often too low to correct a deficiency•	

Pellets ease of storage and handling•	 expensive•	
low palatability•	
degrade quickly when wet•	

Drenches ease of administration•	
east of storage and handling•	

high dose rate at regular intervals•	
expensive•	
labour intensive•	
risk of toxicity•	

Water additives
 

convenience•	
 

addition rates need to be carefully calculated allowing for •	
evaporation and adjusted for water intake and mob size
risk of toxicity•	
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Figure 14.33. Variation in autumn and winter dry matter production of selected varieties of oats, barley, wheat and triticale 
grazed either early or late at Riverton, South Australia during 2007. Source: Faulkner (2007).

In wet years when cereals exhibit rapid early growth, early grazing 
can increase utilisation of excess soil nitrogen and enhance 
canopy management thereby reducing the risk of lodging and 
hence improve yield potential.

Grazing animals efficiently utilise crop stubbles following a 
dry year when their digestibility is high (>60%). Utilisation is 
improved by the provision of grain or urea/molasses supplements 
when digestibility is low. The presence of summer weeds common 
to many cropping systems such as wireweed can be beneficial to 
sheep, cattle and goats and can improve utilisation of crop stubbles 
by dry sheep. However many summer weeds, including caltrop 
(Tribulus terrestris), potato weed (Heliotropium europaeum) and 
silverleaf nightshade or tomato weed (Solanum elaeagnifolium), 
are toxic to livestock. Sheep can be a valuable weed management 
tool in crops that are reported to be unpalatable, such as chick 
peas. Early grazing does very little damage to the crop because 
the sheep will preferentially select ryegrass and broad-leaved 
weeds.

Contribution of crops to animal production

The value of early sown cereal crops to animal production is well 
recognised (Spurway et al., 1974; Stephen and McDonald, 1978). 
However the grazing of crops has not been widely practised 
until recently in Australia. There is considerable variation in 
the tolerance of crops to early and late grazing and in their total 
biomass production (Figure 14.33), therefore potential crop DM 
production and grain recovery should be taken into account. 

Advantages

Ewes in late pregnancy are challenged every year by a lack of 
pasture growth during winter. Sowing a crop, e.g. canola (Brassica 
napus. L) in late autumn or early winter can provide ewes with an 
abundance of high quality feed such that they are well managed 
during the time when human resources are concentrated on the 
cropping program. Cereals in lighter soils should be rotationally 

grazed from the 3 leaf stage so the plant is firmly anchored in the 
ground.

Grazing crops during winter ensures pastures, which are 
generally slower to establish, have an opportunity to develop 
a considerable volume of DM prior to grazing. Clover and 
medic pastures can be high in protein (30-40%) when immature 
increasing the risk of red gut, a haemorrhagic disease of the gut. 
Later grazing allows the plant to mature and increase in NDF. 

Crop paddocks may be removed from the grazing rotation as 
pastures become available, and can be later utilised for grain or 
hay production, or left as a standing mature crop for grazing by 
ewes or lambs after weaning winter-born lambs. Weight loss in 
lambs after weaning is a significant problem as pasture nutrition 
declines then and stubbles are not yet available.

Grazing crops allows newly established medic and clover 
paddocks to be de-stocked in late spring to set seed and ensure 
a long term seed bank. In dry or drought years, hayed-off or 
failed crops can provide highly digestible feed for all classes 
of livestock, although the economics of cutting for hay versus 
grazing needs to be considered.

Crop stubbles are a valuable source of feed for livestock 
(Pratley, 1983; Chapter 18) providing there are sufficient grain 
residues remaining after harvest, the grain is of sufficiently high 
nutritive value to meet animal requirements and stubble has not 
been significantly rain damaged. Summer storms can germinate 
grain in stubble providing short term high quality feed however 
the quality of the straw is often markedly reduced and may 
become quite unpalatable (Milton, 2008). 

Disadvantages

Pasture establishment can be difficult following many years of 
cropping due to the prolonged allelopathic effects of some residual 
herbicides. Due to the high cost of pasture establishment careful 
planning of herbicide regimes is required in advance. The pasture 
phase in most cropping systems consists of pure stands of vetch, 
lucerne, medic or clover for ease of weed control. Unfortunately 
pure legume stands can cause animal health problems, including 
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red gut and bloat, and are not always ideal for livestock. The 
nutritive value of cereals can vary widely (Figure 14.34) both 
within and between species and at times the protein level is 
excessive in comparison to animal requirements.

The mineral balance of cereal crops is not ideal for pregnant 
ewes. Protein and potassium concentrations tend to be high which 
reduces the availability of magnesium and predisposes grazing 
animals to grass tetany. High concentrations of potassium in 
relation to calcium and magnesium can reduce calcium absorption 
and initiate milk fever. Deficiencies of copper, zinc and selenium 
are increasingly reported in response to long term applications of 
lime and sulphur. 

Lupin stubbles, infected with the fungus Phomopsis 
leptostromiformis, may contain a potentially fatal toxin following 
a period of warm, wet and humid weather (Wood and Peterson, 
1986).

Requiring sheep to fully utilise crop stubbles will reduce 
their productivity unless additional supplementation is provided. 
Completion of feed budgets is necessary. A guide to the amount 
of grazing days based on grain yield to the point of minimum 
ground cover is provided in Table 14.7.

Grazing crops can significantly depress the potential grain 
yield of some varieties (Figure 14.32) therefore selection of 
species and varieties to suit individual situations is recommended. 
Plant variety selection should take into account the economics of 
grazing, yield potential and total biomass production (Chapter 
18).

Conflicts between crops and livestock

In no-till cropping systems there is concern about damage to 
soil structure from the compaction of grazing animals. However 
the effects appear to differ with soil structure and stocking 
density (Proffitt et al.,1995) and soil type (Hatfield et al., 2007). 

Hamza et al. (2005) found that controlled grazing, retention of 
organic matter and green manuring were methods that could be 
employed to reduce the compactive effects of animal trampling. 
Soil erosion is a significant threat to cropping systems if grazing 
is prolonged to less than 50% ground cover (Carter, 2002). DAFF 
(2009) provide descriptions of recommended minimum levels of 
ground cover within cropping systems. 

Hand feeding

When pasture is not of sufficient quality or quantity to meet 
nutrient demands supplementary feeding may be required to 
achieve productivity targets. The additional cost of feeding high 
energy supplements that result in pasture substitution (Allden, 
1969) can be partially offset by increases in stocking density. 
Careful budgeting is required to ensure supplementation will 
be profitable and that the supplement selected complements the 
FOO. Complementary supplementation can have a positive cost-
benefit due to increased levels of production. Supplementary 
feeding may also be used to increase the length of time stock can 
graze a paddock.

The high N content of high performance pastures during the 
vegetative growth stage can inhibit the growth and reproductive 
potential of grazing animals. Low protein, high energy 
supplements can balance intake and increase productivity. Pure 
legume pastures such as medics and clovers can be deficient in 
effective fibre (<30% NDF). Provision of ad-libitum hay or straw 
can reduce the incidence of gut disease and improve weaner 
growth rates. Cereal crops are rarely deficient in NDF.

On lower quality pastures hand feeding is often required to 
maintain positive weight gain in weaned lambs. Undegradable 
or bypass protein (UDP) sources such as cottonseed meal have 

Figure 14.34. Crude protein (CP%), metabolisable energy (MJ/kg DM), neutral detergent fibre (NDF%) and dry matter 
(DM%) of wheat crops between growth stages 30-32 at Bairnsdale, Victoria in 2006. Source: Hacking (2006).
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Measure the liveweight and
body condition score (BCS) of

the animals

Assess pasture dry matter
availability

Analyse all available
ingredients for nutritive value

- pasture
- hay
- silage
- grain
- by-products

Determine or estimate
length of the feeding

period

Determine the number of
animals to be fed

Formulate
the ration

Divide stock into lights and
heavies:

Adults - draft on BCS
Weaners - draft on weight

Calculate
intake on a per

head basis

Determine the nutrient requirements (all classes
of stock have different requirements) for:

- energy
- protein
- fibre
- calcium
- calcium:phosphorus
- minerals and trace elements

Calculate a
feed budget

Figure 14.35.  Stepwise process to completion of a feed budget. Source: Productive Nutrition Pty Ltd (2008b).

been found to increase weaner growth rates and wool growth 
rate (Chapter 13). Both meatmeal and fishmeal were banned for 
feeding to ruminant animals in 1996 in Australia and most other 
sources of bypass protein, e.g. cottonseed meal (Cottle, 1988), 
canola meal (Masters et al., 2002), soybean meal (Ponnampalam 
et al., 2005), palm kernel meal (Dutta et al., 2008) and lupins 
(Morcombe and Allen, 1993) have not produced reliable 
economic responses. Differentiating production responses 
between ME and UDP in the diet can be difficult. 

Responses to hand feeding ewes prior to joining and in 
late pregnancy and lactation

Increased ovulation rates due to strategic and short term 
supplementation (every day for 7 days) with lupin grain (Nottle 
et al., 1997) are becoming widely adopted practice where lupins 
are available. However, responses are only likely in ewes on a 
rising plane of nutrition. Significant responses in colostrum 
production can be obtained by supplementing ewes with either 
barley or maize in late pregnancy (Banchero et al., 2007) however 
unexpected feed shortages are the main reason for hand feeding 
during early lactation.

Hand feeding to enhance utilisation of dry feed

Dry sheep can significantly increase utilisation of dry pasture 
if provided with complementary supplements such as urea and 
molasses and/or cereal grains, however young sheep require 
additional protein sources. 

Hand feeding rams

Rams require hand feeding to commence eight weeks prior to the 
commencement of joining to increase testicular size and improve 
semen quality (Pomares et al., 1995). Lupins are most commonly 
used in Australia for this purpose. 

Adaptation for lot feeding

It is best to introduce grain prior to weaning for lambs destined 
for feedlots so desired learned behaviour (imprinting) occurs. 
Feeding grain to ewes prior to weaning is an investment in lamb 
growth and ewe BCS prior to the next joining.

Feed budgeting 

Feed budgeting is an important part of whole farm planning 
and livestock welfare. It is a stepwise process (Figure 14.35) 
conducted on a liveweight basis to avoid discrepancies between 
operators and advisers when using dry sheep equivalents.

The steps (Figure 14.35) are:

Define the class (stage of production) and liveweight of the •	
sheep

Enter the nutrient requirements (targets)•	

Enter the nutritive value of the feed(s) •	

Consider limitations to intake (•	 e.g. NDF)

If feed is to be provided •	 ad-libitum, use body weight as a 
guide to intake

If feed intake is to be restricted, calculate the amount of feed •	
required to meet ME requirements

Balance the remainder of the ration to meet requirements •	
for each nutrient

All nutrients with the exception of ME are converted to g/•	
kg DM 

Ensure the ratio of calcium to phosphorus is 2:1-7:1 for •	
growing sheep, rams and wethers

Convert to an ‘as fed’ (fresh weight) basis before feeding •	
out 
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There are DSTs that can provide assistance with these calculations 
(Grazfeed; Ready Rations Pro; Rural Solutions, 2009); Sheep 
CRC Feedlot Calculator (Sheep CRC, 2008) or they can be built 
into a single spreadsheet.
 

Lot feeding

Current best practice for management of lot fed lambs and areas 
requiring further research were reviewed by Jolly et al., (2007). 
Lot feeding is also covered in Chapter 24.

Lot feeding refers to the confinement and intensive 
management of young sheep for the purposes of production 
feeding to optimise growth potential, as opposed to containment 
of sheep on maintenance rations for environmental reasons. Lot 
feeding of lambs has increased considerably in Australia since 
1991, mainly on an opportunity basis, to increase the gross margin 
of lamb finishing when lamb prices are high. Few permanent 
facilities exist that have a capacity in excess of 4,000 lambs.

Budgeting

The primary consideration when lot feeding is the cost of 
production versus potential returns. To reduce risk, lambs can 
be forward contracted to a processor to facilitate completion 
of a gross margin budget. At least 70% of the lambs are best 
contracted, allowing up to 30% to be sold on the open market 
should prices increase during the feeding period. Most Australian 
lambs are fed for between 30 (Western Australia) and 50 days 
(south-eastern Australia) for the domestic and export markets 
respectively. 

A conservative crossbred lamb growth rate of 250g/day 
should be assumed in budgets, although Australian lambs have 
the genetic potential to gain up to 500g/day. Short periods of 
accelerated growth have been observed in pellet-fed crossbred 
lambs under feedlot conditions (Table 14.22). In many instances 
these growth rates are not sustained during the entire feeding 
period. Merino lambs are unlikely to sustain growth rates in 
excess of 200g/day.

Table 14.22. Average daily gain (ADG), number of days on 
feed (DOF), feed conversion ratios (FCR), estimated dry matter 
intake (DMI) and lamb mortalities for crossbred feedlot lambs 
for days 1-54 in the feedlot. 

DOF Number of 
lambs

Lamb 
deaths

Mortality 
%

ADG 
(g/day)

FCR DMI 
(kg/day)

1-4 (4) 327 2 0.6% 124 10.4 1.29

5-15 (11) 324 1 0.3% 383 4.6 1.76

16-22 (7) 324 0 - 360 5.1 1.85

23-29 (7) 154 0 - 348 6.8 1.62

30-37 (7) 106 0 - 277 6.4 1.77

38-43 (7) 100 0 - 195 8.7 1.77

44-54 (11) 49 0 - 187 9.5 1.78

Total/weighted average 3 0.9% 284 7.3 1.66

Source: D. Scammell and S. Jolly, unpub. data.

Budgeting DSTs, e.g. Feedlot Calculator (CRC, 2007) often 
require predicted feed conversion ratios (kg feed intake/kg 
liveweight gain) to produce a reliable budget position. 

Current Australian practice is a feedlot entry weight of 
at least 35kg and feeding to an exit weight of 45kg for the 
domestic market or 55 kg for export. Lighter lambs are usually 
unprofitable to feedlot due to the longer time on feed to achieve 
target weights.

Feedlot induction

Introduction of lambs into the feedlot can determine the 
economic success of the business. On arrival, lambs should be 
unloaded into a holding paddock with shade, shelter, clean, good 
quality water and high quality, preferably legume (vetch, medic, 
lucerne or pea) hay and left to recover for at least 2 days without 
disruption. Then, procedures such as vaccination, identification, 
weighing and shearing can be performed, if required, and the 
lambs allocated to their finishing pens where the introduction to 
a grain-based diet can commence. Lambs should have a faecal 
egg count taken on arrival so that drenching is only undertaken 
as required. 

Feedlot design

Recommendations for feedlot design vary and are, as a rule, based 
on individual experiences rather than research (Jolly and Wallace, 
2007). Key design elements are similar to those required for 
containment areas (relating to waste collection and management, 
provision of shade and shelter and adequate space for feed and 
water access. Guidelines for feedlot waste management and 
design are in the Draft National Code of Practice for Intensive 
Sheep and Lamb Feeding Systems (Dickson, 2009a)  

Animal welfare

Welfare is a prime consideration that can be optimised by due 
consideration of animal behaviour, avoidance of heat and cold 
stress, early identification and management of shy feeders and 
prevention of disease. Current industry practice for stocking 
density is 3-5m² / head for lambs in outdoor feedlots and 0.5-1m² 
within shedded environments.

Neophobia can be partially overcome by introduction to grain 
and grain feeders prior to feedlot entry. This can be achieved by 
placing self feeders in the paddock for two weeks before feedlot 
entry to introduce the feedlot ration and by walking lambs 
through the feedlot area a few times in advance. If dogs are 
required to assist in the movement of sheep within a feedlot they 
should be well trained, quiet and muzzled. There is increasing 
interest in the concept of pen enrichment, such as providing logs, 
balls or mounds of car tyres for lambs to “play” with, although 
the advantages are not documented.

Nutrition

Providing nutritional requirements are met, the feed can be 
provided ad-libitum via open troughs or self-feeders or restricted 
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in open troughs. Grain and hay or straw can be provided either as 
a mixed ration, or separately. Where the ration provides a choice, 
grain usually constitutes 70% of the diet and hay or straw, 30%. 
The balance of feed selected will vary with the quality of, and 
preference for, each feed type. NRC (2007) provides a guide to 
the nutrient requirements of fast growing lambs.

Nutritional history in the first 3 months of life influences the 
potential of the lamb to absorb nutrients and to reach its genetic 
potential (Chapter 10). Therefore, the nutrition of the ewe during 
pregnancy and of the lamb and ewe prior to weaning influence 
growth, muscling and leanness of lot fed lambs.

Genetic potential 

As intake and growth rate are key factors in the profitability of 
lot feeding, the genetic potential of the lamb to grow is very 
important. Well muscled, lean lambs can be traded on lean meat 
yield in processing plants that have Viascan® capability (Chapter 
30), and the opportunity to breed such lambs is provided by 
industry programs such as Lambplan and Merino Select (MLA 
et al., 2009; Chapter 8). Lamb breeders are increasingly seeking 
to supply lambs into intensive pasture-based and feedlot finishing 
systems by developing a supply chain alliance with the lamb 
finisher and the processor. Select supply chain arrangements 
with specific nutritional regimes provide continuity of supply and 
reduced variability in the end product (Chapter 29).

Animal health

Prevention of disease is a priority where animals are confined 
and stocking density is increased. The most common diseases 
include acidosis (grain poisoning), enterotoxaemia (pulpy kidney) 
and urethrolithiasis or urinary calculi (water belly), although the 
reported incidence is less than 5% (Gaison and Wallace, unpubl. 
data). Diseases such as listeriosis, polioencephalomalacia 
(PEM), pinkeye and scabby mouth, although important, are less 
commonly seen. Many of these diseases are nutritional in origin 
and can be prevented by correctly balancing the ration, careful 
introduction to grain and/or vaccination (Chapter 20). Control of 
disease is best done by prevention rather than treatment. Death 
rates in excess of 0.5% are unusual and should be thoroughly 
investigated.

Acidosis (grain poisoning)

Early signs of acidosis include lame, hunched up lambs. Scouring 
is a relatively late indicator. Ruminal acidosis can be prevented by 
gradual introduction to grains and the provision of high quality, 
palatable hay during the introductory period. Lambs with free 
access to wheat, barley, triticale, maize or peas in self feeders 
are at risk of acidosis. Well-fermented silage has a low pH and 
should be avoided during adaptation periods, although silage can 
be introduced after 21 days. A continual supply of high quality 
roughage should be available to lambs that have ad-libitum access 
to grain as it reduces the risk of excessive grain intake. Lambs 
severely affected by acidosis often fail to ever fully recover their 
production.

Antibiotics that provide varying degrees of protection against 
acidosis, e.g. virginiamycin (Godfrey et al., 1995), are registered 
for use in lambs under veterinary supervision. There is increasing 
market resistance to the use of antibiotics and few feedlots include 
antibiotics in the ration. Gradual introduction to feed or feeding 
hay-based pellets ensures antibiotics are not required. 

Enterotoxaemia

Enterotoxaemia is generally suspected in cases of sudden and 
unexpected death in previously healthy lambs. All lambs should 
be vaccinated against pulpy kidney prior to commencing on grain. 
Lambs that have been vaccinated at marking (at 6 weeks) and 
weaning (at 12 weeks) and are entering a feedlot before 6 months 
of age should be protected, however an additional vaccination 
will provide reassurance. If the vaccination history is uncertain 
lambs should be vaccinated prior to commencing on grain and 
again in 4-6 weeks if they remain in the feedlot. Glanvac™ 3:1 is 
sufficient to protect lot fed lambs.

Urinary calculi

Formation of bladder stones which are seen in predominantly 
male sheep, are thought to be attributable to an imbalance of 
calcium and phosphorus (ratio<2:1) and exacerbated by feeding 
rations that are high in protein. However, correction of the ratio 
by increasing the calcium level of the diet does not always prevent 
the disorder and in these cases ammonium chloride can be an 
effective additive. Bladder stones should be suspected when male 
animals are hunched up with obvious abdominal pain and painful 
urination. Urinary calculi are more likely to form when lambs are 
fed rations low in effective fibre, such as grain-based pellets or 
cereal, particularly sorghum, dominant diets. Prevention is aimed 
at improving the availability of dietary calcium, and increasing 
water intake by providing sodium chloride in the diet at between 
1-3%.

Pinkeye and scabby mouth

Pinkeye and scabby mouth are highly contagious diseases which 
are difficult to control. By the time the first few cases are evident, 
many animals will have been infected. Pinkeye is characterised 
by excessive tears and formation of a cloudy film over the eye. A 
late sign is blindness in the affected eye. Pinkeye is best prevented 
by effective dust and fly control measures such as appropriate 
stocking densities, provision of shelter to reduce wind velocity 
across the feedlot, fly traps, effective waste management and the 
use of sprinklers as necessary.

Lambs born on properties and destined for feedlots should 
be vaccinated with scabby mouth vaccine at 6 weeks. Once an 
outbreak has occurred there is little that can be done and the 
disease has to be allowed to run its course. The virus will remain 
in the feedlot and all subsequent lambs are at risk of infection if 
unvaccinated. Affected lambs exhibit scabby pustules on the lips 
with ulceration extending inside the mouth which significantly 
depresses intake and performance.

Unloading purchased sheep into a holding paddock for 
3-5 days prior to feedlot entry can assist in early detection 
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and containment as these diseases tend to be externally 
introduced.

Listeriosis and polioencephalomalacia (PEM)

Differentiation between listeriosis and PEM may require 
veterinary expertise and post mortem diagnosis. Listeriosis is 
characterised by “circling” and PEM by “star gazing”. PEM 
occurs in response to a dietary deficiency of thiamine (Vitamin 
B1) and, if detected early, response to addition of thiamine to 
the ration is rapid and effective. Feeding poor quality silage or 
weather damaged hay can trigger an outbreak of listeriosis, which 
requires veterinary intervention and treatment with antibiotics.

Salmonellosis

Contaminated water or feed supplies are the usual source of 
Salmonella infection which causes scouring and significant 
mortalities. Usually it can be prevented by stringent hygiene 
practices and avoidance of long periods of fasting or stress. 
Urgent veterinary diagnosis and intervention is required.

Feedlot management

Well managed, profitable lamb feedlots are those that do careful 
budgeting prior to feeding, monitor lambs on a regular basis by 
weighing and fat scoring, avoid acidosis, consider animal welfare 
and achieve above industry lamb growth rates. 

Drought feeding

Periods of drought are an integral part of the Australian farming 
landscape (Chapter 2) and if predicted climate change occurs 
(Mpelasoka et al., 2008; Pittock, 2009; Chapter 18), they will 
increase. It is difficult to decide when a drought is confirmed. In 
drought the most important decision is what class of stock should 
be retained until the season breaks, and what should be sold. 
Traditionally dry sheep are sold (Merino wethers) and young 
sheep and breeders are retained, with careful budgeting ensuring 
the most cost-effective decision is made. 

Long term feeding of livestock through a prolonged dry period 
can be an expensive exercise as feedstuffs may be expensive and 
in short supply and livestock prices are generally depressed. 
Culling decisions are therefore critical and should be based on 
the cost of feeding versus the potential to cost-effectively restock 
with animals of equivalent quality at a later date, taking into 
account current status of the national flock, market demand etc.

Culling strategies

Livestock managers should have a drought management plan 
in place well before the next drought occurs. This ensures 
that culling decisions, at a time of severe stress, are based on 
economics rather than emotion. All culled stock should be sold as 
soon as possible. Unweaned lambs should be weaned and either 

sold or fed supplement to a saleable weight as quickly as possible. 
Weaned lambs should not be kept at maintainance and should be 
sold early before they lose body weight and condition and incur 
substantial feed costs. Regaining lost weight is inefficient, costly 
and is likely to negatively impact on wool quality (Cottle, 1991). 
Rams and reproductive ewes should be retained as a priority and 
moved into a containment area when paddock ground cover falls 
to 70% (AWI/MLA, 2009).

How long will the drought last?

It is impossible to predict the length of a drought, however there 
are websites with long range weather forecasts (BOM, 2009; IRI, 
2009).

Maintenance feed requirements

The NRC recommended maintenance feed requirements of dry 
ewes (Table 14.23) assumes ewes are in BCS 3 and no weight 
gain is required.

Table14.23. A guide to the daily intake, ME and crude protein 
requirements of mature ewes at maintenance. 

Liveweight Daily DM Intake ME CP
(kg) (% LW) (MJ/d) (g/d)
50 1.83% 7.3 69
60 1.75% 8.4 79
70 1.68% 9.4 89
80 1.63% 10.4 98

Source: adapted from NRC (2007).

Ewes maintained in BCS 3, rather than BCS 2, fed a cereal-
based maintenance ration will probably have better fertility rates. 
Budgeting will determine if the higher BCS is more economic 
(Table 14.24) by comparing feed costs (Table 14.24) with 
expected lamb returns.

Table 14.24. Comparison of feed requirements (kg/day) and 
cost per head per week to maintain a 60 kg ewe in BCS 2 or 3.

  Daily feed 
requirements(kg/d)

Weekly feed cost 
($/hd)

Liveweight
(kg)

52.7 60 52.7 60

 $/t BCS 2 BCS 3 BCS 2 BCS 3

Wheat $200.00 0.34 0.39 $0.48 $0.55

Cereal hay $200.00 0.48 0.48 $0.67 $0.67

Limestone/salt $120.00 0.08 0.08 $0.07 $0.07

Total $1.22 $1.29

An additional annual feed cost of $3.64 to maintain a ewe in 
BCS 3 will be more than offset by an increase in lamb turnoff 
(Hinch, 2009).

Ewe nutrient requirements and feed costs 
increase with advancing stage of pregnancy. Fertility 
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rates in Merino ewes have been reported as high as
140% (S. Jolly, pers. comm.) following containment and drought 
feeding, therefore ultrasound scanning of pregnant ewes is 
recommended. Although it is common practice to cull older 
ewes during drought, these ewes are more likely to rear twins 
than maiden ewes and their sale needs to be considered carefully. 
The value of retaining barren maiden ewes is determined by their 
wool value and future performance when the drought ends. The 
top 25% of animals in any flock will often return three times 
more than the bottom 25%. Generally, producers choose to cull 
a particular class of sheep. It may be all their older ewes, or 
younger animals. 

Feeding management after the drought

Feeding should continue for fourteen days after the drought has 
broken, as sheep require adaptation to green feed to avoid weight 
loss, enterotoxaemia and scouring. There is significant risk of 
mortality if supplementary feeding is rapidly withdrawn after 
initial pasture or crop emergence (AWI, 2009). 

Before sheep exit containment areas, they should be offered 
good quality feed to ensure that they are not hungry and let out 
into the paddock late in the day. The same roughage type should 
be provided ad-libitum in the paddock until it is not sought out by 
the sheep, and then withdrawn.

Preparation for drought

In high rainfall areas where SRs and therefore risk tend to be high, 
there has been widespread unpreparedness for drought. In lower 
rainfall areas (<450mm) and within mixed farming systems, 
grain supplementation is common practice and feed reserves 
and feeding equipment usually exist. Hay or silage is more likely 
to be stored on beef cattle properties (AWI, 2009; Scott, 1996). 
Storing and using supplementary feed  reserves has generally 
been discouraged by industry advisors and producers have been 
encouraged instead to sell stock. However, many producers still 
opt to retain the breeding flock.

Effective preparedness for drought includes retention of 
sufficient hay or silage well in advance to maintain the ewe 
flock for 6 months, as roughage can often be in short supply and 
expensive in dry years. Wheat is usually readily available as the 
most cost-efficient energy source. However this may change if 
the biofuels industry develops (RIRDC, 2007). The choice of 
grain to feed should be based on its cost per megajoule of energy 
rather than the price per tonne.

Pastoral saltbush (Atriplex spp) plantations can provide 
a valuable source of roughage during dry periods. However 
rotational grazing and prolonged spelling are required so 
relatively large areas are needed for livestock during a prolonged 
drought. Drought resistant species high in mineral salts are not 
effective in maintaining condition in sheep without additional 
supplementation. 

Economic modelling has identified the most profitable 
strategy for using saltbush stands in Western Australia as grazing 

with sheep at high stocking rates for 1-2 months in autumn and 
early winter - a time when pasture feed is usually scarce. The 
additional feed provided by the saltbush fills the ‘autumn feed-
gap’. More productive stands of saltbush, grown together with 
winter-active plant species, are needed to improve the economic 
viability of this grazing resource (Morcombe et al., 1996).

Choice of supplementary feeds

Wheat or sorghum is usually the most cost-efficient feed to 
use during droughts. Wheat is high in ME (~13.1MJ/kg DM) 
and readily available. However average energy values can be 
misleading (ME range: 10.5-14.1 MJ/kg DM; Table 14.25). 
Current practice includes monitoring BCS and adjusting the 
ration to meet BCS targets. However testing feedstuffs and 
planning the ration to meet requirements is best practice. 

Table 14.25. Average metabolisable energy (ME), crude protein 
(CP) and neutral detergent fibre (NDF) values for a selection of 
grains. 

Grain ME 
(MJ/kg 
DM)

Range CP% Range NDF
%

Range

Wheat 13.2 10.5 - 14.2 14.3 7.4 - 24.8 12.7 8.5 - 24.2

Oats 11.6 5.9 - 14.2 10.1 4.0 - 16.5 31.5 22.0 - 43.0

Barley 12.6 8.6 - 14.1 12.1 6.3 - 21.8 20.7 13.4 - 37.4

Lupins 13.2 10.8 - 14.9 31.7 21.3 - 43.2 24.7 8.8 - 29.9

Source: Jolly (2009b).

How to choose the grain(s) to feed?

Factors to consider include:

Cost-efficiency: price per MJ of ME and/or per g •	 crude 
protein (CP)
Classes of sheep fed •	
Risk of acidosis and planned feeding methods. Grains high •	
in starch such as wheat, triticale, barley and peas increase the 
risk of acidosis during the introductory period. Such grains 
require more frequent feeding and a longer introduction time 
to facilitate adaptation to a high starch diet by the rumen 
bacteria.

An example of cost efficiency calculations for a ewe at 
maintenance, where the protein level is sufficient to meet 
requirements, follows:

Oats (10.3 MJ ME/kg DM) @ $100/t versus Wheat (13.1 MJ 
ME/kg DM) @ $180/t 
Average DM content of cereal grains: 90%

Step 1: convert cost from an ‘as fed’ basis to a DM basis

Oats: $100/t = $111/t DM
Wheat: $180/t = $200/t DM
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Step 2: Convert cost per tonne to cost per kg DM 

Oats: $111/t = 11 cents per kg DM
Wheat: $200/t = 20 cents per kg DM

Step 3: Calculate cost per MJ ME

Oats: 11/10.3 = 1.07 cents per MJ ME
Wheat: 20/13.1 = 1.53 cents per MJ ME

Thus, oats would be the most cost-efficient grain to feed if 
energy was the limiting nutrient. To meet ewe maintenance 
requirements, 720 g wheat (13 cents) or 980 g oats (10 cents) 
per head per day are required.

However, if younger sheep are retained and additional 
dietary protein is required, the cost-efficiency of alternative 
protein sources will need to be determined as follows:

Wheat 12.9% CP @ $180/t 
Lupins 32.0% CP @ $350/t

The cost of wheat is $200/t or 20 cents per kg DM and lupins 
is $388/t or 39 cents per kg DM.

Calculate cost per g CP

Wheat: 20/129 = 0.16 cents per g CP
Lupins: 39/320 = 0.12 cents per g CP

Despite the significantly higher cost per tonne, lupins are the 
more cost-efficient choice of grain to feed in this example, 
when CP is limiting.

By-products 

By-products are marketed more vigorously during droughts 
and should be considered on their cost-efficiency per kg DM, 
not per tonne. By-products, such as oranges, almond hulls 
and potatoes are usually the most cost-efficient source of ME, 
but consideration must also be given to the increasing cost 
of storage and deterioration, moisture content and cartage of 
products with high bulk density and water content. Various 
by-products, e.g. coffee pulp, have potential for smallholder 
farmers in less developed countries where they can be fed as 
a supplement to straw to sheep without having to use grains 
(Nurfeta, 2009; Mekasha et al., 2002). 

An example of comparing potatoes with wheat as an energy 
source, follows:

Wheat: $180/t ‘as fed’ @ 13.1 MJ ME/kg DM and 90% DM
Potatoes: $100/t ‘as fed’ @ 13.7 MJ ME/kg DM and 20% 
DM

Convert to DM basis: 

Wheat: $200/t DM
Potatoes: $500/t DM

Calculate cost per MJ ME

Wheat: 20/13.1 = 1.53 cents per MJ ME
Potatoes: 50/13.7 = 3.65 cents per MJ ME

Although the price and ME/DM value of potatoes looks 
attractive compared with wheat, on a ME  cost basis potatoes 
are not cost-effective.

Pellets

Pellets are often competitively priced with grain during 
prolonged droughts because stockfeed manufacturers have 
contracted their grain and hay supplies at the previous harvest 
price. When drought continues and feed resources become 
scarce and increasingly expensive, pellets can become cost-
effective. Pellets also provide a drought option for those 
producers with limited storage and grain handling facilities 
and equipment.

It is important to differentiate between hay-based and 
grain-based pellets as not all stockfeed manufacturers have the 
facilities required to pellet hay. Hay or straw based pellets are 
less likely to induce acidosis, but tend to vary more in nutritive 
value. Hay based pellets can be fed as the total diet, but roughage 
is required to complement grain based pellets, at least during 
the introductory period. Unless the roughage component of 
the diet is high quality legume hay, the nutrient content of the 
total diet will be reduced by the provision of roughage and the 
nutritive value of the pellets should be increased accordingly to 
ensure requirements are met. 

Hay and silage

As sheep obtain the majority of their nutrients from the dry 
matter portion of the feed, hay and straw are likely to be more 
cost-effective than silage. However, if pit silage has been 
stored as part of a drought management plan then it is likely to 
be more cost-effective than bought in hay (Holst et al., 1999). 
Hay cut at flowering can be as high as silage in nutritive value, 
so silage is not always higher quality (Jolly, 2009b). Purchased 
silage should be costed on a DM basis and not bought on a ‘per 
bale’ or ‘per tonne’ basis.

Value-adding straw

“Droughted” or frosted straw and hay are usually high in 
digestibility, ME and CP and low in NDF. They are palatable 
feeds and if provided ad-lib. to sheep can be eaten rapidly, well 
in excess of daily requirements. Straw produced under these 
conditions should not be assumed to be of low feeding value. 
The nutritive value of straw can be increased by the addition of 
a water based mix of sulphate of ammonia, urea and molasses 
(Productive Nutrition Pty Ltd, 2007).  These products can be 
mixed and provided in lick drums or can be sprayed into the 
straw with a high pressure hose.
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Figure 14.36. Sheep containment area design.  
Source: Dickson (2007).

Figure 14.37. Sheep containment area for maintenance feeding, 
Parrakie South Australia. Source: Lawson (2009).

Containment areas

Construction of areas in which to contain or confine sheep during 
a prolonged period of drought (Dickson, 2007) reduces the risk of 
environmental degradation. It also reduces the ME requirements 
of mature sheep to maintenance levels and enhances the efficiency 
of stock management. Containment areas should be established 
in a clean, well drained, sheltered area of the property where 
sheep have access to feed, water and shade. The cost of feeding 
can be reduced in terms of labour and machinery. 

In rain events, diversion and contour banks may be required 
to manage runoff so site selection should take into account the 
potential impact on neighbours, towns and natural watercourses. 
The Draft National Code of Practice for Intensive Sheep and 
Lamb Feeding Systems (Dickson, 2009a) provides guidelines 

for establishment of containment areas. While trees provide 
the most economic form of shade, they must be protected from 
ringbarking by sheep (Figure 14.37). Design principles for feed, 
water and shade can be relatively simple (Table 14.26).

Table 14.26. A guide to the requirements for a sheep 
containment area.

Stocking density Adult sheep: 5m² per head

 Ewes, late pregnancy: 10m² per head

 Ewes, lambing: 10-15m² per head

 Young sheep: 3m² per head

Water trough length 30 cm per 500 head +1.5 cm per head

Water amount 4-10 litres per head per day

Feed trough length Ad-libitum feeding: 5cm/head

 Restricted feeding: 20cm per head

Shade 0.4m² per head

Slope 2-6%

Source: Jolly and Wallace (2007).

Management of sheep in containment areas

Sheep should be fed a balanced diet that meets daily nutritional 
requirements of each class of sheep.  Protein, energy, fibre, 
calcium, phosphorus and sodium levels are all important. Sheep 
should be inspected daily and any sick animals removed and 
treated appropriately. Shy feeders should be identified in the first 
week and allocated to a separate pen with reduced competition 
for feed. 

Feeding out grain and roughage

Whole grain can be effectively fed on the ground, in troughs 
or in restricted-flow, self-feeders (Figure 14.38). Feeding on 
the ground is not recommended on loose or sandy soils where 
substantial grain losses may occur or hungry sheep ingest sand 
to access feed. Grain should be fed in long trails to allow shy 
feeders to gain access with less competition from the more 
aggressive sheep. Grains high in starch should not be provided 
ad-libitum via self feeders until a period of gradual adaptation 
has been completed. Grain does not require processing for sheep, 
and if high starch grains (wheat, corn, barley, triticale or peas) 
are being fed, processing will increase the rate of digestion and 
increase the risk of acidosis (Blackwood and Davies, 2006). Hay, 
silage or straw can be provided ad-libitum, fed daily or provided 
as part of a total mixed ration. Feeding hay in the morning and 
delaying grain feeding until later in the day ensures the rumen 
contains fibre and reduces the risk of acidosis. Feeding regularity 
is dependant on the type of grains available; wheat, corn, triticale, 
peas and barley should be fed more frequently to reduce the fall 
in rumen pH associated with “slug feeding”, however feeding 
more grain less often reduces the proportion of shy feeders as 
they are more readily able to access feed.
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Figure 14.38. Restricted flow Cowra Lick Feeder. 
Source: Productive Nutrition Pty Ltd (2008a).

Joining in containment

Conception rates when ewes are joined in containment areas often 
exceed farm averages for paddock joining which can be attributed 
to improved nutrition and accessibility of ewes to rams.

Lambing in containment

It is not advisable to lamb ewes in a confined area as sheep prefer 
to separate from the mob during lambing. However lambing in a 
containment area is preferable to an open paddock with little or 
no feed. Ewes are more likely to abandon lambs in open paddocks 
during feeding, whereas weaning percentages for mature ewes 
lambed in containment areas during drought in South Australia 
have been reported as high as 105%.  

Adaptation to a change in diet 

Sheep require 10-21 days to adapt to a change in diet depending 
on  the availability and quality of roughage and the starch content 
of grain. Adaptation to oats, lupins and hay-based pellets is 
relatively rapid (5 days) whereas wheat, triticale, maize and grain-
based pellets take up to 21 days. Once sheep are fully adapted to 
grain, changes in diet from high starch to low starch (e.g. wheat 
to oats) do not require an introduction. However, moving sheep 
out of a containment area after a break on to short lush green 
pasture requires adaptation as previously described. 

Weaner adaptation to fodder crops

Sub-optimal post-weaning performance can be partly due to 
feed changes (Chapter 12). Lambs weaned onto unfamiliar 
pastures such as rape or chicory prefer to graze the perimeter 
of the paddock selecting dry and familiar feed in preference to 
the higher quality FOO. Placing ewes and lambs in the weaner 
paddock together prior to weaning can assist in the adjustment 
process by providing the lambs with access to an unfamiliar 
feed prior to separation from the ewes during the adaptation 

period. Similar adjustment is required when weaning lambs into 
paddocks of cereal stubble if they have no prior experience of 
foraging for grain. 

Future directions

A clear understanding of the nutrient requirements of the flock 
will enable sheep producers to take a more strategic and cost-
efficient approach to feeding sheep. Regular pasture analyses 
and testing of supplementary feed will improve productivity 
and profitability. Climate change is likely to result in nutritional 
challenges for sheep producers. Any significant rainfall and 
temperature changes are likely to cause changes in pasture 
species distribution and growth patterns, leading to different 
seasonal feed demand/supply imbalances (Chapter 18).
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Structure of the skin

All organisms have a skin or surface layer of some kind to 
protect them from the surrounding environment. In mammals 
the epithelium (epi= on or around; thelium = nipple) is the 
name given to that layer of cells that covers the body surface 
and everything that is derived from it. The body skin has an 
epithelium, as do other tissues such as the lining of the mouth 
and intestine. In mammals the skin basically consists of two 
layers (Figure 15.1A), the outermost layer of  epithelial cells 
forming the epithelium and the underlying layer, the dermis that 
consists of a network of the fibrous protein, collagen (Mitchell 
et al., 1985). Collagen is made by cells called fibroblasts.

The skin is a protective organ against micro-organisms 
and other insults from the environment but it also acts as the 
barrier against water loss. The barrier consists of a complex of 
hardened proteins that develop underneath the cell membrane 
of the epidermal cells as they differentiate and lipid molecules 
are attached to their surfaces and are therefore present between 
the cells as a water repelling layer. 

Skin is the largest and most dynamic of all the organs 
in the body. If the skin of an adult sheep were stretched 
out flat it would cover about 1.33 m2 (Bennett, 1973) and 
weigh about 8 kg (Mitchell et al., 1985). Skin weight varies 
significantly according the nutritional status and sheep grazing 
Mediterranean pastures have a seasonal variation in skin 
weight of 92% (Schlink et al., 2000a). 

The epidermis undergoes a continuous cycle of growth, 
differentiation and cell loss from the surface. The cells of 
the epidermis are called keratinocytes.  Several cell layers 
can be distinguished in the epidermis (Figure 15.1A). The 
basal layer (stratum basale) sits on a basement membrane 
that separates the epidermis from the dermis. The basal layer 
is where keratinocytes proliferate from a population of stem 
cells that are maintained in the layer to retain the proliferative 
resource. Only some of the dividing cells move upwards to the 
epidermal surface and as they do so they undergo the process of 
differentiation. In this process they become connected together 
by numerous special complex structures called desmosomes 
and under the light microscope when the cells shrink a little, 
the cells appear to be connected by “bridges” (Figure 15.1B). 
The cells were named “prickle” cells.  

At this stage each cell lays down filaments of keratin 
proteins in its cytoplasm and also the cells develop granules 
called keratohyalin and form a granular layer called the stratum 
granulosum. The granules consist mainly of a protein filaggrin 
that aggregates the filaments together. 

As these processes continue from the granulosum, the 
keratinocytes move to the surface and the cell membranes 
change to a hardened envelope called the keratinocyte envelope. 
The keratinocytes die by the time they reach the surface and 
form the stratum corneum. They are completely filled with 
keratin proteins and encased in the hardened envelope, they 
then separate and leave the epidermis. There is, therefore, a 
balance between the rate of loss from the surface and the rate 
of regeneration from stem cells in the basal layer so that the 
epidermis remains at a constant thickness.

Figure 15.1A Light microscopic image of a vertical section 
of human skin showing the different layers of the epidermis 
from basal layer to the surface of cornified dead cells.  

Figure 15.1B Light micrographic image of “prickle cells” 
of the stratum spinosum and line diagram of desmosomal 
contacts between adjacent cell projections. 
Source: UWA (2009).
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The skin regulates body temperature directly by the blood 
circulating near the skin surface and the presence of sweat 
glands.  In animals that have a complete coat of hair or wool the 
hair plays an important role in temperature regulation.  Sheep 
are a good example of this because of the high population 
of pelage follicles.  A hair or wool fibre is produced from 
a follicle (Figure 15.2) that is an epithelial derivative of the 
epidermis and is surrounded by the tissues of the dermis into 
which it is deeply embedded. The multilayered composition 
of the follicle and hair growth is discussed later.

Figure 15.2. Light microscopic image of a longitudinal 
section of human skin showing hair follicles extending 
from the surface to deep into the dermis and hypodermis.  
Source: UWA (2009).

Follicle development

During mammalian embryonic development hair follicles 
are epithelial structures produced as down-growths from the 
epidermis. In the case of sheep the developmental events that 
lead to a mature wool follicle have been well characterised by 
histology. As discussed, the embryonic skin initially consists 
of two layers, the outermost epithelium and underlying 
dermis but at day 65 (Figure 15.3A) a local accumulation 
of cells appears as a thickening of the epidermis called an 
epidermal placode or hair plug and beneath it a concentration 
of dermal fibroblasts begins to appear. The epidermal cells 
of the placode grow down into the dermis as a plug (Figure 
15.3B) and gradually differentiate into a mature follicle as 
depicted in Figure 15.2.

Figure 15.3. Histological picture (A) of an early epidermal 
placode growing from the basal layer of the epidermis 
where the proliferative and stem cells reside. Beneath 
the placode some dermal cells are aggregating. In (B) the 
development at 85 days has reached the stage of primary 
follicle formation and the follicle (arrow) has a pre-papilla 
of aggregated dermal cells beneath the follicle base from 
which the bulb  will form and enclose the prepapilla.  
Bar =50um. Source: S. Dunn, SARDI  Livestock Systems, 
South Australia.

These developmental events were described many years ago 
and a diagrammatic representation of them is shown in Figure 
15.4. They are regulated processes involving complex cellular 
interactions in which there are consecutive biochemical 
messages exchanged between the epidermal placode and the 
underlying dermal cells that later become the papilla of the 
follicle.  Henceforth the papilla and the biochemical signals 
that are produced by it are vital for the further formation of 
hair and maintenance of hair growth. After the initial stages 
the follicle descends deep into the dermis and all of the six 
follicle layers differentiate (seven, if a medulla is present). 
Of particular note is the inner root sheath (IRS) that actually 
consists of three sub layers (not shown) that are similar but 
differentiate at different rates and as a sheath they accompany 
the developing fibre in its growth to the skin surface (stages 
4-7, Figure 15.4). The fibre breaks through the epidermis via 
a canal that opens up and remains in the adult follicle as the 
infundibulum (stage 7, Figure 15.4). During continuous fibre 

(A)

(B)
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growth it is in this region that the IRS separates from the fibre 
and is lost from the skin (stage 8, Figure 15.4).

There are three kinds of follicles that can be distinguished 
in sheep skin - primary, secondary and secondary-derived 
follicles. The first to develop in the skin are primary follicles 
arranged in a trio pattern of a central primary and two lateral 
primaries (Figure15.5). There are also sweat glands and 
arrector pili muscles connecting the follicles to the epidermis 
(not shown).  

At about day 85 secondary follicles (blue dots in Figure 
15.5) begin to develop in association with the primaries and 
together they form a distinguishable group in the skin and 
by day 105 secondary-derived follicles begin to appear as 
branches from secondary follicles. One of the measures used 
to predict the ability of a sheep to produce fine quality wool 
is the ratio of secondaries to primaries, called the S/P ratio 
(Nay et al., 1973)

Fine wool breeds such as the Merino have smaller 
follicles, the difference in size between primary and secondary 
follicles is much less than in coarser wool breeds and have 
a much higher fibre density (Hocking-Edwards et al., 1992).  
The fibres in Merinos are also much finer and shorter than in

Figure 15.5. Cartoon of the arrangement in cross-section 
of secondary (blue) follicles around a trio group of primary 
(yellow) follicles.  Capillaries (red) are associated with the 
follicle group. All follicles have sebaceous glands but are 
only shown (grey) for the primary follicles. 
Source: G. Rogers, pers. comm..

longwool breeds. The crimp in Merinos is even and the staples 
are square at the tip end whereas in longwools they are tapered. 
In fine wool sheep breeds there is a total of about 50,000,000 
follicles in the skin and as a consequence of this high follicle 
and fibre density the fleece weight is higher and the fleece is 
termed “dense”.  Dense fleeces provide greater resistance to 
penetration of dirt and water (Lockart et al., 1954).

Figure 15.4. Diagrams illustrating the major steps in the formation of the wool follicle beginning with the epidermis 
followed by invagination of a hair plug and aggregation of dermal cells that form the dermal papilla. The appearance 
of the inner root sheath (IRS) is an early event in the growth of the fibre that develops with the outward growth of the 
IRS. The fibre emerges after the formation of a hair canal through which the fibre emerges in the adult follicle.  
Source: Hardy (1992).
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The cells that produce the epidermis are given the generic 
name of keratinocytes whereas a variant of that name, trichocytes, 
is used for the cells of wool (and hair). There are many types 
of signalling molecules that are uniquely involved with gene 
function in these cells in initiating the formation of follicles in the 
embryo and maintenance of hair growth in the adult. Gene activity 
is regulated both positively and negatively through transcription 
factors and regulatory molecules (Fuchs et al., 2001; Rogers et 
al., 2001). The mechanism by which follicles are induced and 
organised into primary and secondary arrays has been focused 
on a reaction-diffusion (RD) process in which an activator 
and associated inhibitor interact in the cells. By mathematical 
modelling it has been shown that this interaction can predict a 
pattern of follicle arrangement that is observed (Nagorcka et 
al., 1989). One of the major signalling pathways widely found 
in embryonic development is the WNT pathway. The name was 
derived from a combination of Wingless a gene of Drosophila 
melanogaster and the related gene “Int” of mice.  WNT, the 
product of the gene Wnt is a protein that regulates downstream 
genes. Its function is regulated by another protein the inhibitor 
Dkk1. Many experiments have demonstrated that these two 
proteins have primary roles in the initiation and organisation of 
hair follicles via the reaction-diffusion mechanism. 

A simplified version of the WNT pathway is shown in Figure 
15.6.   

Figure 15.6. A simplified cartoon representation of the 
activated WNT signalling pathway involved in gene 
expression in the hair follicle.  In the left diagram β−catenin 
levels are maintained for cell-cell adhesion and the excess 
is degraded via phosphorylation and proteolysis . On the 
right the WNT protein has bound to the receptor leading to 
interruption of degradation and allowing β−catenin to enter 
the cell nucleus and activate specific gene expression such as 
keratin genes. Source: Fuchs et al. (2002), reproduced with 
permission, Nature Reviews.

Central to the function of the WNT pathway is the protein 
β−catenin. It is a component of the protein complexes that 
hold cells together but in the cell when it is phosphorylated 
by glycogen synthase kinase (GSK3β) in a protein complex 
AXIN/GSK3β/APC the β−catenin level is kept low by 
degradation. However, when a WNT molecule (purple, right 

diagram) binds to a cell surface receptor called Frizzled, 
there is a cascade of factors, the central one being Dsh that 
inactivates the AXIN/GSK3β/APC complex with the result 
that β−catenin is no longer degraded, its concentration 
increases (right hand side of diagram) and it enters the nucleus 
where it binds to promoter regions of genes that are then 
expressed.  These events are just part of a complex regulatory 
network in the wool follicle that is still being investigated.

Sebaceous (fat producing) glands are attached to the 
follicles at the level of the infundibulum (the funnel shaped 
neck of the follicle) and all follicles have them. Primary 
follicles are different from secondary follicles by having 
large sebaceous glands and also an arrector muscle attached 
to the outer root sheath just below the sebaceous gland. 
Sweat glands are included in the trio of primary follicles. In 
primitive sheep breeds the differences between primary and 
secondary wool fibres and their follicles is easily recognised 
because the primary follicles are relatively much larger, the 
fibres have a greater diameter than the secondaries and are 
often medullated (kempy fibres). In addition, the coat may be 
seasonal and with change from winter to summer the primary 
follicles shut down and the outer coat of coarse fibres is lost, 
leaving the summer coat of finer fibres and a lower fibre 
density of 10-20 follicles per mm2. 

Follicle structure and fibre growth

Follicles that are actively producing wool are called anagen 
follicles.  They are complex structures consisting of six layers 
of cells (Figure 15.7). 

Figure 15.7. In anagen follicles the epithelial cells differentiate 
into the developing hair shaft comprised of an outer layer of 
overlapping cuticle cells surrounding a cellular cortex and 
sometimes a central medulla. The main activities that occur 
are summarised on the right side of the diagram.
Source: adapted from Powell and Rogers (1997).
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The outermost epithelial layer is the outer root sheath (ORS) 
that is continuous with the epidermis as described in the 
formation of follicles. The inner root sheath (IRS) adjacent 
to the ORS is an annular cellular structure consisting of the 
outermost Henle layer, Huxley layer and the inner root sheath 
cuticle layer that is juxtaposed to the wool fibre cuticle.  In 
addition, the outer root sheath (ORS) consists of two cell layers 
the inner one, the companion layer, is adjacent to the Henle 
layer and appears to have a special function. The IRS moves 
upwards with the growing wool fibre until it reaches the skin 
surface where it breaks down and is lost. Wool comprises an 
outer layer of overlapping cuticle cells surrounding a cellular 
cortex and in some wool fibres there is a central medulla. The 
IRS cuticle is directly apposed to the developing cuticle of 
the presumptive wool fibres and the cells interlock with the 
cuticle cells. In coarse wool breeds, e.g. Tukidale, and breeds 
with seasonal coats such as Wiltshire, the primary follicles 
produce fibres with pronounced medullae. Such medullae 
are present in the hairs of many animals, mouse for example, 
and the cellular patterns can be characteristic of the species 
(Robertson, 1999).

The primary event that gives rise to the fibre and the IRS 
(but not ORS) in an anagen wool follicle is proliferation of the 
germinative epithelial cells in the bulb region, the deepest part 
of the follicle.  Proliferation can be detected using the protein 
marker Ki67 (Figure 15.8) and the region is called the critical 
region or matrix zone (Auber, 1951). What follows on from 
proliferation are terminal differentiation events that produce 
cellular products characteristic of the different layers.

Figure 15.8. The bulb region of a human hair follicle 
showing the proliferative (or germinative) cells the upper 
limit of which is referred to as the “critical zone”. The cells 
have been stained (brown) using an antibody Ki67, a specific 
marker for dividing cells. DP, dermal papilla. Source: Xu et 
al. (2003), reproduced with permission American Society for 
Investigative Pathology.

Germinal epithelial cells of the bulb have a high proliferation 
rate and are separated from the underlying dermal papilla 
by a basement membrane.  The two tissues, epithelium and 
dermal papilla, interact across this basement membrane by 
molecular signals. The nutritional supplies for hair growth 
enter from capillaries that are located in the dermal papilla 
and around the outer root sheath. The dermal papilla is of 
vital importance to the processes of follicle maintenance 
such as cell division and differentiation (Oliver, 1989) and 

as discussed earlier it is crucial as the inductive element 
in the embryonic development of follicles. It is a cellular 
structure embedded in a mileu that contains a variety of 
structural molecules including collagen IV and glycoproteins 
(proteoglycans) such as fibronectin, versican (duCros et al., 
1995) and laminin (Couchman, 1993). Some proteoglycans 
contain the carbohydrate chondroitin sulphate in the basement 
membrane underlying the epithelial compartment and are also 
found in the dermal sheath of wool follicles. They may have a 
role in stabilizing basement membranes. The dermal papilla 
maintains its activity during follicle anagen and remains even 
when the follicle enters catagen and telogen.

 The inductive signals of the dermal-epithelial interaction 
are probably mostly special molecules, such as those of the 
WNT pathway acting across the basement membrane at the 
dermal-epithelial junction.  However, there is some evidence 
for direct cell-cell contact through gaps in the basement 
lamina such as those described by several workers during 
follicle development (Hardy, 1983). In adult anagen follicles, 
cell contacts across the basement membrane may be only 
transient events and therefore difficult to detect.  

Cyclic activity of follicles

In most animals hair follicles do not grow constantly but 
undergo cyclic changes of growth, regression and dormancy, 
events that are known respectively as anagen, catagen and 
telogen (Dry, 1926). Another term exogen has been recently 
suggested to describe the loss of the dormant hair from the 
follicle that occurs after telogen. In mice the anagen phase 
continues for about 20 days and then the follicle progresses 
into catagen and telogen and then anagen begins again 
(Figure 15.9). These changes occur as waves of activity 
and inactivity over the body (Chase, 1965). In sheep and 
humans however, each follicle appears to be independent of 
its neighbours so far as cycling is concerned and the anagen 
phase appears to be maintained continuously for estimated 
periods of 2-3 years. In sheep, at any one time, about 2% 
of randomly distributed follicles are in the dormant telogen 
phase depending on nutritional and seasonal status and the 
percentage can be much higher than that (Schlink et al., 
1995). The nature of the “clock” that controls cyclic activity 
is unknown.  In animals with growth waves there must be a 
coordinated clock whereas in sheep and humans the clock 
functions within individual follicles.

When follicles are in telogen, they regenerate from a store 
of stem cells that is referred to as “the bulge region”.  It is well 
established for the mouse that multipotent stem cells (slow-
cycling cells) are located in a region of the follicle called 
the bulge (Cotsarelis et al., 1990) a localised swelling of the 
outer root sheath just below the sebaceous gland (Figures 
15.9 and 15.10). 

It is presumed that bulge-type stem cells are present in 
sheep follicles but are probably spread around the upper outer 
root sheath rather than as a distinct bulge. During the telogen 
(dormant) phase of the hair cycle the stem cells invade the 
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quiescent follicle and restore hair growth (Figure 5.10). The 
cell dynamics in the bulge differ from those in the bulb region 
of an actively growing follicle. In the bulb of the follicle, the 
cells are called transient amplifying cells whereas those of 
the bulge are slow cycling and rarely multiply until required. 
They are also called LRC or “label retaining cells” because 
when mouse or human follicles are allowed to incorporate 
molecules that label DNA such as 3H-thymidine or 
bromodeoxyuridine, the bulge cells take them up very slowly 
into their chromosomal DNA because their replication rate is 
low compared to the bulb cells. The transient amplifying cells 
do not retain the labeling molecules because they replicate 
faster. There are specific surface markers that also allow the 
bulge cells to be located histologically.

Figure 15.10. Diagram indicating that the stem cells of 
the follicle (arrows) can move to the bulb and produce 
transient amplifying cells (proliferating cells) in the bulb that 
differentiate into the various lineages of the anagen follicle 
and they can also populate the epidermal basal layer. Source:  
Turksen (2004).

The process of follicle regeneration from catagen is also 
dependent on the dermal papilla which still resides beneath 
the catagen (“club”) hair as a small group of cells.  In response 

to signals that are presently unknown, the papilla induces 
proliferation of bulge cells and the residual epithelium grows 
down into the dermis reforming a new follicle and then 
moves into the anagen phase again to produce a new hair. If 
the dermal papilla is removed or made inactive, hair regrowth 
will not occur. The failure to re-grow after nutritional induced 
follicle activity has been reported in sheep and may explain 
“micron blowout” (Schlink et al., 2000b). In any case the 
synchrony and rate of hair cycling that occurs in mice, is not 
seen in Merino sheep but does occur in more primitive fleece-
shedding and hair sheep breeds. 

Structure of wool and hair fibres

Wool fibres (specialized hair fibres) are cylindrical structures 
in which the core of the fibre, the cortex, consists of spindle-
shaped cells that are about 100µm long and 5µm wide (Figure 
15.11). The cells are completely filled with keratin proteins.  
In the 1950’s, Merino wool was shown by Horio and Kondo 
to be a bilateral structure (Horio et al., 1953). They observed 
that in fine wool dyestuffs penetrate selectively into the 
outside of the crimp wave (Figure 15.12) later named the 
orthocortex. The inside of the curl is called the paracortex. 
One explanation of curliness is that the germinating cells 
of the bulb divide asymmetrically as a result of molecular 
signals from the dermal papilla. There is evidence for this 
(Fraser, 1964) and also for the earlier keratinisation on one 
side of the growing fibre (Fraser et al., 1954). Presumably the 
signals cause the bulb to flex and the curvature of the growing 
fibre is fixed in space by protein synthesis and chemical cross-
linking.  Recent studies (Hynd et al., 2009) have supported 
these views for the origin of crimp. 

The two kinds of cortex in fine wool fibres can be 
distinguished in the electron microscope at low magnification 
in that the keratin contents of the orthocortical cells appear to 
be packaged into variable sized units called macrofibrils with 
non-keratinous material between them.  Paracortical cells do 
not have this appearance (Figure15.13). At high magnifications 
(Figure 15.14) the electron microscope reveals the arrangements 
of keratin intermediate filaments (KIF) approximately 8nm in 
diameter interspaced with a matrix that appears darker than the 

Figure 15.9. The hair cycle. On the left, a follicle is in telogen. Bulge cells reside below the sebaceous 
gland and participate in the regrowth and lengthening of the follicle from the dormant state to 
fully active growth phase which then moves on to proceed to catagen and then to recycle again.  
Source: Foitzik et al. (2003).
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filaments because of the metal stains introduced to increase 
contrast.  This filament-matrix structure is called a composite 
in a similar fashion to reinforced concrete in which steel rods 
are surrounded by a matrix of concrete. 

Figure 15.11. A cortical cell imaged by SEM. Note the 
fusiform shape.  Cortical cells are about 100um long and 
5um in their widest dimension. In the cortex of the fibre they 
are arranged axially but not in register. 
Source: W. Bryson, unpubl. data.

Figure 15.12. The arrangement of the orthocortex (dark) 
and the paracortex around the three-dimensional curvature 
or curl of a wool fibre. The bilateral structure can be revealed 
by the selective penetration of dyes into the orthocortex and 
examined by light microscopy. 
Source: adapted from Mercer (1953).

Fig. 15.13. Electron micrograph at low magnification of a 10 
µm diameter wool fibre in cross-section. Above the dotted 
line individual paracortical cells can be distinguished and 
below the line are the cells of the orthocortex, the boundaries 
of which are less easily outlined. The paracortical cells 
appear denser because they have more cystine-rich proteins 
and take up more of the osmium stain. Source: G. Rogers, 
pers. comm.

In the wool fibre there is a pronounced difference in the 
arrangement of the KIFs in the paracortex compared to the 
orthocortex.  In the paracortex the KIFs are aligned with 
the fibre axis and are packed in arrays that are fairly regular 
and in some areas close to hexagonal packing whereas 
in the orthocortex they are packed in twisted arrays so 
that the packaged complex (macrofibril) of filaments and 
matrix has the appearance in cross-section of a whorl as in 
a fingerprint (Fig. 15.14). The ‘whorly’ organisation has 
been mathematically analysed (Fraser et al., 2003) and also 
observed by high voltage electron microscopy (Caldwell et 
al., 2005). It is known that water penetrates the matrix more 
readily than the KIFs and causes lateral swelling of the fibre 
by increasing the interfilament separation. Based on this, 
another explanation for the origin of crimp is that the loss 
of water from the matrix on emergence of the growing fibre 
from the follicle causes the matrix to shrink and to make the 
twisted structure to lengthen. This occurs in the orthocortical 
region of the bilateral structure and causes an increase in 
curvature on that side of the fibre (Munro et al., 1999). A 
similar mechanism has been suggested for human hair (Bryson 
et al., 2009). The biological and physical explanations are 
probably related because cell proliferation and differential 
gene expression produce the filament-matrix structures. 

Figure 15.14. Electron micrograph of a cross-section of a wool 
fibre at high magnification that reveals the 8nm diameter IFs 
packed in semicrystalline arrays in the paracortex (P) and dark 
stained  matrix between them that provides the contrast to see 
them. The IFs are visible in the orthocortex (O) but there is less 
matrix and distance separating the IFs. The ‘whorl’ pattern in 
the macrofibrils is clearly displayed. The structure ‘m’ is the 
cell membrane complex (CMC) that is between cortical cells 
and between cuticle cells. Osmium, lead and uranyl staining.  
Source: G. Rogers pers. comm.
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At the molecular level the structure of the 8nm diameter KIF 
is now understood in considerable detail. About 70% of the 
proteins of wool are a−helical because the secondary structure 
of KIF molecules is mostly a−helical. The building block for 
a KIF consists of two a−helical chains, one Type I and one 
Type II in the form of a left handed supercoil with some short 
non-helical sections (Figure15.15). Two of these coiled-coils 
are aggregated together head to tail (not shown) to produce 
a four-chain structure that consequently has no polarity and 
there are eight of these units that constitute the KIF giving 
a total of 32 chains in an IF cross-section. The KIFs are a 
sub-family belonging to the larger family of intermediate 
filaments that share this same molecular structure and occur 
in the cytoskeletons of cells of tissues generally.

The fibre cortex is surrounded by a cuticle of overlapping 
flattened scale-like cells that form a protective layer to the 
fibre. They can be readily viewed in a scanning electron 
microscope (SEM) (Figure 15.16). The cuticle patterns in 
wool fibres can vary widely (Figure 15.17). The scale cells 
are rigid and protective as a result of their content of highly 
cross-linked proteins including the outermost surface layer 
called epicuticle. The overlapping of the scale cells allows 
the fibres to bend. 

Figure 15.16. An SEM image of the surface of a wool fibre 
(~20um diameter).  The smooth surfaces of the overlapping 
scale cells have some striations and their edges are often 
raised from the juxtaposed surface. Chemical or physical 
damage to the surface of wool fibres can be readily detected 
by SEM. Source: G. Rogers pers. comm.

Figure 15.17. Cuticle patterns differ widely in wool and 
animal hairs Source: WoolWise (2009).

The medulla when it is present, is in the centre of the fibre 
in coarse wools and fibres of the outer coat of sheep that 
undergo seasonal changes (Figure 15.18). Very heavily 
medullated fibres are called kemp fibres.  Fine wool fibres 
such as Merino are not medullated. In human hair the medulla 
can be continuous or discontinuous. In some animals such as 
the mouse the form of the medulla is different in the four 
different fibre types that makeup the hair coat. 

Cuticle patterns and medulla patterns can be of use in 
forensic science for identifying animal hairs but caution 
has to be used because the patterns can vary along the shaft 
and during differing periods of growth (Robertson, 1999)
The variation in cuticle structure in rabbit fur is particularly 
striking (VandenBroek et al., 2001).  Similarly, in wool 
fibres there is variation in cuticle (Figure 15.17) and medulla 
(Figure 15.18) patterns within and between breeds (Wildman, 
1954).

Figure 15.15. The coiled-coil organisation of the KIF in which one Type I and one Type II helix are coiled together with 
their sequences in the same direction (the polarised unit with N and C ends is shown by the lower rectangular bar). It it not 
illustrated here but two of these units are organised in opposite directions as a tetramer that is therefore a non-polar structure.  
KIFs are made up of 8 of these tetramers and thus contain 16 Type I chains and 16 Type II chains, a total of 32. 
Source: adapted from Parry and Steinert (1995).

coarse wool fine wool alpaca cashmere
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Figure 15.18. Diagrams illustrating the different types of 
medulla found in wool fibres. From left to right they are 
medulla in kemp fibres, continuous medulla, continuous 
medulla with the air displaced by mounting medium (water 
can do this) and below, two types of discontinuous medullae. 
Source: Ryder and Stephenson (1968).

Composition of wool and hair fibres

Wool keratin was once regarded as a highly variable protein 
product that was difficult to characterise as a protein 
although X-ray diffraction studies had indicated that there 
was regularity in the structure. Until the late 1950’s wool 
keratin was too complex to separate into discrete proteins 
and to demonstrate that it was a regular product of genes. It 
is difficult to study because of its insolubility, fibrous nature 
and complex protein structure, unlike globular proteins such 
as haemoglobin that can be readily characterised as a single 
molecule. Few protein chemists were interested in research 
on wool keratin but the situation changed with improved 
protein analytical techniques and in the past 25 years DNA 
technology has contributed enormously to our understanding 
of wool structure at the gene and protein levels.

The keratin protein chains of wool are stabilised mainly by 
disulphide bonds (-S-S-) but there are also secondary bonds; 
the ionic bonds between the side chain carboxyl (-COO-) and 
amino (–NH

3
+) groups (“Coulombic” forces) and hydrogen 

bonds between peptide bonds (-C=O - - - - H-N-) that all act 
cooperatively.  The first step in solubilizing the proteins is to 
break the disulphide bonds and then to raise the pH to remove 
protons from -NH

3
+ groups, thereby breaking the ionic bonds 

and the hydrogen (H) bonds. The reaction to disrupt disulphide 
bonds can be either by reduction using compounds such 
as thioglycollic acid or β-mercaptoethanol or by oxidation 
using reagents such as peracetic acid (Alexander et al., 1954).  
Reduction is the most commonly used as shown, where K 
stands for keratin protein and R-SH for the reducing agent 

(thioglycollic acid or β-mercaptoethanol). 

 K-S-S-K + 2R-SH → R-S-S-R + 2K-SH

The sulphydryl (-SH) groups formed in the proteins (K-SH) 
have to be blocked to prevent them from reoxidising.  They 
can be reacted with iodoacetic acid to make carboxymethyl 
groups.

K-SH + I-CH2 COO- → K-S-CH2 COO-   + HI

The solubilization also requires a protein denaturant such as 
8M urea that causes a conformational change of the proteins 
from their native shape. About 90% of the wool can be 
dissolved leaving behind membranous residues of the cell 
membrane complex (CMC) from both cortex and cuticle that 
are insoluble because their proteins are not cross-linked by 
disulphide bonds but by isopeptide bonds. 

Figure 15.19. A two-dimensional gel electrophoresis display 
of wool keratin proteins extracted from wool.  The low 
sulphur group are the keratin filament (KIF) proteins. The 
matrix proteins of the high-sulphur KAP class are located in 
the lower right of the electrophoretogram and the glycine/
tyrosine KAP group are small in size and arrayed at the 
bottom. Source: Gillespie (1991). 

The extracted proteins can be studied by gel electrophoresis 
and they fall into three groups, the low sulphur proteins that 
are from the keratin filaments (KIFs) and the high sulphur 
(cysteine) and high glycine/tyrosine-rich proteins (keratin-
associated proteins or KAPs) from the matrix (Figure 15.19).
The filament-matrix composite structure has been described 
and is illustrated in Figure 15.20. There are two types of KIFs, 
Type I and Type II differing in composition, and molecular 
size, ~55kDa (kilodaltons) and ~59kDa respectively. The Type 
I are acidic and the Type II are basic or neutral. The matrix 
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proteins that “cement” the IFs are collectively known as 
keratin-associated proteins (KAPs), they probably have a more 
globular structure. Protein analyses of Merino wool indicate 
that the cortex consists of about 20% high sulphur (cysteine) 
KAPs, 12% high glycine/tyrosine-rich KAPs and 68% KIFs 
(Gillespie, 1991).  There is evidence that there is variation in 
the abundance of the high sulphur KAPs between Merino, 
Romney and Corriedale breeds but no significant changes 
in KIF proteins when the wool proteins were extracted and 
examined by gel electrophoresis (Flanagan et al., 2002). Wool 
fibres that have a higher content of KIF proteins than KAPs 
tend to have a higher strength (staple tenacity) in accord with 
the notion that the filaments are largely responsible for the 
longitudinal strength of wool (Woods et al., 1999).

Figure 15.20. A cartoon representation of the arrangement of 
filaments and matrix as visualised by transmission electron 
microscopy of the paracortex (see Figure 15.14). Source: G. 
Rogers, pers. comm.

It has been well established that the KAPs of the wool cortex 
are the variable components and can vary within a sheep 
in relation to nutritional status especially with respect to 
cysteine intake (Fratini et al., 1994). Such nutrition-induced 
changes alter the composition of wool at the level of protein 
synthesis or possibly gene transcription. 

The first amino acid sequence of a wool IF protein was 
obtained in 1982 after some 30 years of research but since 
then single genes for individual wool keratin proteins were 
cloned, and sequenced (Powell et al., 1997).  Subsequently 
all of the human hair keratin genes have been sequenced and 
mapped in the genome (Langbein et al., 2005; Rogers et al., 
2006). In the human genome, the Type I and Type II genes for 
both hair keratin and epidermal keratin are arranged in two 
clusters. A group of 29 high-sulphur KAP genes is interposed 
within the Type I clusters on chromosome 17q21 (Figure 
15.21). The total complement of 27 Type II keratin IF genes 
are clustered in a domain of 783kb on another chromosome, 
12q13.13 (not shown). 

 11 KIF genes 29 KAP genes 16 KIF genes

Figure 15.21. The total complement of Type I keratin 
IF genes are clustered in a domain of 977kb on human 
chromosome 17q21.2 and KAP genes interposed. The high 
glycine/tyrosine proteins are encoded by 17 genes that are on 
chromosome 21q22.1. 

The large number of genes for IF proteins and KAP 
proteins is believed to have arisen by the process of gene 
duplication with mutations that produced some variations in 
amino acid sequences. It is not clear why there should be so 
many genes encoding the large families of related KIFs and 
KAPs that can be accommodated into the fibre structure but 
repeated genes might allow rapid transcription of mRNAs 
and provide the required levels of mRNA for the high 
rate of keratin protein synthesis over the short distance of 
keratinisation in the follicle (Figure 15.7). 

Biosynthesis of wool keratins

Wool and hair follicles are amongst the most active tissues 
synthesising proteins.  Synthesis of the keratin proteins occurs 
over a distance of about 400µm in the lower third of a wool 
follicle in the region called the keratinisation zone (Figure 
15.7). If the average rate of growth in the follicle is 300µm 
per day then in a follicle 1.5mm in length it takes ~5 days 
for a cell in the bulb to progress through the keratinisation 
zone and emerge in the mature fibre. The cysteine residues 
are not crosslinked during synthesis but the crosslinking 
occurs rapidly at the end of the keratinisation zone.  There 
are many genes and they begin to be expressed at different 
follicle levels.  The first are the KIFs, then glycine/tyrosine-
rich KAPs followed by high sulphur (cysteine) KAPs and 
finally the ultra-high sulphur KAPs (Figure 15.22). There are 
two main steps in the synthesis of the proteins, transcription 
of the genes and then their translation.  A coding gene in the 
chromosome in the cell nucleus is transcribed into messenger 
RNA (mRNA) by the activity of a DNA-dependent RNA 
polymerase.  The transcribed mRNA carries the code for the 
amino acid sequence of the protein. It should be noted that 
the transcribed RNA is pre-mRNA a replica of the complete 
gene. When there are introns (non-coding RNA) they are 
removed and the coding parts “spliced” together by an 
enzymic process called the spliceosome.  

In the case of wool and other keratins, introns are present 
in the KIF genes but are absent in KAP genes, The gene is 
transcribed by the polymerase enzyme binding at a promoter 
site and transcribes from an initiation site and terminates at 
termination site. The transcription includes the start (ATG) 
and finish signals (TAA, TGA or TAG) on the mRNA that 
are used for translation. The pre-mRNA is converted to 
mRNA which is then translated to protein on ribosomes 
(Figure15.23). 

The transcribed and spliced mRNAs are transported from 
the cell nucleus to the cytoplasm and translated on ribosomes 
by a complex enzymic process involving transfer RNAs 
(tRNAs) that specifically bind each of the twenty amino acids 
and individually match the triplet anticodon to the mRNA 
codon specific for each of the amino acids. The protein chain 
grows as the translation process progresses along the mRNA 
(Fig.15.24). Electron microscopy of the cells of the growing 
wool fibre showed them to have a cytoplasm that is packed 
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Fig. 15.24. The process of translation in which ribosomes 
proceed along a messenger RNA and the polypeptide chain 
is synthesised as the genetic coding for the protein is read and 
translated. Source: Stryer (1995).

with ribosomes a feature that accords with the high rate of 
protein synthesis (Rogers et al., 1976). Since keratin proteins 
are not secreted but remain within the cell there is very 
little endoplasmic reticulum and Golgi membranes present 
compared to tissues such as liver that normally secrete protein 
products. Moreover, there is experimental evidence (Rogers 
et al., 1976) that in the synthesis of the KIF proteins and after 
the assembly of the first filaments, subsequent ribosomal 
translation of the protein chains occurs directly onto those 
filaments leading to the development of the larger assemblies 
called macrofibrils.

Intermediate Filament Matrix - High Glycine/Tyrosine Matrix - High Sulphur Matrix - Ultra High Sulphur

Figure 15.22. A series of wool follicles showing the expression (A to D) of genes for keratin and keratin associated proteins 
(indicated by the dark regions).  The KIFs are expressed immediately above the bulb (A) followed by matrix proteins, the high 
glycine/tyrosine KAPs (B),  the high sulphur KAPs group (C) and the ultra-high sulphur KAPs (D) (in situ hybridisations with 
specific RNA probes and SACPIC staining (Auber, 1951). Source: B.Powell and G. Rogers, pers. comm.

Figure 15.23. Representation of the processes of transcription of a gene to messenger RNA carrying the code for a protein and 
the translation of the mRNA to yield a protein.
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Fibre growth rate and quality

The rate of growth of wool in fine wool sheep is usually 300-
400µm (0.3-0.4mm) per day. Changes in fibre length growth 
rate are significantly related to follicle and fibre parameters. 
Increased nutrition leads to elevated cell proliferation, a 
greater number of cells and increased size of the bulb (Hynd, 
1994).  Despite these changes, length growth rate was shown 
to be closely related to cortical cell length while fibre diameter 
is related to the size of the dermal papilla and cortical cell 
volume. Thus fibre length growth and diameter changes are 
closely related and generally occur together with changes in 
wool growth (Reis et al., 1994; Schlink et al., 1999). The 
rate depends primarily on the quality and intake of nutrition 
available. In particular, the essential amino acids that cannot 
be synthesised by the sheep from the diet, play a vital role as 
components in the intake of proteins. Without an adequate 
supply of cysteine or methionine for example, wool growth 
will be retarded because wool protein synthesis described 
above will be restricted (Reis, 1979). The fact that the 
sulphur amino acids can be rate-limiting in wool growth was 
demonstrated many years ago by administration of cysteine 
or methionine directly into the main stomach, by-passing 
the abomasum (Reis, 1979). The weight of wool produced 
increased significantly by increasing both fibre diameter and 
fibre length. The supply of nutrients, the size of the follicle 
group (Section 15.2) and the efficiency of follicles within the 
follicle groups are factors in the utilisation of the building 
blocks (the amino acids) for production of the fibre. The 
efficiency of utilisation of nutrients probably also depends on 
the vasculature around the follicle groups (Hocking-Edwards 
et al., 1994). 

The ratio of secondary to primary follicles is negatively 
correlated with fineness (fibre diameter) of the fleece but the 
genetic factors that determine this ratio are not understood. 
The S/P ratio can be used for selecting sheep for fine wool and 
fleece yield but Piper et al. (1999) found that various follicle 
density measures appeared to have little potential as indirect 
selection criteria for increasing fleece weight or reducing 
fibre diameter.  Hardy and Lyne (1956) demonstrated that 
sheep with high S/P ratios have follicle groups with a high SD 
(secondary-derived follicle) population so that the S/P ratio 
can be as high as ~50 with ~120 follicles per group and 85 
follicles per mm2 of skin compared to sheep with an S/P ratio 
of  ~24 and ~70 follicles per group because the SD  population 
is lower.

Grazing sheep show large seasonal variations of wool 
production with large fluctuations in wool growth that mimics 
pasture production during a normal 12 month seasonal growth 
cycle. In a Mediterranean climate Merino wool growth can 
range from 0.16 g/100 cm2.day in November to 0.04 g/100 
cm2.day in March (Schlink et al., 1999). This is an example 
from an extremely seasonal environment but Robards (1978) 
found that all Australian environments exhibited both within 
and between year variation in wool growth. This was achieved 
mainly through an increase in the weight of clean wool per 
unit area of skin. The changes in body weight are associated 

with increased total surface area of wool-bearing skin but 
there is no change in the total number of wool follicles on 
the sheep, which are set at birth (Chapter 10). The increase 
in clean weight per unit area of skin arose from substantial 
increases in fibre volume. i.e. both diameter and length of 
fibres (Schlink et al., 1999). Relative efficiency of wool 
growth of different sexes of coarse wool sheep has not been 
measured directly. Indirect information for Merino sheep 
suggests the apparent difference in clean wool production 
between rams, wethers and ewes is principally an effect of 
differences in body size and associated feed intake with little, 
if any, difference in conversion of feed to wool (Corbett, 
1979; Brown et al., 1968).

Wool quality has traditionally been defined by the 
dimensional traits of fibre diameter, staple length, staple 
strength, point of break and vegetable contamination. Style 
and colour are also major determinants of wool price. In 
recent years there has been a pronounced trend towards the 
production of finer wool in the Australian Merino sheep 
through consumer preference for lightweight fabrics in 
climate controlled buildings (Chapters 2 and 27). Some 
breeding programs are aimed at using skin traits to genetically 
improve wool quality but there is an ongoing controversy as 
to whether measurable skin traits (Hynd et al., 1997b; Safari 
et al., 2005; Asadi-Fozi et al., 2007) or visual evaluation are 
best (Chapter 8).  Visual assessment for selection such as 
the technique of ‘soft rolling skins’ is based on fleeces with 
defined fibre bundles that are deeply crimped, lustrous and 
reflect a high density of highly aligned fibres (Massy, 2007).  
Daily et al. (1997) found a consistent positive correlation 
between ‘soft rolling skin’ class and S/P ratio and a negative 
correlation with primary fibre diameter. It was concluded 
that the ‘soft rolling skin’ approach and index based selection 
were not antagonistic. ‘Soft rolling skin’ was a bridge between 
the traditional stud classing system and measurement-based 
systems for improving the performance of sheep. The advent 
of the central genetic data base for sheep (www.sheepgenetic.
com.au) that incorporates both quantitative and qualitative 
traits has removed much of the antagonism between visual 
and qualitative sheep selection practices.

Staple length is the outcome of fibre length growth.  
The bundle structure called a staple is considered to be a 
consequence of the underlying wool follicle group structure 
(see Fig 15.5). Staple length is readily measured and fibre 
length can be predicted from staple characteristics (see next 
section).  Fibre length is an important factor in wool processing. 
As both length rate and diameter vary throughout the year 
with seasonal pasture growth rates there is a high probability 
that the fibres or staple will break during processing at the 
lowest point in both fibre diameter and length growth rate 
in the wool growing year (Schlink et al., 1999). Once the 
staple has been processed past the top stage in processing, 
staple strength no longer plays a role in the quality of wool 
processing outcomes. The strength of the individual fibre, 
called intrinsic fibre strength, may play a part in subsequent 
processing performance.  However, metrological procedures 
that test for intrinsic strength have not shown significant 
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differences in yarn characteristics for fleeces that differed in 
intrinsic strength (Peterson et al., 2005). However, Dowling 
et al. (2007a) found significant differences between fleeces 
in yarn strength with yarn strength being a heritable trait 
in medium wool Merino sheep. The use of yarn to improve 
fibre strength offers the potential to bypass the metrological 
problems associated with testing for individual fibre strength 
to determine fleece fibre strength.

The determinants of staple strength include minimum 
fibre diameter along the staple especially where there is a 
clearly defined ”seasonal break”, variation of diameter in 
the staple, fibre length variation, incidence of shed fibres 
and intrinsic fibre strength (the actual strength of the fibre 
material) (Adams et al., 2000). Staple strength is a summation 
measurement of wool fibre growth through the year and will 
deviate from the maximum potential staple strength when the 
fibres are not consistent in diameter along the fibres length, 
the intrinsic strength varies along the fibre, fibres in the 
bundle vary in length or fibres are not continuous within the 
staple bundles. Staple strength is important in the first stage 
of wool processing and its measurement is used to predict the 
fibre length in the top.

Style is a composite of traits considered to be of 
importance to the processor and is assessed by eye and hand. 
Its components are crimp definition, staple structure, staple 
thickness, dust penetration and greasy wool colour.  Staple 
structure is thought to reflect the degree of variation in fibre 
length within the staple.  Coefficient of variation of curvature 
is considered to influence crimp definition while follicle 
groups are thought to be related to staple thickness outcomes. 
Dust penetration has been used as an indicator of wool yield 
particular prior to the advent of routine yield measurement. 
However, Dowling et al. (2005) found that dust penetration 
was not a good indicator of dust content. There have been 
attempts to automate the measurement of style but these 
attempts have not been successful (AWTA and the Woolmark 
Company, 2002). 

Fibre curvature is one of the main components of crimp 
and has been found to be useful in predicting crimp, spinning 
ability and wool bulk (Edmonds, 1997).  Instruments such as 
OFDA and Laserscan measure curvature on wool snippets as 
degrees per mm. A straight fibre will have a curve of 0 °/mm, 
a fibre that is 1mm long and forms a circle will have a curve 
of 360 °/mm (Fish, 2002).  Curtis et al (2002) found there 

was an increase in wool price of 12 cents per °/mm in 18µm 
wools whereas at 22µm, the price change was only a 0.3 cents 
per °/mm.  Low crimp wools produce less noil and improved 
spinning efficiency whereas high crimp wools produce stiffer 
fabrics but are less inclined to pill (Smith et al., 2005).

The only commercially considered intrinsic property of 
the fibre is clean wool colour assuming there are no pigmented 
fibres in the fleece. Wool naturally has an off-white colour and 
is estimated by measurements of brightness and yellowness 
(Wood, 2002). Discolouration of wool is the result of the 
breakdown of amino acids in the complex proteins of the 
fibre that can be accelerated by heat or exposure to sunlight 
(Smith, 1995).  Recently attention has shifted to other 
intrinsic properties of wool that are valued by consumers of 
wool fabrics such as shrinkage (Greeff et al., 2002) and dye 
absorption (Dowling et al., 2006). Although these wool traits 
have been found to be heritable the biological basis for these 
differences between fleeces has not been explored.

Fleece weight and its component traits 

The greasy fleece weight (GFW) is the total wool shorn 
from the sheep and includes the weight of clean fibre, wax 
(wool fat from the sebaceous glands), suint (water soluble 
material from the sweat glands), vegetable matter and soil 
dust. It is the clean fleece weight (CFW) that is central to the 
commercial value (Chapter 25).  Variations of yield depends 
on the content of the non-fibre components and it has been 
shown (Thornberry et al., 1984) that the variation for wax 
and suint is much less within a fleece than between-fleeces 
whereas dust and vegetable matter vary more within a fleece 
than between fleeces.  Measurements have been made of 
gradients of these components within the fleeces of individual 
animals.  Dust is concentrated on the back line where the 
fleece is more open.

Several factors contribute to the CFW. The total area that 
grows wool is a combination of body surface and wrinkling 
factor, the weight of wool per unit area of skin, mean fibre 
length, mean fibre cross-sectional area and fibre density. 
The different components (Table 15.1) are mostly derived 
measures because they are difficult to measure directly. Body 
surface area is measured from body weight to the power of 
0.67 (Bennett, 1973) and wrinkling factor is measured by a 

Table 15.1 Body and fibre characters that contribute to clean fleece weight (CFW).

Character Derived from Measure

Body surface area Body weight (B) B0.67

Smooth surface area Wrinkle score (F) F0.20

Mean fibre density – no. fibres per unit area of 
smooth skin

Total follicles per unit area of skin N

Mean fibre length Mean staple length (L) and coefficient of 
variation in fibre diameter

-42.1+1.08*FL+3.01*CVFD

Mean fibre cross-sectional area Mean fibre diameter (D) and diameter 
variation VD

π (D2 + VD)/4

Fibre density Fibre density (g/cm3) 1.304

Source: (Turner, 1958; Schlink et al., 2001).
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scoring method from which the equivalent smooth area can 
be calculated. The mean follicle density can be calculated 
using body weight and conventionally measured raw wool 
characteristics (Brown et al., 1968; Schlink et al., 2001). 

Changes in CFW must arise from changes in one or more 
of its component traits namely body weight, wrinkle score, 
follicle density, staple length and fibre diameter. Sheep that 
produce a high CFW tend also to be those with the longer 
staples and heavier body weights. To a lesser extent, they 
may also show a tendency towards higher fibre diameter and 
wrinkle score (Mortimer et al., 2009) although they may not 
have the highest follicle densities. The advent of modern 
genetics has allowed the breeding of sheep for reduced fibre 
diameter without loss in liveweight, fleece weight or other 
traits detrimental to wool production (Chapter 8).

The advent of consumer preferences for light weight 
fabric has changed the characteristics of the Australian wool 
clip towards fine micron wool production (Curtis et al., 2006). 
This structural change has been lead by the higher prices 
of finer wool for premium quality fabrics. However, this 
change to finer micron may also have implications in wool 
production as fibre diameter is reduced there is also a trend 
towards declining fleece weight associated with reduced fibre 
length. The implications of these changes to finer wool in the 
Merino flock have only recently been identified. Reducing 
fibre diameter has been associated with decreased liveweight, 
fatness and reproductive performance (Adams et al., 2003). 
These authors also found that although the data is limited, 
the evidence suggests that conception rate and lamb survival 
may be reduced in finer wool Merinos particularly in difficult 
environments. In six different strains of Merinos the strains 
with higher wool production per unit of body weight at hogget 
age will have a lower reproductive rate over their lifetime 
(Greeff, 2005). These changes need to be taken into account 
when designing breeding goals to improve wool quantity and 
quality. 

Strains of Merino sheep have been developed in Australia 
that have consistent differences in wool traits (Dunlop, 1962)
with the different traits for selected Merino flocks with fine 
medium and broad wools, are shown in Table 15.2. Generally, 
sheep that produce a heavier yield of clean wool are those 
with longer staples and heavier body weights and diameter 
with some contribution from wrinkle factor whereas follicle 
density is less significant (Skeritt, 1995; Purvis et al., 1997).

Fibre diameter and wool comfort

The comfort of clothing is important to consumers and the 
unpleasant prickle sensation on the skin from woollen clothing 
has been subject to ongoing attention. It has been shown that 
fibre ends protruding from the surface of a fabric can trigger 
nerve ends to provide an irritating sensation (Garnsworthy et 
al., 1985). When fibre ends protruding from the fabric come 
into contact with the skin and do not deflect they can evoke a 
“prickle” sensation (Chapter 25).

Table 15.2. Differences between fine wool (F), medium non 
Peppin (M), strong wool (S) and Peppin (MPA and MPB) in 
important wool traits. The % value is the percentage of the 
total variation for each trait due to the variation among the 
strains. Source: Dunlop (1962).

Wool F M S MPA MPB %

Greasy fleece 
weight (kg)

4.4 4.5 5.4 4.9 5.0 28

Clean fleece 
weight (kg)

2.6 3.0 3.7 3.3 3.3 28

Clean scoured 
yield (%)

59.7 66.2 69.0 66.7 66.3 29

Density (fibres/
mm2)

37.1 36.8 30.4 33.7 38.4 27

Crimps per 25 
mm

15.8 12.3 8.0 10.6 11.0 74

Fibre diameter 
(µm)

19.8 20.5 24.1 22.7 20.9 43

Staple length 
(mm)

83 97 112 96 98 50

 Fibre diameter is the main determinant of whether the fibre 
end deflects or not. Research has shown that “prickle” arises 
when a fabric to be worn next to the skin, has around 5% or 
more of fibres exceeding 30µm in diameter. This proportion 
of coarse fibres is commonly referred to as the “coarse edge” 
of the diameter distribution and is reported as comfort factor 
measured by the percentage of fibres with a diameter of 
less than 30µm. Although this figure has been adopted as an 
industry standard some people think this measure could be as 
low as 26 µm (Naylor et al., 1995).

Wool comfort is a key feature of wool next-to-skin 
applications but is only one aspect of handle. Handle describes 
the tactile aspects of fibres in bulk and has both textural and 
compressional components.  Since fibre diameter and crimp 
frequency (or fibre curvature) exert a strong influence on the 
compressional properties of the fibre, handle is therefore 
a function partially of diameter and crimp (Sumner et al., 
2001). Handle can be measured in both greasy and clean 
wool although the grease in raw wool does make handle 
harder to assess. The best single predictor of softness is 
resistance to compression. A reduction in crimp frequency 
or fibre diameter or both lower resistance to compression and 
increase softness (Mitsuo, 2006). 

Wool colour and fleece rot

Wool colour

Both greasy and clean wool are important considerations in 
wool production, the former has on-farm considerations while 
the latter has important processing implications. The colour 
of fleece wool on the sheep varies from near white through to 
shades of cream and yellow (Chapter 25).  The strong intense 
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yellow discolouration known as ‘canary stain’ arises from 
the influence of moisture, suint, temperature and bacterial 
activity that can also produce colouration ranging from red, 
orange, pink, violet to blue. The bacteria produce aldehydes 
from carbohydrates in greasy wool and these react with 
amino acids of skin debris giving rise to wool discolouration 
(Winder et al., 1998). In the field, Pseudomonas is one well 
known bacterial genus that causes fleece rot and naturally 
produces a range of green and blue pigments by growing in the 
soil and vegetable matter of wool detritus with the pigments 
produced permanently colouring the scoured wool. Some 
of this yellow colouring is not scourable, thus significantly 
reducing the price of wool (Dyer et al., 2007).

Yellow discolouration of clean wool occurs on the sheep 
in the paddock, in shorn wool, semi-processed wool or final 
fabric form. Yellow discolouration caused by exposure to 
ultra-violet light, sunlight or heating results from reactive 
oxygen acting on amino acid residues such as tyrosine and 
tryptophan of the fibre keratin. The clean colour of fleece 
wool is a reliable indicator of wool colour changes when 
subjected to heating and there is potential to select sheep that 
grow wool with greater heat stability of the base, clean wool 
colour (Dowling et al., 2007b).

Fleece rot

Fleece rot is a skin disease that develops after wetting of 
the fleeces of susceptible animals with consequent bacterial 
proliferation at the skin level and produces a mild superficial 
dermatitis  (Raadsma et al., 1987). The presence of free 
moisture on the skin causes a breakdown in the wax layer 
on the skin and the release of a serous exudate mats the 
fibres together in bands. Fleece rot is a heritable wool trait 
and significant reductions in the incidence of this fleece 
disease can be made with appropriate selection programs 
(Cottle et al., 1995). A more readily measurable approach 
has been proposed as the presence of free water in greasy 
wool is a heritable trait and is a strong predictor of wool suint 
content (Dowling et al., 2006). The serous exudate provides 
a medium for the growth of a range of bacteria to develop 
fleece rot that is associated with bacterial stain and reduced 
fibre strength. The colour of the resultant stain is dependent 
on the various bacteria present in the fleece especially 
Pseudomonas aeruginosa. P. aeruginosa produces pigments 
by the oxidation or reduction of pyocyanin a blue-green 
pigment, resulting in staining of the fleece in well-defined 
bands. The serous exudate eventually dries into a crusted band 
which is characteristic of fleece rot but bacterial staining, 
called weather stain, can occur without skin exudation. 

Genetic variation between- and within-bloodlines indicate 
that direct selection for reduced fleece rot incidence and 
severity will lead to a reduction in clean fleece weight, and an 
increase in fibre diameter (Table 15.3). Greasy wool colour 
has potential as an indirect selection trait against fleece rot 
(Li et al., 1999). Between bloodline correlations indicate that 
bloodlines of greater resistance to fleece rot are associated 

with finer fibre diameter, better style and colour but reduced 
clean fleece weight, yield, body weight and staple length 
(Mortimer et al., 2001). However, these traits need to be 
used cautiously as predictors of resistance to fleece rot when 
considering different bloodlines (Cottle et al., 1995).

Table 15.3.  Phenotypic and genetic correlations of fleece 
traits with fleece rot traits. Source: Li et al. (1999).

Traits Correlation with rot 
incidence

Correlation with rot 
severity

Phenotypic Genetic Phenotypic Genetic

Colour 0.18 0.47 0.16 0.38

Character 0.05 -0.15 0.02 -0.16

Density 0.08 0.16 0.10 0.25

Dust 0.10 0.27 0.09 0.45

Handle 0.02 -0.02 0.03 0.01

Staple structure -0.03 -0.30 -0.01 -0.03

Greasy fleece 
weight

-0.04 0.02 -0.05 0.02

Yield -0.04 -0.10 -0.01 -0.04

Clean fleece 
weight

0.02 0.11 0.04 0.15

Fibre diameter -0.12 -0.18 -0.15 -0.18

SDFD -0.04 -0.17 -0.04 -0.14

Staple length -0.04 -0.11 -0.08 -0.16

Staple strength 0.07 -0.20 -0.08 -0.12
 

Fleece rot also has economic consequences because of its role 
as a major pre-disposing factor influencing the development 
of body strike in susceptible Merino sheep (Belschner, 1937). 
Infestation of the skin on the sheep’s body with the larval 
stages of sheep blowflies is known as body strike. The bands 
of serous exudate and the odours produced during fleece rot 
development are highly attractive to sheep blowflies (Lucilia 
cuprina) and provides ideal conditions for egg laying, 
hatching and larval growth.

Contamination-dark and medullated 
fibres and vegetable matter 

A low contamination of dark and medullated fibres can remain 
undetected in the shearing shed after skirting to remove the 
more obvious contaminants.

Fibres that are dark contain granules in the fibre cortex 
that are black from the pigment, melanin.  Melanin is 
manufactured by the pigment-forming cells melanocytes. 
In black sheep melanocytes are located in the follicle bulb 
and melanin granules are introduced into the growing fibre 
whereas in Merino sheep melanocytes are not present in the 
follicle bulb but in the basal epidermis. Through ageing of 
a sheep (‘old age black skin spots’) (Fleet et al., 1984), or 
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exposure to sunlight, epidermal melanocytes can migrate 
into single follicles and produce a black fibre. Although 
invisible in the white wool because of low abundance, the 
black fibres become evident when wool has been converted 
to fabric and dyed and hence they become a commercial 
nuisance. A threshold for tolerance of dark fibre in processed 
wool is 100 per kg wool (Foulds et al., 1984). The efficient 
detection of black fibres is more attainable than eradication 
from the sheep. Another source of dark fibre in white wool 
is contamination on the farm or in the shed from either black 
sheep, exotic breeds or other animal species, such as Alpacas, 
that may be on nearby farms (Fleet, 2002). 

The medulla is not present in Merino wool fibres but is 
found in the kemp fibres of carpet wool sheep (Chapter 23), 
longwool breeds, sheep with seasonal coats such as Wiltshire, 
mohair goats and Alpaca wool. Medullated wool fibres have 
large diameters and can introduce ‘prickle’ into wool fabrics. 
As for dark fibres, contamination from association of non-
medullated wool sheep with wool of coarse breeds or from 
the hairy regions of sheep can cause problems because of 
their higher lustre (especially kemp fibres) and also their 
different appearance after dyeing. 

Several microscopic methods for estimating contamination 
by dark (pigmented or urine stained) and medullated fibres 
have been recently developed and a recent modification has 
been the use of benzyl alcohol to match the refractive index 
of the wool protein and thereby make the contaminants more 
visible. These refractive index systems are comparatively slow 
and alternative approaches using near infrared spectroscopy 
are being developed (Fleet et al., 2006). 

The nature and extent of vegetable matter (VM) contamination 
is wool is dependent on the type and quality of pasture available. 
VM contamination can be controlled by time of shearing in 
relation to when plants are a problem, which is normally when 
they are setting seed.  Stocking rate or grazing pressure in 
association with grazing management are important methods of 
control (Ritchie, 1992). Another strategy is to use sheep coats 
but this depends on wool value relative to the cost of using coats 
(Hatcher et al., 2003). The strategy results in less tip weathering 
and lower levels of dust and vegetable matter with little impact on 
other commercially important wool parameters. The yield of tops 
from greasy wool is also improved with the use of sheep coat 
and reduced the level of vegetable matter in the top (Campbell et 
al., 2004). These authors also found that strategic usage of sheep 
coats at critical times of year was a successful option to all year 
round coating of sheep.

Physiological and environmental 
influences on wool production 

Many physiological and environmental factors can influence 
wool growth (Reis, 1992) by affecting the rate of cell 
proliferation and cell death (the process called “apoptosis”) in 
the follicle bulb. For example, increased circulating thyroxine 
or growth hormone will stimulate wool growth whereas the 

adrenal hormone, cortisol and drugs such as dexamethasone 
and flumethasone, inhibit it. Their action is to drive active 
(anagen) wool follicles into the inactive states (catagen and 
telogen) and so wool growth shuts down and is characterised 
by plucked wool fibres having frayed ends or brush-ended 
fibres. In sheep that are stressed by environmental conditions, 
including low nutritional levels and elevated cortisol levels 
may give rise to follicle shutdown and reduced staple strength 
(Schlink et al., 2002). These results suggested that poor 
nutrition was a primary requirement for follicle shutdown. 
The seasonal effect of nutrition when there is less abundant 
pasture at higher stocking causes gradual thinning of the wool 
fibre and if the decline in fibre diameter is severe enough in 
cases of under-nutrition there can be a temporary shutdown 
of the follicles (Hynd et al., 1997a).

  As sheep age the fibre diameter of their wool can increase 
above that recorded at the first shearing and this is called 
“micron blow-out” (Atkins, 1996). This blow out is usually 
defined as the increase in micron as sheep age but can also 
refer to micron changes induced by changes in nutrition. The 
age effects on micron along with a number of other wool traits 
have been recently described (Brown et al., 2002; Huisman et 
al., 2008). With age, fibre density declines along with fleece 
weight, staple length and crimp frequency. The rates of these 
changes are probably dependent on environment and sex.  

Reproduction and lactation are likely to directly affect 
wool growth, as well as indirectly via feed intake.  Oddy 
(1985) demonstrated that dry ewes had an efficiency of 
digestible protein leaving the stomach for wool growth of 
16.2% whereas it was 11.3% for ewes in late pregnancy and 
10.8% in early lactation.  Corbett (1979) in an extensive 
review of the effect of reproduction found that wool growth 
was reduced by about 30% during the last two months of 
pregnancy or about 3-10% of annual fleece production. 
Lactation reduced annual fleece production by 5-8% but can 
be higher if subjected to poor nutrition or rearing twins rather 
than single lambs. Although rams tend to produce higher 
fleece weight Corbett (1979) found that when corrected for 
body weight both genders produced 0.17 kg wool per kg 
body weight0.75. 

Hynd and Masters (2002) extensively reviewed the 
nutritional requirements for wool growth. Although wool 
growth is highly responsive to protein intake and quality, 
there is an underlying requirement for energy to maintain 
high levels of production that should not be overlooked. 
For the majority of diets consumed by grazing sheep wool 
growth rate will be limited by the supply of protein to the 
intestine. Thus wool growth will respond to supplementation 
but in many situations the responses are not consistent and 
when responses are achieved they are often not economic 
(Pickering et al., 1993).

There are two metals, copper and zinc, that are known to 
have marked effects on wool growth and another, cobalt is 
important for sheep but its deficiency does not affect wool 
growth directly. Copper deficiency in sheep causes a loss of 
pigmentation in black wool sheep but more importantly a lack 
of copper in the diet produces wool with distinctly less crimp 
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and is referred to as “steely wool” (Marston, 1955). The cause 
may be the incomplete disulfide bond cross-linking of the 
keratin of wool. Zinc deficiency is not a frequent problem. 
Studies of Merino lambs on zinc deficient diets demonstrated 
that they produce wool fibres that are improperly keratinised 
and it was concluded that this has a direct effect on mechanisms 
of protein synthesis (White et al., 1994). 

Cobalt is a trace metal of importance because it is a 
component of Vitamin B

12
 (cobalamin).

 
Cobalt is vital for 

the normal health of sheep (Chapter 13) and a deficiency of 
it causes neurological degeneration but it does not directly 
affect wool growth (Marston, 1955). 

Current and future developments for 
growing wool  

The Australian industry currently faces some sociological 
problems, including public objections (e.g. People for 
Ethical Treatment of Animals, PETA) to mulesing of lambs 
to prevent fly strike.  There are several proposals to deal with 
the mulesing problem such as application of chemical agents 
to remove wool from the breech area or to anaesthetise the 
area before mulesing. The application of plastic clips to the 
breech area that causes the skin to die and drop off have just 
been released for commercial usage. The longer term solution 
to flystrike could be the selection of sheep that are resistant to 
flystrike (Smith et al., 2008). Such sheep have been identified 
since the 1930’s but this knowledge was not pursued after the 
development of the mulesing technique. 

The mechanical shearing of wool as generally practised 
is probably becoming more difficult with shearers leaving 
the industry, increasing labour costs and very low levels of 
productivity gains in shearing sheds. Methods that might be 
alternatives to mechanical shearing for harvesting wool are 
based on causing a ‘break’ in the fleece such that the wool is 
sufficiently fragile at the break for it to be pulled off without 
shears. Injections of the protein, epidermal growth factor or 
EGF (Chapter 21) into the skin (Moore et al., 1981, 1982) has 
a pronounced inhibitory effect on wool growth. EGF is now 
manufactured by gene technology and is used commercially as 
a defleecing agent. ‘BioClip’ has been refined so that a single 
subcutaneous dose of recombinant human EGF administered 
subcutaneously drives the follicles into catagen (see cyclic 
activity of follicles) producing a “break”. The follicles renew 
their growth and after 28 days the fleece can be manually 
removed by placing the sheep in a cradle. It is necessary to 
apply a body net to retain the fleece in the field during the 
activity of the EGF on fibre growth.  Bioclip is applicable 
especially to lambs rather than adult sheep and has been 
applied to about 20% of the sheep population. Nutritional 
restriction is another means of producing a significant break 
in the wool and could be based on dietary manipulation where 
sheep would be deprived of essential amino acids for keratin 
protein synthesis and wool growth, a practical equivalent of 
“follicle shutdown”. 

Improvements in the yield of quality wool, along with 
improving fleece weights will be assisted by recent progress 
in sheep genomics in which the genome is being sequenced 
and will enable key marker genes to be to be used for genetic 
improvement (Purvis et al., 2005; Purvis et al., 2007). The 
Ovine SNP50 BeadChip has recently been developed with 
more than 50,000 SNPs to identify DNA markers for disease 
resistance and other desirable traits.  SNP sequences were 
applied to studies of the genetic structure of sheep populations 
and demonstrated their closeness in accord with their short 
evolutionary history (Kijas et al., 2009).

 The cellular signalling factors that influence wool quality 
including the formation of secondary derived follicles may 
be identified by future sheep genomic studies. Already 
factors are known in the mouse model that can cause follicles 
to bud from established follicles much like the formation 
of secondary-derived follicles in fine wool sheep (Rogers, 
2006). With that information it might be possible to increase 
follicle density and decrease diameter by introducing new 
genes using transgenesis. The same gene technology might 
be used to introduce desirable genes that alter the protein 
composition and properties of the wool fibre (Rogers et al., 
2009).  It also has the potential to introduce genes into the 
sheep genome that control the rate of wool growth and to 
improve physical traits such as the strength of wool fibres 
that is low compared with synthetic fibres. To develop the 
genetic engineering potential for economic benefit requires 
major research funding.  Furthermore, public acceptance in 
Australia of the new genetics is difficult enough with plant 
engineering let alone engineering sheep even though selective 
breeding is acceptable to produce non-natural sheep strains. 

To-date the wool industry has relied on dimensional traits 
such as fibre diameter as determinants of quality but wool 
does not have a competitive advantage over alternative fibres 
on the dimensional traits of length and diameter. It is intrinsic 
properties of fibre composition and structure that need to be 
improved to help maintain wool’s competitive advantage 
in the market place. Recent research has shown a number 
of wool traits to be heritable, such as felting (Greeff et al., 
2002), yarn shrinkage (Greeff, 2005), strength (Dowling et 
al., 2007a) and dye absorption (Schlink et al., 2006) and 
screening systems for evaluating raw wool for fabric qualities 
have also been successfully demonstrated (Schlink et al., 
2009). 
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Growth and development

Muscle, bone and fat in the body

Whilst efficiency of growth is a major determinant of animal 
performance and profitability, yield of saleable meat from 
a carcass is of prime importance to meat producers and 
processors. Yield of saleable meat is largely dependent on the 
rate of development of the different tissue components (muscle, 
bone and fat) as an animal matures from birth to maturity. At 
birth, the skeleton needs to be well developed for an animal to 
function. Bone is therefore an early maturing tissue. During 
growth, the increase in bone weight is smaller than those 
for muscle and fat and its proportion decreases as an animal 
matures. Muscle is considered an average maturing tissue as 
the increase in muscle weight is similar to the increase in body 
weight. Fat is mainly a long-term energy store in the body. The 
relative proportion of fat increases from birth to maturity and 
therefore, fat is considered a late maturing tissue.

Table 16.1. Mature weight and carcass composition of rams 
from large and small mature size Merino strains. 

Carcass component

Merino strain

Large mature size Small mature size

Muscle (%) 22.3 22.8

Bone (%) 5.5 5.5

Carcass fat (%) 23.0 20.5

Mature weight (kg) 116.5 90.9

Source: Butterfield et al. (1983a).

Most animals have similar patterns of tissue distribution at 
mature size (Table 16.1). However, lambs are slaughtered 
at immature stages of development (at a live weight that 
is less than their mature weight) which influences carcass 
composition.  Carcasses are composed of three main tissues: 
muscle, bone and fat, with muscle being the most valuable. 
Figure 16.1 shows the relative change in carcass composition 
of carcasses from Merino rams from birth to maturity. 
Merino rams slaughtered at 50% maturity yielded 18% fat, 
24% muscle, and 7.5% bone. However, when the animals are 
mature the yield was 30% fat, 25% muscle and 6% bone. 
Thus, stage of maturity is the main determinant of carcass 
composition. Therefore, at a given live weight, the carcass 
composition of different mature size breeds will differ, and 
thus affect yield.
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Figure 16.1.  Proportional changes in bone, muscle and fat in 
the body as a function of maturity of Merino rams. 
Source: adapted from Thompson et al. (1985a,b).

Sanudo et al. (1998a) provided the following general statements 
about breed and body or carcass composition: 1) fat tailed 
and fat rump breeds tend to deposit more subcutaneous fat, 
especially over the lumbar region, than other breeds; 2) prolific 
breeds tend to deposit less fat cover and more internal fat than 
meat breeds, but produce similar amounts of intramuscular fat; 
and, 3) rustic breeds and hair breeds will tend to deposit more 
internal fat than meat breeds. There is often greater variation 
in body composition within breeds and between individuals 
than between breeds, that are independent of mature size. The 
differences between breeds, and more importantly individuals 
need to be identified and used in breeding programs to progress 
the efficiency of production (Chapter 8).  

Sex is also an important determinant of body composition, 
and its effects can also be viewed using the concepts of mature 
weight, mature composition and maturing patterns for muscle, 
bone and fat.  Rams have a larger mature weight than ewes 
and mature composition also differs, in that rams have more 
muscle, more bone and less fat than ewes (Table 16.2). The 
rate at which the tissues mature is also different between the 
sexes. Muscle matures later in rams and fat matures later in 
ewes. Thus, the relative carcass composition of rams and ewes 
changes depending on the stage of maturity. 

Castration has little effect on maturing pattern of muscle, 
bone and fat. Mature weight is also hardly affected (Table 16.3). 
After adjustment for the weight of the head, horns and testes, 
rams and wethers had similar weights. However, castration 
does affect the mature composition. Wethers produce a carcass 
composition that is more similar to that of females (less muscle, 
less bone and more fat) than intact males.
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Table 16.2. Mature body composition in rams and ewes. 
Sex

Carcass component Rams Ewes

Muscle (%) 26.7 24.0

Bone (%) 6.3 5.6

Fat (%) 29.5 38.3

Mature weight (kg) 70.0 49.0

Source: Thompson et al. (1985a).

Table 16.3. Mature composition of rams and wethers. 
Mature composition

Carcass component Rams Wethers

Muscle (%) 24.8 22.9

Bone (%) 4.7 4.2

Fat (%) 24.8 30.0

Mature weight (kg) 99.7 95.9

Head plus horns (kg) 6.2 3.4

Testes (kg) 0.3 -

Source: Butterfield et al. (1983a).

 
Muscle development

The following phases in muscle growth can be distinguished 
over the lifetime of an animal (Butterfield, 1988):

The ante-natal phase

The muscle growth that occurs in-utero. Growth during this 
phase is largely under genetic control.

The pre-pubertal phase

During this phase the muscle weight distribution changes 
greatly as the animal adapts to its environment. During this 
phase the weight of the muscles increases by a factor of 2-4 
of their birthweight. Changes in muscle weight distribution 
during this phase are largely a result of functional responses.

Sexual maturity

In both males and females the muscle weight distribution 
changes at puberty. In rams the weight of the neck and thorax 
region increases. In females the weight of the abdominal 
muscles increases.

Maturing phase

Although this phase represents a major phase of growth before 
slaughter, changes in muscle weight distribution are relatively 
small.

Although muscle in general is an average maturing tissue, 
individual muscles differ in growth pattern relative to the total 
muscle weight. The growth of different muscles is largely 
determined by their respective function. For instance, the jaw 
and distal limb muscles in a newborn lamb are well developed 

as they are vital for survival at this stage of life; therefore these 
muscles are early maturing.  However, it is difficult to use 
growth patterns of individual muscles when describing growth, 
therefore, Butterfield and Berg (1966a,b) proposed grouping 
muscles by their relevance to commercial cutting procedures. 

Figure 16.2. A diagram showing the location of the anatomical 
muscle groups in the carcass. 
Source: Butterfield and Berg, 1966a).

Proximal muscles of the hind limb1. 
Distal muscles of the hind limb2. 
Muscles of the spinal column3. 
Abdominal muscles4. 
Proximal muscles of the forelimb5. 
Distal muscles of the forelimb6. 
Muscles attaching the thorax to the forelimb7. 
Muscles attaching the neck to the forelimb8. 
Intrinsic muscles of the thorax9. 

The neck and thorax muscles are larger and later maturing 
in rams than in ewes, whereas the abdominal muscles are 
later maturing in ewes than in rams (Table 16.4). This can 
be explained by the functional need for large thorax and 
neck muscles in the male for sexual competition and the 
functional role of the abdominal muscles in the ewe to cope 
with pregnancy. Castration shifts the mature composition to 
one resembling that of ewes (Butterfield et al., 1985).

Table 16.4. Mature composition (%) and maturity pattern 
for muscle groups in sheep. 
Muscle group Rams Ewes Maturity pattern

1. Proximal hind limb 27.3 30.1 Early

2. Distal hind limb 4.6 5.0 Very early

3. Spinal column 16.9 17.0 Average

4. Abdominal 9.4 9.8 Late (ewes later than rams)

5. Proximal forelimb 11.0 11.5 Early

6. Distal forelimb 2.7 2.9 Early

7. Thorax to forelimb 6.7 6.3 Late

8. Neck to forelimb 8.4 7.7 Late

9. Neck and thorax 13.0 9.8 Rams late, ewes early

Total muscle weight (kg) 18.0 11.4

Source: Perry et al. (1988).

Breed differences in muscle distribution pattern are generally 
small. Some confusion about this issue can occur when 
breeds are compared at similar weights, but different stages 
of maturity (Table 16.5). Differences between large and small 
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mature size animals are greater when compared at similar 
muscle weights than at a similar stage of maturity.

Fat partitioning and distribution

One of the major biological functions of fat is energy storage, 
therefore, relatively large amounts of feed energy are used 
when animals deposit fat in their bodies (Chapter 13). Fat has 
an energy density of 38 J per gram compared to 17 J per gram 
for protein or carbohydrate. Combining the energy density 
of fat with its later maturity pattern (Figure 16.1) partially 
explains the decrease in average daily gain that is observed as 
animals approach their mature body size (Figure 16.3).  

 

0

45

0 20 40 60 80 100 120
age (weeks)

Body weight

Feed intake

Growth rate

Feed efficiency

Figure 16.3.  Pattern of food intake (MJ of ME per week), 
gross feed efficiency (kg of body weight per MJ of ME 
intake), growth rate (kg per week), and body weight (kg) as a 
function of age (weeks) for Merino rams. 
Source: adapted from Thompson et al. (1985a,b).

The main fat depots in the body are:

•	 Subcutaneous fat - overlying the body under the skin
•	 Intermuscular fat - fat between the muscles

•	 Perirenal fat – fat surrounding the kidney
•	 Omental or caul fat - surrounding the stomach and 

adjacent organs
•	 Mesenteric fat - surrounding the intestines and lymphatic 

systems
•	 Intramuscular and intracellular fat - Chemical fat within 

muscles, organs etc.  A large part of chemical fat within 
muscles is known as marbling.

Much of the perirenal, omental and mesenteric fat is 
removed during slaughter and some of the subcutaneous and 
intermuscular fat is then removed as the carcass is processed 
into retail cuts.  Individual fat depots differ in growth pattern 
relative to the total fat depots (Table 16.6) and will vary 
considerably in size depending on the nutritional status of 
the animal (Table 16.7). 

Table. 16.6. Maturing patterns for fat in individual depots 
relative to total fat in the body. 

Fat depot Maturity coefficient Maturity pattern

Head and legs 2.30 Very early

Bone 2.28 Very early

Visceral 1.51 Early

Muscle 1.41 Early

Intermuscular 1.00 Late/Average

Mesenteric 0.97 Late/Average

Subcutaneous 0.82 Late/Average

Pelt fat 0.82 Late/Average

Omental 0.80 Late/Average

Kidney fat 0.76 Late/Average

Source: Thompson et al. (1985b).

Just as nutritional status can influence overall fat deposition, 
it can also impact the type of fat within the depots. There 
are various types of fat, which can have different effects in 
the body. Fats in muscle include triglycerides, phospholipids 
(structural fats found in cell membranes), and sterols (includes 
various steroid hormones and cholesterol). Chemically, 
most of the fats in meat are triglycerides and the difference 

Table 16.5. Muscle weight distribution of large and small mature rams compared at the same muscle weight and the same 
stage of maturity. 

Type of muscle

Same muscle weight Same stage of maturity

Mature size Mature size

Large Small Diff. Large Small Diff

1. Proximal hind limb 27.6 25.5 2.1 27.2 26.0 1.2

2. Distal hind limb 4.9 4.5 0.4 4.8 4.6 0.2

3. Spinal column 16.5 15.9 0.6 16.3 16.1 0.2

4. Abdominal 10.0 10.6 0.6 10.1 10.5 0.4

5. Proximal forelimb 11.2 11.0 0.2 11.2 11.1 0.1

6. Distal forelimb 2.8 2.9 0.1 2.8 2.9 0.1

7. Thorax to forelimb 8.1 8.3 0.2 8.2 8.2 0.0

8. Neck to forelimb 6.2 7.3 1.1 6.5 7.1 0.6

9. Neck and thorax 10.5 11.8 1.3 10.8 11.4 0.6

Source: Butterfield et al. (1983b).



398   G. Geesink and H. Zerby

International Sheep and Wool Handbook

between fats is largely due to their fatty acid profile.  There 
are many fatty acids with different properties but they all 
fall into the three following categories: saturated fatty acids 
(no double bonds), monounsaturated fatty acids (one double 
bond), and polyunsaturated fatty acids (more than one double 
bond). With the recent trends in obesity, both the amount and 
the composition of fat within food products have come under 
greater scrutiny.  

Similar to the other tissues, there are some sex effects 
on fat distribution. At mature body size, ewes have a greater 
percentage of body fat than rams and proportionally more 
subcutaneous and less intermuscular fat (Thompson et al., 
1985b). Castration results in a shift in fat distribution towards 
the distribution found in the female.

Animals tend to have a similar body composition at 
maturity, however, there are some exceptions. In sheep, the 
Texel and Suffolk breeds tend to have a lower percentage 
body fat. In addition, there are differences in fat partitioning 
between sheep breeds (Table 16.8). 

Table 16.8. Breed effects on total fat and fat partitioning. 

Fat type Poll 
Dorset

Border 
Leicester

Suffolk Southdown

Total body fat (%) 43.0 42.2 36.7 44.6

Total fat in carcass 
fat (%)

74.0 82.3 72.5 82.4

Carcass fat in 
subcutaneous fat (%)

51.1 65.5 56.0 57.7

Mature weight (kg) 110.8 115.3 106.0 106.6

Source: Perry et al. (1986).

Muscle structure, contraction and 
energy metabolism

Connective tissue

Within skeletal muscle, three levels of connective tissue 
organization can be distinguished. Individual muscle fibres 
are enveloped in a thin connective tissue network known as 
endomysium (Figure 16.4). The muscle fibres, in turn, are 
arranged in bundles which are surrounded by a connective 
tissue network called the perimysium (Figure 16.4). Entire 
muscles are ensheathed by the epimysium, a thick casing of 

connective tissue which thickens as it merges into tendons 
which attach the muscles to the skeleton or other muscles 
(Harper, 1999). The endomysium, perimysium and epimysium 
are a network of collagen and elastin fibres embedded in a 
matrix of proteoglycans.

Figure 16.4.  Structure of the connective tissue of the 
semitendinosus (eye-of-round) from a 32 month old steer. 
(a) The endomysium (E) shows a honey comb structure, 
and the perimysium (P) consist of several layers of sheets. 
(b) Endomysial sheaths. (c) A closer view of part of the 
endomysium. (d) A closer view of a part of the perimysium.
Source: Nishimura et al. (1999).

The composition and amount of connective tissue varies 
between muscles, species, breeds, nutritional plane, and 
with animal age (Purslow, 2005; Allingham et al., 2006). 
Generally, the price differential between cuts of meat is a 
reflection of the connective tissue content of the muscles. 
In addition, the preference for meat from younger animals 
reflects the fact that connective tissue in older animals is 
stronger and more resistant to heating, and thus contributes 
more to meat toughness in older animals.

Although the epimysium is clearly the strongest 
connective tissue component in striated muscle, it is 
generally of little relevance to meat tenderness since it 
can be easily removed from the muscle surface. Given its 
role in providing mechanical strength to a relatively large 
structure, i.e. muscle bundles as compared to muscle fibres, 
the perimysium would be expected to be the most important 
connective tissue component regarding its influence on 
tenderness. This assumption is supported by the results of a 
number of studies showing that both the perimysial content 
and thickness is much more variable than the endomysial 
content and thickness. Moreover, this variability is associated 
with inherent differences in tenderness between cuts of meat 
(Purslow, 2005; Lepetit, 2008).

Given that the amount and strength of the connective tissue 
network is largely dependent on the function and age of the 
muscle, the question arises as to how much room there is to 

Table 16.7.  Utilization of ingested nutrients partitioned 
among nutrient use, systems, tissues, and adipose depots.

Priority Hierarchy of 
nutrient use

Systems Tissues

Highest Maintenance Nervous Skeletal tissues 
(bone)

Development Circulatory Muscle tissue

Growth Respiratory Adipose tissue

Lactation Digestive - Mesenteric fat

Reproduction Reproductive - Perirenal fat

Fattening - Subcutaneous 

Lowest - Intermuscular
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control the contribution of connective tissue to the toughness 
of meat. Clearly, the industry approach is to slaughter most 
animals within a narrow maturity range when the muscle 
and associated connective tissues are physiologically less 
mature, thus minimizing the tenderness variation, within 
cuts, attributable to variations in content and solubility of 
connective tissue. 

Muscle type

Skeletal muscle varies both structurally and metabolically 
due to different functional roles. These differences impact 
on the structure and metabolic nature of the muscle and 
consequently on its visual characteristics and eating quality. 
Skeletal muscles can be broadly categorised as locomotive 
or postural. Locomotive muscles must have the capacity to 
generate power and speed. In contrast, the postural muscles 
need less power, but tend to be used continuously. Due to 
their different functions, these muscle groups have different 
patterns of energy production and consumption. This is 
reflected in the differential expression of different contractile 
proteins, in particular the myosin isoforms.

There are a number of muscle fibre classification systems 
based on histochemical and/or biochemical characteristic 
(Klont et al., 1998). A common system for muscle fibre 
classification is as follows:

Type 1

These fibres are also called slow twitch or slow oxidative 
fibres, and use oxidative metabolic processes to generate ATP. 
For this reason they contain large amounts of myoglobin (red 
in colour), many mitochondria and many blood capillaries. 
Type 1 fibres are found in high proportions in postural 
muscles.

Type 2A

These fibres are also called fast twitch or fast oxidative/
glycolytic. They contain large amount of myoglobin, many 
mitochondria and many blood capillaries. Although these 
fibres are also dependent on oxidative metabolic processes 
for ATP generation, their contraction speed is faster than type 
1 fibres. Relatively high proportions of these fibres are found 
in limb muscles required for continuous use.

Type 2B

These fibres are also called fast twitch or fast glycolytic 
fibres, and are mostly reliant on anaerobic metabolism for 
ATP production. They contain little myoglobin (thus white in 
colour), few mitochondria and relatively few blood capillaries. 
Type 2B fibres are found in high proportions in locomotive 
muscle, particularly those involved in sprinting.

As mentioned above, muscle type affects meat quality. 
Locomotive muscles generate more force than postural 

muscles. Consequently, locomotive muscles need a stronger 
supportive structure to transfer this force to the bones. As 
a result, the connective tissue matrix in these muscles is 
relatively strong, with an obvious impact on the tenderness 
of the muscle.

Due to their metabolic nature, type 2A fibres exhibit a 
relatively rapid pH-decline early post mortem. Meat quality 
problems associated with a rapid pH decline at a relatively high 
carcass temperature include reduced water-holding capacity 
and limited tenderization during ageing. On the other hand, 
these muscles are less susceptible to the toughening effect of 
cold-shortening, which is characterised by a relatively slow 
pH decline in combination with rapid chilling.  

Post mortem metabolism

At death, an animal’s ability to deliver oxygen to the muscles 
is lost and the oxygen supply stored by myoglobin within the 
muscle is rapidly depleted. Consequently, ATP production 
is solely dependent on anaerobic metabolism via glycolysis. 
One of the by-products of glycolysis is lactic acid; and 
without a functioning vascular system to remove lactic acid 
from the muscle, its accumulation results in a pH decline. 
The conversion of glycogen to lactic acid continues until the 
enzymes involved in this process are inhibited by pH, or the 
glycogen reserves are depleted. Given adequate glycogen 
reserves, the ultimate pH of meat is about 5.5.  

Rate of pH decline and ultimate pH can influence 
tenderness, juiciness, colour, and shelf-life of the resulting 
meat product.  As temperature is associated with the rate of 
chemical reactions, muscle temperature can influence the rate 
of pH decline. A rapid rate of pH decline and a low ultimate 
pH will influence the structure of the myofibrillar proteins 
within the muscle leading to a decreased water holding 
capacity. 

When the muscle pH has declined to about 6, muscles 
will have entered rigor mortis. Biochemically, this state is 
characterised by insufficient ATP to break the bonds between 
the contractile proteins, actin and myosin. Toughness of 
muscle at the onset of rigor can be significantly affected by the 
state of contraction. Locker and Hagyard (1963) showed that 
contraction of excised beef muscles is at a minimum when 
muscles enter rigor at a temperature of about 15°C. Several 
factors can influence the temperature at which muscle enters 
rigor such as pre-slaughter stress, electrical stimulation, and 
chilling rate (Chapter 30).

Sensory and objective measurement of 
meat quality

Introduction

There are many factors that can impact resulting meat quality 
(Table 16.9). However, to determine the impact of a production 



400   G. Geesink and H. Zerby

International Sheep and Wool Handbook

Table 16.9. Factors which affect sheep meat quality. 

Stage Factors

Animal (intrinsic factors) Breed or interbreed crossing•	
Individual•	
Age, size, and milk capacity of dam•	
Type of birth•	
Sex•	
Age and weight at slaughter•	
Specific genes or genetic manipulation•	

Animal handling and environment Environmental conditions (climate, quality of air, etc.)•	
Importance of stress agents (noise, pathology, etc.)•	
Worm burden, resilience, or resistance•	
Age and type of weaning•	

Diet Type of raw materials of the ration•	
Physical characteristics of the ration (•	 i.e. particle size)
Ration chemical composition (energy, protein, etc.) •	
Dam’s nutritional status during gestation and lactation•	
Water quality and availability•	
Additives or supplements (vitamin E, ionophores, etc.)•	

Multi-causal factors Time of birth•	
Flock (natural immunity, disease status, etc.)•	
Production system (extensive, intensive, etc.)•	

Pre-slaughter conditions Transport (type, condition, and distance / time)•	
Duration of fasting•	
Lairage•	
Handling immediately before slaughter•	

Slaughtering Stunning method•	
Type of slaughter•	
Chain speed and room temperature•	
Hygiene•	

Post-slaughter Carcass wash•	
•	 Electrical stimulation

Type of carcass suspension (Achilles vs. tender stretch)•	
Chilling (type, temperature, rate, pH decline, etc.)•	
Post-mortem aging (duration and conditions)•	
Infusion or enhancement with solutions•	

Cut or muscle Muscle function (connective tissue, aging rate, etc.)•	
Processing and mechanical tenderization•	

Marketing and consumption Cold chain / distribution conditions (temperature)•	
Type of cuts and fabrication styles•	
Packaging and presentation•	
Cooking method (temperature, duration, type)•	
Slicing (thickness, with or against the grain)•	
Presentation (product temperature, spices, flavourings)•	

Source: adapted from Sanudo et al. (1998a).

practice or the influence of genetic selection on meat quality, 
the quality attributes in question must be able to be measured. 
Meat quality can be assessed subjectively by humans, or 
objectively by using, more or less, standardised laboratory 
measurements. The advantage of sensory evaluation is that 
it directly quantifies the human perception of meat quality. 
However, the disadvantage is that it is time consuming and 
expensive, mostly because there is a huge variation between 
and within individuals in assessment. Additionally, “halo 
effect” is often encountered with consumer panels (when 
more than one attribute of a sample is evaluated, the ratings 
will tend to influence each other; i.e. panellist let their opinion 
of juiciness influence their score of tenderness). Thus, a large 
number of evaluations are needed to obtain statistically 
significant results.

Sensory assessment can be undertaken using trained or 
untrained consumer panels. Trained panels will generally 
have a smaller variance, but due to the procedure, training 
can lead to biased results. Untrained consumer panels are per 
definition unbiased and have been used extensively in Australia 
to underpin the Meat Standards Australia (MSA) beef grading 
scheme (Thompson, 2002).  Recently, the same approach has 
been used to define the critical control points (Table 16.10.) 
for the eating quality of lamb and sheep meat (Russell et al., 
2005). Within this research project 5,600 consumers tested 
meat and scored it for tenderness, juiciness, flavour liking 
and overall liking (1-100). In addition, consumers were asked 
to rate the meat from 1) awful to 5) premium. The ultimate 
outcome of this research was the implementation of the 
MSA sheep meat eating quality assurance scheme for lamb 
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and sheep meat analogous to the MSA beef grading scheme 
(Polkinghorne et al., 2008).

Tenderness

The most commonly used objective measure of tenderness is the 
Warner Bratzler shear force or a variation thereof. In this method, 
meat samples are cooked according to a standardised protocol 
and standardised subsamples of these pieces of meat are sheared 
perpendicular to the fibre direction using a shearing blade. The 
force required to shear through the samples is measured in 
kilograms or Newton using a load cell. Shear force is affected 
by cooking method, dimension of the samples and the shearing 
blade, speed at which the blade moves, etc. Therefore, it is usually 
difficult to directly compare results from different laboratories 
using different protocols or machines (Wheeler et al., 1997).

However, regardless of the method used, the higher the force 
needed to shear through the samples, the tougher the meat. For 
well cooked meat in relatively low connective tissue cuts, shear 
force mainly reflects the contribution of the myofibrillar structure 
to toughness.

A method designed to mainly assess the strength of the 
connective tissue network is the compression test. A flat ended 
cylindrical rod is pushed twice into the cooked meat at the same 
location. The variables measured are the hardness (work on 
initial penetration), cohesiveness (ratio of work on the second 
and initial penetration) and chewiness (the product of hardness 
and cohesiveness).

These methods do not always reflect the consumer’s evaluation 
of tenderness, but they are useful to evaluate the general effects of 
production and processing factors on the tenderness of meat.

Juiciness and water holding capacity

Juiciness of meat results from release of fluid from the 
meat upon biting/chewing and the stimulatory effect of 
fat on salivation. At present, there are no good objective 

measurements that accurately predict juiciness as experienced 
by humans. However, given the importance of water holding 
capacity of meat for yield of saleable product, many tests have 
been developed to assess this characteristic. These include 
drip loss from carcasses and cuts, weep or purge in vacuum 
packed cuts, cooking moisture loss, and a myriad of tests to 
quickly assess water holding capacity (Honikel, 1998). 

Flavour

Once meat is tender, flavour is the most important determinant 
of consumer acceptability of meat (Sitz et al., 2005), and 
flavour is often misconstrued with taste. Taste is one of the 
five senses and taste sensations include: sweet, salty, sour, 
bitter, and umami (savoury).  Flavour is the perception 
derived from combining the senses of both taste and smell.  
At present there are no objective methods to determine meat 
flavour, and it is unlikely that they will be developed in the near 
future. One reason for this is that there are over one hundred 
volatile compounds that influence smell and contribute 
to meat flavour (Calkins and Hodgen, 2007). In addition, 
cultural influences can play a major role in the like or dislike 
of specific flavours in lamb (Sanudo et al., 1998b; 2000). 
Nevertheless, techniques aimed at identification of flavour 
compounds include gas chromatography – mass spectrometry 
(GC-MS) and gas chromatography – olfactometry (GC-O) 
(van Ruth, 2009). In the latter technique, the separating 
power of gas chromatography is combined with the human 
abilities to describe the characteristics and intensity of flavour 
compounds.

Colour

Consumers base their choice of meat on its appearance, and 
colour is an important aspect of appearance. In red meats, 
myoglobin is primarily responsible for meat colour, but 
the source (wavelength and intensity) of light illuminating 

Table 16.10.  Potential Critical Control Points (CCPs) through the supply chain for enhancing eating quality. 
Supply Chain Potential Critical Control Points

Livestock Production CCP 1 - Animal Age
CCP 2 - Nutrition
CCP 3 - Animal handling and welfare

Transport and Lairage CCP 1 - Minimise stress
CCP 2 - Manage feed withdrawal
CCP 3 - Animal handling and welfare

Slaughter CCP 1 - Electrical stimulation
CCP 2 - Carcass suspension
CCP 3 - Manage carcass chill

Cold Chain and Distribution CCP 1 - Control temperature
CCP 2 - Monitor aging time
CCP 3 - Maintain package integrity

Market Outlets CCP 1 - Match category and cut to target market
CCP 2 - Manage environment, shelf-life, and wholesomeness
CCP 3 - Provide nutritional and cooking information

Source: adapted from Russel et al. (2005).
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the meat product can also influence its appearance. When a 
freshly cut meat surface is exposed to air, oxygen penetrates 
into the meat. Binding of oxygen (oxygenation) to myoglobin 
produces cherry-red oxymyoglobin. However, oxidation of 
myoglobin during storage results in the formation of greyish-
brown metmyoglobin. Oxidation, or browning, is fastest at a 
relatively low oxygen pressure. Therefore browning occurs 
first at a certain depth below the meat surface, depending on 
the extent of oxygen penetration. However, after several days 
of storage the metmyoglobin layer will reach the surface of 
the muscle, browning will be visible, and the product will be 
rejected by consumers (Wulf et al., 1995). Colour stability is 
therefore an economically important aspect of meat quality.

Many visual and instrumental methods to evaluate meat 
colour have been used (Hunt et al., 1991).  One of the most 
commonly used instrumental methods is the measurement of 
L* , a*  and b* values. In this, L* represents the lightness of 
the colour (0 = black, 100 = diffuse white), a* represents the 
position between green and red/magenta, and b* represents 
the position between blue and yellow.

Pre-slaughter factors affecting meat 
quality

Tenderness

Unlike for beef, there are relatively few studies which have 
conducted comparison of palatability of more than a few 
sheep breeds under rigorously controlled conditions for the 
effects of age, plane of nutrition and processing conditions. 
The most useful information probably comes from a breeding 
project at the Meat Animal Research Center in Clay Center, 
NE (Shackelford et al., 2003, 2005). This study evaluated 
the offspring of Finnsheep, Romanov, Dorper, Katahdin, 
Rambouillet, Suffolk, Texel, Dorset or composite sires (½ 
Colombia, ¼ Hampshire, ¼ Suffolk) on composite ewes. 

Over the two years of evaluation, loins from Composite and 
Dorset sired lamb were tougher than loins from Finnsheep 
sired lambs (Table 16.11). No other significant differences in 
tenderness between breeds were observed. Similarly, Safari 
et al. (2001) did not observe an effect of genotype in six 
different crosses on tenderness. Thus, generally there is little 
difference in tenderness between breeds.

The Merino breed has a poor reputation for eating quality. 
However, this is due to the fact that these animals have greater 
stress sensitivity than other breeds, and are thus more prone to 
yield high pH meat, which negatively affects eating quality.  
When fed sufficiently and handled to provide minimal stress 
before slaughter, the eating quality of meat from Merinos is 
equal to other breeds (Young et al., 2005).

Although differences between breeds are relatively 
small, variation in tenderness within breeds can be quite 
considerable (Safari et al., 2001; Hopkins et al., 2005). An 
extreme example is animals that carry the Callipyge gene. 
Carriers of this gene show increased muscling, but also 
increased toughness (Goodson et al., 2001; Shackelford et 
al., 1997). The challenge, therefore, is to identify genotypes, 
regardless of breed, that predispose an animal to produce 
tender meat.

Animal age is important in the sheep industry because 
it determines whether meat can be sold as lamb, hogget or 
mutton. The age related effects on tenderness are thought to 
be due to increased cross linking of intramuscular collagen 
(Kopp and Bonnet, 1987). Given that different muscles 
contain different amounts of collagen, the effect of animal 
age on tenderness may be quite variable. Pethick et al. 
(2005) found grilled loin (m. Longissimus dorsi) steak 
tenderness unaffected up to an age of 20 months. However, 
the tenderness of grilled silverside (m. Biceps femoris), a 
high connective tissue cut, decreased beyond 8.5 months of 
age. No differences in tenderness were observed between 
grilled loins from 12 and 22 month old animals.  These age 
differences had a large impact on tenderness of the silverside, 
but relatively little on the topside (m. Semimembranosis) of 
roasted legs. Thus, in general, the eating quality of lamb 

Table 16.11. Effects of breed of sire on shear force and sensory traits. 

Breed of sire Shear force Tenderness* Juiciness* Lamb flavour 
intensity*

Off-flavour*

Finnsheep 19.3d 5.91a 5.56a 4.75a 4.47a

Romanov 20.9cd 5.80ab 5.54ab 4.86a 4.54a

Dorper 22.8abcd 5.65ab 5.42c 4.74a 4.48a

Katahdin 21.1bcd 5.72ab 5.53ab 4.87a 4.54a

Rambouillet 22.5abcd 5.72ab 5.46bc 4.73a 4.46a

Suffolk 25.6ab 5.56abc 5.53ab 4.72a 4.40a

Texel 22.0abcd 5.60abc 5.46bc 4.89a 4.61a

Dorset 23.8abc 5.47bc 5.48abc 4.73a 4.46a

Composite 25.7a 5.30c 5.47bc 4.73a 4.40a

abcdMeans, within a column, that do not share a common superscript letter differ significantly (P<0.05).
*1 = extremely tough, extremely dry, extremely bland, or extremely intense off-flavour; 8 = extremely tender, extremely juicy, extremely 
intense, or no off-flavour.
Source: Shackelford et al. (2005).
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is better than hogget, or mutton, but the effect of age on 
tenderness varies with muscle.

There is no evidence that the type of diet affects tenderness 
(Pethick et al., 2005). However, it is clear that nutrition should 
be adequate to prevent against high ultimate pH (growth rate 
in the two weeks prior to slaughter should be a minimum of 
100g per day; 150g per day for Merino sheep) and to allow the 
animals to deposit enough intramuscular fat (4-5%) to achieve 
optimal palatability for eating (Young et al., 2005).

Juiciness

There appear to be little inherent differences in juiciness 
between breeds (Table 16.11). Also, there is no evidence that 
diet per se affects juiciness (Pethick et al., 2005). However, 
the energy content of the diet may affect juiciness in two ways. 
If the nutritional status of the animals before slaughter is low, 
glycogen stores may be insufficient to reach a normal ultimate 
pH of about 5.5. High pH meat, also known as Dark, Firm, 
and Dry (DFD) meat, is less juicy than meat with a normal pH 
because of its high water holding capacity. Secondly, a low 
energy diet, may result in reduced deposition of intramuscular 
fat. Fat stimulates salivation and is responsible for the 
experience of sustained juiciness. 

Flavour

Sheep meat has a distinct flavour and sometimes off-flavour 
(Jamora and Rhee, 1998; Duckett and Kuber, 2001; Prescott et 
al., 2001). Several compounds are believed to impact on sheep 
meat flavour. The flavour associated with mutton is thought to 
be associated with the concentration of branched chain fatty 
acids in the fat. Another off-flavour candidate is skatole, which 
is also associated with the problem of “boar-taint” in pigs.

The effect of breed appears to be rather minimal (Table 
16.11, Shackelford et al., 2003, 2005). Therefore, the main 
drivers of the intensity of sheep meat flavour and off-flavours, 
are in the combination of the effects of diet, animal age and the 
genetic propensity to accumulate flavour compounds in the fat 
fraction, independent of breed type. Duckett and Kuber (2001) 
mention that grass feeding and grain feeding generally result 
in similar flavour intensities but flavour intensity is increased 
by pastures like white clover and alfalfa. 

There is an increasing amount of interest in altering 
omega-3 and omega-6 fatty acid profiles of lamb meat to 
fulfil niche-marketing opportunities.  Most strategies to alter 
fatty acid profiles involve either grass feeding or long-chain 
polyunsaturated fatty acid (PUFA) supplementation in the 
diet.  Regardless of the strategy used, increasing the PUFA 
ratios may lead to a greater rate of lipid oxidation, which in 
turn can lead to an increased incidence of off-flavours.  Thus, 
it may be necessary to consider supplementing lambs with 
additional Vitamin E to help prevent oxidative rancidity and the 
development of off-flavours for production systems targeting 
these specialty markets.

Although the term “mutton flavour” is clearly associated 
with animal age, there are surprisingly few studies relating 
the change in flavour with age. Rousset-Akrim et al. (1997) 
did observe an increase in sheep meat flavour when pasture 
fed lambs were slaughtered at about 200 days of age, instead 
of 100 days of age. However, in the same study, meat from 
8.5 year old ewes scored lowest on this descriptor. Similarly, 
Pethick et al. (2005) found little or no effect of animal age (8.5 
– 68.5 months) on the descriptor “liking of flavour”. Similarly, 
no differences in flavour acceptability of Uruguayan lamb of 
different ages (3-4 vs. 12-13 months) were noted by German 
or Spanish consumers, whereas British consumers preferred 
the flavour of the older animals (Font I Furnols et al., 2006). 

Clearly, the issue of sheep meat flavour is not well 
defined and certainly influenced by the consumer’s culinary 
background. Sanudo et al. (2007) studied animals representing 
12 local types of lamb from 6 different countries that were 
raised and slaughtered according to the local practice. Results 
from this study showed a clear association between country 
and lamb type preference. Mediterranean consumers as a 
group preferred a “milk- or concentrate-fed” taste, whereas 
Northern Europeans preferred a “grass-fed” taste.

Colour

A greater concentration of myoglobin produces a darker red 
colour.  The concentration of myoglobin tends to increase with 
age, and can be affected by breed (Hopkins et al., 2005; Pethick 
et al., 2005).  Colour can also be influenced by diet; grass fed 
lambs have slightly darker meat colour (Priolo et al., 2002), 
presumably associated with a greater intake of carotenoids.

However, the most important factor affecting meat colour 
is its pH, with high pH meat being dark in colour and less 
colour stable during display. High pH is generally associated 
with elevated levels of pre-slaughter stress and / or low 
glycolytic potential. Safari et al. (2002) surveyed the quality of 
retail lamb midloins in four major cities in Australia and found  
more than 10% of the samples had a pH unacceptably above 
5.8. Guidelines to prevent high pH sheep meat are provided in 
chapter 30.

Since browning of meat during display is due to oxidation 
of myoglobin, the most effective way to extend shelf life is 
increasing the level of antioxidants in the meat. An effective 
way to achieve this is supplementing the diet with vitamin E. 
Wulf et al. (1995) showed that supplementing lambs in feedlots 
with 500 IU vitamin E per day for 56 days extended the shelf 
life of loin retail cuts by about 4 days. Supplementation beyond 
this amount (1,000 IU) did not result in an increase in vitamin E 
levels in the muscles and negatively affected growth.  Turner et 
al. (2002) reported on the effect of vitamin E supplementation 
up to 300 IU per day for 56 days. Supplementation up to the 
maximum amount increased vitamin E levels in the muscles 
and extended shelf life. Thus it appears that the feeding level of 
vitamin E for lambs in feedlots should be 300-500 IU per day 
to achieve an optimum effect on shelf life. 
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Current and future developments 

A complex series of factors affect the eating quality of sheep 
meat. Based on the available knowledge on factors affecting 
meat quality, initiatives have been taken in some major sheep 
producing countries to improve and control the quality of sheep 
meat. In New Zealand, the “Beef and Lamb Quality Mark” 
program was introduced in 1997 (Frazer, 1997). This program 
aims to improve and control sheep meat quality through 
specifications for animal handling, processing variables, aging 
times and ultimate pH of meat. Although the recommendations 
for ageing time were certainly not followed consistently, it can 
be argued that this program has been successful, since only 
3-5% of retail lamb loins could be classified as tough in the 
years after introduction of the program (Bickerstaffe et al., 
2001). In contrast, a similar survey over the same period (1997-
1998) in Australia showed that more than 20% of retail lamb 
loins could be classified as unacceptable based on shear force 
measurements (Safari et al., 2002).

In 2000, Meat and Livestock Australia, with the support of 
industry and research partners, started the Sheep Meat Eating 
Quality (SMEQ) research program. The aim of this research 
program was to define best practices through identification 
of critical control points for eating quality from conception 
to consumption. Research findings of the initial years of the 
program were published in a special edition of The Australian 
Journal of Experimental Agriculture (Vol. 45, No. 5, 2005). 
Based on the outcomes of the SMEQ program, the MSA sheep 
meat program was instigated. For sheep meat to be MSA graded 
it has to fulfil a number of criteria based on the critical control 
points identified in the SMEQ program. By 2009 , the MSA 
sheep meat program was based on over  45,000 consumer taste 
tests of lamb and sheep meat. 

An important critical control point in the production of 
high quality lamb and sheep meat is the genetic potential 
of the animals. This issue is currently addressed in the meat 
quality program of the Cooperative Research Centre for Sheep 
Industry Innovation. The program aims to increase retail meat 
yield, while at the same time improving palatability and the 
nutritional value of meat. Each year 5,000 ewes are inseminated 
to sires chosen from across the industry. The progeny are being 
extensively tested for meat production aspects such as yield, 
meat quality and nutritional value. The generated information 
will be used to improve the accuracy of breeding values for 
existing traits and contribute to the development of breeding 
values for new meat traits. 

The combined efforts of applying best management 
practices and selecting appropriate genotypes are expected 
to increase industry profitability through an improvement in 
production efficiency and meat quality.  Additionally, ongoing 
improvements in technology to evaluate lamb carcasses for 
yield and palatability (underpinned by MSA grading criteria) 
will improve the industry’s ability to more accurately assess 
the true value of a lamb carcass. This in turn will augment 
payment systems within the supply chain and enhance the 
development of value-based production systems that reward 
the use of best management practices.
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Introduction

Management of livestock enterprises has become an 
increasingly complex activity. For example, the impact of a 
sheep, via its alimentary tract’s greenhouse gas emissions, on 
climate change potential needs to be considered, in addition 
to its pedal impact on Australia’s fragile soils.

The term ‘management’ is itself an abstract entity, not 
to be confused with ‘husbandry’. The latter refers to the 
physical activities performed upon sheep, which may include 
merely moving groups from one pasture to another, as well 
as the more commonly understood tasks involving ‘hands-
on’ activities some of which are described here, others in the 
handbook’s glossary.

What is management?

Management can be defined simply as ‘the considered use 
and combination of inputs to modify the production potential 
of an enterprise’.

 Inherent in this is the timing of activities. Those 
coordinating benchmarking studies across Australia 
commonly testify to this factor differentiating the superior 
from the average sheep enterprise manager. ‘T’ain’t What 
You Do, It’s the Way That You Do It’ - that’s what gets results’ 
(Oliver and Young, 1939).

For a grazing sheep, inputs include:

Pastures (Chapter 18)•	
Sheep genetics (Chapter 8)•	
Disease treatments and prophylactics (Chapter 20)•	
Labour (Chapter 21)•	

Impacting upon management decisions are a multitude 
of factors internal and external to the physical farm land 
boundaries, such as:

Climate, especially rainfall•	
•	 Market prices of both wool and sheep meat, both local 

and global
Market prices and production costs of cereal grains and •	
oilseeds, being associated land use activities, especially 
for sheep enterprises in Australia
Input costs•	

Global shifts in consumer preferences and attitudes, •	
animal welfare awareness being a topical example

Management utilizes a sequence of thought process based on 
observation, problem identification, goal setting, planning, 
decision making, implementation, monitoring and evaluation 
(Squires, 1991). This becomes an ongoing, overlapping, 
integrated systematic process.

Generally the degree of management and husbandry 
interventions is in proportion to the degree of enterprise 
intensification, usually measured by stocking rate. Stocking rate 
is a function of pasture production, in turn largely influenced 
by rainfall amount and distribution (Chapters 13 and 18). 

Because labour has become an increasingly costly input 
in agriculture, it is beneficial to profitability to increase 
stock numbers per person under management. A common 
benchmark in Australia with regard to human involvement 
with livestock enterprises is 10,000 dse per labour unit. (Of 
course many farms have less than this number of livestock. In 
such cases labour is used profitably on other on- or off-farm 
activities). However, whatever this ratio the consequences of 
good or bad management decisions are more rapidly realised 
in localities supporting higher stocking rates. Things, 
favorable or unfavorable, simply happen more quickly. 

Management of sheep has continued to evolve since the 
species was first domesticated in about 9,000 B.C. in south-
west Asia (Ryder, 1983). Management decisions are usually 
made with the aim of optimizing net farm income, the sheep 
enterprise possibly being one of a number of enterprises. It 
would be expected that satisfactory sheep welfare was inherent 
in all decisions, as well as maintaining a sustainable resource 
base (e.g. soil and pasture). Much current farm management 
involves land resource rehabilitation as a consequence of 
historical degradation (Chapter 19), largely perpetrated in 
ignorance (Holmes, 2006). 

Some of the major profit drivers of sheep enterprises are 
discussed later in this chapter. Superior management requires 
an awareness of all aspects of the operation together with 
their interrelationships. For example, for optimum pasture 
utilization, change of lambing time may necessitate a change in 
stocking rate (Holmes, 2006); modification of parasite control 
and shearing time may need to change. The most profitable 
genetic sources may change with  stocking rate; which may 
lead to modification of sheep turnoff policy; and so on.
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Husbandry operations

Husbandry operations are not ‘management’ but a brief 
description is given here of those routinely experienced by 
most sheep in Australia. Other husbandry operations are 
defined in the glossary.

Lamb marking

This term customarily covers the operation where ear 
marking, castration, tail docking and, for some Merino sheep 
at least, mulesing are conducted on lambs. Colour-coded 
and branded ear tags may also be applied at this stage – their 
use before sheep movement from the property of birth is 
mandatory. Vaccination against a number of diseases may 
also be undertaken simultaneously. The younger the lamb is 
when this operation occurs, the less stress it imposes. Two 
weeks of age is optimum, although in practice it usually 
occurs at the completion of lambing when the oldest lamb 
may be 6 - 8 weeks of age.  

For intensively-managed flocks, by drafting the ewe 
flock into time-of-lambing mobs – for example by udder 
inspection prior to lambing, or by the use of ram raddle 
harness throughout joining - managers can mark lambs closer 
to the optimum time. This confers the additional benefits of 
improved nutritional management of the flock and more 
effective supervision through lambing due to more precise 
knowledge of when ewes are going to lamb. However this is 
an uncommon operation due to labour constraints.

Ear marking

Ear marks may be inserted into the ears of sheep to provide 
proof of ownership. Specially designed pliers are used to 
remove a small portion of the ear.

Castration

Except in stud breeding, the male progeny are usually castrated 
as an aid to management. However, the male portion of prime 
lamb flocks are increasingly being left entire or made into 
cryptorchids. Such lambs exhibit faster growth rates and 
produce a leaner carcass when compared to castrates (Hopkins 
et al., 1994). 

Leaving rams entire after 6-7 months of age increases the 
risk of unplanned pregnancies. Ram lambs or cryptorchids 
of this age are more prone to injury due to fighting, and 
poll strike becomes more common and the cost of shearing 
doubles. Increased horn growth causes additional management 
problems, such as lambs being caught in fences. In practice, 
ram lambs that will not be marketed before 5 months of age 
(that is, small lambs at marking) should be castrated. 

Elastrator rings or a lamb-marking knife are most commonly 
used for castration. Another method, the burdizzo, crushes the 

cords just above the testicles, causing them to wither. Although 
bloodless, this method is unreliable and rarely used. 

The elastrator method involves the use of a rubber ring, 
which is expanded using a pair of special pliers and placed over 
the scrotum just above the testicles. The ring prevents blood 
circulation, causing the scrotum and testicles to eventually 
wither and fall off. It induces the same effect when placed on 
the tail. 

If making cryptorchids, the testicles are first pushed through 
or up against the abdominal wall before applying the elastrator 
ring to the scrotum. The ring holds the testicles in this position 
causing testicular temperature to rise, thereby preventing viable 
sperm production. Surgical removal of the testicles involves 
cutting off the bottom one-third of the scrotum with a sharp 
sterilised lamb-marking using a slicing, not pushing, motion 
with the operator’s left foot forward, if right handed, to avoid 
right thigh injury by the knife. The testicles are then exposed 
(by squeezing the remaining portion of the scrotum with the 
thumb and index finger) and removed with a clamp or hook on 
the end of the knife. 

For welfare reasons the operation is best carried out on 
lambs as young as possible. 

Tail docking

Implements required for castration are also commonly used 
to remove tails. Tail docking assists in the control of blowfly 
strike and provides for easier shearing. 

Tail severance should occur level with the tip of the vulva 
or below the second palpable tail joint. If lambs are mulesed at 
marking or later, tails are cut slightly longer - that is, below the 
third palpable joint - as some tail shrinkage occurs following 
mulesing. The tail then remains sufficiently long to be lifted 
during urinating, preventing wool above the tail from becoming 
wet and attractive to flies. The vulva area is also shaded and 
so less prone to cancerous growths caused by direct sunlight. 
Growths are common in older sheep when the tail has been 
completely removed (butted). 

When using the lamb-marking knife it is important that 
the bare skin beneath the tail is pushed forward just prior to 
severance, leaving a flap of skin to heal over the bottom of the 
cut tail. Any other action is likely to leave wool-bearing skin 
at the base of the tail, which on becoming wet from urine risks 
blowfly strike. Severance should occur between the tail joints. 
Cutting through the bone leads to slower healing and so greater 
risk of fly strike. 

Gas-heated de-tailers are now increasingly used. The 
heat cauterises the blood vessels, which virtually eliminates 
bleeding. There appears to be less stress associated with this 
method, as lambs return to normal behavioural patterns earlier. 

Mulesing

This operation involves surgically removing wool-bearing 
skin from the breech area of sheep to both remove skin 
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wrinkles and increase the bare area, with the aim of reducing 
susceptibility to fly strike. In 2010 the practice is being phased 
out as an industry response to concerns about sheep welfare; 
however those managing Merino sheep with the undesirable 
trait of excessive breech skin wrinkle in localities more prone 
to flystrike maintain its necessity for the present.

There is no doubting the efficacy of mulesing for 
unfortunately-bred sheep. Mulesing, together with correct 
tail length and control of scouring, decreased the incidence 
of breech strike in the studies of Watts et al. (1979) by about 
90%. 

Since the operation was first described by J.H.W. Mules 
during the 1930s, its application has been modified and 
improved. The Australian Best Practice Mulesing Manual 
(2006) presently recommends a mules with a ’V’ of wool-
bearing skin extending one-third of the length of a tail that 
has been docked below the third palpable joint. The breech 
cuts commence next to the base of the tail and extend along 
the edge of the natural bare area below the tail, the width 
being varied as befits the degree of breech skin wrinkle. 

The length of tail reduces the risk of fly strike and shades 
the vulva area (see previous section). The ’V’ of remaining 
wool-bearing skin protects the tail from ultraviolet rays, 
reducing the possibility of cancers on the tail. Removal of 
wool from the sides and end of the tail further reduces the 
risk of fly strike.

To reduce the pain associated with mulesing, a topically-
applied product containing a variety of medications, including 
a local anaesthetic (Trisolfen®), is currently recommended in 
Australia.

Vaccination

Lambs are usually vaccinated against clostridial diseases 
and contagious lymphadenitis at lamb-marking. A complete 
disease control program involves vaccination of the ewe pre-
lambing, and of the lamb at marking and then 4 to 6 weeks 
after marking. (Chapter 20)

Marking and mulesing management 

Sound planning is needed so minimal stress is imposed on 
the lamb and procedures are implemented that will reduce 
the risk of infection. It is recognized that for welfare reasons 
these procedures are best carried out on lambs as young as 
possible (Farm Animal Welfare Council, 2008)

A well-designed vaccination program for the control 
of clostridial diseases (Chapter 20) virtually eliminates the 
risk of these diseases following marking and mulesing. 
Infection risk is reduced by constructing temporary

 
yards in 

the paddock. The high level of sheep traffic through main 
sheepyards increases the risk of disease if marking and 
mulesing occur there. Temporary yards facilitate the post-
operative mothering process of ewes and lambs and should 
eliminate the need for driving them back to their paddock. 

Mustering time in most cases is also reduced, which helps to 
reduce the level of stress prior to the operation. Lambs should 
be allowed to rest before marking and mulesing commence. 
At seasonal times when there is a risk of flystrike associated 
with the surgical procedures, insecticides may be applied to 
surrounding wool areas.

All equipment used should be maintained in optimum 
condition and strict hygiene employed throughout.

Calendar of operations

Time of lambing

The most important management decision involving sheep is 
the choice of lambing time. This of course is set by choice of 
joining time. This is the case in all regions – pastoral, crop-
livestock and high rainfall.

Because of the changing physiological status of the ewe 
throughout the year, there is a seasonal variability in feed 
requirement (Chapter 14).  Grazing of pasture is the cheapest 
and most widely used source of nutrition in Australia (Chapter 
2), New Zealand (Chapter 3), South America (Chapter 4) and 
South Africa (Chapter 5).  Its disadvantages are its variability 
of supply between seasons of the year, between years and 
between different areas (Chapter 18).The synchronisation 
of flock requirement with available pasture feed supply to 
achieve maximum utilisation is the background to choice 
of lambing time. Time of lambing is one of the major profit 
drivers of sheep enterprise profitability.

Factors which may be considered in choice of time of 
lambing:

Pasture growth pattern for the district•	
Type of enterprise - wool or lamb production•	
Flock structure - proportion of ewes•	
Breed of sheep•	
Marketing plans•	
Cost of supplementary feed•	

In general, pasture conditions over the period of late pregnancy 
and lactation have far more influence on the productivity of 
ewes than variations in fertility at joining.  Merino sheep do 
respond to nutritional attempts to improve ovulation rate 
(Chapter 9), but the effect of this on profitability is minor 
compared with responses to nutrition from mid-pregnancy to 
mid lactation (Chapter 10). The very considerable lifetime 
effect on wool production and body weight of poor nutrition 
during pregnancy and lactation is now well recognised and 
quantified (Ferguson et al., 2007).

The limiting periods of the year in southern Australia are 
autumn (dry feed low in quality and quantity) and winter 
(green feed, high in quality but low in quantity).  Avoiding late 
pregnancy and lactation in these months is of obvious benefit. 
The more sheep that can be carried through this period, the 
higher will be the number available to consume the spring 
surplus, and therefore the greater will be the turnoff of wool 
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or meat.  The confirmed relationship between stocking rate 
and wool production per hectare (Chapter 13) make this a 
very important consideration, especially for wool producing 
flocks.

Pasture composition is important in that different pasture 
mixes will have different qualities in each of the periods 
considered.  Confining discussion to the autumn and winter 
periods, when feed supply is limiting, great differences 
exist between common pasture species in their digestibility, 
growth rate and growth habit (Chapter 18).  The latter two 
combine to influence the feed a ewe can physically consume. 
Of the many other factors which could be considered, grass 
seed levels are certainly significant, in that young sheep may 
suffer serious growth checks if exposed to high levels of 
some seeds, for example barley grass, some brome grasses 
and Erodium sp.(“corkscrew”).  Time of seed set may have 
an influence on time of lambing, or at least be accommodated 
in management decisions.

Type of enterprise will influence time of lambing, in that 
lamb producing enterprises will be more concerned with 
having a marketable product by a specified time, usually 
determined by:

Seasonal market prices•	
End of spring pasture phase (quality and quantity non-•	
limiting)

To achieve this, stocking rates may need to be lower and 
lambing earlier than for a wool producing enterprise.

Flock structure exerts its effect by the change in overall 
flock feed requirements (quality and quantity) occurring 
due to the requirements of the ewe component. It is more 
important for the ewe flock to match feed requirements with 
feed supply.

The integration of pasture and crop has implications for 
the time of joining, in that the crop residues provide a feed 
source which normally becomes available during the period 
of summer pasture decline.  In an enterprise with 50% of the 
land in crop and the often poor pasture production on the 
rest of the farm, cereal crop residues may in fact provide a 
very substantial amount of feed, thus ‘filling in’ the period of 
pasture deficit (Stallwood, 1981).  Time of lambing may not 
be so important, and may be governed more by considerations 
of accommodating cropping activities and utilising stubbles.

Breed of sheep may influence lambing time. Although 
the Merino sheep does show seasonal variations in fertility, 
these are not inhibitory for joining between the months of 
October and May.  Difficulties are experienced, however, in 
attempting to join British breeds and their crosses out of the 
autumn period (Chapter 9), and may preclude the practice in 
many areas.

Cost of supplementary feed is obviously important, in that 
a balance must be reached between the cost of supplements 
and the likely return.  Rarely are costs recouped from 
supplementing for wool or lamb production per se; rather 
the supplement allows additional sheep to be carried through 
a period of feed inadequacy in order to utilise subsequent 

feed surplus.  Utilisation of supplementary feed is a case 
for continual revision of management practice, as cost and 
returns are always changing.

The advantages of minimising supplementary feeding of 
lambing ewes are considerable, as nutritional requirements 
are best provided by pasture, and it is the author’s observation 
that disturbance in the paddock can lead to significant lamb 
losses from mismothering.  As an additional consideration, 
paddock traffic is not always possible in winter, and wastage 
of both grain and hay can be substantial.

As an example of choosing lambing time for much 
of southern Australia, a general recommendations is that 
lambing be scheduled as late as possible, a good guideline 
being for lambs to reach 45% of mature bodyweight by the 
time of pasture quality decline. For southern Australia with 
annual or perennial C3 pasture species, this equates to plant 
senescence. This is not such a firm deadline if good quality 
crop stubbles or unharvested fodder crops are available.

This time of joining does not present any problems with 
regard to ewe fertility or to lamb growth at the end of the 
pasture growing season. Judicious use of pastures and cereal 
stubbles often permits a rising plane of nutrition for ewes in 
the pre-joining and joining periods, thus overcoming possible 
ewe bodyweight decline by February.

As a general guide, a recommended time of lambing for 
a self-replacing Merino enterprise might be 3 months before 
the end of the spring growing season, and for trade lamb-
producing enterprises 4 months prior. 

For example, for the region of south-western Australia, 
lambs born after July achieve satisfactory weights by pasture 
senescence in October-November, with averages around 
30 kg.  Exact synchronisation of the calculated ewe feed 
requirements and pasture growth is not always possible but 
ewe condition score and feed on offer (FOO targets) (Curnow, 
2008) allow management of seasonal variations.

For arid pastoral regions, for the principles outlined 
above, lambing generally takes place over the autumn to 
winter period, as mostly dictated by the expected pattern of 
available nutrition. 

Time of shearing

The major and inescapable event for all but shedding hair 
breeds of sheep is shearing, or wool harvesting as it should 
perhaps be better termed, to include the process of biological 
defleecing (Bioclip®) (Chapter 21). 

Although there have traditionally been seasonal ‘peaks’ 
of wool harvesting, over recent decades these have been 
significantly reduced, and in fact it now takes place over 
much of the year (Table 17.1). It has been customary to 
shear autumn lambing flocks in the spring, wool removal 
preceding the impending grass seed and flystrike season, as 
well as readying sheep for sale as pasture quality and quantity 
declined. However, as demonstrated for Western Australia in 
recent years (Table 17.1), these are no longer such urgent 
considerations due to:
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Later lambing becoming much more prevalent•	
Improved pasture species and management, both •	
diminishing grass seed severity and prolonging the 
growing season
The availability of considerably more crop residues •	
throughout much of Australia
An awareness of the association between spring shearing •	
and reduced wool staple strength and unfavourable 
position of break, and increased price penalties for the 
latter
Effective and cheap chemical blowfly preventatives•	
Improved genetic resistance to blowfly strike in much •	
of the flock

Table 17.1. Trends in Percentage of Wool Shorn by Season 
in Western Australia.

Season 1992 1997 2004 2008

Spring  40 36 26 30
Summer  19 25 24 27
Autumn  19 22 30 26
Winter 22 17 20 17

Source: K. Curtis (pers. comm.).

In addition, the availability of shearers is now an important 
consideration; even if it were advantageous to shear at a 
particular time, there is no longer labour readily available.

Fortunately experience has demonstrated that there is 
negligible economic difference between a range of shearing 
times and patterns, and the preferences and needs of individual 
managers can generally be accommodated. There also exists 
considerable flexibility in the shearing intervals for young 
sheep to align them with the adult flock (Campbell, 2006).

A sample calendar of operations

Given that the major management decision for any sheep 
flock with reproducing ewes is the time of lambing, apart 
from shearing most husbandry operations take place at a time 
determined by this decision. A sample calendar of operations 
(Table 17.2) can be modifed by personal or locality influences. 
For different lambing times the timing of operations can be 
transposed accordingly.

As a principle of good management taking into account 
labour availability and sheep disturbance, as many operations 
as possible should be combined at any mustering of sheep 
from paddock to yards.

Objectively describing and monitoring the condition 
score (CS) of sheep is a vital tool in management, given 
that clear biological and economic guidelines now exist 
(Curnow, 2008). A scale of 1 to 5 is used to describe 
estimates of the flesh cover on the spine and over the ends 
of the transverse lumbar vertebral processes (‘short ribs’) 
and the fullness of the eye muscle between the two (Chapter 
29). Distinction is made between the terms  fat score 

Table 17.2. Sample husbandry calendar for a winter/spring-
lambing flock, southern Australia. 

Month Activity 

February (mid) Joining commences. Rams put out with ewes 
ideally for no more than 6 weeks. (5 weeks represents 
2 cycles). Monitor ram health and activity where 
possible. 

  Supplementary feeding may be necessary – monitor 
sheep and pastures/stubbles.

March  Joining concludes. Normally mobs will be mustered 
to remove rams. Monitor worm egg counts (WEC), 
give anthelmintic treatment if indicated. Record ewe 
CS profile, action to maintain optimum condition, 
supplementary feed if indicated. Lower CS ewes may 
be drafted off for separate feeding.

April Nutritional requirements as for March. 
May Monitor pastures (FOO, Herbage Mass (HM)), ewe 

CS, feed to maintain CS as indicated. Pregnancy 
testing at this stage allows detection of dry, single- 
or twin-bearing ewes and provision of appropriate 
nutrition. Ewes may be drafted again on CS.

June Prepare ewe flock for lambing - vaccinate ewes and 
rams against clostridial diseases/CLA. 

  Monitor ewe and hogget WEC.
July Lambing commences. Monitor FOO/HM to ensure 

satisfactory intake
August Lambing concludes. 
September Mark lambs. Vaccinate lambs against clostridial 

diseases. Identify ewes that arc not lactating (failed 
to lamb or lost their lamb/s) and separate from 
lactating flock. Crutch ewes whilst mustered for lamb 
marking. 

  Crutch all other sheep, other than lambs.
  Monitor pasture availability for optimum ewe 

lactation and lamb growth rate. 
October  Turnoff of any lambs destined for slaughter 

should commence during the month. Nutritional 
requirements are as for September. Vigilance against 
flystrike conditions necessary, possibly jet susceptible 
sheep.

November  Wean lambs to prepared paddock - drench and give 
second vaccination, jet if indicated. Purchase ram 
replacements.

December  Wean remaining lambs early in the month. Post-
weaning, emphasise some weight gain in lambs and 
manage ewes to achieve maximum weight for joining 
in February. Aim for disease prevention, particularly 
fly strike and for condition score 3 to 4 in rams. 

 Depending on feed availability, ewes to be culled 
may be prematurely shorn for sale.

 Depending on national locality, a summer drench 
may be given at this stage. (not recommended in 
Western Australia unless high WEC).

January Shearing of all adult sheep. This includes measurement 
and selection of  replacement ewe hoggets. Note CS 
of ewes and rams. If necessary, place rams in a well-
shaded paddock with good water to eliminate the 
risk of heat-related infertility. Pre-shearing measure 
WEC of all sheep classes. Sheep can be treated if 
necessary whilst mustered for shearing. Off- shears 
lice treatment if lice detected. Sell cull sheep this and 
next month.
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and condition scoring and the significance of the relationship 
between them. For example, Merino sheep advance to CS 3 
before fat is laid down over the long ribs at the GR site. Fat 
score is not considered a suitable method for assessing the 
condition of adult ewes (Behrendt and Curnow, 2008).

Once green pastures are growing, sheep nutritional 
management mainly involves providing access to pastures 
of adequate availability. Pasture availability can be described 
as FOO or HM. Sheep requirements and the relationships 
between FOO (measured in kg DM/ha) and sheep performance 
are well documented, e.g. Curnow (2008) gives FOO/HM 
recommendations for ewes in varying physiological states 
on green pasture. Managers can be confident of achieving 
desired production outcomes whilst grazed pasture remains 
green.

On senesced pasture, direct sheep measurement 
is necessary as pasture quality may vary widely and 
unpredictably (see comments relating to stubble qualities). 

In arid, pastoral regions, there will be far less sheep 
interventions. Supplements are not provided as a rule, 
there will be less parasite treatment needed (if any), and 
the emphasis is on water supply and rangeland condition 
supervision and maintenance (Chapter 22).

Sheep production in Mediterranean and 
temperate environments

At least two thirds of sheep in Australia are run  in 
Mediterranean and temperate environments. The frequent 
interactions with cropping enterprises leads to some additional 
management factors.

The ‘classic’ Mediterranean environment is one 
characterised by wet cool winters and dry hot summers 
(Chapter 18). Autumn and spring are transitional between 
these extremes. Annual rainfall is low by comparison with 
other sheep producing regions, but is relatively reliable and 
mainly occurs in the cooler months. The net outcome of this, 
with lower evaporation, is the potential for more effective 
rainfall, and hence the growth of a range of adapted pasture 
grass and legume species.

The distinctive features of such an environment and the 
agricultural systems commonly practised are discussed here 
in some detail, and include: pasture composition, pasture 
growing season, pasture feed variations – quality and 
quantity, farming systems, in particular cropping/livestock 
associations, annual feed sources for livestock, timing of 
livestock management and husbandry and wool quality 
effects.

Distribution and features of Mediterranean regions

Within Australia, Mediterranean climatic zones occur either 
side of the Great Australian Bight – i.e. mainly in Western 

Australia and South Australia and smaller areas of Victoria 
and NSW. Such zones are found largely, but not exclusively, 
within the wheat-sheep zone (Chapter 2). 

Annual rainfall ranges from 200-1,000 mm, although more 
typically is 300 -600 mm. The characteristic and overriding 
feature is the concentration of rainfall in the cooler half of the 
year and the paucity of rainfall during the warmer months. 
Further features of such climates and regions include:

Cool and mild winters•	
Hot and sunny summers, low humidity•	
Frosts in winter, neither generalised nor severe •	
The pasture species are nearly all annuals, perennials •	
being found in confined niches favoured by soils with 
superior water-retaining characteristics
Farming systems associated with cropping, in that at •	
varying intervals pastures may be replaced by a crop 
monoculture for one or more years

Pastures

Grazed pastures are by far the main source of nutrition. Other 
significant sources include crop residues (‘stubbles’) and a 
range of supplementary feeds necessitated by the prolonged 
summer period without pasture growth.

A species strongly associated with the region is the 
legume, subterranean clover (Trifolium subterraneum). 
This is very well adapted to areas with acid soils. The other 
significant annual legumes, associated with more alkaline 
soils, are Medic species (Medicago). The best-performing 
and most respected grass component is Annual Ryegrass 
(Lolium rigidum), although pastures contain a considerable 
range of other grasses. These may be less desirable on account 
of lower productivity and, particularly for sheep health and 
wool quality, destructive seed characteristics.

By the end of the dry period, most of the plant material 
originating from the previous growing season is no longer 
present, having been eaten, trampled, leached or lost to 
microbial decomposition. If present, its nutritional attributes 
have been severely diminished. Following the ‘opening’ rains 
in autumn, plant germination occurs and pasture growth is 
initiated. The fate of pasture is in a precarious state at this 
time, as sufficient rain must fall with a distribution that 
maintains soil moisture to enable plant establishment and 
growth. A single large rainfall event is undesirable, the water 
being lost to soil due to runoff. ‘False’ breaks are feared, as 
not only is the growing pasture lost, but the seed bank for 
the next germination may be severely depleted, the outcome 
being sparse pastures for the remainder of the season.

With plant growth responding to moisture and temperature, 
there is a characteristic pasture growth/supply curve (Figure 
17.1). This is one of gradually increasing quantities of 
pasture during winter followed by a rapid increase in spring, 
reaching a maximum at plant maturity as rainfall finishes for 
the season. 
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Perhaps one of the most distinctive features of  
Mediterranean pastures is the abruptness of change, in both 
quality and quantity. Combined with soils of relatively low 
water-retaining capacities, the temperature and rainfall effects 
on the predominantly annual pastures lead to rapid pasture 
establishment at the ‘break’ of the season, and equally rapid 
senescence at the end.

With pastures germinating at the commencement of the 
cooler months, it is important that growth is rapid and that the 
components are accessible to sheep as soon as possible. In this 
regard pasture composition is critical, e.g. annual ryegrass is 
available early and relatively small amounts maintain sheep 
(Table 17.3).

Table 17.3. Attributes of some pasture species and their 
association with maintenance of grazing Merino wether 
sheep.

Pasture Species Pasture Yield 
kg DM/ha providing 
sheep maintenance

Days taken from 
germination until 

sheep maintenance

Annual Ryegrass 130 28

Capeweed/ Silvergrass 380 56

Sub-clover 480 60

Silver Grass 450 103

Erodium 640 97

Source: adapted from Smith et al. (1972).

Sheep-crop interactions. Crop residue 
utilization by sheep

It is common for farms to have a cropping enterprise.  Crop 
residues provide an important source of nutrition increasingly 
relied upon in summer and autumn months.

Crops grown

Wheat is the most ubiquitous cereal crop grown. Other cereals 
include barley, oats, and occasionally triticale. Canola is 
commonly found in rotation with the cereals, being itself of high 
value and associated with convenient and effective weed control 
and cereal root disease control. 

Legumes, such as lupins, peas and beans, can be incorporated 
into the cropping rotation in some areas, as nitrogen sources as 
well as facilitating control of weeds and cereal diseases. 

Where pastures are in rotation with crops, they duplicate the 
role of legume crops as well as being the nutrient source for a 
livestock operation. Hence legume content of the pasture is 
paramount, and sheep management must accommodate this. The 
annual net increment to soil nitrogen as a consequence of legume 
root rhizobial activity varies with pasture productivity but under 
southern Australian conditions averages 92 kg N/ha and can be 
up to 188 kg N/ha (Unkovich et al., 1997). The choice of legume 
species is governed by two factors: persistence and productivity. 
Consequently a mixture of species is often chosen to balance 
these attributes. This is necessary as pastures are eliminated in 
the cropping phase, and a legume seed bank which has the ability 
to persist for a number of years is of great importance.

The predominant factor influencing the proportion of land in 
crop is generally the expected profit per hectare of grain relative 
to sheep and wool production, and this is further influenced 
by individual paddock factors such as weeds and herbicide 
resistance, or soil related issues such as water logging, salinity 
and fertility. Personal preferences and skills of the manager also 
are important. 

Factors affecting stubble value to sheep

After grain harvest typically in early summer, the stubble is 
available for grazing by sheep. 

Total green herbage (P1 (10%)) (av.)
Total green herbage (P1 (50%)) (av.)
Total green herbage (P1 (90%)) (av.)4500
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Figure 17.1. Example of pasture growth /availability in a Mediterranean climatic region. 
Source: Mt Barker (1990-2007) from GrassGro3.
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The main value is the grain left behind, either shed by 
the crop before harvest or not retained by the harvesting 
machinery. Stubbles have lost value in recent years as 
harvesting technology has continued to improve (Warren,  
1991). The leaf fraction of the crop may provide some value, 
depending on a number of factors (Figures 17.2 and 17.3), 
and any weeds present are of value depending on their nature 
(legumes are superior to grasses). The usual order of value as 
sheep feed of these stubbles, which can vary between districts 
and years, is:

Lupin and pea stubble (legumes)1. 
Oat stubble2. 
Barley stubble3. 
Canola stubble4. 
Wheat stubble5. 

     
The type and amount of grain are both important influencers 
of stubble value. Although there are formulae to estimate the 
time for which a stubble may be adequate for sheep, it is far 
better to inspect the grain content than to rely on formulae. 

The lower the rainfall under which the crop is grown, the 
higher the stubble and grain digestibility (Figure 17.2).
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Figure 17.2. Dry matter digestibility of leaf and stem 
fractions of stubble, as influenced by rainfall. 
Source: Purser (1983).

Time since harvest also influences stubble quality (Figure 
17.3).  Stubble digestibility declines approximately 4% per 
month as a result of weathering even without any grazing.  
Digestibility is considerably reduced after rain, particularly 
from March onwards.
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Figure 17.3. Digestibility of stubble fractions at various 
times after harvest. Source: Purser (1983).

Lupin stubbles are a special case; they generally provide high 
rates of weight gain in all classes of sheep, at least initially. 
However they do suffer from a tendency to become hazardous 
to grazing sheep if receiving rainfall at any time from 
senescence onwards due to growth of a fungal toxin (Arnold 
et al., 1978). Even without rain the sheep must be monitored 
at regular, frequent intervals for any signs of lupinosis.

The quantity of feed provided by stubble can be added 
over the December – March period to that available as pasture 
residue (Figure 17.1) and varies with the proportion of the 
farm in crop.

Crop-sheep interactions and whole farm 
considerations

There are some consequences of the association between 
pasture (and sheep) and land cultivation for crop production. 
This land management practice is often referred to as ley 
farming.

The importance of the sheep/pasture enterprise may, on 
many occasions, be minor relative to a cropping enterprise, in 
both area and profitability. As a result management decisions 
and timing of operations may be such that the efficiency and 
profitability of the sheep operation is reduced, whereas the 
whole farm operation is optimised. As long as the sheep are 
healthy there is nothing untoward about this.
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Pasture may occupy 10 - 90 % of the managed land unit; 
no prescriptive guides can be given for optimum management, 
which highlights the need for an appreciation of each unique 
combined system. At 10-20% the sheep are merely scavengers 
of crop residues, and are commonly purchased at the time of 
use and sold when the feed source has been eaten.

The availability of stubbles in varying amounts provides a 
definite summer feed source, and has at least two benefits for 
farms maintaining a sheep flock over the whole year: (a) not 
so much pasture is required for the dry period, and therefore 
stocking rates on winter/spring pastures can be higher. This 
means better pasture utilisation. (b) less grain or forage 
supplement needs to be provided throughout the summer/
autumn – a significant saving in financial and labour terms.

For the cropping enterprise, the advantageous role of sheep 
stems from their ability to closely graze plants, and hence to 
control what in crops will be weeds. This aspect of grazing 
management is implemented at various times throughout 
the pasture growing season, e.g. at the start of the season, 
to suppress newly germinated pasture until sprayed with 
herbicide or cultivated; in mid-winter, generally combined 
with herbicide, to influence the composition of pastures that 
they may better advantage the subsequent crop. This usually 
means the reduction of grasses and broad leaf weeds; and in  
spring to control seed set of plants, especially grasses.

The physical reduction of crop residues by sheep as they 
graze is of value to subsequent paddock usage. If the paddock 
is to return to crop, the reduction in material facilitates 
cropping activities. If a return to pasture is planned, the 
reduction in material greatly assists pasture seed germination; 
residues from high yielding cereal crops may completely 
blanket the soil, totally inhibiting new pasture germination. 

For grazing sheep alone, these tasks may not be 
physically possible in all circumstances, but can certainly 
be of value. Such material is of little nutritional worth, and 
supplementation is usually required (Warren, 1991).

The use of sheep in the role of pasture manipulator may 
thus be counterproductive for the sheep enterprise itself. 
For example, grass-containing pastures, demonstrably 
better for early winter growth and therefore sheep nutrition, 
do not provide a break for cereal root diseases. Thus crop 
requirements may override optimum pasture composition. 

Similarly, the timing of sheep husbandry operations and 
key management may be varied to better suit crop operations. 
This may even include key events such as times of lambing and 
shearing; the reason may simply be labour non-availability.

Supplementary feeding of sheep

In spite of the best efforts to provide the majority of nutrition 
from grazed pastures or crop residues, supplementary feeding 
of sheep in all but pastoral or rangeland regions of Australia is 
generally inevitable. Especially in Mediterranean and to some 
degree in temperate regions, it is an expected and budgeted 
activity as a means of dealing with fluctuations in pasture feed 

quality and quantity and is influenced by seasonal conditions 
and events (Chapter 18). In the eastern states of Australia, 
the extreme is drought feeding where pasture becomes non-
existent for an entire annual cycle.

Supplements used

It is not surprising that the most common supplements fed 
are those easily and cheaply grown in a region. Although not 
as common as it should be, testing of supplements to be fed 
should be carried out. Varietal and seasonal variation of all 
natural feedstuffs is well documented, particularly so for the 
conserved forages hay and silage (Kaiser and Piltz, 2004).

Energy is the most common deficiency experienced by 
sheep at pasture (e.g. Armstrong, 1982), and where there is a 
choice the supplement to be fed is generally best selected on 
the basis of least cost per unit of energy (Chapter 18).

In spite of sometimes less than ideal protein and energy 
values, oats is often easily and more cheaply grown and 
may be the cheapest energy source. Being of higher fibre 
and lower starch composition, it is safer to feed relative to 
other cereal grains, and therefore more forgiving of feeding 
excesses.

Lupins are a grain of choice if available in many parts 
of WA. Their use has dropped in recent years, due to their 
reduced profitability in cropping rotations. However many 
farmers will aim to have some lupins on hand at the start of 
every summer, for a variety of uses.

A good example of the relative values of oats and lupins 
fed to sheep on a typical Mediterranean climate pasture was 
provided by Thompson and Curtis (1990). Over 143 days, 18 
month old Merino wethers were supplied with one or other 
of the two grains at rates ranging from 0 -500 g/day. As little 
as 50 g/day of lupins could change a liveweight loss of 28 g/
day to a small gain (Table 17.4).

Table 17.4. The effects of level and nature of grain 
supplement on live weight change of sheep.

Supplement Rate
(g/hd/day)

Liveweight change (g/hd/day)

Lupins Oats

0 -28 -28

50 + 5 (not tested)

100 +24 +1

200 +33 +17

Source: adapted from Thompson and Curtis (1990).

Barley and wheat are cereal grains commonly utilized, 
triticale less so. Their higher energy and protein levels are 
valuable, but higher starch and lower fibre levels compared 
with oats means management must be more precise when 
feeding to avoid lactic acidosis (Godfrey et al., 1995). 

Conserved forages – hay and silage – are also fed. They 
entail more labour in manufacture and provision to sheep, 
and are potentially more variable in quality, but can be a 
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valuable and safe means of providing planned sheep nutrition. 
Where pasture is still adequate in quantity, hay and silage 
can act more as substitutes for the pasture rather than true 
supplements (Dixon and Stockdale, 1999).

Minerals are often perceived as being a limiting factor at 
times of the year, but in reality, at least in southern Australia, 
a mineral deficiency is far less likely than that of energy or 
protein. In particular the popular use of formulated mineral 
blocks is seldom if ever efficient, in that where there is 
a deficiency of an element commercial preparations are 
haphazard and expensive as a source (Chapter 18). 

An example of a supplementary feed budget for a typical 
sheep flock in a Mediterranean region is given in Table 17.5.

Supplementary feeding management

The decision to commence feeding a supplement to sheep 
on pasture or stubbles is usually made on the basis of sheep 
condition as visually or preferably manually measured. 
Reproducing ewes and young growing sheep are likely to 
require a supplement first, but this depends on paddock and 
forage factors.

As a general rule introduction to and changes in amount 
or type of supplement should be gradual; strategies for 
introduction to the low fibre cereal grains are available from 
state government department websites (for example, Bell and 
Allcock, 2007).

With grain feeding the usual strategy adopted is to trail 
the grain on stable areas of the paddock twice weekly at a 
calculated rate, the trail length being in excess of that needed 
to ensure all sheep are able to eat simultaneously. The use of 
troughs is of some advantage in reducing wastage, but the 
expense and lack of flexibility means they are seldom used in 
practice. Twice weekly is preferred to more frequent feeding, 
where dominant sheep may consume more than their share to 
the detriment of ‘shy feeders’, and pasture grazing is reduced 
in anticipation of the popular, easily eaten supplement. As 
little as 50 g/sheep/day may be initiated, and the response 
of sheep monitored. Feeding is reduced as pasture becomes 
sufficiently available following autumn rains.

Economics of sheep production

Flock structures

In discussing the economics of commercial sheep production, 
there are disparities which may exist in enterprise type. 
Enterprises (chapters 2-5) may be:

Specialist wool, self-replacing: Merino sheep exclusively, •	
including varying numbers and age groups of wethers. Most 
farmers cull ewes for age between 5.5 and 7.5 years of age. 
The age at which wethers are sold is more variable and 
depends on sheep and wool price relativity, and whether or 
not there is an opportunity to sell wethers for live export
Dual purpose: As above, but with a proportion of ewes •	
joined to terminal sires for specialist meat production. 
The ewes so joined would typically be those deemed less 
suitable for wool production. The number joined is such 
that sufficient replacements are still available to maintain 
the Merino breeding ewe numbers
Specialist meat: Ewes purchased, all joined to terminal •	
sires for meat production. The ewes may be Merino 
or Merino-cross (typically Merino–Border Leicester). 
Such a flock may also be of composite breed type, 
self-replacing, with attributes considered favorable for 
meat production. Increasingly, flocks of fibre-shedding 
breeds such as the Dorper are included in this category, 
particularly in rangeland areas of Australia

Not surprisingly the type and structure of flocks run is a matter 
of personal preference, largely based on real or perceived 
profit. Commodity and input prices influence decisions in 
this area, as do considerations of future trends.

Sheep reconciliation

Annual stock reconciliation (Table 17.6) gives a balance 
sheet and flow chart for sheep over a 12-month period. The 
intervals typically chosen are April 1 – March 31 (easier to 
manage the sheep numbers) or July 1 – June 30 (to align with 
the taxation year). 

Table 17.5. Example of grain feeding budget for sheep associated with Mediterranean pastures.

Stock No. Grain Feb. Mar. Apr. May. Jun. Total

g/hd/day (kg/head)

Maiden ewes 900 Lupins
Oats

100 100 100
100

100
100

100
100

15
9

Adult ewes 3100 Oats 100 150 200 200 200 25

Ewe weaners 1500 Lupins
Oats

50 80 100
100

100
100

100
100

13
9

Wether weaners 1500 Lupins
Oats

50 80 100
100

100
100

50
100

11
9

Wethers 1300 Oats 100 100 100 9
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Income

Income from such a flock is derived from sale of wool and 
surplus sheep, as shown in Table 17.7.

Table 17.7. Income from wool and sheep sales from a 
Merino self-replacing flock.

Wool sales

Sheep
type

Number Wool/
Head 
(kg)

Total 
(kg)

Wool 
price
($/kg)

Total
($)

month

Ewes 970 5.0 4,850 5.00 24,250 Dec.

Ewe 
wnrs

425 4.0 1,700 6.00 10,200 Dec.

Wether 
wnrs

425 4.0 1,700 6.00 10,200 Dec.

Wethers 195 5.0 975 5.20 5,070 Dec.

Lambs 900 2.0 1,800 4.20 7,560 Feb.

Rams 30 6.0 180 5.00 900 Dec.

TOTAL 2945 11,205 ($5.20 
av.)

58,180

Sheep sales

Sheep type Number Price($) Total ($) month

Ewes 170 35 5,950 Feb.

Ewe wnrs 225 40 9,000 Dec.

Wether wnrs 225 55 12,375 Dec.

Wethers 195 60 11,700 Nov.

Rams 10 25 2,50 Nov.

TOTAL 825  39,275  

Costs

In an example where stocking rate is 10.6 dse/ha, the above 
flock is maintained on 250ha of pasture. Examples of costs 
associated with the enterprise may be as below.

Table 17.8. Example of costs associated with a sheep flock 
in southern Australia.

Expense  Total

Fertiliser 110kg/ha @ $400/tonne 11,000
Topdressing ($25/Tonne)     875
Supplementary feed (35 kg cereal/head @ 220/tonne 16,400
Shearing (2,945 sheep @ 5.20/hd) 15,300
Crutching (2130 sheep @ $0.8/hd)   1,700
Mulesing/marking (900 lambs @ $0.90/hd)     800
Stock requisites (worms, lice, tags, 
 2,130 sheep @ $1.00/hd)                2,130
Wool packs (60 @ $9)     540
Wool freight (60 @ $9)     540
Sheep freight (825 @ $4.00/hd)   3,300
Fuel & oil      500
Repairs – facilities & plant    500
Rams (10 @700) 7,000
Pasture costs                500
Rates    500
Depreciation  2,000 
  
TOTAL  63,585

Examples of some resultant simple indices of profitability 
and production are therefore:

Table 17.9. Examples of some sheep profit and productive 
indices.

Index

Greasy Wool kg/ha 45 kg
Total income/ha $390
Wool income/ha $233
Sheep income/ha $157
Costs/ha $254
GROSS MARGIN/ha $136
GM/dse $12.83

More gross margin examples are given in Appendix B.

Table 17.6. Self-replacing Merino sheep flock reconciliation.

Stock class Open
No.

DSE Nat.
Incr. No.

Buy
No.

Sell
No.

Losses No. Trans.
Out

Trans.
In

Close
No.

Ewes 1,000 1,500 170 30  200 1,000

Ewe weaners 450 450   225 25 200 450 450

Wether weaners 450 450   225 25 200 450 450

Wethers 200 200   195 5  200 200

Lambs   900    900   

Rams 30 45  10 10    30

TOTAL 2,130 2,645   825 85 1,300 1,300 2,130
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Decision making aids

There exist a number of economic models and decision-
making aids which can be of value for those managing sheep 
enterprises (Chapters 14 and 17). Many of these relate to whole 
of farm considerations, a great improvement on former models 
simplistically dealing with individual sheep performance.

Some examples include :

GrassGro3 (Donnelly et al., 2002) -a decision support tool 
assisting decision making in sheep and beef enterprises. It 
incorporates a vast databank of field experimentation results 
from across Australia in a form which enables reports including 
gross margins and seasonal and year-to-year variation in 
pasture and animal production.

Grazfeed (Donnelly et al., 2002) - helps farmers calculate the 
daily nutritional requirements of sheep and cattle, and thereby 
optimize nutrition and save supplementary feeding costs. It can 
be applied to any temperate or tropical grazing system where 
stock graze pasture.

The above two products would typically be used in conjunction 
with a consultant as their use requires some training.

Economics of ewe management (Curnow, 2008) - deals with 
the management of ewes, based on the biological impact of 
ewe nutrition and the economic implications of managing 
those ewes, including changes to stocking rate, supplementary 
feeding and wool and sheep trading profit. Reports cover 
diverse rainfall zones across Australia, and include pregnancy 
scanning and its impact on farm profit.

Merino versus Terminal Sire Flock Model (Anon, 2009a) 
- assists sheep producers to decide the appropriate numbers 
of ewes to allocate to self-replacing Merino joining and first 
cross joining, with the aim of maintaining a sustainable self-
replacing flock.

Wether Calculator (Anon, 2009b) -  estimates the economic 
consequences of varying the proportion of wethers within 
flocks of varying fibre diameter over a range of meat values for 
surplus stock. A range of selection options are also available 
for consideration.

Feedlot calculator (Anon, 2009c) - profit margins for 
feedlotting can be low and it is important that producers 
accurately estimate the profitability of such ventures prior to 
committing resources to this labour intensive activity. The web 
based gross margin feedlot calculator enables the user to enter 
different real time production, economic and feeding scenarios 
to estimate likely profit for a lamb feedlotting enterprise. 

Sheep industry gross margin model (Anon, 2009d) - 
following a review of 8 gross margin analysis tools available 
throughout Australia (Rogan, 2004) this model was compiled, 

using the best features of all, to aid Australian sheep producers 
conduct gross margin analyses in a uniform manner,  allowing 
changes to management, costs and prices to be modeled.

Economic terminology

Some simple and well-used terms connected with business 
analysis of agricultural enterprises are:

Gross income: Total income including allowance for  
 inventory changes.
Enterprise costs: All operating (running, variable, direct)  
 costs, varying with the size of the enterprise,  
 that can be allocated to that enterprise.
Gross margin: Gross income minus enterprise costs.
Overhead costs: Fixed (indirect) costs not easily allocated to  
 individual farm enterprises.
Net income: Gross income minus enterprise and overhead  
 costs.
Operator allowance: A cost allocated for the owner/operator’s  
 own labour. Set each year in relation to  
 national figures.
Operating profit  Net farm income minus operator allowance.
(return):  

Each of these may be expressed as a total business figure, 
or, where assessing performance merit or efficiency, on a per 
hectare and per dse basis.

Financial decision making for agribusiness is covered in 
detail by Obst et al. (2007) and Malcolm et al. (2005).

Sheep enterprise profit drivers

Management aspects associated with higher enterprise profit 
are:

Stocking rate•	
Time of lambing•	
Wool fibre diameter premiums•	
Sheep price-wool price relativity•	
Genetics•	
Disease (principally •	 internal parasites) control

Stocking rate

For sheep enterprises on all but pastoral rangelands stocking 
rate is the major driver of profitability (Anon, 2006; Anon, 
2008a; Hall, 2009; Holmes, 2006; Richie et al., 2007; Sackett 
et al., 2006). This is because it is the main way by which 
pasture utilization is optimized (Chapters 14 and 19). This 
does not mean over stocking. Good management includes 
arriving at the appropriate stocking rate clearly and safely 
associated with sustainable pasture and sheep production. 
Determining this stocking rate is accomplished only by 
accumulation of measured farm data over some years, in 
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reference to local benchmarking. It also entails carefully 
controlled grazing management, and critical decision points 
for intervention as seasonal conditions vary. 

A guide to stocking rate on improved pastures in southern 
Australia was given by Saul and Kearney (2002), where an 
equation was derived from long-term trials.

Carrying capacity (dse/ha) = a + b + c

Where:

a = - 8.3 for paddocks < 20 ha  or -11.05 for paddocks > 20 ha
b = growing season in months
c = Olsen P (mg/kg)

If soil fertility data is available in Colwell P, conversion is 
necessary.

Anon. (2005) gives more detailed considerations of 
estimating and monitoring stocking rate.

Experience indicates that potential stocking rates in 
summer rainfall areas, and on native grass dominant pastures, 
are not as high, and local experience is the best guide (Anon. 
2005).

Higher stocking rates transpose into more lambs weaned 
and higher lamb weight per hectare, even though individual 
weights may be less. Cost of meat production/kg is therefore 
less. With regard to wool production, individual sheep wool 
weight may be less, but total wool weight per hectare is 
increased with the considerable added advantage of being 
finer and of greater value. A Victorian study (White and 
McConchie, 1976) observed, over stocking rates from 4.9 to 
12.4 sheep/ha in a 560 mm annual rainfall district in mid-
Victoria, that average fibre diameter declined by 1.8 microns 
for each 1 kilogram decrease in clean fleece weight.  This 
relationship appeared to be consistent between years and 
similar for a number of Merino strains, although not as 
marked in fine-woolled sheep.

Time of lambing

A particular time of lambing is almost always a feature of 
more profitable sheep enterprises. It is not a primary profit 
driver, but a means of accommodating the optimum stocking 
rate. Essentially, the later in the season when lambing occurs, 
the better are the nutritional requirements of the reproducing 
ewe synchronized with pasture growth. The later the lambing, 
the more ewes can be carried through the time of expected 
restricted pasture growth, and the less supplementary feeding 
is required. This can be significant, (Table 17.10) as shown 
by data derived from a group of 36 farms over 3 years in 
the south west of Western Australia. Conversely, lambing 
early means maximum grazing pressure coincides with low 
winter pasture growth rates and this imposes a constraint 
on increasing stocking rate. The full economic benefit of 
changing lambing time is not realized unless stocking rate 
is optimum.

Table 17.10. Time of lambing effects on sheep enterprise 
indices.

Lambing time June or before July or later
 

GM/ha($) 100.0 114.0
Wool/ewe (kg) 4.6 4.8
Supplementary oats (kg/ewe) 31.0 16.0
Stocking rate (dse/ha) 8.8 10.6

Source: K. Bell, unpubl. data.

Wool fibre diameter premium

For wool sheep the unique situation exists where a decline 
in product weight is associated to varying degrees with an 
increase in product value. Although this may not entirely 
redress an overall decline in individual animal fleece value, 
it certainly negates it. The decline in wool fibre diameter 
nationally in Australia in recent decades (Chapter 2) has 
been in response to the increased value of finer wool, and 
flocks which have reduced wool fibre diameter without loss 
of wool weight can be expected to be more profitable, the 
extent depending on the magnitude of the premium.

Sheep price/wool price relativity

Commodity prices have an impact on enterprise profitability, 
but these are largely beyond managerial influence (although 
some form of price risk management may be useful). Astute 
management recognizes trends in sheep meat prices relative 
to wool and profit is enhanced by manipulating stocking rate, 
flock structure and genetics.

Genetics, disease control

The considerable investment in superior genetic stock and 
disease control by the industry as a whole and by individual 
managers indicates that they are considered important in the 
short and long term. Essential as they are their contribution to 
bottom line profit is overshadowed by the importance of grass 
utilization, as demonstrated by the widespread consensus as 
to major profit drivers for the industry.

Benchmarking sheep enterprise 
performance

Ongoing benchmarking of all farm enterprises is a feature of 
profitable businesses.

Benchmarking sheep enterprises is notoriously imprecise, 
and perhaps for this reason is not as widely practised as it 
might be. However if well structured and guided it can provide 
both the key and the tools for positive ongoing change (Richie 
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et al., 2007). Benchmarking allows participating farmers 
to identify true profit drivers and highlight changes that 
might be made to achieve their objectives. Given that sheep 
enterprises in Australia are frequently associated with other 
forms of land use, benchmarking allows some comparison of 
relative enterprise contributions to farm profit. In this case 
whole farm profit is the ultimate objective, but the relative 
contribution of the sheep enterprise becomes apparent.

Both public and private service providers are active 
in sheep enterprise benchmarking in Australia. They are 
recommended because they:

Calculate the more complex benchmarks•	
Provide a consistent method over time•	
Record and link both physical and financial aspects of •	
a business
Enable comparisons with other businesses – not only •	
sheep
Offer professional services to help interpret results and •	
guide decision making

Benchmarking sheep enterprises is not an exercise to be 
lightly undertaken; inherent in sheep enterprises are sources 
of confusion and complexity such as:

Period of wool growth measured. Fibre diameter may be •	
the same, but fleece weights increase with time. Shearing 
interval must be the same (12 months ideally)
Age of sheep•	
Weight gain or loss over the period of wool •	
measurement
Flock structure•	

•	 Fecundity/fertility
Commodity prices may fluctuate unpredictably. Are •	
meat/wool price relativities fundamentally changing for 
Merino flocks?
Inputs purchased outside of, but exerting an influence •	
on, the period of measurement. Two large cost items, 
fertilizer and supplementary feed, are typical examples
Sheep enterprise often linked with cropping enterprise •	
– stubble usage

Features of a good benchmarking exercise

Farms sharing a relatively similar environment •	

If this is not the case, comparisons may become invalid. 
Often it cannot be avoided, but in this case it is important for 
the analyst to be aware of any differences – rainfall being an 
obvious one, but also soil types, topography and soil fertility 
exert major effects.

Sufficient farms, data accumulated over some years•	

The larger the data base, the more confidence in the results. 

Rigorous yet simple data collection•	

Collection and presentation of data is critical to success. 
Refinement of the method is a common feature of robust and 
useful services. It is important to make the collection process 
as simple as possible, avoiding the imposition of unnecessary 
data provision. Judicious use of taxation accounts, proper 
allocation of costs and accurate livestock inventory accounting 
are important. Guides to this end can be found in Obst et al. 
(2007) and more specifically to sheep, Bell (1994).

Intelligent, informed analysis and comment•	

This is essential to give confidence in the exercise. 
Fortunately there exist a number of reputable and reliable 
benchmarking services available in most states of Australia 
to which managers can contribute with confidence. They may 
be private and enable participation (Anon, 2009e; Sackett 
et al., 2006), or institutional (Anon, 2008a). Richie et al. 
(2007) have more details, including a table of farm and sheep 
industry benchmarks.

 
Cost of production

The cost of production (CoP) of outputs from sheep 
enterprises, i.e. wool or meat, the latter being represented in 
sheep sales, can be estimated. Although it is a good concept, 
the difficulties with sheep have become significant as the 
values of the two outputs have changed recently. The cost 
of beef production is a far more manageable concept – one 
product and payment for weight and quality is clearer. Sheep 
have more products. Not unreasonably, wool and meat costs 
of production have been used in benchmarking exercises, 
and widely quoted. It was simple when wool represented 
90% of the income from the sheep enterprise; it is simple in 
a specialist lamb production enterprise; but now it is more 
complex.

The cost of wool or meat production may be of some 
value or interest for a farm between years, but the effect of 
commodity price changes cannot be underestimated, in the 
influence it has in the allocation of costs. It is recommended 
to calculate CoP for a number of years to arrive at a realistic 
average. For templates for the calculation of wool or sheep 
meat CoP see Anon (2008b) or AWI and MLA websites 
respectively.

For traditional wool producing flocks a historical 
benchmark has been wool weight per sheep and per hectare 
together with the value attributes of the wool – fibre diameter 
in the main. These are naturally combined into a dollar value 
reflecting quantity and quality. However there has been a 
pronounced shift in the relative values of wool and sheep 
meat, to the extent that it may not be uncommon for a self-
replacing Merino sheep enterprise to have equal incomes 
from wool and sheep sales. Hence the production and cost 
of production of one is linked with and confused by the 
contribution of the other.
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Managing risk in sheep production

Being a grazing  enterprise, sheep and wool production is at 
risk of variable seasonal conditions which inevitably impact 
upon profitability and sustainability. Risk management is 
best accomplished by up to date information on and off farm, 
to enable timely decisions. 

The variability inherent in agriculture enterprises makes 
the production and review of a full budget – physical and 
financial - a necessity for maintaining control of the business. 
Commodity price fluctuations add to this variability. For 
example it has been estimated (Vizard, 2008) that wool price 
volatility is the dominant source of income volatility on wool 
farms. Hence some mechanism of price risk management 
(Chapter 25) can be effective in stabilizing income on such 
enterprises. Internet based wool selling allows producers to 
offer their wool at a reserve price at any time. Hence it is 
necessary as part of risk management to have an up to date 
understanding of expected annual wool production by quality 
and quantity. Growers can use a web-based tool, Woolcheque 
(AWI, 2009), to independently value their wool clip.

For lamb and sheep sales, some form of alliance can be 
of value in setting targets and budgeting for success (Chapter 
29). This enables the matching of genetics with production 
system and market requirements.

Sheep enterprises have an inherent advantage in risk 
management:

There are two products (meat, wool) in largely unrelated •	
markets
Very commonly the sheep enterprise in Australia is •	
associated with a cropping enterprise involving a variety 
of grains, with some degree of flexibility in decision 
making between the two forms of land use. This aids 
in the optimization of land use in the face of both 
commodity price variability and seasonal volatility

Economic sustainability

Good management aims for favorable long-term economic 
and environmental sustainability. As previously mentioned, 
maintenance or enhancement of the soil and infrastructure 
resource base is inherent in this. Optimum management of 
the sheep operation, in conjunction with any other associated 
agricultural land use, results in the optimum economic 
outcome. The question of course is, is this sufficient to meet 
the requirements of the individuals owning or managing the 
enterprises, and how does it compare with alternate forms of 
land use? These questions must be addressed by individuals, 
and the time period of ‘sustainability’ considered. 

Indicative farm industry benchmarks exist which may 
help as a guide to performance of the farm business, of which 
the sheep enterprise is an integral component. Ultimately, 
economic sustainability can be said to exist if the business 
has an average positive cash flow over a number of years 

sufficient to meet the needs of the owner/operators, and is 
increasing the net value of farm-related assets. This means 
maintaining or improving farm structures as well as the 
productive capacity of the land. As in all agriculturally-
related industries, scale plays an inevitable part in economic 
performance, the author’s experience confirming that 
successful businesses have increased dramatically in scale 
over recent decades. This places increasing importance on 
managerial competence and efficiency, including intelligent 
use of professional advice.

Legal issues and regulations

Sheep identification

Sheep have traditionally been identified by an earmark with 
a unique shape.  Variation exists between States as to which 
ear is used, and with regard to compulsion (Chapters 2 and 
29). This is changing with the advent of a National Livestock 
Identification System (NLIS), which is a permanent, whole-
of-life identification system that enables animals to be tracked 
from property of birth through all changes of ownership and 
geographic location until they are sent for slaughter, are 
exported or die. NLIS is a mob based identification using 
visually readable ear tags combined with a paper record, 
usually a National Vendor Declaration (NVD) Waybill. 
Electronic identification tags are not required. 

Sheep sent from their property of birth must be identified 
with a year colour tag imprinted with the owner’s brand. The 
eartag goes in the ear unblemished by the earmark. 

Sheep sent from a property on which they were not born 
must be identified with a pink ear tag imprinted with the 
owner’s brand. All ear tags must remain in the animals. 

Aspects of this system vary between States, although 
uniformity is currently being negotiated. Departments of 
Primary Industry (sic) websites detail State requirements.

Animal Welfare

The latest State Animal Welfare Acts enforce sheep welfare 
considerations, and refer to State Codes of Practice for Sheep 
based on the national Australian Model Code of Practice for the 
Welfare of Animals - Sheep. As well as general aspects of welfare, 
specific management and husbandry operations are covered.

State government agricultural departments are responsible 
for animal welfare legislation and codes. Details are available 
on respective websites.

Sheep transport

Sheep being transported from a property must be accompanied 
by a Waybill or combined NVD/Waybill.
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Veterinary chemical treatments

NVD statements detail aspects of sheep veterinary treatments, 
and ensure chemical residue status is satisfactory. In particular 
they draw attention to withholding period compliance for all 
registered chemicals. A withholding period is a minimum time 
between the application of a chemical and when the animal, 
crop or pasture may be slaughtered, harvested or grazed. This 
is a legal requirement to ensure Maximum Residue Limits are 
not exceeded in the animal. The Export Slaughter Interval, 
Export Grazing Interval and Export Animal Feed Interval are 
three such standards.

With regard to chemical application to wool, the relevant 
withholding periods are the Wool Withholding Period, the 
Export Wool Harvesting Interval and The Wool Re-handling 
Period. Details are available from the MLA website and from 
wool brokers.

Current and future developments

The Australian sheep industry is in somewhat of a turmoil 
at present, with continually declining numbers of sheep and 
farmers. The confluence of repeated droughts over much of 
eastern Australia and vastly improved sheep meat and grain 
prices has posed a dilemma for traditional woolgrowers. 
Added to this has been the rundown of much sheep farm 
infrastructure, with low returns not providing the resources 
for restoration or renewal. Chronic and increasing labour 
shortage has added to the scenario, and the attitude of 
labour to the often demanding and repetitive nature of sheep 
husbandry activities has made sheep-related tasks compare 
poorly with the easier work and better conditions, not to 
mention better remuneration, of many rural alternatives. 
Most significantly this includes shearing and the whole wool 
harvesting process.

The response of management for some time has been to 
combine as many activities as is practicable and as much as 
possible align sheep requirements to pasture growth. The 
support needed by some high wool-producing genotypes to 
survive and reproduce has prompted a rethink of genetics, 
and ‘easy-care’ is now a sought-after trait (Scobie, 2003). 
Similarly the progression of anthelmintic resistance has 
stimulated the breeding for sheep resistance to gastro-
intestinal parasites (Karlsson and Greeff, 2006). A genetic 
solution to the long-practised, but untenable, operation of 
mulesing is being sought urgently in Australia, in response to 
global market awareness and concern (Murray et al., 2007).

Dual purpose (wool and meat) flocks and genotypes have 
continued to increase in proportion, in response to wool/
meat price relativities and the opportunity to improve the 
long-neglected meat production attributes of many Merino 
genotypes (Chapters 2-7).

The increase in sheep numbers managed and husbanded 
by individuals has continued – flock sizes are much larger 
in profitable businesses. This amongst other factors has 
stimulated an investigation into precision management 

aligned with individual sheep electronic identification. Some 
gains have been made in this area (Geenty et al., 2007).
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Introduction

A successful grazing enterprise provides high levels of animal 
performance but its ongoing success or sustainability depends 
also on the maintenance of high quality pasture. Emphasis 
therefore needs to be placed on ensuring good establishment 
of desired pasture species and ongoing management of the 
pasture to minimise deterioration of plant populations. The 
establishment process is very expensive and it is sound 
economics to maintain the pasture in a productive condition 
for as long as possible to spread the establishment costs over 
more years.

It follows that pasture species and varieties need to be well 
adapted to their environment. Local knowledge and research 
outcomes are vital sources of information as to what is best 
suited to a particular environment, soil type and proposed 
enterprise. 

In the 21st Century, there are greater public expectations of 
graziers than has been the case in earlier times.  The ongoing 
pressure of raising productivity to maintain profitability is 
ever present, whilst at the same time the community expects 
the natural resource base to be protected from degradation 
and biodiversity to be enhanced (Kemp and Michalk, 2007). 
There are the environmental challenges of soil salinisation 
and acidification and the ever likely incidence of drought, all 
of which require management for sustainability (Chapter 19). 
Improvements in water use efficiency lead to productivity 
gains and also contribute to the amelioration of environmental 
degradation aspects, such as soil erosion and salinisation.

Further, the global influence of climate change adds an 
extra dimension whereby projected changes in local climate 
have to be addressed and attention given to greenhouse gas 
emissions (Keogh and Cottle 2009). Ruminants are the major 
source of these emissions in agriculture. Reducing time to 
market provides one way to limit such methane emissions 
and this requires a high quality feed supply.

These and other issues are canvassed in this chapter to 
identify the principles of importance in a successful sheep 
grazing enterprise.

The environment

The Australian sheep industry covers a wide range of 
environments (Chapter 2). At one extreme, fine-woolled 

sheep and prime lambs are run at high stocking rates, often 
in conjunction with cattle, in the higher-rainfall zones of the 
tablelands. At the other extreme, the pastoral zone is suited 
to production of strong-woolled Merino sheep, run at low 
stocking rates (Chapman et al., 1973). This difference in 
stocking rates is largely due to differences in the availability 
of forage throughout the year.

Traditionally, three ‘zones’ of sheep production have been 
identified (Wilson and Simpson, 1993): the high-rainfall zone, 
the ley-farming or wheat-sheep zone and the pastoral zone. 
The number of sheep in Australia has declined markedly from 
174 million (1989-90) to 80 million (2007-08), with around 
55% in the wheat-sheep zone, 30% in the higher rainfall zone 
and 15% in the pastoral zone. The management of sheep in 
these zones differs due to the nature of the feed supply (Fig 
18.1).

Figure 18.1 The pasture zones of Australia showing feed year 
curves for improved pastures in selected locations. Source: 
Chapman et al. (1973).

In some areas irrigation provides another dimension to 
management.

Zone characteristics

High-rainfall zone

This zone receives on average over 550 mm annual rainfall 
and is located in the most southern or eastern parts of 
Australia. In the south, rainfall incidence is winter-dominant, 
but in northern New South Wales and southern Queensland 
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rainfall becomes more summer-dominant.  In general terms, 
there are two major pasture types found in this zone. Firstly, 
sown pastures based on temperate (or C

3
) exotic perennial 

grass species such as phalaris, tall fescue, cocksfoot and 
perennial ryegrass usually mixed with annual or perennial 
legumes. Such pastures often do not persist due to a range 
of management and climatic factors. Hence, management 
for persistence has been a focus at both farm and research 
levels.

The second major pasture type is characterised by the 
presence of native grasses as the major perennial species. 
Depending on the extent to which native species dominate  
these pastures they may be referred to as ‘native’ (invaded 
by few if any exotic species) or ‘naturalised’ (dominated by 
exotic volunteer species with some native grass present). 
We use the term ‘native’ for convenience for any pasture 
where the dominant perennial species is a native grass. 
From a management perspective the important characteristic 
of these pastures is that they are unsown but are managed 
mainly with grazing and fertiliser. Such native pastures may 
contain a range of species depending on the extent to which 
they have been grazed since colonisation. These include 
summer-growing species such as Themeda (kangaroo grass), 
Bothriochloa (red grass), Aristida (wire grass) and Chloris 
(windmill grass) and cool-season grasses such as Austrostipa 
(spear grass) species, Austrodanthonia (wallaby grass), Poa 
( Poa tussock) and Microlaena (weeping grass) species. As a 

generalisation, except for relatively short periods in the early 
vegetative stage, the quality of forage from native grasses for 
sheep production is a limitation.

The introduction of improved species, mainly perennials, 
has resulted in shorter periods of feed restriction. Herbage 
production is largely constrained by winter conditions – low 
temperatures in the south and low moisture availability in the 
north. The winter herbage is of good quality in the south but 
is poor in the north.

Pastures in this zone are relatively permanent with limited 
emphasis on cropping activities. Animal productivity is 
roughly proportional to the amount of legume in the pasture. 
However, legume-dominant swards are botanically unstable 
and the gradual build-up in soil nitrogen status results in 
eventual non-legume dominance. Because botanical stability 
is important, these permanent pastures should contain grasses 
to avoid the ingress of undesirable non-legumes such as 
thistles. Improved pasture species for this production zone 
are listed in Table 18.1. 

Ley-farming zone

This zone is commonly called the wheat-sheep zone. The 
pasture phase is short, ranging from 1 to 5 years in rotation 
with a cropping phase of similar duration. In Western and 
South Australia, for example, the individual phases commonly 

Table 18.1. Improved legumes and grasses for the high-rainfall sheep zone in Australia. 
Species Minimum rainfall (mm)* Some features
Perennial grasses
Phalaris (Phalaris aquatica)

Tall fescue (Festuca arundinacea)
Mediterranean types
Temperate types

Cocksfoot (Dactylis glomerata)
Mediterranean types
Temperate types

Perennial ryegrass (Lolium perenne)

400 S, 700 N

450
650

450
700 S, 800 N

700 S, 800 N

Most persistent of the perennial grasses. Does not recruit from seed.

New Mediterranean types still being assessed for long term persistence

Generally only persisting for long periods at high rainfall. Can recruit 
from seed.

Generally only long-lived under very high rainfall conditions. Relies 
on regeneration from seed for persistence

Legumes
Subterranean clover
(Trifolium subterraneum)

White clover (Trifolium repens)

Lucerne (Medicago sativa)

Strawberry clover
(Trifolium fragiferum)

375 S, 600 N

375 S, 600 N

350 S, 400 N

600 S, 650 N

Annual, relying on hardseed for persistence. Three subspecies – 
subterraneum (acid tolerant), yanninicum (waterlogging tolerant) and 
brachycalycinum (suited to alkaline soils).

Perennial, usually short-lived unless under very high rainfall 
conditions – needs summer incidence of rainfall to survive. Seed 
production important in summer conditions.

Limited in higher rainfall zone by soil pH and waterlogging.

Perennial, minor component of sown pastures but waterlogging and 
salinity tolerant

Herbs
Chicory (Chicorium intybus) 600 S, 750 N Usually only 2-3 years persistence.

*N = North; S = South
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last only 1 or 2 years, pastures regenerating from hard seed 
in the soil. In New South Wales and Victoria, a 3- to 4-year 
phase is common, the pasture species being resown at the end 
of each cropping phase. The feed base for sheep production 
in this zone includes pasture, grazing crops (mostly cereals), 
crop stubbles and supplementary feed.

Commonly, annual legumes, notably subterranean clover, 
various medic species, balansa clover and serradella are sown 
depending on climate and a range of edaphic factors (Figure 
18.2). Increasingly, the perennial legume lucerne (Medicago 
sativa) is sown with or without these annual species on 
appropriate soils (i.e. non-waterlogging with pH (CaCl

2
) 

> 5) and underpins the most profitable sheep production 
enterprises. Its drought-tolerance and deep tap-root enable 
the production of highly digestible feed in response to 
summer and autumn rainfall, thereby markedly improving 
animal production (Wolfe and Southwood, 1980, Wolfe et 
al., 1980). 

The dry summer period characterises the area and 
restricts the survival of perennials, particularly in the lower 
rainfall environments where cropping is also marginal.  The 
dominant annual grasses are exotic species and are mostly 
present as volunteers and include annual ryegrass (Lolium 
rigidum), barley grass (Hordeum leporinum), silver grass 
(Vulpia spp.) and brome grasses (e.g. Bromus mollis).

Unlike the permanent pastures of the high-rainfall zone, 
pastures in a farming rotation are managed to ensure legume-

dominance, with grasses being discouraged. Because of 
their short duration, long-term stability is not as critical. The 
pasture phase has several purposes. As well as providing feed 
for livestock grazing, it is a major source of nitrogen for the 
cropping phase, contributes to soil structural stability and 
can be managed to assist in weed and crop disease control 
(Robson, 1987).

Significant grazing may be provided during the winter 
months by oats, barley and winter wheats. This option 
provides high quality feed for a brief period in winter during 
which pasture growth has declined due to low temperatures 
(Virgona et al., 2006). Crop stubbles also provide a 
contribution during the dry summer and autumn months. In 
New South Wales, for example, the annual production of over 
7 million tonnes of stubble is estimated to contain enough 
digestible energy to maintain the whole State’s sheep flock 
for more than 3 months (Pratley, 1983). Crops can therefore 
contribute significantly to the feed supply of sheep and 
provide pastures with some respite during the periods when 
crops or stubble are being grazed. Excess spring production 
of pastures is commonly conserved as hay and/or silage and 
used to supplement feed during the summer-autumn period. 
Livestock and economic performance are dependant on the 
quality of the conserved material. Conservation also needs 
to consider the long term performance of the pasture as the 
timing of harvest can influence the seed set of annual pasture 
species (Dear et al., 2008)

Figure 18.2. Environmental limits of temperate pasture species in Australia under non-irrigated conditions. 
Source: adapted from Moore (1970) and Hill (1996).
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The pastoral zone

This zone lies inland from the ley-farming zone. The lack 
of reliable and effective rainfall is the major constraint to 
production. Scope for cropping and the establishment of 
improved pasture species is limited. The environment is 
highly variable (Chapter 22). Paddock sizes are large and the 
scope for management is generally restricted to manipulation 
by location of watering points (Finch et al., 2006; Barker, 
1979; Lynch, 1974), varying livestock numbers (Hunt, 2008) 
and species, and by the use of fire (Craig, 1999; Ash et al., 
1997; Hodgkinson et al., 1984).

The major sheep-grazing areas in this zone are the shrub 
steppe communities comprising saltbush (Atriplex spp.) and 
bluebush (Maireana spp.), which are located in the south, 
and the arid tussock grasslands comprising mainly Mitchell 
grasses (Astrebla spp.), located in the north-east. Grazing is 
mainly confined to the associated species, usually ephemerals, 
which occur after rain. Descriptions of the species concerned 
are given by Cunningham et al. (1981) and Leigh and 
Mulham (1965).

Sheep also graze the mallee areas located along the 
southern areas of the Australian rangelands, the semi-arid 
woodlands of the eastern rangelands and the mulga woodlands 
in the west. These areas are described in detail in Harrington 
et al. (1984).

Pasture improvement

Native pastures are well adapted to their environment but 
their herbage dry matter production is small. In general, they 
consist mainly of grass species that are adapted to low soil 
fertility. They do not withstand prolonged heavy grazing 
without significant changes in botanical composition (see 
Moore, 1970). Animal production from native pastures is 
limited by the low quantity and quality of herbage on offer 
for much of the year. Herbage production ranges from 1 to 
4 t/ha/year (Lazenby and Swain, 1969), but is largely un-
utilised because it is produced over a 2-3 month period and 
rapidly deteriorates in quality and digestibility following 
flowering. Hence stocking rates are necessarily low, in the 
absence of livestock trading, because they are geared to the 
extensive non-productive periods of the year. Pasture quality 
deterioration can be further accentuated by the grazing out 
of more palatable species. Every year, long periods of feed 
shortage occur, interspersed with short periods of herbage 
availability far in excess of livestock needs.

Nevertheless, such native pastures can play a valuable role 
if well managed, particularly in low input grazing systems. 
They are well adapted to their environment and therefore 
provide ground cover where other species might struggle. The 
native perennial grasses, by virtue of their perenniality, help 
to reduce groundwater recharge and hence soil acidification 
rates, and their root systems aid soil structural stability. 

Many native pasture communities, particularly in the 
south, have been invaded by naturalised exotic species, 

notably annual legumes. These species, in conjunction with 
superphosphate, significantly raise pasture quality (Lodge 
et al., 1984; Fleming, 1986; Robinson, 1986), particularly 
of the dry standing feed. However, in these situations the 
original native species often decrease in abundance, leading 
to dominance by annual species with only a small proportion 
of native perennial grasses.

The replacement of native species by improved exotic 
species can lift total herbage production by several times 
that provided by the native vegetation. More importantly, 
the better spread of good quality, highly digestible material 
throughout the year reduces the effect of seasonal feed 
shortages. Dry standing feed is also superior quality and is 
utilised more by sheep. The comparison of feed availability 
between native and improved species for the summer-
rainfall areas is provided in Figure 18.3.  However, there is 
greater dependence on costly inputs such as fertilisers and 
quality seed, so higher stocking rates are needed to provide 
an adequate return on this investment. Reeve et al. (2000) 
reported, from a survey of higher rainfall zone graziers, that 
82% of respondents indicated that pastures had significantly 
declined or disappeared within 10 years of sowing. Economic 
analysis (Scott et al., 2000) demonstrated that the pay-
back time for pasture investment was closely related to 
pasture longevity and stocking rate. Clearly, cost effective 
management strategies that improve the persistence of exotic 
species can play a major role in capitalising on the investment 
in pasture improvement.

Figure 18.3. The seasonal growth curve of phalaris, white 
clover and a summer-growing native grass species in northern 
New South Wales/southern Queensland. 
Source: Lazenby and Swain (1969).
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Establishment of improved pastures

Activities range from over-sowing a pasture legume into 
existing native swards to the complete destruction of such 
swards (using cultivation and/or herbicides) and replacement 
with legumes or legume/grass combinations. The key, 
however, is the introduction of the legume component, together 
with superphosphate (to provide phosphorus and sulphur). 
Molybdenum is also required in the high-rainfall (>550 mm), 
acid soil areas. The legume needs to be adequately inoculated 
with Rhizobium bacteria so that nitrogen fixation takes place 
to raise soil fertility. The species and variety chosen should be 
well adapted to the environment and establishment method. 

In much of the high-rainfall country, aerial pasture 
establishment is necessary because of the terrain involved. Large 
areas of land can be sown quickly, but success depends on:

moisture availability (sowing during the wet season so as •	
to prevent seedling desiccation);
removing competition (by heavy grazing, burning and •	
the use of appropriate herbicides);
choice of species;•	
leaving standing litter (the litter provides a more humid •	
environment for the seed, thereby reducing desiccation, 
and also provides a barrier against seed movement at 
germination to facilitate soil penetration by the radicle);
seed treatment (lime coating may improve seed •	
moisture conditions, protects Rhizobium bacteria against 
desiccation and fertiliser damage and restricts seed theft 
by ants; insecticides compatible with the Rhizobium 
bacteria can be used to minimise this).

A detailed discussion of these issues is provided in Campbell 
(1992) and Vere and Campbell (2004).

In the high-rainfall and farming zones, pastures have 
normally been established by sowing into a prepared 
seedbed. Traditionally, seedbeds have been cultivated to a 
fine tilth to encourage seed/soil moisture content. Rolling 
before and after sowing has also been used to this effect, 
particularly when conditions are dry or soils are cloddy. 
However, in many soils this results in surface crusting and 
inhibits seedling emergence. In addition, cultivation may also 
stimulate germination resulting in significant weed problems. 
Modern methods include spraying the existing pasture with 
non-selective herbicide and direct drilling the new pasture. 
Success is dependant on good weed control and shallow 
sowing depth (Mason et al., 2003). In particular, timely 
application of knockdown herbicides to eliminate annual 
grass seed production in the year prior to sowing is now a 
regular feature of permanent pasture establishment. This is 
particularly critical as there are no selective herbicides for 
annual grass control in perennial grass-based pastures. 

Pastures are often under-sown to crops, particularly 
cereals, so that grain from the crop offsets the costs of pasture 
establishment. This happens when the pasture establishes 
successfully – in other cases the pasture may need to be 
resown and extra costs are incurred. To minimise the risks of 

failure the sowing rate of the crop needs to be substantially 
reduced if species such as lucerne and perennial grasses are 
to establish satisfactorily (Table 18.2). Crop yield needs to 
be foregone to ensure quicker establishment and increased 
future pasture production.

Farmers in the ley-farming zone may not be prepared to 
forego crop yields when returns from cropping activities are 
highly profitable. They may be better off growing a normal 
cereal crop and sowing their annual pastures at higher rates 
the following autumn. Because under-sown annuals would be 
regenerating from seed at this time anyway, this may result in 
quicker establishment because of the higher seed population, 
provided good early autumn rains occur.

The sowing operation is a crucial step in successful pasture 
establishment. Usually pasture seeds are small and produce 
weak seedlings so they are sown at shallow depth. However, 
in many situations, including under-sowing with cover crops, 
the pasture seed is sown from a small seeds box onto the 
soil surface and covered with harrows or a levelling bar. This 
can result in the seed being buried over a range of depths 
(0-5 cm), leading to poor and variable establishment (30% 
or lower). The use of a band seeder (Figure 18.4) enables the 
seed to be precision-planted at shallow depth (Butt, 2004) 
next to, but not in contact with, a band of fertiliser to avoid 
damage (Carter, 1988).

Figure 18.4. Diagrammatic representation of a band seeder. 
The unit bands pasture seed and fertiliser accurately at 
prescribed depths so that nutrients are readily available to the 
developing seedling. Source: Southwood et al. (1981).

Table 18.2. Effect of sowing rate of wheat on the 
establishment of lucerne in southern New South Wales.
Location Wheat sowing rate

(kg/ha)
Lucerne establishment 

(plants/ m2)
Junee, NSW

Ardlethan, NSW

0
6

11
17
22
28
0

25
45
70

22
16
16
11
11
5

22
3.5
0.3
0

Source: P. Cregan and K. Simmons, unpubl. data.
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In drier areas, including parts of the pastoral zone, 
opportunities exist for introducing improved species. 
Establishment is difficult and slow and is often inhibited by 
lack of fencing to control animal access. The environment 
is very fragile and therefore prone to erosion. Usually the 
existing vegetation needs to be retained for stability, and 
sometimes for protection of the new seedlings. Successful 
techniques involve facilitating the accumulation of water 
near the sown seed. These include furrow sowing, contour 
ploughing, chequerboard ploughing, ponding and pitting (see 
Jones, 1967 and Cunningham et al., 1978).

Pasture establishment determines the lifetime productivity 
of the pasture and hence livestock production. Care must 
always be taken to ensure adequate moisture supply and 
control of competition.  However, even if initial establishment 
is successful, poor selection of species can be a major limitation 
to persistence of the sown species. In permanent pastures of the 
southern slopes in NSW, Virgona and Hildebrand (2007) found 
that most of the sown species did not persist to acceptable 
levels. This may be viewed as a persistence issue but in practice 
the management decisions leading to poor pasture persistence 
in this respect are made at establishment. The issues of pasture 
establishment are treated in greater detail by Southwood et al. 
(1981) and Cook et al. (1987).

Early grazing management

Grazing of new pasture swards should not be undertaken 
until the plants cannot be pulled from the soil. This usually 
coincides with a height of about 10 cm for perennials. 
Annuals have more vigorous seedlings and tend to establish 
more quickly. Early grazing or mowing, once the plants are 
anchored, encourages tillering of grasses provided there is 
not complete defoliation. This defoliation may reduce growth 
rate, but weed control assists the establishment of desired 
species. For summer-dormant species like phalaris, early 
grazing can be harmful as it may decrease the production of 
dormant buds, thereby reducing summer survival.

It is not advisable to make hay from first-year pastures as it may 
reduce lifetime performance due to defoliation and interference 
with seed set. Management practices, such as frequent grazing 
before flowering (Figure 18.5) and weed control (Figure 18.6) 
should be used to encourage pasture seed set (Cregan, 1985), 
particularly with aerially sown pastures, which should not be 
grazed until after seeding down the first time.

Grazing management

Key objectives in grazing management in the high-rainfall 
and ley-farming zones include:

profitability of the enterprise•	
pasture stability•	
low animal stress•	
preservation of the natural resources.•	

Figure 18.5. The effect of length of growing season (based 
on water availability) and defoliation on seed yield of 
subterranean clover cultivars.
•	cv	–	Seaton	Park
•	cv	–	Midland	B
D

0
 – no defoliation

D
1
 – cut weekly from 53 days after sowing until 14 days after 

commencement of flowering (cutting height mainly 1-6 cm 
increasing to 6-4 cm over last 5 cuts)
T

1
 – water withheld from October 12 onwards

T
2
 – water withheld from October 25 onwards

T
3
 – water withheld from November 18 onwards

Source: Collins (1981).

Figure 18.6. The effect of grass weed control in winter 
by herbicides on seed production in subterranean  
clover at Wagga Wagga. 
Source: P. Cregan and K. Simmons, unpubl. data.
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The total value of a pasture is expressed in its ability to produce 
animal product for the expected duration of the pasture phase. 
Sustaining animal production levels necessarily relies on 
maintenance of plant productivity through pasture botanical 
stability.

Stocking rates

The most dominant influence on pasture productivity is 
stocking rate (Chapter 14). At low stocking rates considerable 
forage is wasted and there is little opportunity to exercise 
pasture management. Consequently, selective grazing 
occurs and weed invasion results. During seasonal herbage 
production peaks, quality of forage on offer declines quickly 
unless the excess pasture is removed for fodder conservation. 
At low grazing pressures fertiliser inputs are likely to be 
uneconomic.

At high stocking rates, risks are increased and higher 
management skills are required. Over-grazing can remove 
desirable species from the sward and increase the risks of soil 
erosion and invasion by unpalatable species. Soil compaction 
by livestock can occur, particularly during wet weather 
(Morley, 1981). While high grazing pressures for short periods 
can be beneficial for weed control, long-term use is likely to 
require increased expenditure on fencing, yards, water, labour 
(Sturgess, 1973) and fertiliser (Humphreys, 1972).

Thus stocking rate largely determines livestock production 
per hectare as well as affecting pasture availability and 
composition. This was confirmed in a comprehensive study 
by the Sheep CRC (2006) across sheep properties in southern 
Australia. Gross margins were most affected by the amount 
of wool and meat produced per hectare which was largely 
determined by stocking rate. This study also found that 
optimising lambing time was critical to the minimisation of 
supplementary feed costs. In southern Australia this translates 
to lambing in association with pasture feed supply, with larger 
economic benefit at the higher stocking rates.

As stocking rate increases there is an increase in production 
per hectare but individual animal performance declines (Figure 
18.7). The general relationships are shown in Figure 18.8. 
Beyond the optimum grazing pressure there is an accelerated 
decline in both per-animal and per-hectare production. Under 
southern Australian conditions it is not realistic to expect full 
pasture utilisation, due to seasonal fluctuations in herbage 
availability, and generally only 20 to 40% of pasture is eaten 
by livestock (Sheep CRC, 2006). Simulations (e.g. GrassGro3) 
suggest that attempts to achieve more than 50 to 55% utilisation 
may be unrealistic, being higher in better growth environments 
and lower in shorter season areas.

 In annual-based pastures stocking rate can be determined 
under a continuous grazing system by ‘reading’ the pasture 
(FitzGerald, 1976). Pastures based on subterranean clover 
should be managed so that grasses constitute about 10% of the 
pasture. Under-grazing encourages invasion of the pasture by 
annual grasses. FitzGerald showed that in a 500 mm rainfall 
area a balance was achieved at 8-10 ewes per ha, whereas in 
drier areas it was achieved at 6-8 ewes per ha.

Figure 18.7. The generalised relationship between production 
per head (_____), production per hectare (---) and stocking 
rate. Index refers to the ratio of actual to optimum. 
Source: Mott (1960).

The economic optimum stocking rate is lower than the 
biological optimum (White, 1981; Figure 18.8). It also differs 
depending on the enterprise. Sheep continue to grow wool, 
even when losing body condition (Wheeler and Hutchinson, 
1973). However, ovulation rates and lamb survival are reduced 
with increasing grazing pressure. Maiden ewe replacements 
need to be at joining weights by a prescribed time, and this 
determines the extent to which stocking rates can increase. 
For meat production, individual performance determines 
the time taken to reach marketable weight. Wool producers 
running wethers can therefore sustain higher stocking rates 
than breeders or prime lamb producers (Sturgess, 1973; 
Figure 18.9).

Figure 18.8. Effect of stocking rate on gross returns, variable 
costs and gross margins per unit area. 
Source: White (1981).
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Figure 18.9. Mean relative curves showing responses to 
stocking rate changes for different sheep enterprises. 
Source: Arnold (1968).

Farmers tend to adopt stocking rates much lower than those 
indicated by research (White, 1981). McArthur and Dillon 
(1981) suggested that farmers prefer to maximise the utility 
of their income (that is, personal goals, attitudes to risks, etc.) 
rather than net profit. Although adoption of low stocking rates 
implies a risk-avoidance policy, risks may increase because 
cash reserves are not increased sufficiently in good seasons to 
get through a poor season (White and Morley, 1977). 

There have been several estimates of pasture capability 
benchmarks based on rainfall. French (1987) indicated that 
a stocking rate of 1.3 DSE/ha per 25mm of average annual 
rainfall in excess of 250mm/year would be sustainable. Court 
(1998) refined this to 0.8 DSE/ha per 25mm in excess of 
250mm for low fertility pastures and 1.3DSE for high fertility 
pastures whilst Chapman et al. (2003) indicated 1.8 DSE for 
the higher rainfall zone of south east Australia on improved 
pastures where there was the option of adjusting animal 
numbers in relation to feed supply and animal condition. The 
maximisation of water use efficiency in pastures has been 
reviewed by Singh et al. (2003) for the high rainfall zone in 
southern Australia.

Management systems

A number of grazing management systems have been devised 
to provide a more consistent supply of feed for livestock. The 
most commonly researched systems have been rotational 
grazing and continuous grazing of improved pastures, which 
have generally produced similar results, with the exception 
of the need to rotationally graze lucerne (Lodge, 1991). The 
crown of the lucerne plant is accessible to grazing sheep so 
it may be completely defoliated. Repeated and complete 
defoliation eventually exhausts root reserves. Rotational 

grazing, providing a rest period over 5 weeks during the 
rotation, is required. While a three-paddock system is 
sufficient in the high-rainfall zones (McKinney, 1974), a four-
paddock system is required in areas where annual rainfall is 
less than 500 mm (FitzGerald et al., 1980).

 Subdivision into paddocks is necessary for any grazing 
management. In Australia, animal production is not always 
increased by subdivision (Southcott et al., 1962; Elliott, 1966). 
There may be some benefit from reducing the transfer of 
nutrients by livestock to camp sites, and from disease control. 
These seldom justify the cost of fencing, but subdivision 
allows for the separation of different flocks. In recent times 
there has been greater interest in cell grazing (Earl and Jones, 
1996) and technograzing (Hebart et al., 2004) whereby the 
area is intensively subdivided and flocks are concentrated 
on the cells for a few days and then the area is rested for a 
prolonged period as the other cells are sequentially grazed. 
Benefits identified include botanical stability and animal 
production. 

Efficiency of crop production is reduced as the paddock 
sizes become smaller. In the pastoral zone, flocks are more 
likely to be controlled by location of watering points, as there 
are limits to the distances from water animals can graze.

Grazing management and the 
persistence of pasture species

Almost without exception, experimental comparisons 
between rotational and continuous grazing have been made 
with strictly-adhered-to management systems. In practice, 
farmers have the flexibility of changing from one system to 
the other as deemed necessary, resulting in more intermittent 
grazing patterns. Research generally does not take into 
account aspects such as the need for sheltered paddocks 
for lambing, the use of stubbles, or grazing of paddocks 
earmarked for cropping, thereby spelling regularly grazed 
pastures. Spelling pastures can help rapid regeneration of 
annual species in autumn in some years, thus providing extra 
feed in winter and early spring. 

Much of the early research on grazing management 
systems was focused on animal production, with little 
attention paid to the effect on pasture. Little advantage 
was found for rotational grazing (e.g. Morley et al., 1969) 
whereas later research at Broadford, in Victoria found that 
rotational and intensive grazing of phalaris pastures led to 
greater animal production, greater phalaris persistence and 
higher levels of ground cover (Warn and McLarty, 2001).  In 
lucerne-based pastures the need to apply rotational grazing 
has been unequivocal (Southwood and Robards, 1971) with 
respect to lucerne persistence.

In recent times much greater consideration has been 
given to the sustainability of pastures. The reduction in non-
productive water loss through the retention of soil cover 
of over 70% on steeper slopes, (to minimise runoff and 
evaporation) and the increased use of perennials (to minimise 
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deep drainage and increase plant available water in the soil 
profile through having a deeper effective root zone) provides 
the potential to increase pasture growth. White et al. (2003) 
showed that the perennial, phalaris, used 46 -142mm/year 
more water than annual ryegrass.

Grazing management is also important in maintaining 
the perennial species over time. Kemp et al. (2000) showed 
that tactical rest periods were important for survival and 
vegetative growth of a range of temperate perennial grasses 
although the timing of the rest periods differed for different 
species. Two large national research programs throughout the 
1990s explored the role of grazing management on a range of 
different pastures types (see Kemp et al., 2000 and Mason et 
al., 2003). Hard and fast rules regarding grazing management 
were not apparent although, in general, rest periods favoured 
perennial species. For example, Virgona and Bowcher (2000) 
showed that fixed grazing regimes were not appropriate as 
there needed to be flexibility across seasons with longer rest 
periods in less favourable conditions. Virgona et al. (2000) 
showed in respect of phalaris pastures that rest periods were 
needed while tillers were developing in autumn/winter in a 
summer dry environment. In contrast, Lodge et al. (2000) 
demonstrated the absolute need for a spring rest in phalaris 
pastures in a summer rainfall environment. In native pastures, 
tactical grazing over the summer period can also be used to 
increase the abundance of perennial grasses (e.g. Michalk et 
al. 2003).

Where grazing management increases the longevity of 
sown pasture species, it is a cost-effective method of ensuring 
that investment in pasture improvement can be recouped.  It 
is less likely that grazing management leads to improvements 
in production outside those that are directly related to 
persistence of the desirable species. On the other hand, where 
grazing management leads to a more even return of urine and 
faeces within a paddock, it is likely that direct benefits in 
terms of pasture production accrue. A recent and popular 
innovation in grazing management is the establishment 
of feeding lots in times of severe drought. Graziers now 
routinely de-stock paddocks when trigger points in terms 
of feed availability, ground cover and/or livestock condition 
are reached. Decreased soil erosion and greater persistence 
of sown pasture species are the two main benefits of this 
practice. This is yet another example of the use of grazing 
management as a way of addressing issues related to system 
sustainability rather than production, per se.

Manipulating feed supply

Grasslands are the cheapest source of feed for livestock but 
production is seasonal, with an abundance in spring and/or 
summer and autumn depending on the rainfall distribution 
(Figure 18.1). In winter, low temperatures slow the growth 
rates of pasture species, reducing the quantity of available 
feed. In summer, lack of moisture can limit growth and affect 
the quality and quantity of feed available. Feed demand also 
varies throughout the year depending on the physiological 

state of the sheep. In most cases the greatest needs of sheep 
are timed to coincide with the greatest availability of feed. 
Variations usually result from some special high-value 
marketing opportunity or husbandry advantage.

Ways of reducing any imbalance of feed demand and 
supply include:

having low stocking rates in autumn so that pastures •	
can be carried over into winter; this consequently leads 
to a waste of feed during periods of abundance. Kaiser 
(1986) estimated that in southern Australia 30% of spring 
growth on temperate pastures (40 million tonnes of dry 
matter) is wasted annually;
agisting livestock during feed-shortage periods to •	
unaffected areas;
allowing livestock to lose condition and accept higher •	
mortality rates and lower production;
having higher stocking rates in periods of abundance and •	
selling stock that cannot be carried through winter;
buying feed when required;•	
using management systems such as •	 creep grazing, 
alternate grazing and autumn saving;
strategic fertiliser usage;•	
cutting excess pasture and conserving it as hay or silage •	
or retaining cereal grains, which are fed out in winter;
growing forage crops and utilising •	 crop stubbles.

Oversowing In order to increase the winter feed supply a 
rapidly growing forage species – for example oats, barley or the 
tetraploid ryegrasses – may be sod-seeded into legume-based 
pastures in early autumn. The forage species utilise soil nitrogen 
that might otherwise encourage the invasion of the pasture by 
undesirable plants. Humphries et al. (2004) demonstrated that 
cereal crop production was feasible when oversown to lucerne, 
with improved performance in winter dormant lucerne than in 
winter active types. Combined biomass of wheat and lucerne 
was enhanced but individual species production was less than if 
grown separately (Harris et al., 2007; 2008) and plant numbers 
of lucerne were reduced. These experiments were taken to 
grain yield of the cereals which is likely to have accentuated 
the negative effect on the lucerne.

Alternate grazing Where sheep and cattle co-exist there may 
be advantages in grazing them alternately to control internal 
parasites. This reduces the need for drenching (Barger and 
Southcott, 1978). Feed supply is improved because the cattle 
tend to eat the taller and coarser vegetation while sheep select 
the lower-growing, more digestible material (Wilson, 1976). 
This also occurs when sheep and cattle graze together but 
when feed is in short supply the cattle are adversely affected. 
They recoup their losses by compensatory growth when the 
feed supply improves (Bennett et al., 1970). In cell grazing 
mixed systems sheep follow the cattle.

One disadvantage of alternate grazing is that cattle, while 
not suffering from sheep footrot, can act as carriers of the 
infecting organism, Fusiformis nodosus, thereby potentially 
facilitating its spread to the sheep flock (Chapter 20).
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Creep grazing This involves young actively growing sheep 
having first access to new paddocks containing higher-
quality leafy material. It is achieved by placing narrow 
openings in fences, which only allow young sheep through, 
or by removing a bottom fence wire. It is beneficial with 
lucerne to hasten lambs to marketable weights (Fletcher 
and Geytenbeek, 1968), but sheep that are retained on the 
property may continue to break through fences as adults.

Autumn saving or deferred grazing This option relies on the 
carryover of feed into the winter season when pasture growth 
is slow. While this helps fatten stock to be marketed in winter, 
compensatory gains in spring by retained stock may make 
it uneconomic (Cannon, 1970; Brown, 1976). Improved 
pasture regeneration occurs in the autumn in some years. In 
addition autumn deferment can be used as a tactic to reduce 
undesirable weeds in pastures (Bendall, 1973).

Boosting winter growth As low temperature in winter 
commonly limits pasture growth at a time when ewes are 
pregnant and effective stocking rate is increasing, cost-
effective methods are required to increase winter growth. 
One way is to increase the nitrogen supply to the pasture 
by fertilising, the other is to use gibberellic acid to improve 
growth. Legumes normally supply the nitrogen requirements 
of associated grasses. However, during periods of grass 
dominance, nitrogen (N) fertiliser can be used strategically 
to give a flush of extra feed  Commonly the cost effectiveness 
of this practice is judged by calculating kg dry feed per 
kg N applied. The amount of pasture produced per unit N 
applied varies usually from ~10-15 kg DM/kg N applied (e.g. 
Simpson, 1965; Eckard and Franks, 1998).

Biddiscombe et al. (1962) found when gibberellic acid is 
applied in winter, pasture growth rates increased by 12 kg/
ha/day in winter. Although not adopted for many years, the 
recent availability of a commercial product, ProGibb SG, at 
an application cost of around $20/ha, has enabled on-farm 
application.

Fodder conservation Depending on seasonal conditions the 
value of conserved fodder in Australia is between $1.5b – 
$3b annually. In spite of the size of this industry, its effect 
on animal production profitability can be variable. Kaiser 
(1986) argued that it will become more important as higher 
land prices put pressure on farmers to increase the efficiency 
of land use. Conversely any price-cost squeeze could make 
fodder conservation less attractive. Despite this ambiguity 
many farmers practise forage conservation and derive some 
benefit through risk reduction or increased profits.

Fodder conservation has become more economic through 
technological developments. Surveys of hay quality (Saul 
and Flinn, 1983; Corbett et al., 1980) have indicated that 
much is of low quality and therefore non-profitable (Kaiser 
and Reilly, 1982). Quality is therefore of high importance for 
productivity gains.

Hutchinson (1976) describes three phases that comprise 
a fodder-conservation feeding program on any farm: Phase I 

is the conservation period when an area is withdrawn from 
grazing in order to produce sufficient bulk for conservation; 
phase II is the interim period between the conservation of 
the fodder and the feeding out period, involving storage of 
conserved material; and phase III is the feeding out period, 
where the benefits of the process are realised.

There may be increasing penalties in sheep production in 
phase I with increasing stocking rates because of restricted 
access to feed (Bishop et al., 1966; Birrell et al., 1978). This 
penalty needs to be more than compensated for in phase III to 
justify the costs of conservation. As stocking rates are often 
conservative, there may be some value to sheep production 
at the time of conserving fodder by reducing the progressive 
deterioration of pasture quality (Bishop and Birrell, 1975; 
Birrell and Bishop, 1980).

The value of conserved fodder may therefore be largely 
confined to the mitigation of medium- to short-term droughts 
(Birrell et al., 1978), enhancing the regeneration of autumn 
pastures, the prevention of pregnancy toxaemia in ewes in 
winter, the earlier marketing of prime lambs, the maintenance 
of pasture quality in spring under conservative stocking rate 
regimes, particularly with young sheep, and the reduced 
incidence of grass weeds in the following crop (Pearce, 1973; 
May and Godyn, 1982). With the exception of the last two 
aspects, these can also be achieved by purchased fodder or 
grain.

Forage crops In the higher rainfall zone, sowing a forage crop 
reduces the area of pasture available for animal production. 
Any penalty therefore needs to be recouped to cover the costs 
of the forage crop establishment and the re-establishment of 
pasture if that is subsequently required. If the forage crop is 
associated with grain cropping, however, the above arguments 
do not apply as the income from the grain harvest should 
cover the costs.

Often the program is associated with a pasture-renovation 
program, or takes place on poorly developed properties with 
little improved pasture, and can be partially justified on 
those grounds. There is, however, little evidence to suggest 
that forage crops are superior to a well-managed productive 
pasture, particularly where the animals are retained on 
the farm over the whole year (Axelson et al., 1970; Dann 
et al., 1974). Depending on the species, forage crops may, 
however, provide bulk and/or quality forage at a time of year 
when needed (Wheeler, 1981). If forage crops are used it is 
important that they are high-yielding, to minimise the area 
required, and quick-growing, to minimise the time the area is 
unavailable to livestock.

In the cropping zone, when cereals such as oats, barley 
and winter wheat are grown, it is possible to provide sheep 
with green feed in the early winter, thereby allowing some 
pasture areas to be spelled. With the advent of winter wheat 
varieties, more opportunities exist for supplementing feed 
supply in autumn and early winter, because they can be sown 
as early as practicable in the autumn. These varieties have 
a cold requirement to induce flowering, so flowering time 
is not dependent on sowing time. In addition, grazing can 
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also delay flowering time on early sown crops. Overall, it 
is possible to utilise a significant amount of crop biomass 
without significantly reducing grain yield (Virgona et 
al., 2006). A study by Davidson et al. (1990) showed that 
maximum dry matter was achieved by delaying grazing 
as late as possible before the shoot apexes emerge above 
ground, after which grain yields were compromised. In 
practice, however, pressures on feed supply may occur earlier 
and compromises need to be made. Grazing of winter cereals 
may result in magnesium deficiencies in livestock (Dove et 
al., 2007). These authors demonstrated significant increases 
in rate of liveweight gain when lambs were supplemented 
with Mg and Na. 

The importance of canola as a grain crop in Australia in 
recent decades has raised the possibility of this crop having 
a dual purpose role. Kirkegaard et al. (2008) showed that 
winter varieties were readily acceptable to sheep and that 
grain yields were not compromised provided grazing was 
completed before bud elongation in spring and that the season 
had a reasonable finish to allow for compensatory growth of 
the crop.

Forage legumes such as lupins and peas and cruciferous 
forage crops such as kale and turnips, while providing 
good-quality forage, recover poorly from grazing. Turnips 
provide feed from top growth initially then the roots, thereby 
extending the grazing time. The summer forage sorghums are 
generally unsuitable for grazing by sheep until 0.8-1 m in 
height due to the prussic acid content of the herbage and they 
have relatively low digestibility. Japanese millet is preferred, 
but grazing needs to occur early and frequently to reduce the 
rate at which the crop flowers.

There are few published economic assessments of forage 
crops in the whole-farm system (Cole, 1981). Grazing of 
early-sown crops can reduce the risk of frost damage and 
lodging (Dann et al., 1983) and hence improve grain yields. 
However, sowing time would normally be later if grazing 
was not required and the risks would be reduced. Axelson 
et al. (1970) and Dann et al. (1974) found that the profits 
from grazing ewes on dual-purpose oat crops were negative 
or very small. 

Utilisation of crop stubbles After cereal crops are harvested 
sheep have access to spilt grain, husk and weed residues, and 
these can provide reasonable-quality rations in the short term 
(Rowe et al., 1989; Mulholland et al., 1977). Any green pick 
provides a source of nitrogen and minerals, which assists in 
the utilisation of the stubble.

Oats stubble is the most digestible followed by wheat. 
Barley stubble has semi-solid stems, which are low in 
digestibility. Digestibility of stubbles gradually declines 
because sheep eat the most digestible material first. Rain also 
causes decline (Purser, 1981; Figure 18.10), so sheep should 
be introduced into stubble paddocks immediately following 
harvest to maximise their utilisation. Supplementation with 
nitrogen and with sulphur may improve utilisation of low-
quality residues (Coombe, 1981).

Figure 18.10. Dry matter digestibility of crop residues as 
affected by rainfall. Source: Purser (1981).

Grain feeding Compared with conserved fodder, grain can 
have higher feed value and can be stored for long periods 
without deterioration. The use of grain supplements takes 
place in late summer-autumn, when forage is high in fibre 
and low in protein and soluble carbohydrate, or in winter 
when forage quality is high but availability is low.

Grain supplements should be given when deaths are 
likely to occur without it (Foot et al., 1980). Such cases 
include small late-spring-born lambs unable to cope with dry 
summer pasture and ewes at risk of pregnancy toxaemia in 
late pregnancy. Long-term effects of poor nutrition on lambs 
less than 6 months of age also need to be avoided (Kelly et 
al., 2006; McLaughlin, 1973). Strategic supplementation 
to finish lambs for out-of-season markets will depend on 
the market value of the livestock relative to the cost of the 
supplement (Cottle and Mathew, 1982).

The value of supplementing grazing sheep depends on: the 
extent to which the animal can select a better-quality diet from 
the pasture; the considerable variation in intake of individual 
animals; and the extent to which compensatory growth may 
subsequently nullify the effects of the supplement.

Factors affecting responses to feed-gap 
options

Inconsistent responses to the management options listed 
above may occur due to:

Compensatory growth Sheep have the ability to regain the 
level of production they would have attained if there had been 
no feed shortage, so a similar level of production is finally 
achieved for lower cost (Ryan et al., 1993; Thornton et al., 
1979). However, in very young livestock, permanent stunting 
can occur.

Supplementation versus substitution The object of feeding 
during periods of shortage is to provide a supplement to normal 
pasture intake – that is, to provide extra nutrition to reduce 
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sheep production losses. However, when supplements are 
provided, intake of pasture is usually reduced – the supplements 
partially substitute for pasture that would otherwise have been 
consumed. Estimates of the degree of substitution range from 
40% (Holder, 1962; Langlands, 1969) to 80% (Hutchinson, 
1976). There is also a wide range of supplement intakes 
between individual sheep (Nolan et al., 1975; Kahn, 1994). It 
is therefore a relatively inefficient process.

Gut-fill limitations For production responses, sheep must 
obtain above-maintenance energy supplies, which is difficult 
with low-digestibility supplements such as hay, due to gut-fill 
limitations.

Pasture quality and quantity Any management process 
that restricts pasture access by the grazing animal results 
in deterioration in quality of the herbage and reduction in 
pasture growth rate. The former is dependent upon the period 
the area is shut up, the season and the species involved. As 
plants mature, the ratio of leaf to stem declines which results 
in reduced quality – that is, higher fibre and lower protein 
content. New re-growth is generally higher in digestibility. 
The longer the period the plant material remains unconsumed 
in the paddock, the lower will be its quality (Willoughby, 
1970). While the amount of herbage available in winter is 
low, the quality of the material is usually high because of its 
continued defoliation.

Pasture species differ in the rate of decline of quality with 
maturity. Legumes provide high-protein and highly digestible 
forage. Sheep production is directly related to the legume 
component in pastures where different pasture mixtures have 
been compared (Leigh and Noble, 1972). Even at maturity, 
their crude protein content is above 10%, which is adequate 
for maintenance.

Many native grasses only retain reasonable quality for 
a very short period. The improved grasses retain quality for 
longer and their quality at maturity is much superior to that of 
the native species but significantly inferior to that of legumes. 
However, improved grasses provide botanical stability in 
improved permanent pastures.

Rate of pasture growth depends on the amount of foliage 
present. Donald (1963) describes in detail vegetative growth 
rates in relation to leaf area index (the area of leaf per unit area 
of ground) and indicates that, once the foliage gets beyond 
optimum leaf area index (about 95% light interception), 
growth rate slows, eventually reaching zero, when leaves 
die at the base of the plant at the same rate as leaf area is 
produced at the top.

Conclusions on grazing management

In Australia, the use of complicated grazing systems appears 
to have no consistent productive advantages for the livestock 
over the simple set-stocking procedure. Rotational grazing 
(except for lucerne), autumn saving and fodder conservation 
do not give consistent short-term economic benefits. However, 

a more appropriate view would take the longer term effects 
on pasture composition and natural resources into account. 
There may be advantages in supplementing young sheep to 
allow them to reach their marketable or joining weight sooner 
or in supplementing rams and flushing ewes.

It may also be necessary to provide supplementary 
nutrition where pregnancy toxaemia is a risk (Chapter 20). 
Alternatively, the time of lambing can be more closely aligned 
to the availability of feed supply (Chapters 14 and 17), or 
agronomic adjustments can be made to the pastures involved.

Some managers want their sheep in top condition all the 
time - through pride, peace of mind, public relations and 
other personal reasons. There is no argument here, provided 
they are prepared to pay the cost.

Weed management

Managers may take little notice of any weed problem that 
builds up in pastures. The presence of particular weed species 
sometimes indicates certain conditions. For example, grass 
weeds or thistles in a legume-based pasture indicate that soil 
nitrogen status is high. Dandelions or sorrel may indicate a 
lack of competition caused by a soil acidity problem. The 
presence of weeds generally reduces the productive capacity 
of the land, sometimes directly affecting sheep productivity. 
For example, barley grass can cause a grass-seed problem in 
lambs; photosensitisation can occur in sheep grazing St John’s 
wort; and heliotrope and Paterson’s curse can cause liver 
damage, resulting in chronic copper poisoning. Alternatively, 
these plants compete with more desirable pasture species 
thereby reducing pasture quantity and quality. This becomes 
an increasing problem because the desirable pasture species 
are selectively grazed and re-grazed.

Economics of weeds in pastures

Weeds represent a considerable cost burden to the enterprise. 
This cost comprises the financial expenditure on chemical 
and non-chemical (e.g. grazing, slashing, tillage) control as 
well as the opportunity cost measured as the value of lost 
production due to the weed infestation (Sinden et al., 2004). 
Estimates of the control costs to the Australian industry are in 
excess of $400 million per year (Table 18.3).

Table 18.3. The estimated annual costs of weed control for 
the sheep and related industries. 
Enterprise Crop and pasture 

chemical expenditure on 
weeds

Non-chemical costs 
of weed control

$/ha $m/
industry

$/ha $m/
industry

Grains/livestock 10.56-12.54 218-259 6.93 143
Sheep/beef   0.51-  0.57 22-24 0.33   14
Sheep   0.45-  0.50 24-27 0.29   16

Source: Sinden et al. (2004).
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The opportunity costs can be considered in terms of reduced 
carrying capacity per hectare. Based on an estimated 
production loss of 5% (Sinden et al., 2004) this equates to 
more than $400 million per year plus the discount in wool 
due to vegetable fault. The latter is difficult to attribute to 
weeds because of the contamination by clover and medic 
burr but substantial benefits can be realised by reducing the 
contamination (Rabjohns, 1986; Cornish and Beale, 1974). 
Where toxic weeds are palatable to livestock, it is economic 
to eliminate them because the costs of stock losses tend to be 
large in relation to herbicide costs (Hyde-Wyatt, 1978). 

In some cases the infestation of a particular weed is 
undesirable but is not economic for individual landholders to 
remove.  For example, Savory and Soper (1973) found that an 
initial cover of 20% of docks (Rumex spp.) was needed before 
pasture yields were improved by their control. Vere and Medd 
(1979) estimated the annual cost of controlling nodding 
thistle (Carduus nutans) was greater than the estimated 
production loss whilst Menz and Auld (1977) also record 
that the eradication of galvanised burr (Sclerolaena birchii) 
from the rangelands of eastern Australia was uneconomic for 
individual farmers.

Other studies have shown favourable returns. The best-
documented economic study on pasture weeds has been on 
the perennial grass, serrated tussock (Nassella trichotoma), 
the most serious weed of the New South Wales tablelands 
(Campbell, 1977; 1992). Heavy infestations have reduced 
carrying capacity by up to 90% (Vere and Auld, 1979). 
The costs of replacement of the weed with pasture legumes 
and perennial grasses, together with maintenance until the 
pasture becomes dominant, are considerable (Vere and 
Campbell, 1984). Where heavy infestations occur it may 
take 10-20 years before the pasture establishment costs are 
repaid. However, despite this Vere et al. (1980) estimated 
that the net social benefits to the community of widespread 
control were $187-$334 million. For species such as serrated 
tussock, under the noxious weeds provisions, landholders 
are required to undertake control measures or be liable for 
prosecution, even if they are uneconomic in lower-fertility 
and low-rainfall areas.

Consideration should also be given to the long-term 
effects, management implications and community benefits. 
Conservative stocking rates may encourage the development 
of a weed problem through selective grazing practices, and 
control measures will have no effect on a non-existent feed 
shortage.

Weed management techniques

The earlier the weed control program starts, the easier, more 
effective and less costly the program. Several techniques 
(Table 18.4) have been developed, which are efficient and 
cost-effective. 

Spray-graze Broadleaf weeds, particularly those with a rosette 
habit of growth such as capeweed and Paterson’s curse, are 

sprayed with low rates of 2,4-D or MCPA in the early growth 
stages (Pearce, 1972). The hormonal effect of the herbicide 
mobilises the starch to sugars, thereby sweetening the 
material, and at the same time distorts the plant’s growth so 
that the leaves stick up and are easily eaten by sheep. Grazing 
at high stocking rates, about one week after spraying, removes 
the weeds and allows the desirable plants to take over.

Spray-topping and hay-freezing Annual grasses can be 
prevented from producing viable seeds at flowering time. 
This is important in cropping areas as these plants are hosts 
for a number of cereal diseases and are difficult to control 
chemically. For spray-topping, low rates of chemical are 
used, in this case 500 mL paraquat per ha (Pearce, 1973) or 
250-500 mL glyphosate (Jones et al., 1984). The chemical is 
sprayed on the grasses when they are fully out in head.

Timing is critical to minimise the amount of viable seed 
set. The herbicide application stops plant growth, hastens 
haying off and prevents the seed from maturing and becoming 
viable. Where more than one grass species is present, paraquat 
is applied in late winter-early spring to ensure complete kill 
of the grasses, a technique known as hay-freezing. These 
techniques allow improved productivity of the associated 
legume and perennial grass species.

An advantage of these methods is that herbage protein 
levels are higher and the forage is grazed more completely for 
a longer period. Grazing can commence a day after spraying 
and, in Western Australia, a reduction in incidence of annual 
ryegrass toxicity is achieved.

Ropewick application The ropewick applicator’s usefulness 
depends on the weeds being taller than the pasture. The rope 
or similar material acts as a horizontal wick from the reservoir 
of chemical, usually glyphosate. The rope is brushed onto the 
taller species and the glyphosate is transferred to the plant, 
absorbed, and translocated. Plants brushed by the ropewick 
are killed. The procedure is simple and quite effective and 
restricts the amount of chemical needed.

Selective herbicide usage With the recent development 
of a vast range of chemicals it is now possible to control a 
majority of weeds in pastures. The various State Departments 
of Primary Industries provide recommendations to this 
effect and therefore should be consulted before spraying is 
contemplated. In general, selective herbicide application is 
more expensive than the above techniques but more effective 
with some weed species. Rabjohns (1986) indicated that it 
was profitable to chemically control thistles, barley grass and 
wireweed in sheep pastures by herbicides due to the benefits 
of increased pasture production and decreased seed fault in 
wool and hides.

Generally, plants become harder to kill with age, 
necessitating higher rates or even a change in chemical if late 
application is used. Herbicide efficacy is greatest when plants 
are actively growing. During periods of environmental stress 
the relative tolerance of pasture and weed to the herbicide 
may change. The weed may become more tolerant while the 
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pasture species may become more susceptible. Herbicides 
should be chosen for the appropriate purpose and used at the 
correct time and rate.

Mob stocking A very high stocking rate employed for a short 
period on particular paddocks can force-graze plants that 
otherwise would be avoided. All species are eaten and are 
then placed in a similar competitive situation. The timing 
of this operation is important to ensure minimal damage to 
desirable species, but the weed species need to be relatively 
palatable.

Mechanical Some species, such as thistles, when they 
establish and colonise areas are physically unpleasant 
for animals to walk through and thereby prevent access to 
watering points. Slashing is therefore necessary. The timing 
of this operation is important to ensure maximum reduction 
in the amount of seed set by the weeds. Early slashing will 
encourage more flower stems to be produced while a late 
operation will not prevent seed set but rather facilitate seed 
spread. The operation therefore needs to follow flowering but 
be timed to occur before much seed development has taken 
place.

Goats Where weeds of low palatability, such as blackberry 
and briar, dominate a pasture and restrict the area of grazing, 
introduction of goats into the paddock with sheep will give 
cost-effective control (Carberry and Davies, 1983; Holst and 
Campbell, 1986; Vere and Holst, 1979), otherwise woody 
weed herbicides are available.

Table 18.4. A summary of weed management options, time 
of application and target weeds spectrum. 
Management option Time of year Target weeds
Cultivation Autumn All weeds
Spray grazing Winter Paterson’s curse, 

capeweed, thistles
Winter cleaning Winter Annual ryegrass, 

silver grass, capeweed
Ropewick Late winter/spring Thistles, docks
Spraytopping Spring Annual grasses
Mechanical Spring Thistles 
Mob stocking
Selective herbicide

As required
As recommended

All weeds
As recommended

Irrigated pastures

Irrigation can increase the intensity of production and 
overcome periods of feed shortage.

In southern Australia the major pasture feed gap for 
sheep is during the dry autumn months which may be filled 
with summer-irrigated pastures. However, their efficiency 
compared with winter-based pastures is much lower because 
of the high evaporation (Figure 18.11). At Deniliquin, NSW, 
Squires (1971) showed that winter annual pastures, with six 
irrigations, required 480 mm of water whereas the summer 
perennial-based pastures required 13 irrigations and 800 
mm. It was estimated that summer pastures produced only 
about 0.8 t DM per ML of irrigation water, with relatively 
low yields, whereas winter pastures irrigated in autumn and 
spring produced 2.5-3 t DM per ML. In terms of water-use 
efficiency and labour utilisation, irrigation of winter-based 
pastures in southern Australia is easier to justify. 

The degree to which winter-based pastures solve the 
summer feed-gap problem, however, is limited. Early 
germination of subterranean clover seed is low because of 
high-temperature dormancy and, depending on soil infiltration 
conditions, risks of seedling scald are high. The appropriate 
choice of cultivar will enable greater production longer into 
the spring-early summer period and the carryover dry feed and 
burrs will be of reasonable quality. While sheep are likely to 
lose weight during this period, they will quickly compensate 
for it in autumn when green feed becomes available again.

An alternative is to include a small proportion of summer-
based irrigated pasture, if water is available, to specifically 
provide for that season. By minimising the area, the labour 
and water requirements are restricted and it provides for 
grazing during the autumn when the winter annual species 
are regenerating. 

Decision support systems

A review of the use of decision support software packages for 
pasture and livestock management has been undertaken by 
Bell et al. (2008) and some packages, such as GrassGro, are 
discussed in Chapters 14 and 17.

Figure 18.11. Generalised growth rate curves for winter annual and summer perennial irrigated pastures and their relation to 
moisture loss at Leeton, New South Wales. Source: Michalk et al. (1977).
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The challenge of climate change

The growth and management of pastures in Australia has 
always been a challenge with respect to climatic constraints. 
The risks increase with any decline in annual rainfall and the 
options for improved pastures reduce accordingly. Variability 
of climate is normal and managers are attuned to addressing 
regular droughts. Perennial species tend to be more favoured 
in the higher rainfall zones, such as the tablelands and slopes 
with greater dependence on annual species in the lower 
rainfall areas. Varieties are chosen to fit within the defined 
growing seasons based mainly on average annual rainfall 
and as far as possible stocking rates are adjusted in response 
to the growth of the pasture and availability of forage on 
offer. One exception to the rule is lucerne which has wider 
adaptability through its extended taproot. This allows it to 
withstand dry spells but also respond to out of season rainfall 
in the temperate climes.

The background and realities of climate change have been 
comprehensively reviewed by Pittock (2009). Projections on 
climate change indicate that the south and southeast of the 
continent are to be most greatly affected. Average annual 
rainfall is set to decline by up to 10% and temperatures are 
set to rise by 1-2 degrees by 2030 thereby rendering the 
rainfall at higher risk of evaporation and thus less effective. 
There is a greater likelihood of summer rainfall events in this 
traditionally winter dominant rainfall region and the extent 
of the variability is likely to increase. Elevated CO

2
 levels 

are expected to increase photosynthetic rates especially in C
3
 

plants (Tubiello et al., 2007)  but any resultant increases in 
yield are likely to be partially offset by the higher temperatures 
and lowered water availability regime (Chakraborty et al., 
2002). A thorough review by Nowak et al. (2004) concluded 
that the magnitude of any rise in productivity due to elevated 
CO

2
 may increase if nitrogen availability was increased.  

Climate change predictions by the Australian Bureau of 
Agricultural and Resource Economics (ABARE) suggest 
productivity declines for agricultural products. This decline 
is of the order of 15 -21% for sheep meat over the next few 
decades (Gunasekera et al., 2007).

In general, pasture managers will therefore need to adjust 
to shorter growing seasons than they manage at present. 
Thus shorter season varieties will need to be chosen to fit 
this new regime and stocking rates will need to be adjusted 
accordingly. Allowances will need to be made for thermal 
time and vernalisation requirements of the chosen plant 
varieties from the elevated temperatures and the likely 
changes in phenological development (Pittock, 2003). The 
geographic margins of the improved perennial pasture zone 
will contract towards the more favourable locations. Lucerne 
would be expected to increase in importance particularly 
to utilise the summer rainfall events which are projected 
to increase in occurrence. Summer (C

4
) species are likely 

to encroach further south thereby generating potential new 
weed problems. Insect pests and pathogens may also alter 
their geographic distributions and life cycles (Pittock, 2003; 
Coakley et al., 1999).  Management of pastures will also 

be influenced by the way in which climate change affects 
competition between pasture species. Campbell and Hunt 
(2001) predicted a range of competitive outcomes from an 
increase CO

2
 concentration, the most relevant to Australia 

being: an increase in the competitive advantage of those 
species that are most response to CO

2
 – especially important 

where C
3
 species face increased competition with C

4
 species 

- and an increase in competitive advantage for legume species 
in situation where lower levels of N availability occur.  
Considering these potential impacts, vigilant monitoring 
of pastures and tailored management approaches will be 
needed.

In the rangelands of semi-arid Australia, extensive 
grazing is expected to receive the greatest trends in warming 
and drying and this will place greatest stress on marginal 
enterprises. The issues are extensively evaluated by Stokes 
et al. (2008).

A further change to contend with is the likely encroachment 
of annual crop production into the permanent pasture zone 
where topography allows. In these cases permanent pastures 
are likely to be replaced by a short term pasture phase as 
now happens in the traditional wheat/sheep zone of southern 
Australia.

Glover et al. (2008) describe the role that biotechnology 
could play in lessening the impact of climate change through 
the development of new varieties that withstand the new 
stresses. Temperature tolerances, both hot and cold, water-
use efficiency, altered flowering triggers and pest and disease 
resistances are potential characters for attention. However 
there will be no quick fixes. 

Conclusions

The grazing management of sheep involves manipulating 
the availability of herbage as economically as possible. 
Different systems have been discussed and aspects of fodder 
conservation, forage crop production, weed control and 
irrigation considered. No pasture system is always best and 
all these issues need careful evaluation in the context of 
individual properties.

The value of improved pastures in raising productivity 
is emphasised, provided due attention is given to the 
establishment phase. Subsequent productivity will depend on 
grazing management practices, including stocking rates and 
weed management, which is too often overlooked particularly 
with respect to long-term advantages. Management to 
maintain adequate soil cover and botanical stability is critical 
to long-term productivity.
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Introduction

It is often said anecdotally that farmers and graziers are the 
original conservationists. The supporting argument is: what 
grower in their right mind would damage their resource base 
and their principal means of future wealth?  While the logic is 
impeccable, the global history of desertification and collapse 
of civilisations due to environmental failure (Dregne, 1983; 
Diamond, 2005) means that agricultural sustainability is far from 
assured, raising questions about the ability of primary producers 
to conserve soil and water resources despite the best intentions. 
While there are many agricultural systems that have persisted 
for centuries or millennia, most of these underpin steady-state 
economies not subject to overpowering external pressures 
(Diamond, 2005). In contrast, modern agriculture both in 
developing and developed countries is beset with rapid changes 
in the decision-making environment and massive external social, 
economic and ecological pressures. While western agriculture has 
been remarkably successful in feeding a rapidly growing global 
population in the past 40 years, there have been opportunity costs 
and problems along the way (Tilman et al., 2002). Worldwide, 
24% of global land area declined in climate-adjusted net primary 
productivity (NPP) over the period 1981–2003, as assessed by 
remote sensing of the normalised difference vegetation index (Bai 
et al., 2008). Only 16% registered an improvement. Degrading 
areas were mainly in Africa south of the equator, south-east Asia 
and southern China, north-central Australia, the Pampas and 
swathes of boreal forest in Siberia and North America. Overall, 
the environmental performance of agriculture has improved in 
OECD countries since 1990, but with significant variations within 
countries and widespread increases in on-farm energy use and 
water use and declines in wild species and ecosystem diversity 
(OECD, 2008). The problems include degradation of soil, water 
and air, both on and off-site, declining primary productivity, 
the non-target impacts of agricultural pesticides, undesirable 
changes in vegetation due to overuse (logging, grazing etc.), 
over-harvesting of wildlife and fish populations, over-extraction 
of water resources, introduced plant and animal pests, human-
induced climate change, the deforestation and drainage of 
wetlands, and loss of habitats and biodiversity (Dregne, 1983; 
Williams and Chartres, 1991; McNeely et al., 1995; Industry 
Commission, 1998; Williams et al., 2001; Diamond, 2005; 

Millennium Ecosystem Assessment, 2005a,b; Mooney et al., 
2005; Steinfeld et al., 2006).

Given agriculture’s mixed report card for land and water 
management, this chapter addresses the principles of sustainable 
sheep production. What rules-of-thumb, indicators and 
technologies can sheep producers rely on to safeguard their 
land and water natural assets, and therefore their business? The 
concept of sustainability is discussed in terms of the three ‘E’s 
(ecology, economics and social equity). This means sustaining, 
if not enhancing, the farm’s natural resource base, external 
environment, profits, and human and social capital. A series 
of sustainability principles with respect to each component of 
extensive (Chapter 22) and general sheep production systems are 
summarised. Rules-of-thumb or ‘indicators’ for sheep producers to 
use in the paddock and farm office to ensure sustainable profitable 
production in a wide range of environments are outlined. Finally, 
social and technical tools and technologies to aid sheep managers 
achieve sustainable land and water use from farm to catchment 
scale are described. Although the focus and bias is Australian, 
the ecological and economic principles and indicators proposed 
transcend political and biogeographical boundaries, and should 
be tested wherever livestock are extensively grazed. 

Sustainability: the concept 

Sustainability is the capacity to continue indefinitely (Oxford 
English Dictionary, 2009). In the conservation and development 
literature, however, sustainability means the simultaneous 
capacity to produce and meet present human needs while 
conserving the natural resource base (Anon., 1980). The 
Brundtland Report (WCED, 1987) restated the concept with 
explicit reference to future generations as the beneficiary of 
the present generation’s conservation activities: the capacity to 
produce and meet human needs without affecting the capacity 
of the resource base to support future consumption and 
production. From these semantic foundations, many definitions 
of sustainable development emerged (Pearce et al., 1989), with 
various differences in meaning and emphasis. In Australia, the 
Council of Australian Governments (COAG, 1992) endorsed the 
concept of ‘ecologically sustainable development’ (ESD) with an 
explicit emphasis on life-support systems: 
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using, conserving and enhancing the community’s 
resources so that ecological processes, on which life 
depends, are maintained, and the total quality of life, now 
and in the future can be increased 

Common to most sustainability definitions is the need to consider 
(Young, 1992): (1) the effects of current development on the 
future; (2) the importance of maintaining a healthy biosphere; 
and (3) improving human welfare now without compromising 
similar opportunities for future generations (intra-generational 
and inter-generational equity). Ecology, economics and society 
thus form the three pillars of the trans-disciplinary science of 
sustainability (Young, 1992; Di Castri, 1995; Strange and Bayley, 
2008). The reason that sustainability has become the dominant 
liberal development paradigm for a generation is the policy 
direction that it affords all human endeavours: the desirability 
of optimising the (1) environmental integrity, (2) economic 
efficiency, (3) social justice, and (4) political acceptability of 
one’s actions, (5) while operating (preferably well) within the 
limits of regulatory compliance. 

 In order to operationalise sustainable development, core 
sustainability objectives and guiding principles have been 
developed. For instance, the COAG’s (1992) core objectives of 
its ESD strategy were:

To enhance individual and community well-being and 1. 
welfare by following a path of economic development that 
safeguards the welfare of future generations;
To provide for equity within and between generations; and2. 
To protect biological diversity and maintain essential 3. 
ecological processes and life-support systems.

The guiding principles for ESD were (COAG, 1992):

Decision-making processes should effectively integrate both 1. 
long and short-term economic, environmental, social and 
equity considerations (the principle of intragenerational and 
intergenerational equity);
Where there are threats of serious or irreversible 2. 
environmental damage, lack of full scientific uncertainty 
should not be used as a reason for postponing measures 
to prevent environmental degradation (the precautionary 
principle);
The global dimension of environmental impacts of actions 3. 
and policies should be recognised and considered (‘think 
globally, act locally’);
A strong, growing and diversified economy enhances the 4. 
capacity for environmental protection (‘it’s difficult being 
green when you are in the red’);
Maintaining or enhancing international competitiveness in 5. 
an environmentally sound manner is important;
Cost-effective and flexible policy instruments should be 6. 
adopted, such as improved valuation, pricing and incentive 
mechanisms; and
Decisions and actions should provide for broad community 7. 
involvement on issues that affect them.

Different sectors of the economy have developed sustainability 
definitions for particular land uses and industries. For agriculture, 
three definitions are compared in Table 19.1. The common 
elements to all three are the requirement for primary production to 
(1) be profitable, (2) conserve the agricultural resource base, and 
(3) have minimal negative impacts on the off-farm environment. 

Table 19.1. Comparison of three definitions of sustainable 
agriculture or sustainable livestock production. 

Sustainable farming 
practices or systems:

Sustainable 
agriculture

Sustainable 
agriculture

Sustainable 
livestock 

production

Conserve agricultural  
resource base for future 
generations

+ + +

Are profitable + + +
Are increasing production +
Meet human needs in terms 
of quantity and quality of 
food and fibre produced

+

Minimise use of non-
renewable resources

+

Minimise off-farm 
environmental impacts

+ + +

Are ecologically resilient +
Enhance biodiversity + +
Are becoming more water 
use efficient 

+

Enhance producer 
satisfaction, motivation and 
adaptive capacity to change

+

Are continuously 
improving in terms of 
achieving all of above

+

Source: adapted from Reeve (1990), SCA (1991) and Mason et al. 
(2003).

Sustainability in practice 

A number of issues complicate decision making for sustainability. 
The first is the problem of balancing human welfare across a range 
of dimensions: economic, ecological, social, cultural and political. 
Decisions about human welfare are ultimately value judgements 
and dependent on the ideologies of the individuals, communities 
and governments concerned. Consider the divergence of 
opinion about what constitutes ‘sustainable’ agriculture. Most 
primary production in Australia is founded on the ideology of 
conventional agriculture and the modern industrialised society 
(Reeve, 1990): increased production and economic growth are 
good, materialism and profit orientation are appropriate, science 
and technology are linked to progress, expanding foreign markets 
should be pursued, and people should dominate nature as far as 
is practicable to achieve these ends. Alternative agricultures, such 
as permaculture and biodynamic farming, tend to be founded 
on opposing ideologies (Reeve, 1990): family and group self-
reliance, harmony with nature, a global village view of the 
world, voluntary simplicity and a belief in the ‘goodness’ of the 
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family farm. One particular ideology does not necessarily have 
a monopoly on sustainability. Industrialised agriculture is not 
necessarily unsustainable, nor is a belief in alternative values a 
necessary prerequisite for sustainable agriculture.

The second issue concerns spatial scales and the decision-
making hierarchy. Individual livestock producers cannot hope 
to influence global demand for their products, commodity 
prices, exchange rates or international trade policies, unlike 
inter-governmental organisations, transnational corporations 
and national governments, which can and do routinely influence 
global business activity, trade negotiations and international 
commodity markets. Conversely, a producer makes many 
individual management decisions which have a large impact on 
the land and water resources of their farm and shape the farm 
and surrounding environment. However, governments and the 
world community can only influence a farmer’s management, 
at best, indirectly. Decisions at many different levels influence 
the sustainability of land management, and so solutions to 
land management problems need to be found at many levels. 
Unfortunately, the disconnect between spatial scales means 
that policies enacted at one level (e.g. a catchment management 
authority) may have relatively little influence on decision making 
at the farm scale where it counts (Scott, 2007). It also means that 
sustainability solutions implemented by the world community 
are unlikely to be the same as solutions relevant to or adopted by 
individual livestock producers. 

In a similar way, sustainability goals need to be scale-
dependent if they are to be meaningfully applied to land 
management or land-use planning (Stafford Smith, 1994). The 
individual enterprise goal of sustainable land use (management 
that maintains productivity of an area in perpetuity for that land 
use: Stafford Smith, 1994) differs from the regional concept of 
ecologically sustainable land management (ESLM). Although 
the maintenance of soil and water resources in a productive state 
is important for sustainable agricultural production, a sustainable 
enterprise does not need to conserve every species on every 
hectare. Sustainable wheat production may imply almost the 
exact opposite. ESLM means the management of a region to 
maintain all its ecological functions and to ensure the persistence 
of biodiversity. ESLM in this context is a regional rather than an 
enterprise goal.

In addition to the complexities of dimensions, values and 
scale, the dynamism and unpredictability of the decision-making 
environment needs consideration. Organisational theorists 
use the term ‘turbulent environment’ to describe conditions 
characterised by uncertainty; inconsistent and ill-defined needs, 
preferences and values; an unclear understanding of the means, 
consequences or cumulative impacts of collective actions, and 
fluid participation in which multiple, partisan participants vary 
in the amount of resources they invest in solving problems 
(Carley and Christie, 1992). The difficulties engendered by a 
turbulent social environment are exacerbated in natural resource 
management (NRM) by temporal and spatial variability in the 
biophysical environment. The intimate linkages between the 
human and ecological systems in land management sometimes 
precipitate non-equilibrial (even catastrophic) change in each 
other, with grave social and environmental consequences 
(McKeon et al., 2004; Stafford Smith, 2008). 

A final complicating issue is the exploitation of non-
renewable resources, which by definition, is unsustainable. The 
World Commission on Environment and Development (WCED, 
1987) considered that non-renewable resources (e.g. minerals, 
fossil fuels) should be exploited despite the impact on future 
generations, at a rate that acknowledges the critical importance 
of the resource, the availability of technologies for minimising 
depletion, and the likelihood of substitutes becoming available. 
The Commission argued that the depletion of non-renewable 
resources should limit as few future options as possible, be 
tempered with recycling and use-efficiency programs, and be 
commensurate with the development of acceptable substitutes. In 
the case of land, the Commission argued that degradation should 
not occur beyond a restorable threshold. 

Given all these complexities, the following observations are 
pertinent:

Identifying sustainable land use is difficult. It is easy to 1. 
identify unsustainable practices from evidence of declining 
yields, reduced liveweights, land degradation and off-site or 
downstream pollution.  However, as a sustainble practice or 
system should continue indefinitely, it is impossible to be 
sure that a farming practice or system will never founder on 
some unforeseen biophysical, economic, social or political 
change.

Sustainability can only be identified retrospectively.  A land 2. 
use may have been sustainable in the past (i.e. yields were 
maintained, land degradation was minimal, externalities 
were negligible, and social, economic and political factors 
maintained its viability). Indeed, the land use may have 
been sustainable up to the present in terms of acceptable 
performance in each dimension. However, there can be 
no guarantee that such a situation will persist. Indeed, the 
certainty is that nothing lasts forever (Cocks, 1992) and 
every farming system or land use may ultimately prove 
ecologically, economically or socially unacceptable.

Therefore, the best that can be demonstrated for a given land 3. 
use or agricultural practice is that it is currently profitable, 
socially acceptable, maintains a healthy, productive 
environment, both on and off-site, and, if continued, faces 
no foreseeable economic, social, ecological, regulatory or 
political impediments.

Given a turbulent decision-making environment, land 4. 
managers and administrators should monitor objective 
indicators for sustainable land use. They need to be aware 
of the ecological state of the resource base and the external 
environment, enterprise profitability, and the social capital 
and welfare of dependent communities, and alert to incipient 
changes in ecological resource conditions (‘trend’), financial 
performance and human well-being. Most farmers choose 
not to measure or record most of the key indicators (Lobry 
de Bruyn and Abbey, 2003; Mason, 2007). However, they 
probably informally monitor a wide range of biophysical and 
socio-economic indicators most of the time. The monitoring 
of performance indicators underpins the concept of ‘active 
adaptive management’ promoted by Holling (1978), Walters 
(1986), Walters and Holling (1990) and Brunckhorst (2000), 
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based on experiential learning or ‘learning by doing’ (Kolb, 
1984): 

 doing → reviewing → theorising → planning

Active adaptive managers set goals, choose the best means 
to achieve them, implement their preferred plans, monitor 
the results, review their goals and activities in the light of 
their success or otherwise, and repeat the cycle again and 
again. 

ESLM is a moving target because the biophysical and socio-5. 
economic decision-making environment is turbulent and 
society’s values, knowledge and thus expectations of farmers 
and graziers are continually changing. For this reason, for 
most human endeavours, sustainability is a journey rather 
than a destination because the goal posts keep shifting. 

Given the difficulty of achieving sustainable land use, it 6. 
is counter-productive to label some developments or land 
uses sustainable and the rest unsustainable. Realistically, 
most land uses are deficient in various ways (e.g. generating 
greenhouse gas emissions and other off-site pollution, 
mining natural soil fertility, reliance on fossil fuels and so 
on). The challenge is to identify the most urgent problems 
and work towards more sustainable alternatives. Recognition 
of a continuum in sustainability performance is useful, so 
that land managers are aware of their performance over 
time, and can make adjustments as required and compare 
themselves against others.

A final practical consideration is the difference between duty 
of care and land stewardship. The Industry Commission (1998) 
defined duty of care in relation to land management as the 
responsibility to take all practical measures to avoid land and water 
degradation that might have been reasonably predicted to occur as 
a result of management, and where it is in the producer’s interests 
to do so. The suppression of weeds and vertebrate pests, avoiding 
soil erosion, avoiding spray drift on to neighbouring lands, 
and the immediate notification of virulent contagious livestock 
diseases are examples of the duty of care expected of landholders 
in Australia. Indeed, in most jurisdictions there are penalties for 
landholders who breach these responsibilities due to the costs 
incurred by neighbours, industry or the community (Fowler, 
1984). Duty of care is a general expectation of all land managers, 
and has been enshrined in environmental protection legislation 
in various jurisdictions in Australia (Industry Commission, 
1998). Importantly, there are also positive incentives for the land 
manager to avoid these problems. In contrast, land stewardship is 
the voluntary management of land and water resources at private 
expense for public good without private tangible economic 
benefit (Morton et al., 1995). Conserving endangered species 
or protecting remnants of threatened ecological communities on 
private land are examples of stewardship activities that generally 
have no private economic return. Stewardship activities are 
voluntary, and there is no expectation that land managers will 
necessarily assume a stewardship role, although many choose to 
do so.  

Characteristics of sustainable biophysical 
systems

Sustainable ecological systems have a variety of characteristic 
biophysical features that are common to most or all ecosystems 
that persist over long periods (Table 19.2). Some of these 
characteristics arise from a systems perspective of ecosystems, 
focusing on the relative magnitude of (1) inputs and outputs of 
materials and energy, (2) stocks of materials compared to inputs 
and outputs, and (3) the rates of internal cycling of matter and 
energy to inputs or outputs. Other characteristics are taken from 
resilience theory and the behaviour of ecosystems in response 
to internal and external shocks and chronic pressures. Finally, 
some characteristics are based conceptually on the intensity and 
spatial focus of management in temporally and spatially variable 
landscapes. 

Table 19.2. Characteristics of sustainable biophysical systems.

Cycling of matter 

1. A very large amount of internal cycling of matter occurs 
between soil and food web 

2. Matter cycles as rapidly as possible through soil–plant –animal 
system (high productivity)

Inputs and outputs of matter 

3. Material inputs and outputs are in balance or inputs exceed 
outputs, ensuring that resource base is not depleted through 
time

4. Renewable resources should be harvested at a level that permits 
a constant or increasing supply through time, or a ‘sustainable 
yield’

System behaviour in response to shocks

5. System is stable and resistant to shock, meaning that system 
properties vary little in the face of disturbance

6. If not stable, system is resilient to disturbance, meaning that 
system properties are altered temporarily but return to the 
former state; resilient systems have a large amplitude and 
high rate (elasticity) of recovery before sustainability limit is 
exceeded and system is unable to recover 

Diversity

7. Biodiversity conveys system resilience: if external conditions 
do not favour a normally abundant species, chances are in a 
diverse system that another species will be favoured* 

* An analogous argument can be mounted for enterprise diversity in 
business (Malcolm et al., 2009)
Source: Williams and Chartres (1991), Hutchinson (1992), Krebs 
(1994), Tilman (1997), Townsend et al. (2008).

Sustainability characteristics, principles 
and goals for livestock production systems

In order to apply sustainability theory to agricultural systems, 
several authors have adapted the sustainability principles from 
biophysical systems to agro-ecosystems (Williams and Chartres, 
1991; Hutchinson, 1992; Scott, 2007), in order to aid the design 
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and audit of farm operations, enterprises and practices (Table 
19.3). 

Table 19.3. Characteristics, principles and goals for sustainable 
livestock production systems. See text for justification.

No. Characteristic, principle or goal of sustainable agriculture

Farming system

1. Use land within its capability

2. Enhance on-farm natural resources

3. Generate positive off-farm environmental externalities

4. Optimise the net social benefit of agriculture

5. Develop stable, resilient and flexible farming systems to 
manage climate and market risks

Livestock

6. Set stocking rates to achieve high animal production per head 
and less than maximum production per hectare

Atmosphere

7. Offset greenhouse gas emissions to manage a carbon-neutral 
or positive farm business

Energy efficiency

8. Increase the energy efficiency of agricultural production

Soil

9. Increase the quantity, quality and health of soil over time

10. Maximise nutrient cycling and the activity of the soil 
decomposer chain

Ground cover

11. Maximise ground cover in the form of ground-layer vegetation 
and litter

Rainfall and irrigation water

12. Maximise infiltration of rainfall and irrigation water in soil 
and its use by agricultural plants by minimising evaporation, 
surface runoff and deep drainage

Pasture composition

13. Maintain pasture composition in terms of palatable persistent 
perennial grasses, responsive legumes and palatable ‘gap 
fillers’

Livestock drinking water

14. Maintain clean drinking water for livestock

Vertebrate pests

15. Maintain vertebrate pest numbers at economically non-
damaging levels 

Remnant vegetation, waterways, wildlife and biodiversity

16. Retain, restore and revegetate natural areas for biodiversity 
conservation

Source: in text.

Farming systems 

1. Use land within its capability

Land capability is the ability of a homogeneous landscape 
unit to sustain different forms of land use indefinitely, without 
soil and water degradation and loss of long-term, productive 

potential (Emery, 1985). Land of high agricultural capability 
can sustain more intensive land uses, such as annual cropping, 
than land of low capability that may only sustain grazing 
at low stocking rates. Matching land use and enterprises 
with land capability avoids degrading the resource base and 
causing long-term decline in primary productivity. By way of 
illustration, soil parent material is a fundamental determinant of 
livestock carrying capacity on the Northern Tablelands of NSW 
(Table 19.4). The most fertile basalt soils can sustain up to six 
times the number of stock as the least fertile soils formed on 
coarse granites. 

Table 19.4. Observed livestock carrying capacities (DSE/ha) of 
different soils and pasture types on the Northern Tablelands of 
NSW. 
Soil type Unfertilised 

pasture
Top-dressed 

pasture 
(superphosphate 
and clover seed)

Sown pasture 
(perennial grass 

and legume)

Basalt 4.0–6.0 7.0–10.0 15.0–25.0
Fine Granite 1.5–2.5 5.0–6.0 7.5–10.0
Metamorphosed 
Sediment (‘trap’)

1.5–2.0 4.5–5.5 7.0–8.0

Coarse Granite 1.0–1.5 2.5–3.5 3.7–5.0

Source: Lowien et al. (1991).

2.  Enhance on-farm natural resources

A fundamental requirement of sustainable agriculture is 
conservation of the natural resource base (Table 19.1). However, 
the goal of renewable resource conservation has been overtaken 
by the notion of ‘regenerative agriculture’, which seeks not merely 
to conserve soil and maintain water quality but to seek continuous 
management improvement (Mason et al., 2003) and enhance the 
quantity and quality of on-farm resources by improving soil and 
water quality and enhancing biodiversity. This shift has parallels 
in agriculture’s embrace of environmental management systems 
to ensure continuous improvement in business performance and 
environmental management (Heinze, 2000; Carruthers, 2003; 
Carruthers and Tinning, 2003). While there is a strong element 
of self-interest in improving on-farm soil, water and biological 
resources in terms of economic benefits, there are also obvious 
public-good outcomes. Moreover, since the current generation is 
making inroads into non-renewable resources that will be denied 
to subsequent generations, enhancing the quantity and quality 
of renewable resources can be viewed as partial compensation 
to the future for the reduction in non-renewable resources. The 
value of enhancing natural resources is demonstrated by two 
neighbouring farms on the North-West Slopes of NSW, between 
Warrialda and Delungra. Both farms are on sloping country that 
was contour-banked to control erosion decades ago. On one farm, 
the contour banks were allowed to revegetate with natural scrub. 
Cattle grown out in the pasture between the timbered banks on 
this farm had a 100 kg/head advantage compared to the growth 
rates in open pasture next door, owing to the shade and shelter 
benefits from the wooded contour strips. 
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3. Generate positive off-farm environmental externalities

Any environmental impacts on a neighbouring district or 
downstream catchment should be positive (Table 19.1). Thus the 
water in a stream exiting a farm should be better than its quality 
as it entered the farm. In reality, the goal of avoiding negative 
externalities is often not met, given the generally high cost of 
completely eliminating off-site environmental damage from 
conventional agriculture. In fact, an optimal level of pollution 
(negative externality) is accepted by economists (Haszler, 2007) 
as the pollution level where the marginal cost of control to the 
producer equals the marginal cost of the damage to society. 
Nevertheless, there are many examples of sheep producers 
improving downstream water quality. Jon and Vicki Taylor fenced 
out the creek running through their property near Kentucky, 
northern NSW, 15 years ago (Taylor and Taylor, 2004). They 
revegetated the narrow floodplain in the long linear paddock 
with lines of trees, and managed grazing to maintain high ground 
cover. The creek transformed from an overgrazed, eroding drain 
into a thickly vegetated chain of ponds. High flows that used 
to exit the property quickly, slowed down in the well vegetated 
channel and spread out across the floodplain through the trees, 
leaving a deposit of silt (free fertiliser and soil) after each flood, 
benefiting both the Taylors and downstream water quality. 

4. Optimise the net social benefit of agriculture 

Scott (2007) argued that human society needs to be fed and 
clothed for the least environmental, social and economic cost. 
All other things being equal, and assuming perfect commodity 
markets, this would mean choosing to produce agricultural 
commodities that delivered the best returns to farmers while 
generating the greatest amount of local and regional value 
adding. Although planning frameworks are available to allow 
farmers to assess land-use options in terms of their farm’s 
economic and environmental outcomes (Mason et al., 2003), 
‘triple-bottom-line’ audit templates have not been developed that 
permit rigorous evaluation of all public and private biophysical 
and socio-economic benefits and costs simultaneously (Kemp, 
2007a). Thus, although this sustainability goal is commendable, 
the tools that would allow it to be pursued are lacking. Given the 
high rates of divorce, suicide and mental illness (e.g. depression), 
the aging farmer population and high public health costs in rural 
communities and small country towns in regional Australia 
(NSW Farmers Association, 2008), the development of such 
tools is a high priority.

5. Develop stable, resilient, diverse and flexible farming systems 
to manage climate and market risks

Given market volatility, climatic variability and unanticipated 
social pressures (e.g. the animal liberation lobby), farming 
systems need to be stable or at least resilient in the face of external 
shocks, to maintain income and minimise periods of reduced cash 
flow. However, clear decision points are required to maintain the 
productivity and profitability of livestock enterprises, or switch to 
alternative enterprises or options with minimal transaction costs 
when external conditions demand. Because of the uncertainty 

associated with external market and climatic conditions, a range 
of potentially profitable alternatives for different eventualities 
is desirable. Graham Munsie’s beef cattle trading and breeding 
business near Ben Lomond in northern NSW exemplifies the 
simplicity of decision points required to maintain a profitable 
operation and productive pastures. Graham runs up to 1,000 
bullocks and 150 breeders on the 800 ha property in a good 
season. However, a third of the bullocks are sold if the rainfall in 
March is less than average, a third of the herd is sold if October 
rainfall is less than average, and a third is sold should pasture 
consumption exceed pasture production. Consequently, Graham 
runs twice as many stock as the district average in good seasons, 
puts 500 kg on 9-month-old, 250-kg bullocks in 12 months, and 
hasn’t had to renovate sown pastures in 50 years. 

Livestock

6. Set stocking rates to achieve high animal production per head 
and less than maximum production per hectare

How does a livestock producer set a sustainable stocking rate? 
Comparative analysis of large numbers of farm businesses 
(‘benchmarking’) generally shows that the most profitable 
producers are the most efficient, running more stock per hectare 
and per 100 mm of rainfall, generating more product (e.g. wool) 
per hectare and returning a higher gross margin per head, per 
hectare and per 100 mm of rainfall (e.g. Beattie, 2004; Wilson et 
al., 2005; Chapter 14). Generally, the top farms based on profit 
per hectare are identified before interest and lease charges are 
deducted, to give an accurate measure of management efficiency. 
Such studies of large numbers of farms give rise to the rule-
of-thumb that, on average, a 40–50% increase over the district 
stocking rate is possible (Chapter 14). 

Efficient producers are those that produce a given volume of 
product using the least inputs or produce more output for a given 
amount of input. Efficiency of production, is maximised when 
the marginal cost of production (MC) is equal to commodity 
price (P), that is MC = P (Lipsey, 1975; Henderson and Quandt, 
1979). However, the most efficient and profitable producer in 
a benchmarking comparator set is not necessarily maximising 
profit. A business that is maximising profit is one where the 
additional cost of producing the last unit of production is just 
equal to the additional income generated from its production, 
that is when the marginal revenue from production (MR) is equal 
to its marginal cost (MR = MC). Maximising efficiency never 
maximises profit since P and MR are only equal when demand, 
at an industry level, is infinitely elastic, a condition not supported 
by the economic evidence.

The problem with comparing diverse farms over a wide 
region is that disparities in average and seasonal rainfall, soil type, 
farm and flock size, enterprise mix, history of land degradation 
etc., are often not taken into account (Ferris and Malcolm, 1999). 
In the case of the 2002–03 Farm Monitor Project of western 
Victorian sheep farms, the size of the 71 wool-growing properties 
in the comparator set ranged from 41 to 4,605 ha (Beattie, 2004). 
A farm business consists of separate stocks of natural, built, 
financial, human and social capital. Comparative analysis gives 
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no indication whether the top farm’s efficient production is 
maintaining and enhancing these capital assets or comes at their 
expense. For instance, farm profits could be due to the erosion 
of natural assets, unsustainable levels of debt, run-down of built 
capital, exceedingly long hours of unpaid or poorly paid labour, 
and so on. The most profitable producers in a comparator set of 
farms are not necessarily maximising profit, and lower ranked 
farmers may be doing as well as they can, given the scale of their 
operation, poor soils, low rainfall, and so on. It follows that the 
management practices of a top farm may be unsuitable for a lower 
ranked farm, if soils and rainfall differ, or be quite inappropriate 
if they are running down capital or other assets. 

Jones and Sandland (1974) reviewed sheep and cattle 
grazing trials and depicted the relationship between production 
per hectare, production per head and stocking rate (Fig. 19.1). 
Since the variable costs of production increase proportionally 
with each livestock unit, maximum profit occurs at a stocking 
rate that achieves less than maximum production per hectare 
(Wilson et al., 1984; Kemp, 2007b; Fig. 19.2). At this profit-
maximising stocking rate, animal production per head is a high 
percentage of maximum genetic potential (Fig. 19.1) and product 
quality should be correspondingly high. Given the variable costs 
of production, the goal of maximising profit is economically 
rational, unlike maximising animal production per hectare or 
income (Fig. 19.2). 
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Figure 19.1.  Relationship between stocking rate (SR) and 
animal production per head (Ppa) and per hectare (Pph). The 
data from many sheep and cattle grazing trials were normalised 
relative to the stocking rate in each experiment that yielded 
maximum animal production per hectare (SR

max Pph
). The data 

describing animal production per head were normalised relative 
to the maximum production per head (Ppa

max
) achieved in each 

experiment. 
Source: adapted from Jones and Sandland (1974).

If agriculture did not generate negative environmental 
externalities, then the goal of sustainable management would be 
to maximise profit. However, agriculture generally has deleterious 
environmental impacts that are not paid for by either the producer 
or consumer. Negative externalities associated with livestock 
production include greenhouse gas emissions, downstream 

water quality impacts, and native biodiversity decline due to 
grazing. Given multiple market failures, greater sustainability 
is associated with a lower stocking rate than that producing 
maximum profit (Fig. 19.2). If graziers are concerned about the 
unpriced environmental impacts of production, they should set 
stocking rates at a lower level of production per hectare and a 
higher level of production per head than that which maximises 
profit (Gardiner and Browne, 2009). Setting a stocking rate to 
maximise profit rather than production or income per hectare 
is sensible for additional reasons. Veterinary costs per head are 
likely to be lower with fewer (healthier) animals, as is the amount 
of livestock-induced soil compaction. In a climatically variable 
environment, conservative stock numbers afford a greater buffer 
in dry periods before excess livestock need to be sold to adjust 
stock numbers to carrying capacity. 
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Figure 19.2.  The relationship between stock numbers, income 
and total costs, showing the point of maximum profit for an 
individual farm. At livestock numbers, Q

a
 and Q

e
, income is equal 

to the total (fixed plus variable) costs of production, so profit is 
zero. Profit is maximised at Q

c
. If there are negative impacts of 

production on the environment that are not paid for by the producer 
or consumer, environmental sustainability is maximised at a lower 
number of livestock, Q

b
, than that associated with maximum profit 

(Q
c
). This is due to the reduction in environmental damage with 

decreasing stock numbers. Income is maximised at Q
d
, before 

maximum livestock numbers are achieved (Q
f
). Income declines 

with increasing stock numbers beyond Qd because the increased 
income due to increasing stock numbers is more than offset by 
the decline in aggregate product quality due to excessive stock 
numbers. Source: adapted from Wilson et al. (1984), Gardiner 
and Browne (2009). 

Among the many examples of producers who have increased 
profits by reducing stock numbers is a prime lamb producer at 
Bonshaw on the NSW–Qld border. When he reduced his ewe 
flock by 20% from 3,500 to 2,800, he continued to produce 
and sell the same number of prime lambs except that lambs 
averaged 55 kg (up from 50 kg), implying a 30% increase in farm 
productivity (10% more meat from 20% less sheep). He was also 
able to sell the last of the lambs by February instead of April, and 
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he no longer had to supplementary feed or grow oats, generating 
large savings in farm costs.   

Atmosphere

7.  Offset greenhouse gas emissions to manage a carbon-neutral 
or positive farm business 

Livestock account for 18% of the world’s greenhouse gas (GHG) 
emissions, measured in carbon dioxide equivalents (CO

2
-e; 

Steinfeld et al., 2006). In Australia, agriculture accounts for 16% 
of greenhouse gas emissions, or 90.1 Mt CO

2
-e (DCC, 2008), 

with the livestock industries accounting for two-thirds of these 
emissions through enteric fermentation. Australia’s per capita 
emissions arising from agriculture are more than six times the 
world average, more than four times the OECD average and 
third highest in the OECD (Garnaut, 2008). Assuming that global 
warming is caused by increasing atmospheric CO

2
, agriculture 

could use its land base to sequester carbon and develop a carbon-
neutral footprint. Indeed, the potential for biosequestration in 
rural Australia is so great that its realisation would greatly reduce 
the costs of climate change mitigation in Australia, as well as 
improve the economic prospects of large parts of remote and rural 
Australia (Garnaut, 2008). High rates of livestock productivity 
are commensurate with minimising GHG emissions because the 
high protein content in productive pastures that enable weight 
gains of the order of  1.3–1.4 kg/day over a year, obtained by 
producers like Graham Munsie at Ben Lomond, NSW (see 
sustainability goal 5 above), simultaneously minimises methane 
production. 

Energy efficiency 

8. Increase the energy efficiency of plant production 

Given the reliance of western agricultural production and 
distribution systems on fossil fuel, a sensible goal is to increase 
energy efficiency (i.e. the ratio of the energy content of outputs 
to inputs) over time (e.g. Schroll, 1994). It is also sensible in 
terms of food security to produce food where it is consumed 
(Scott, 2007). Arguments about increasing the energy efficiency 
of agriculture can be extended to include not only purchased 
energy inputs but ‘free’ solar radiation inputs, as well. Since 
solar radiation and precipitation are free (Gardiner and Browne, 
2009), it is sensible to maximise the efficiency of their use. 
This can be done by maintaining a leaf area index that ensures 
that most photosynthetically active radiation is intercepted by 
agriculturally useful green foliage (i.e. net primary productivity is 
>90% of maximum). In a range of forage species, this equates to 
leaf area indices of 4–6 for dicots and 8–10 for grasses (Larcher, 
1995), a standing crop of 1.5 t/ha of green dry matter (Davidson 
and Donald, 1958; Pearce et al., 1965), and a pasture height of 5 
cm assuming 100% cover (Bell, 2006). Producers with stocking 
decision rules that always conserve this level of green pasture 
biomass have little need to renovate pastures, grow forage crops 
or purchase feed, reducing fossil fuel inputs and their costs of 
production and increasing energy efficiency.

Soil

9. Increase the quantity, quality and health of soil over time 

In the interests of soil conservation and regenerative agriculture, 
loss of soil and organic matter should not simply be minimised. 
Rather, the goal should be to increase soil quantity and quality 
over time, by capturing and retaining sediment and nutrients 
in overland and stream flow and deep drainage, and reversing 
soil degradation trends (e.g. in acidity, salinity, fertility decline, 
compaction etc.). Soil structural decline can be ameliorated and 
yields improved by the adoption of controlled traffic in cropping 
situations (Dang et al., 2007) and resting pastures from grazing 
(Greenwood et al., 1998). Soil fertility can be enhanced by 
ensuring that fertilisation matches nutrient loss due to product 
removal and rectifying nutrient imbalances. The quantity of soil 
and its nutrient status can be increased by capturing and retaining 
sediment from upstream (Taylor and Taylor, 2004), stimulating 
deep-rooted plant activity in lower soil horizons, minimising 
runoff and deep drainage, and increasing soil organic matter 
content. Rob and Annabel Dulhunty (2006) described their use 
of a regenerative cropping and pasture program to restore soil 
organic matter and address nutrient imbalances in unproductive 
floodplain clay soils that had been ‘farmed to death’ for over 100 
years near Glen Innes, NSW.  

10. Maximise nutrient cycling and the activity of the soil 
decomposer chain 

Livestock productivity is a function of soil nutrient availability, so 
high rates of nutrient cycling and plant productivity are important 
if plant growth and reproduction are not to be limited by nutrient 
uptake. High levels of litter return to the soil, an appropriate 
carbon to nitrogen ratio in litter and avoidance of chemicals and 
treatments toxic to soil biota are key to promoting decomposer 
activity (King, 2007).

Ground cover

11. Maximise ground cover in the form of ground-layer vegetation 
and litter 

The simplest way to generate high levels of nutrient cycling and 
minimise evaporation and runoff is to maintain a 100% ground 
cover of litter and herbaceous vegetation, by setting appropriate 
stocking rates and managing grazing. Complete cover maintains 
topsoil at a temperature conducive to soil fauna, decomposer 
activity and nutrient cycling, provides organic substrates for 
decomposers by way of litter at the soil surface, acts as a mulch 
to conserve soil moisture, avoids soil crusting from rain-splash 
impact, facilitates infiltration and prevents runoff. 

While 100% ground cover year-round is achievable in grazed 
pastures in moderate to high-rainfall regions, it may be difficult 
to achieve in subhumid and arid rangelands, where ground-layer 
vegetation and litter naturally only cover a fraction of the ground 
surface. Appropriate ground-cover targets for grazed pastures 
should be developed for each agricultural region. Cropping 
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presents an even greater dilemma since conventional farming 
maintains the ground bare for periods of up to 18 months (e.g. 
long-fallow systems). Even in no and minimum-till systems, the 
retained stubble and trash is sometimes reduced to 10% cover 
towards the end of the fallow, which is insufficient to prevent soil 
moisture evaporation or erosion. 

Rainfall and irrigation water 

12. Maximise infiltration of rainfall and irrigation water in soil 
and its use by agricultural plants by minimising evaporation, 
surface runoff and deep drainage 

Although runoff, evaporation and deep drainage from rainfall 
are normal parts of the hydrological cycle and essential for river 
flow and aquifer recharge, rainfall is a free agricultural input. 
Maximising rainfall use efficiency (RUE) by having as much 
rainfall as possible enter the soil water store within the root zone 
and used by crops, pastures and plantations is the fundamental 
objective of agriculture. It is impossible to avoid all evaporation, 
deep drainage and runoff because in high-rainfall regions with 
shallow profiles, the soil often becomes saturated by heavy rain 
and excess water runs off or leaks below the root zone before 
plants can transpire all the available soil moisture. In drier areas, 
vegetation and litter do not cover 100% of the soil surface and 
evaporation from soil and plant surfaces is impossible to avoid. 
Some semi-arid and arid ecosystems are self-organised at a 
landscape scale so that runoff is captured by productive vegetation 
patches from runoff areas upslope with little or no productivity. 
In rangelands that function as pulse–transfer systems, the runoff 
is redistributed over distances of tens of metres or more (Slatyer, 
1961; Ludwig and Tongway, 1995; Ludwig et al., 1997), but 
it is important to minimise runoff beyond the scale of the self-
organising patch–interpatch and certainly at paddock scale, to 
maximise primary production (Ludwig et al., 1994). 

The coupling of dissolved nutrients, salts and suspended 
sediments with fluxes of water and the movement of organic 
matter (such as litter and dung) in runoff are a second compelling 
reason why water should be captured and transpired where 
it falls or is applied, rather than being allowed to drain below 
the root zone or run off from the production system. In regions 
prone to dryland salinity and soil acidification, this goal has the 
benefit of minimising the long-term risk and problems caused by 
rising saline water tables and acid soils, respectively. The loss of 
nutrients and organic matter in runoff and deep drainage is also 
inefficient and can lead to soil fertility decline and pollution of 
streams and groundwater. Developing profitable farming systems 
that minimise evaporation, runoff and deep drainage is a realistic 
goal.

Pasture composition

13.  Maintain pasture composition in terms of palatable 
persistent perennial grasses, responsive legumes and palatable 
‘gap fillers’ 

Palatable persistent perennial (‘3P’) grasses (and shrubs, in some 
situations) are the backbone of sustainable, productive pastures 
(Ash et al., 2001; Kemp, 2007b). Their identity is less important 
than their palatability to livestock, perenniality, ability to tolerate 
and persist under grazing (Hughes et al., 2006), productivity and 
season of growth. Surveys of grazed pastures in Victoria and NSW 
have commonly found that 3P grasses comprise only 20–40% of 
plant cover (Kemp and Dowling, 1991; Quigley, 1991; Dellow et 
al., 2002), whereas at least 60% cover is needed for maximising 
soil water use (Kemp, 2007b) and excluding weeds (Mason et 
al., 2003).

In addition to >60% cover of 3P grasses, Kemp (2007b) 
emphasised the importance of two additional pasture components. 
First, responsive legumes provide perennial grasses with nitrogen 
in N-deficient soils. It is often economic to ensure adequate soil 
nutrition and an active legume component (e.g. clovers, medics). 
Second, the remaining space in pasture not occupied by 3P 
grasses and legumes should consist of ‘gap-fillers’ (i.e. palatable 
productive broad-leaved herbs such as plantains and chicory, and 
annual grasses such as bromes). Gap-fillers contribute to pasture 
phenological and nutritional diversity, competitively exclude 
weeds, and annuals have a higher RUE than perennials (e.g. 
lucerne 4 kg/mm/ha and phalaris 12 kg/mm/ha vs annual grasses 
and legumes 28 kg/mm/ha; R. Young, pers. comm.). 

Livestock drinking water 

14. Maintain clean drinking water for livestock

Clean drinking water is important for maximising livestock 
productivity. High levels of salinity and chloride concentration, 
extreme pH or toxic levels of blue-green algae affect livestock 
health and growth (Robson and Curran, 2003). The negative 
impact of fouled drinking water on liveweight increase is better 
documented for cattle (Lardner et al., 2005; Brew et al., 2008) 
than sheep (McIntyre et al., 2002). However, astute producers 
recognise the value of clean drinking water for both (Taylor and 
Taylor, 2004; Wright and Wright, 2005; Dulhunty and Dulhunty, 
2006), even in regions where water quality is sometimes well 
within guidelines for livestock drinking water quality (Reid et 
al., 2006a). Surface waters can be maintained in a clean state 
by fencing dams and streams from livestock, encouraging strips 
of dense pasture to filter runoff of sediment and dung, and 
reticulating or pumping water to troughs accessible to stock. 
For instance, Rob and Annabel Dulhunty implemented a stock-
watering system based on troughed dam water, filter strips and 
constructed wetlands to improve water quality for livestock at 
‘Nant Lodge’ near Glen Innes, NSW (Dulhunty  and Dulhunty, 
2006). 

Vertebrate pests 

15. Maintain vertebrate pest numbers at non-damaging levels 

Vertebrate pests are a major expense for livestock producers in 
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many areas (Witmer, 2007). In Australia, invasive pest vertebrates 
are estimated to cause losses in excess of $1 billion per year 
through environmental and economic damage (McLeod, 2004; 
Tracey et al., 2007). In addition, $60 million per year is spent 
on the control of vertebrate pests and $20 million on research 
(NLWRA and IACRC, 2008). 

The aim of vertebrate pest management is to reduce and 
maintain pest numbers at economically non-damaging levels 
where further reductions give no additional cost-effective 
benefit (Olsen, 1998; Peterson and Higley, 2002). This is called 
the economic injury level (EIL). However, with fluctuating 
pest population numbers and time lags between pest surveys, 
management action and reduced pest numbers, it can be 
necessary to act at a lower pest population density to prevent 
pest numbers exceeding the EIL. This lower density is called 
the economic threshold (Peterson and Higley, 2002). However, 
a purely economic approach to vertebrate pest management may 
be insufficient where pests can build up rapidly within a season 
or develop resistance to a commonly used poison. In the case 
of European rabbits Oryctolagus cuniculus, annual use of 1,080 
(monosodium fluroacetate) by cereal growers around sowing to 
minimise crop losses encourages pest resistance to the poison as 
well as bait shyness (B. Cooke, pers. comm.). The wisdom of 
treating annual baiting as just another cereal production cost is 
debatable if the future cost to the community is the loss of this 
highly effective means of control. In addition, the environmental 
cost of rabbit densities at the farm economic threshold may 
be unacceptably high. Even low (<1 ha–1) rabbit densities are 
sufficient to suppress regeneration of long-lived native shrubs 
and trees (e.g. Acacia, Allocasuarina; Williams et al., 1995) 
in remnant vegetation or arid rangeland. Given the prodigious 
natural rate of increase of rabbits in one season (Williams et al., 
1995), it may be that in farming country the sustainable threshold 
is zero tolerance of active rabbit burrows on-farm (B. Cooke, 
pers. comm.). In rangelands, continuous rabbit suppression may 
be necessary.

Remnant vegetation, waterways, wildlife and biodiversity

16. Retain, restore and revegetate natural areas for biodiversity 
conservation

The sustainability goal of enhancing on-farm natural resources 
applies as much to the biological assets of a farm (remnant 
vegetation, wildlife, aquatic ecosystems and biodiversity) as it 
does to improving the soil and exploitable water resources of 
the property. The most important actions for conserving native 
biodiversity in agricultural landscapes are to retain, restore and 
revegetate natural areas (Williams, 2007). The priorities are, 
firstly, to retain what natural areas remain on a farm; secondly, 
restore the quality of degraded natural habitats and, thirdly, 
revegetate cleared areas. The restoration of the ecological 
integrity of native vegetation is expensive. Alcoa Australia 
spends $34,000 per hectare restoring 90–95% of the species 
of indigenous flora to strip-mined areas of the northern jarrah 
(Eucalyptus marginata) forest in south-western Australia (Koch 
and Hobbs, 2007) and the establishment costs of windbreaks 
of native trees on the Northern Tablelands of NSW can exceed 

$5,000 per hectare (Reid et al., 2005). Since remnant natural 
areas house many more native species than transformed parts 
of the farm (i.e. crops, sown pastures and orchards dominated 
by introduced plants and animals), conserving remnants in good 
condition and preventing their degradation or loss is less costly 
than restoring degraded natural areas or creating entirely new 
habitats. Design principles for protecting, restoring and creating 
habitat for biodiversity conservation in south-eastern Australian 
farmland (Platt, 2002) are based mainly on native bird and 
mammal habitat requirements. Australian Wool Innovation’s 
Land, Water and Wool program identified 41 farm management 
practices that were positive for biodiversity and profit-neutral if 
not positive, from a wide range of sheep properties in northern 
NSW (Reid and Zirkler, 2006).

Increasing farm production over time? 

Australian farmers have faced deteriorating terms of trade (the 
‘cost–price squeeze’) for over 40 years (Figure 19.3; Chapter 
2). In real terms, average prices received by Australian farmers 
per unit of production have declined by 80% since 1965 (Figure 
19.4). Scott (2007) suggested that increasing production relative 
to inputs is therefore a necessary attribute of sustainable farming. 
Australian farmers have indeed doubled the aggregate volume of 
production over the past 45 years, but due to falling prices and 
real cost increases of 33%, have barely managed to maintain real 
income (Figure 19.4). Strategies to combat the cost–price squeeze 
over this period included rural restructuring and farm aggregation 
to achieve greater economies of scale (Martin et al., 2005). 
Technological innovation has also maintained profitability, either 
by increasing production relative to inputs or by maintaining 
production with less inputs. Examples of the former include the 
increase in production arising from the use of polypipe in arid 
rangeland to disperse grazing pressure across more water points 
(e.g. Lange et al. 1979; Purvis et al. 1986). Examples of the latter 
include no-till fodder cropping versus conventional tillage, and 
running less but genetically superior livestock to achieve the 
same production for less variable cost. 

Six key paddock indicators for sustainable 
livestock production

How can a sheep producer tell if their management is maximising 
pasture productivity and enterprise profitability? A biophysical 
solution is presented in this section in the form of six key 
paddock indicators for maximising pasture RUE and net primary 
productivity. A complementary set of economic indicators for 
maximising farm profit is suggested later in the property planning 
section. 

RUE is critical to best-practice farming (Price, 2006; Gardiner 
and Browne, 2009). Primary producers should make maximum 
use of the rainfall and solar radiation that falls on their properties 
to maximise plant productivity and profit. Every farm, paddock or 
enterprise has a production function that measures the relationship 
between inputs and outputs (Figure 19.5). All else being equal, 
practices that are more efficient at utilising rainfall will be more 
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productive because a production function that maximises RUE 
(Q, in Figure 19.5) will lie above one that does not (Q* in Figure 
19.5) over the range of possible input–output combinations. 
This being the case, maximising RUE maximises the amount 
of production that can be achieved from a given suite of inputs 
or, conversely, minimises the amount of other inputs required to 
achieve a given level of output. Practices that maximise RUE 
maximise profitability because they minimise the volume and 

cost of purchased inputs that are necessary to achieve a given 
level of production. The drivers of productivity, profitability and 
sustainable NRM are the same conditions that maximise RUE. In 
terms of precipitation, this means maximising the RUE of plant 
production across the property by maximising the infiltration 
of rainfall into the soil, minimising runoff, deep drainage and 
evaporation from soil and plant surfaces, and maximising the 
amount of soil moisture transpired by productive crops and 
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palatable pasture plants. Livestock producers in the high rainfall 
and wheat–sheep zones of eastern Australia can achieve this in a 
practical way by observing six key paddock indicators. 

Inputs
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Q = f(i)

Q* = q(i)

I

O*

O

Figure 19.5. Relationship between production functions and 
the prices of inputs and outputs. The functional relationship (Q) 
between the volume of inputs (i) and the volume of output for a 
particular farm product is Q = f(i). All farmers are faced with a 
production function similar to this for each of their enterprises. 
Q* = q(i) is the production function for a less efficient producer. 
For a given level of inputs (I), Q gives a higher output (O) than 
Q* (O*). Source: Heady (1952).

Indictor 1. Maximise ground cover

Ground cover in the form of pasture biomass and dead and 
detached litter is important in terms of minimising runoff and 
erosion, and acting as mulch once rainfall has entered the profile, 
minimising evaporation of soil moisture from the soil surface. 
For minimising soil erosion in higher rainfall regions (>500 mm 
per annum in regions with winter-dominant or uniform summer–
winter rainfall), 70% ground cover is the generally specified 
target (Abel, 1997). Nevertheless, in perennial pastures in 
higher-rainfall temperate districts, >95% ground cover is usually 
achieved away from tree cover (e.g. the Northern Tablelands of 
NSW; Reid et al., 2006b). However, in conservatively grazed 
semi-arid woodlands, much less than 70% ground cover is usual 
in sparsely vegetated interspaces between denser patches of 
vegetation (Ludwig and Tongway, 1995).

Indicator 2. Maintain litter at 2 t/ha or more

Up to 500 mm of soil moisture can evaporate from bare soil 
over 1 year (Lloyd, 2005). A litter depth of 12 mm on the soil 
surface is equivalent to 2 t /ha of litter. This quantity of litter 
limits the temperature gradient across the soil surface, reducing 
evaporation of soil moisture by an average of 1.04 mm/day over 
1 year on the North-West Slopes of NSW, compared with no litter 
(Murphy, 2002). This quantity of litter is also important in terms 
of soil health, because when incorporated in the soil as organic 
matter, it improves soil structure, permeability and water-holding 

capacity, provides food for soil decomposers, and its breakdown 
is a source of plant-available nutrients. Murphy (2002) found 
that at litter levels <2 t/ha, evaporation of soil water increased 
rapidly, whereas at levels >2 t/ha, there was little increase in 
plant-available soil water. 

Indicator 3. Maintain 1.5–3.0 t/ha of green dry matter 

If the use of photosynthetic radiation is to be maximised, a 
biomass of green dry matter (GDM) of at least 1.5 t/ha is 
desirable in all seasons and locations. While a few classes of 
livestock can maintain weight on lower quantities of GDM (Bell, 
2006), high levels of animal performance, rapid pasture regrowth 
after defoliation or rain and good soil health require between 
5 and 15 cm of retained pasture height (equivalent to 1.5–3.0 t 
GDM/ha) (Pearce et al., 1965; Brouwer et al., 1999; Bell, 2006). 
Maintaining this biomass is important through winter when 
solar inputs are at a minimum and soil temperature is a major 
factor limiting plant nutrient availability from the soil (Brown, 
1976; Croker and Watt, 2001). Retention of this amount of GDM 
means that even small rainfall events can be efficiently converted 
into photosynthate and biomass. Traditional cropping practices 
dependent on bare weed-free fallows are associated with high 
losses of incident rainfall to evaporation, deep drainage or runoff. 
‘Pasture cropping’, ‘no-kill cropping’ (APCC, 2008) and other 
farming rotations in which green manure crops and undersown 
ley pastures are used to minimise the time that ground is left 
without green plant cover, all have advantages over fallows in 
terms of maximising conversion of photosynthetic radiation and 
soil moisture into organic matter.

Indicator 4. Maintain a diverse pasture sward 

If pastures are to utilise and make maximum use of all incident 
rainfall, a variety of functional types of plants are likely to be 
more successful at maximising plant productivity and RUE 
than just one or two species (De Deyn et al., 2009). In grass-
dominated pastures, observations suggest that 3P grasses should 
constitute ≥60% of the sward (Kemp, 2007b). In pastures in 
which soil nitrogen is limiting, active legumes are important in 
order to provide N for high grass productivity. Depending on the 
restrictions set by the regional climate, soil and plant species, the 
pasture should ideally include a mix of summer and winter-active 
species and year-long green plants. A mix of palatable annual and 
perennial grasses and forbs are important to fill the gaps between 
the 3P grasses and legumes, maintain photosynthetic efficiency, 
and prevent weeds from proliferating. In terms of RUE, tall woody 
vegetation (trees and shrubs) is important, providing a safety net 
of deep roots to capture moisture and dissolved nutrients that 
leak below the pasture root zone, and redistributing cations in the 
form of litter at the soil surface to avoid topsoil acidification in 
higher rainfall environments (Noble and Randall, 1998; Graham 
et al., 2004). Woody perennials in some systems also contribute 
browse or edible fruits for livestock and fill seasonal shortfalls in 
pasture-based feed.
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Indicator 5. Maintain 30% of the landscape under tall 
woody vegetation for shelter 

The shelter provided by trees and shrubs impacts on plant and 
animal productivity in various ways. The reduction in wind 
speed across farmscapes reduces excessive evapotranspiration 
of soil moisture, the wind-chill experienced by livestock in cold 
weather, wind erosion, and sand-blasting and wind damage to 
sensitive crops and pastures (Sheahan, 1998; Gillespie, 2000; 
Bird et al., 2002; Cleugh 2003). Trees and shrubs provide shade, 
reducing the impact of heat stress on livestock growth, fecundity 
and mortality in hot weather (Thwaites, 1967; Blackshaw and 
Blackshaw, 1994; St-Pierre et al., 2003). Trees and shrubs are 
also important for reducing deep drainage below pasture root 
zones (Raper, 1998). 

Tree cover of 10–20% is sometimes suggested as a suitable 
woody vegetation target for Australian farms (Campbell et al., 
1990; Reid and Bird, 1990; Schmidt, 1997). However, a target of 
30% of tree and shrub cover in farmscapes in the wheat–sheep 
and high rainfall zones may be more appropriate to provide the 
multiple benefits of reduced wind-run and improved hydrology 
without detracting from production. Walpole (1999) found that 
farm income was maximised at 34% wooded cover on grazing 
and mixed farming properties on the Liverpool Plains, NSW. 
Raper (1998) reviewed the limited empirical evidence for 
mitigating deep drainage through reforestation with trees and 
shrubs in the 600–900-mm p.a. rainfall zone of south-western 
Australia. Plantings amounting to 8–14% of cleared area 
had no impact on deep drainage relative to pastures, whereas 
valley plantings of about 35% of cleared area were suitable 
for mitigating deep drainage. By induction, 30% retention or 
reforestation of the least productive parts of farms as shelterbelts, 
timber belts and small woodlots should result in less groundwater 
rise and dryland salinity, as well as other benefits such as shade 
and shelter, soil erosion mitigation and biodiversity benefits, 
without severely affecting farm income (McIntyre et al., 2002). 
Considerable research shows that trees at medium to high density 
reduce herbaceous production beneath and within the root zone 
(Scanlan and Burrows, 1990; Scanlan 1991; Scanlan et al., 1992). 
However, this work does not attempt to integrate the impact of 
the woody vegetation at a landscape scale on overall farm and 
livestock productivity, nutrient cycling, soil health, hydrological 
balance or other ecosystem service benefits. 

 
Indicator 6. Maintain optimal soil health  

The productivity and profitability of grazing systems is determined 
by maintaining an adequate quantity of highly digestible, 
nutritious pasture that enables grazing animals to approach 
their genetic potential. Maximising RUE and plant productivity 
depends on optimal soil health (i.e. a biologically productive soil 
with good structure, adequate plant nutrients and no toxicities 
or other constraints to plant production). It also depends on 
eliminating soil limitations to plant growth where it is economic 
to do so. Soil health can be improved by maintaining pasture and 
litter biomass and ground cover above the thresholds specified 
above (Indicators 1–3), in order to maintain high soil carbon and 

organic matter levels, and reduce soil crusting. Soil health can 
also be improved in many other ways. Common soil limitations 
in the northern grains region of inland eastern Australia that 
can be rectified economically include declines in soil structure, 
fertility and organic matter, as well as excessive acidity, sodicity, 
salinity, and specific nutrient deficiencies and cation imbalances 
(Dang et al., 2007). Management options include choice of 
appropriate crop and pasture cultivars, various crop and pasture 
rotations, reduced and no-tillage systems, controlled traffic, and 
soil ameliorants (e.g. gypsum, lime) and fertilisers. 

Land condition of pastures in tropical 
savannas

Rangeland scientists in the wet–dry tropics have developed a 
functionally-based, range condition assessment system, using 
benchmarks for livestock carrying capacity to score rangeland 
condition (Chilcott et al., 2003). Land condition is the capacity 
of rangeland to respond to rain and produce useful forage 
relative to the productive potential of the same range type in 
an undegraded, fully functional state. Land condition has three 
components. Soil condition is the capacity of the soil to absorb 
and store rainfall, store and cycle nutrients, provide a medium for 
seed germination and plant growth, and resist erosion. Pasture 
condition is the capacity of pasture to capture solar energy 
and convert it into palatable green leaf, use rainfall efficiently, 
maintain soil condition, and cycle nutrients. Woodland condition 
is the capacity of woodland to grow pasture, cycle nutrients and 
regulate groundwater. Land condition is assessed on a paddock 
basis and relies on data from long-term grazing trials to infer the 
productive potential and carrying capacity of each range type in a 
fully functional, undegraded state. 

Four categories of land condition are recognised (Figure 
19.6): ‘A’ is excellent carrying capacity for the range type, 
with no loss of productive potential or carrying capacity due 
to past grazing history or other management intervention (fire, 
cultivation, mining etc.). ‘B’ is good condition, with carrying 
capacity reduced by up to 25% owing to loss of landscape 
function due, say, to grazing. ‘C’ is poor condition, with carrying 
capacity reduced by 25–45%. ‘D’ is severely degraded with 
productive potential reduced by 45–80%. The four categories of 
land condition are based on the capacity of grazing management 
to move a paddock between different degradation states. Land 
that is trending towards condition class B can be restored quickly 
to A by changing grazing management. B is susceptible to a rapid 
decline to C and reverting land to B from C requires a major 
change in grazing management over a considerable period of 
time. Class C land is susceptible to a sudden decline to D. Once 
this transition has occurred, land in condition state D cannot 
be restored by changing grazing management in any practical 
human timeframe. 

Managing grazing pressure is critical to maintaining land 
condition. One approach is to determine the level of pasture 
utilisation that is ‘safe’ for a given range type (McKeon et al., 
2009; Scanlan et al., 1994). Based on landholder experience, 
computer modelling and long-term grazing trials, the amount 
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of pasture utilised should be <30% of annual forage production, 
with recommended utilisation levels varying from 15% in 
south-west Queensland (Johnston et al., 1996) to 20–25% in the 
Maranoa–Balonne subcatchment of south-central Queensland 
(Chilcott et al., 2004). Safe levels of pasture utilisation are 
designed to maintain key ecological processes, such as nutrient 
and water cycling, and productive 3P pastures that are capable of 
competing with and suppressing much woody regeneration and 
sustaining periodic fire

.

Technologies to assist producers achieve 
sustainable livestock businesses 

Various social technologies and tools have been developed to 
assist livestock producers develop and manage more sustainable 
businesses. The most important at successive spatial scales, from 

farm to catchment scale, are property planning, landcare and 
catchment management. 

Property planning 

Property planning is the process of making and evaluating 
farm management decisions (Gardiner and Browne, 2009), 
and requires four roles of the producer: a (1) visionary role (i.e. 
working out what the business is aiming to achieve); (2) leadership 
role (e.g. deciding the enterprise mix and production intensity); 
(3) management role (e.g. allocating resources to achieve short 
to medium-term business objectives; and (4) monitoring role 
(evaluating the outcomes of management decisions against 
planned targets). Property planning aims to provide farmers with 
the methods and information to ascertain whether existing farm 
production is optimal for maximising profit and productivity, 
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Figure 19.6. The rolling ball model of land condition, representing the ease with which grazing management can effect 
transitions between condition states A–D. 
Source: adapted from Chilcott et al. (2003). 
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and whether their NRM will achieve personal goals. Property 
planning starts from the premise that everything about the existing 
management of the farm is negotiable. No two farms are the 
same in terms of size, soils, topography or land capability, and all 
farm managers are different in terms of their goals, aspirations, 
preferences and management styles.  Therefore each farmer will 
have their own unique optimal solution for their farm’s enterprise 
mix. 

Property planning should be holistic, principle-based, strategic 
and integrated. Holistic means that the entire farm business and 
decision-making environment (social, economic, ecological, 
cultural, political and regulatory) should be weighed up at the 
time that decisions are planned and implemented. If problems are 
not correctly identified or fully understood, it is unlikely that the 
right solution will be found. Property planning should be based 
on sustainability principles rather than the specific attributes of 
particular enterprises or environments. The six key paddock 
indicators for maximising plant RUE apply equally to any form 
of primary production and any environment, from temperate 
high-rainfall pastures to arid rangeland. However, they may be 
more readily achieved in some environments than others. Farm 
decision making should be strategic: problems should be dealt 
with in order of priority, starting with the factor most limiting 
farm profitability and farmer well-being (Butterfield et al., 2006; 
Pattinson, 2007). 

Integrated decision making means that people, profits, 
production and NRM all need to be considered in making farm 
decisions. Each decision should aim to make people happier, 
which in broad terms means the farmer working less and making 
more profit. How can a farmer tell whether their farm is as 
profitable as possible? First, they can be guided by what they 
see in their paddocks. NRM and the six key paddock indicators 
that determine maximum RUE are directly linked to farm 
productivity and profitability. Thus, environmental management 
is directly linked to maximising farm profit and farmer welfare. 
Second, they can be guided by their own farm economic data. 
Profit is maximised when the marginal revenue of an extra unit of 
production equals the marginal cost per unit of production (MR = 
MC). In simple terms, this occurs when marginal product is equal 
to the ratio of input price to output price. So if a farmer receives 
$200 per tonne for wheat and is paying $1,000 per tonne to apply 
urea, they should expect to produce at least 5 kg of wheat for each 
additional 1 kg of applied urea. 

In practice, the financial data required from successive farm 
tax returns is the annual total costs (TC) and total income (TI) of 
the farm business, the trend in TC/TI in recent years and the change 
in real total costs (ΔRTC) from year to year. The rate of change 
in TC and TI is equal to MC and MR, respectively. The trends in 
TC/TI and ΔRTC determine whether a producer is maximising 
profit under existing management and moving towards or away 
from optimal (Table 19.5). The trend in TC/TI indicates whether 
costs are rising faster than income or vice versa in real terms. If 
costs are rising faster than income, the ratio of TC/TI increases 
over time and the producer’s management is moving the business 
away from optimal. In other words, the business is moving away 
from profit maximisation on the generalised production function 
in Figure 19.2. If the trend in TC/TI is steady over time, the 
business is maximising profit under the current management 

settings. (The appropriateness of the current settings for the 
enterprise mix can be determined from the state of the six key 
paddock indicators, described earlier.) If TC/TI is declining over 
time, the business is moving towards the optimal input–output 
combination for profit maximisation in Figure 19.2. ΔRTC 
places the farm business on the production function in relation 
to the point of maximum profitability, and indicates whether the 
producer is trying to increase or reduce production, determining 
the direction of movement along the production function. Rising 
real total costs imply that producers are purchasing more inputs 
and moving to the right along the production function. If TC/TI 
is increasing and ΔRTC is positive, the business is already over-
producing and continuing to increase production, thus moving 
further away from profitable production. 

Table 19.5. The implications for farm production and 
profitability of trends in the ratio of a farm’s total costs to total 
income (TC/TI) and change in real total costs over time (ΔRTC). 

Trend in ΔRTC
Trend in TC/TI Negative Positive

Rising Implies business is 
reducing production 
and moving away from 
optimal

Implies business is 
increasing production 
and moving away 
from optimal

Falling Implies business is 
reducing production 
and moving toward 
optimal 

Implies business is 
increasing production 
and moving toward 
optimal

Source: Gardiner and Browne (2009).

To illustrate the use of these indices, consider the last 18 years 
of ABARE economic data for farms principally running beef 
cattle on the Northern Tablelands of NSW (Table 19.6). Over 
this period, TC/TI has increased from 0.79 to 0.83 and ΔRTC 
per farm has increased from $145,000 to $168,000 per year. This 
means the average New England beef producer is generating less 
profit due to overproduction and has moved further away from 
sustainability than in 1990–94. A typical Northern Tablelands 
property generates 1,104 t CO

2
-e/year of greenhouse gas 

pollution (Eady and Ridout, 2009), which is not currently paid 
for by either producers or consumers. At a mid-range price of 
$20 per tonne of CO

2
-e (Garnaut, 2008), the New England beef 

industry would face an additional annual environmental cost 
of $22,000 per farm for carbon pollution if agriculture were to 
be eventually included in a carbon pollution reduction scheme. 
Data from a range of other farming and grazing regions (from 
the early 1990s to the mid 2000s) and for Australian agriculture 
as a whole (from the late 1960s to the mid 2000s; Table 19.5 
and Figure 19.4) suggest that the farm sector has been increasing 
production and becoming less profitable as a result. Australian 
farm survey results (ABARE, 2009) show that more than 80% 
of Australian farms do not make sufficient profit to pay the 
producer a reasonable wage and dividend to invested capital. 
Most Australian farmers are, in fact, producing beyond the point 
of maximum profit, in territory where MR < MC. Clearly, there is 
a simple solution for fixing most of Australia’s land degradation 
problems. 
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Table 19.6. Relationship between the TC/TI ratio, ΔRTC and change in Australian farm profitability for all agriculture and 
for farms in selected regions and enterprises. See the text for definitions of TC/TI ratio and ΔRTC.
Enterprise Period TC/TI RTC Trend in TC/TI ΔRTC Change in Profit
All agriculture 1966–70

2003–07
0.70
0.86

$24.1 billion
$29.8 billion

Rising Positive –$5.2 billion

Beef-dominant farms, NSW 
Tablelands 

1990–94
2003–07

0.79
0.83

$145,000
$169,000

Rising Positive –$7,000 per farm

Sheep-dominant farms, Australia 1990–94
2003–07

0.90
0.94

$154,000
$190,000

Rising Positive –$3,000 per farm

Mixed farming, NSW North-West 
Slopes and Plains

1990–94
2003–07

0.81
0.85

$278,000
$350,000

Rising Positive –$11,000 per farm

Cropping, NSW North-West Slopes 
and Plains

1990–94
2003–07

0.72
0.79

$320,000
$396,000

Rising Positive –$39,000 per farm

Queensland Pastoral zone 1990–94
2002–06

0.94
0.99

$389,000
$627,000

Rising Positive  –$18,000 per farm

Queensland 
South-West and Western Pastoral

1990–94
2002–06

0.73
0.81

$461,000
$669,000

Rising Positive –$153,000 per farm

Source: adapted from ABARE (2009).

Landcare 

The strength of Australian Landcare is that community 
groups and networks, with government and corporate 
support, conceive their own visions and set goals for 
local and regional environmental action. Working from 
the ground up to achieve these goals creates freedom and 
flexibility, giving communities a great sense of purpose. 

Youl et al. (2006)

The landcare model of local community action to tackle NRM 
and land degradation originated in Victoria in the 1980s and was 
extended across Australia by the Commonwealth in the 1990s. 
Because of the changing nature of governance arrangements 
and directions, Cary and Webb (2000) distinguished three 
elements of landcare: (1) the National Landcare Program, (2) 
community landcare, and (3) the landcare movement. The 
Australian government’s National Landcare Program (NLP) ran 
from 1992–2008, fostering and guiding the other two elements. 
Community landcare is the network of voluntary community 
groups that arose in response to the provision of NLP funds to 
support their NRM activities. The landcare movement is the 
loose collection of individuals, groups and organisations that are 
generally concerned about land degradation and NRM. 

Landcare is perhaps the most significant development in land 
conservation in Australia (Campbell 1989, 1992). It involves 
groups of volunteers (e.g. mainly farmers in rural areas) operating 
autonomously but who may use the technical, administrative or 
financial assistance of government to tackle resource degradation 
and plan and adopt more sustainable land and water-use practices 
at the local level (Campbell, 1989; NSW Landcare Working 
Party, 1991; Mues et al., 1994). A key distinguishing feature of 
landcare groups is that, within broad guidelines, they determine 
their own directions and activities, and many individuals are 
direct participants. Government extension officers are mainly 
involved in assisting rather than directing groups. Landcare arose 
partly as a result of the frequent failure of traditional research 
and extension models to transfer appropriate technology about 

complex resource-use systems to rural landholders (Prior, 
1996).

Landcare group activities broadly cover NRM, sustainable 
resource use and environmental repair (e.g. tree planting, dryland 
salinity mitigation, weed, rabbit and fox management, water 
quality enhancement, sub-catchment planning, resource inventory, 
rural extension etc.), tailored to local priorities. Whereas tree 
planting has and continues to be a major focus in temperate rural 
Australia, landcare groups in the rangelands of western NSW 
are more likely to be concerned with managing woody weeds 
and total grazing pressure. Groups on the Northern Tablelands 
of NSW became interested in grazing management and native 
pastures in response to the poor persistence of sown pastures and 
dwindling returns from pasture improvement during the droughts 
of the early 1990s (S. Williams, pers. comm.). Dunecare groups 
take responsibility for frontal dune management in coastal areas, 
and urban landcare groups focus on city and suburban issues. The 
collective action of landcare groups takes many forms, including 
meetings, field days, on-ground works and farm and regional 
planning. Landcare groups provide a means of disseminating 
extension advice and financial assistance for projects directed 
at treating and preventing resource degradation problems, and 
promoting public-good conservation measures. Originally, 
landcare groups began as discrete entities, but as they matured, 
completed projects and sought answers to new problems, they 
developed communication networks to link groups across regions 
and the whole country. Regional landcare umbrella networks 
were established and have persisted, despite sometimes strained 
relations with catchment management authorities. 

The most significant achievements of landcare have been 
in the social dimension. These include raising awareness in the 
rural community of land degradation and sustainability issues, 
generating commitment to sustainability at a community and 
individual level, educating and empowering individuals and groups 
to make their resource use more sustainable, building capacity 
in both land management and decision making, contributing to 
community development and social capital building by extending 
skills and knowledge, and developing networks conducive to the 
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acceptance of sustainable farming practices (Campbell, 1992; 
Mues et al., 1994; Cary and Webb, 2000; Love, 2004). Landcare 
was so effective in promoting sustainable farming practices to 
redress land and water degradation, that the participatory group 
approach became the dominant paradigm for NRM policy 
delivery in rural Australia (Cary and Webb, 2000) until the advent 
of regional NRM bodies in the early 2000s.

While community landcare and the wider movement have 
raised awareness of NRM issues among the rural community, 
adoption of more sustainable farming practices has been 
slow (Cary and Webb, 2000). This has not been due to a lack 
of involvement by landcare members. ABARE (2004) stated 
that most farmers adopting sustainable farming practices were 
members of Landcare or production groups, or involved in other 
government NRM programs. Rather, the principal barriers to 
achieving sustainable farming appear to be related to the lack of 
unambiguously profitable technologies to reverse the decline in 
resource condition, and a farm-business and policy environment 
riddled with market and governance failures that continue to 
reward unsustainable practices (Cary and Web, 2000). Examples 
of policy and market failure include government drought subsidies 
that prop up a minority of farmers with flawed farm-business 
and management models (Productivity Commission, 2009), and 
the lack of incentives for farmers to conserve common-property 
goods such as native biodiversity on-farm (Curtis, 1997; Cary 
and Webb, 2000). Notwithstanding these limitations, government 
funding of landcare has attracted considerable private investment 
from both farmers and corporate sponsors. Government funds to 
landcare groups have been critical in not only catalysing group 
formation and development, but also leveraging 2–6 times the 
government funding from landcare group members and other 
partners (Prior, 1996; Forge-Zirkler et al., 2006). Landcare has 
thus been an efficient use of government resources for community 
awareness raising, development and capacity building. 

Partly owing to the success of landcare in Australia, landcare-
like movements have sprung up in many countries in the past 
15 years, including the Republic of South Africa, Canada, 
Philippines, Iceland, New Zealand, Great Britain, Kenya, 
Fiji, Uganda, Jamaica, the US and Sri Lanka (Youl et al., 
2006; Catacutan et al., 2009). In Germany, a grassroots multi-
stakeholder coalition of Bavarian farmer groups, conservationists 
and government agencies formed in 1986 to address their 
contrasting ideas about land management and maintain the natural 
beauty and ecological capital of the region (Bluemlein, 2009). 
Although eventually adopting the landcare name, the German 
movement arose independently of the Australian experience. By 
2006, 141 regional landcare associations involving more than 
20,000 farmers had formed across Germany with the assistance 
of the national government and local and regional governments. 
The aim of landcare associations is to create and protect natural 
habitat, flora and fauna in farmland, support environmentally 
friendly land use and regional development, help farmers earn 
additional income from conservation, farm management and 
the marketing of regional produce, and raise awareness of the 
importance of appropriate land management through educational 
programs at all levels.

Unlike the case in Germany, South Africa’s National 
LandCare Program launched in the late 1990s borrowed more 

directly from Australian landcare. The South African government 
envisaged a community-based program with public and private 
sector support to conserve and sustain natural resource (soil, 
water and vegetation) use, and promote a conservation ethic 
through education and awareness (Bosoga et al., 2009). However, 
it diverged from the Australian model in seeking to address rural 
poverty and livelihoods by means of sustainable job creation in 
black-dominated poor rural communities. By 2006, there were 
300 landcare projects throughout South Africa including many 
small community grants. Despite initial tensions over program 
delivery at the grassroots and among partner organisations due 
to top-down implementation by government agencies, most 
projects today are identified and designed by community groups, 
with provincial Department of Agriculture staff in a support role 
and with access to departmental funding. 

The diversity of models of farmer collaboration and local 
learning to deal with the unprecedented environmental, social 
and economic challenges facing rural communities is a feature of 
the development, spread and evolution of landcare in increasing 
numbers of countries around the world. Nevertheless, some 
unifying themes emerge from a survey of landcare movements 
in different lands (Campbell, 2009). These are: (1) the value 
of participatory approaches between farmers and others in 
implementing practical land restoration; (2) the capacity to tackle 
problems that cross farm boundaries at district or broader scales; 
(3) the development of novel approaches tailoured to local socio-
economic, cultural, administrative and biophysical realities; (4) 
success in collective negotiation and garnering of resources, often 
through farmers working together with conservation interests; 
and (5) the importance of champions, both individual and 
institutional. The success and importance of the landcare brand 
resides in the fact that local communities have always been, and 
should continue to be, the primary social unit for implementing 
district-scale NRM (Garrity, 2009).

Catchment management (bioregional NRM)

The primary social technology for addressing regional-scale 
problems in NRM is integrated catchment management (ICM) 
or bioregional resource management (Brunckhorst, 2000; 
FAO, 2006). Catchment (also sometimes referred to as basin or 
watershed) management tends to be emphasised in topographically 
varied environments where water resources strongly link human 
activity and development. Such a focus is less useful in countries 
such as Australia where most landscapes are devoid of surface 
water most of the time, catchments can be vast (e.g. Murray-
Darling Basin), and groundwater systems are often as important 
as surface water resources. In such cases, bioregional NRM is a 
more suitable framework (Brunckhorst, 2000) for implementing 
sustainable development at regional scale. In this chapter, we 
ignore the differences between catchment management and 
bioregional NRM, since both share a systemic regional view of 
biophysical and social interactions, a concern for on and off-site 
and short and long-term effects of change, and the belief that 
appropriate social institutions can optimise the functioning of 
human ecosystems. Both aim to generate benefits for regional 
communities and environments. In short, both enable an holistic, 
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strategic, coordinated approach to regional NRM through a 
partnership between private and public resource users, mindful 
of all stakeholders’ needs and interests (Webb, 1998). 

In Australia, as currently practised, catchment management 
is a federally-coordinated, whole-of-government approach for 
integrating resource management among landholders and other 
resource users, community groups and government agencies at 
regional scale. It had its roots in the Hunter Valley Conservation 
Trust, which was established in 1950 to manage land and water 
resources in the Hunter catchment in NSW (Burton, 1986, 1992). 
Despite a broad legislative mandate, the Trust focused mainly on 
flood mitigation for many years. The mixed success of various 
regional-scale NRM initiatives prompted Burton (2000) to 
comment that catchment management had delivered ‘so little real 
achievement, that it must be considered as remaining something 
of an emerging concept in Australia,’ despite its practice in North 
America and New Zealand for decades. In those countries, 
systematic catchment-based research and NRM was underway 
50 years previously. In New Zealand, 76 representative basins 
were established throughout the country between 1964 and 1975 
to provide hydrological information for use in planning, land and 
water resource management and environmental monitoring, and 
to quantify the impacts of natural and human-induced change 
(Bowden, 1999). Process-oriented research was conducted in ten 
experimental catchments for 15–20 years, and the consequences 
of land-use change (e.g. pasture, dairying, afforestation) were 
studied in additional catchments, elements of which continue 
today. Management-oriented research was also the impetus for 
the establishment of the Arizona Watershed Program in the US 
in the late 1950s (Fox et al., 2000). Numerous watersheds were 
instrumented with climatic and hydrologic measuring equipment 
to experimentally study the effects of vegetation management on 
water yield. This research network was the focus of collaborative 
watershed research in Arizona for the better part of three decades, 
involving collaboration between federal and state agencies and 
private groups.

Ten years after Burton’s (2000) lament, federal policy has seen 
catchment (or bioregional) NRM implemented in 56 regions across 
Australia, albeit with varying governance arrangements among 
the states and territories (Anon., 2008). The goals of the Victorian 
catchment management authorities (CMAs) reflect the federal 
government’s policy intent in other jurisdictions (DPI, 2008): (1) 
ecologically sustainable development of natural resource-based 
industries; (2) community empowerment and engagement; (3) 
integrated NRM; (4) targeted investment; (5) accountability; 
and (6) administrative efficiency. Specific integrated NRM 
objectives of the Victorian CMAs include: (1) maintenance and 
improvement in the quality of water and condition of rivers; (2) 
prevention and reversal of land degradation; (3) conservation and 
protection of the diversity and extent of natural ecosystems; and 
(4) minimisation of the economic and environmental impacts of 
pest plants and animals. 

As part of regional NRM funding agreements between 
the commonwealth, states and territories in 2002, each NRM 
region developed integrated regional NRM plans and investment 
strategies, promoting: 

sustainable resource use, particularly sustainable •	
agriculture
improvement in condition of land, water and vegetation •	
resources 
protection of coastal catchments, ecosystems and the marine •	
environment
reversal of the decline in •	 native vegetation and maintenance 
and restoration of flora and fauna habitat
protection of  places of national environmental significance, •	
including threatened species and communities and Ramsar 
wetlands of international importance, and
Indigenous participation in achieving regional NRM •	
outcomes.

NRM plans are comprehensive, strategic, target-focussed and 
scientifically based; address causes rather than symptoms; 
involve key stakeholders in their implementation, and are 
regularly updated. Recent reviews of the regional NRM funding 
model at federal and state level are positive about the progress 
made in implementing plans. However, these reviews highlight 
a range of governance, administrative, capacity and technical 
issues requiring further attention (Curtis and Lockwood, 2000; 
WalterTurnbull, 2005; Griffin NRM and URS Australia, 2006; 
RM Consulting Group, 2006; NRC, 2008; Rod Griffith & 
Associates, 2009).  

Internationally, a dichotomy of approaches has emerged 
in relation to catchment management in recent years, relating 
to the relationship between the management of land and water 
resources at catchment or regional scale on the one hand and 
sustainable development and the well-being of impoverished rural 
communities, on the other (FAO, 2006). In affluent countries with 
adequate infrastructure, social services, government funding and 
environmental conservation programs, catchment management 
has been embedded within regional frameworks for sustainable 
development, such as the network of regional NRM bodies 
across Australia. This ‘embedded’ model focuses on the natural 
resource base and related physical capital, and strengthens 
managers’ capacity to manage land and water resources to 
promote food and water security and positive resource-based 
industry and environmental outcomes. By contrast, government 
funding for regional development, NRM and public-sector 
service delivery tends to be weak in developing and transitional 
countries. Accordingly, ICM is more often ‘program-led’ in the 
developing world, and includes partnerships with socio-economic 
institutions to provide benefits and services for human well-being 
(e.g. health, education) in addition to explicit NRM outcomes. 
This ‘integrated’ model of catchment management programs 
targeting sustainable livelihoods and poverty alleviation, land 
reform, education and health issues as well as NRM makes it 
easier to address both environmental and socio-economic issues 
effectively.

Reasons for optimism

There are reasons to be optimistic about the future of Australian 
agriculture, despite mixed report cards and evidence of long-term 
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unsustainable land use (NLWRA, 2001a,b, 2002; ASEC, 2001; 
Beeton et al., 2006). 

Rainfall-use efficiency of Australian agriculture 

The RUE of Australian agriculture is low compared to its 
potential. Australian farmers make much less use of free climatic 
inputs than they might in favour of purchased inputs, to the 
detriment of farm profitability. The RUE of the majority of 
Australian farmers is 30–40% (Rovira, 1993; Wylie, 1994), and 
may be as low as 10–15% (Gardiner & Browne, 2009), whereas 
70–80% is achievable. Across northern and north-western NSW, 
the average RUE of 2,600 grazing, cropping and mixed farms 
was only 21% (B. Gardiner and W. Browne, unpubl. data; 
Gardiner and Browne, 2009). Growers can replace some of their 
expensive purchased inputs with free inputs, and improve profits 
by increasing RUE (Figure 19.5). By strictly observing the ‘Six 
key paddock indicators for sustainable livestock production’ (see 
above), many livestock producers have found that they no longer 
have to supplementary feed, sow forage crops or renovate sown 
pastures, thereby reducing costs and increasing profits. 

Much farmland management does not cover the variable 
costs of production

Most farms are heterogeneous in soils and topography and parts 
of each farm can vary greatly in economic performance. In 
a survey of 89 paddocks on six grazing, cropping and mixed-
enterprise farms near Tamworth, NSW (B. Gardiner and W. 
Browne, unpubl. data), 40% of paddocks returned RUEs of 
<15% and did not cover the variable costs of production over 2 
years. These farmers could have retired 40% of their farmland to 
nature conservation and made more profit than persevering with 
farming or grazing over almost half their farms. Following this 
study, one landholder retired 140 ha of a 440-ha farm and made 
$7,000 more profit in the first year. This farmer had thought he 
was running 4–6 DSE/ha across the whole farm and applied the 
same level of fertiliser to each paddock. When the RUE of each 
paddock was calculated over a 2-year period, carrying capacity 
was found to vary between 0.6 and 14.2 DSE/ha. The unproductive 
paddocks contained scalded red slopes with sodic subsoils and 
black soil creek flats that retained minimal soil organic matter 
after decades of farming. Few farmers in northern NSW have the 
tools explained earlier to determine the profitable paddocks, those 
that break even and those they would be better off locking up for 
nature conservation. If farmers had this information, Australian 
agriculture would be more profitable, farmers would be richer in 
money and time and, should they so wish, they could consider 
making a large amount of their land available for biodiversity 
conservation and other community uses at an appropriate price. 
Several schemes exist that pay Australian farmers to manage 
parts of their farm for nature conservation outcomes, including 
the federal Environmental Stewardship program (DEWHA and 
DAFF, 2008), Victoria’s BushTender (Stoneham et al., 2002) 
and various incentive schemes run by regional NRM bodies (e.g. 
Windle et al., 2009). 

Production over-emphasised at the expense of 
management and marketing 

The profitability of farm business is determined equally by 
production, management and marketing. Australian farmers 
spend most of their time on production-related activities, relatively 
little time on management-related issues (e.g. determining which 
landscape management factors most limit farm profit), and 
tend to leave the marketing of their product to others (NRWC, 
2006; Hibburt and Johnson, 2007; Chapters 25 and 29). Many 
farmers recognise they could profitably spend more time on 
marketing and business management (TFGA, 2005; Wylie, 
2005; Clarke and Morgan, 2008). The fact that production of 
agricultural commodities has more than doubled over the past 45 
years while profit has declined by more than two-thirds (Figure 
19.4) is indicative of under-allocation of time in the sector to 
understanding how the farm business operates. 

Farmers have no idea whether they are over or under-
producing 

Australian farmers lack the tools to decide whether they are over 
or under-producing to maximise profit or sustainability. Many 
presume that they can increase profit by increasing production, 
perhaps because benchmarking shows that the most profitable 
farmers run more stock per hectare (e.g. Beattie, 2004; Wilson et 
al., 2005; Chapter 14). However, such results fail to account for 
disparities in farm rainfall, soil type, size, enterprise mix, and so 
on (see under ‘Livestock’ above). The most profitable farmers are 
not necessarily maximising profit, and lower ranked farmers may 
be doing as well as they can, given the scale of their operation, 
irreversible historic damage to the resource base, and so on. 
Without the necessary tools to make this decision (described 
under ‘Property planning’ above), most evidently make the wrong 
decision to increase production, rather than decrease production 
to increase profit and move closer towards sustainability. 

Farmers have direct control over pasture, green dry 
matter and litter biomass, pasture composition, ground 
cover and the amount of woody vegetation in their 
farmscape

Farmers and graziers have direct control over the six key paddock 
indicators that determine their farm’s productivity, profitability 
and sustainability. Growers can maximise these by managing 
for maximum RUE across their whole farm and checking 
each paddock’s profitability to determine the best enterprise 
mix. Farmers and graziers receive the business outcomes of 
the management they implement. Some look outside the farm 
business for excuses (e.g. supermarkets, ‘greenies’, ‘red tape’ and 
lack of rainfall) before looking inside the business to ensure that 
they have done everything possible to achieve success. Those 
who do not manage the six key paddock indicators for maximum 
RUE and net primary productivity should not blame outside 
factors for failure in farm performance. 
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Future developments

Australian sheep producers face several key issues in the coming 
decades in terms of their viability and sustainability. Briefly, 
these are:

Global population growth

Based on current trends, the UN forecasts global population to 
increase to 9.15 billion by 2050. This may be a good thing for 
farmers, as demand and price for farm products increase in real 
terms (Reid and Kahn, 2006). The alternative view (Fagan, 2008; 
Dyer, 2009) is that global warming will cause shifts in global 
climate, placing pressure on food and water supplies and leading 
to conflict between nations as they seek to secure these resources. 
Depending on which prediction comes to fruition, we could have 
more, hungrier or fewer, more belligerent people to feed.

Peak oil

Agriculture relies on oil to fuel the machinery used in the 
production and transport of products and the manufacture and 
transport of key inputs such as fertilisers and chemicals. Farm 
inputs will become more expensive and their supply could become 
more erratic. Professor Jeff Crawford recently proposed the 
concept of peak ‘soil,’ with global soil loss being more than five 
times global soil formation rates (Crawford, 2009). Maintaining 
productivity in the face of soil loss may require higher inputs 
of fertiliser and other factors of production. Expanding interest 
in organic and biodynamic principles may have its genesis in 
increasing fertiliser costs.

Global warming

Global warming has the capacity to shift climate zones, changing 
the frequency and intensity of rainfall, temperature and wind 
run, increasing the potential for soil erosion. Rising global 
temperature is likely to change the incidence and range of pests 
and diseases, reduce water availability in Australia and modify 
plant and animal behaviour.

Substitution 

Given the above, it is possible that agriculture will become less 
industrialised. Farms may become smaller and more labour 
intensive (to substitute for more expensive inputs and capital) 
with a more diverse range of enterprises (to substitute for the 
high cost of transport). Alternatively, governments may elect 
to subsidise a few large corporations to become highly efficient 
agricultural producers through extraordinary economies of scale. 
Unless cheap alternatives to fossil fuels are found, markets will 
almost certainly become less globalised. 

Impacts on society

If food and fibre become more expensive in real terms, 
consumption patterns will change. If consumers spend more on 
food and fibre, they will spend less on other products and have a 
lower capacity to service debt. Population centres may become 
more regionalised, leading to changes in political influence.

To survive these changing circumstances, producers will 
need robust, resilient and flexible management practices, based 
on the six key paddock indicators for achieving maximum RUE. 
Observing these indicators 100% of the time will minimise 
(1) the volume of purchased inputs needed to produce a given 
volume of output, (2) the carbon footprint of the business and 
(3) downstream environmental impacts. Such management will 
improve the productivity, profitability and biodiversity outcomes 
for the farm business. While individual producers cannot change 
the global drivers that will shape their futures, they can control 
the key drivers of productivity that ensure that they are part of the 
solution and not the problem.

Conclusions

Society expects a lot of its primary producers. They are expected 
to manage climatic and business risk by avoiding hazards and 
seizing opportunities, harvest carbohydrate and protein efficiently 
by making efficient use of water, nutrients and solar radiation 
while improving the quantity and quality of their natural capital 
(hopefully with some pro bono stewardship of public goods, 
such as biodiversity). They are expected to continuously improve 
farm performance in terms of economic, environmental and 
social outcomes, generate only positive environmental impacts 
off-farm, all the while looking after their families, employees 
and community, and saving for retirement and their families’ 
future needs … and remain happy, unstressed and sane! This is a 
huge ‘ask’ and it is perhaps not surprising that primary producers 
in most parts of the western world have access to generous, 
production-linked, farm subsidies in order to meet society’s 
expectations (OECD, 2008). In a country such as Australia with 
generally low and erratic rainfall, an infertile and degradation-
prone resource base, large distances and little government 
support, it is not surprising if some primary producers fall short 
of the sustainability ideal. After all, society expects a lot in return 
for little other than the opportunity to farm. What is perhaps more 
surprising is that so many primary producers do such a good job 
with so little encouragement and assistance much or all of the 
time. 

Primary producers could do a better job with easy-to-use farm 
and business sustainability indicators and monitoring tools. The 
simple on-farm NRM indicators and property planning financial 
ratios are examples of the simple tests or guides required to 
facilitate decision making. Such tools need to be developed, 
evaluated and verified across a wide range of farm ecosystem 
types to equip sheep producers and others with the tools to make 
more sustainable farm management decisions with a high degree 
of confidence. It will happen only with better integration of 
R&D across the three pillars of sustainability, with development 
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of seamless ecological, economic and social indicators and 
advice across diverse enterprise mixes. Growers deserve sound 
integrated advice about the economic, ecological and social 
consequences of enterprise alternatives, and the short and longer-
term consequences of complex system interactions between 
different farm business options (cropping, grazing, horticulture, 
NRM etc.). Such advice needs to focus on the consequences of 
their decisions for farm profitability as well as the impacts on 
their local community, the nation and the planet.
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Introduction 

The maintenance of sound sheep health is essential for profitable 
and efficient sheep production and acceptable levels of animal 
welfare. It requires active disease surveillance measures and 
effective prevention or management programs. Usually the loss 
due to disease results from incremental and often unapparent 
effects of endemic disease on animal thrift or reproduction, rather 
than the potentially devastating effects of epidemic diseases. 
Outbreaks of the major viral diseases such as Foot and Mouth 
Disease are not covered here: they are either subject to regulatory 
measures to prevent their introduction, or where established, 
vaccination and movement controls are usually in place to 
contain their spread and impact. This chapter covers common 
diseases that require surveillance and management intervention 
to limit their effects under routine sheep raising conditions and 
places them in perspective, rather than providing a detailed 
description of all sheep diseases (available in various texts in the 
References).

The costs of disease to national sheep industries are usually 
underestimated. In Australia, a recent estimate of annual disease 
cost was over a billion dollars (Sackett et al., 2006), mainly due to 
parasites and factors affecting lamb survival. Much of this loss is 
known to be preventable through the use of routine management 
programs and appropriate chemical intervention. In particular, the 
provision of optimal nutrition to sheep at seasonal or age-related 
periods of vulnerability is the key to reducing the occurrence 
and impact of many diseases. Well-nourished sheep are more 
productive and in most situations, more disease tolerant.

The occurrence of various diseases varies between regions, 
seasons and sheep classes, and in some cases is more common in 
specific enterprise types. Sheep producers need to be aware of the 
risks facing stock in their own environments and management 
situations, and implement disease detection and prevention 
strategies. The maintenance of sound biosecurity practices to 
prevent the introduction of endemic diseases is essential, as 
many infectious and parasitic diseases, especially, are commonly 
spread between farms by imported stock. Disease control should 
generally be based on management of the environment (pasture 
types, paddock changes, seasonal effects), and where feasible, 
immunological approaches (vaccines and genetics), rather that 
using chemical intervention as the first approach. This invariably 
requires forward planning and pasture rotation schedules to be 
developed, but recognises that prevention is better than cure.
Examples given of diseases are mainly from the Australasian 
region, and the role of the environment in determining their impact 

and mode of expression in different countries must be considered. 
A major emphasis is placed on internal and external parasites, as 
their control is essential in all sheep enterprises, and they provide 
a model for the development of disease management programs 
generally. As all diseases included have been known for many 
years, readers can consult the books listed in Sheep Disease Texts 
for comprehensive descriptions, and additional information is 
provided where specific references are cited.

Definitions and classification of sheep 
diseases

Disease may be defined as a condition where an animal has its 
function compromised to the extent that health, and often, welfare, 
is impaired. This altered state may be easily recognised or very 
difficult to detect. “Clinical” disease refers to conditions where 
the effects on the animal are quite obvious, with death the extreme 
example. “Sub-clinical” diseases are not readily detectable, but 
they are often the most important: examples include reductions in 
growth or reduced reproductive rate. This may not overtly affect 
the welfare of the animal, but will often affect the profitability of 
the enterprise through lost productivity or efficiency.

Diseases termed “acute” are characterised by a rapid onset 
and development of clinical signs, usually severe in their effect, 
with quick resolution (if it occurs) over a matter of days or 
weeks. “Chronic” disease refers to a condition persisting for 
months, sometimes indefinitely. When due to infection, the 
causal agent typically persists in the animal, with fluctuations 
in severity governed by the level of immunity, which is itself 
subject to genetic, nutritional or hormonal variations. Chronic 
diseases, such as those due to nutrient deficiencies, may continue 
for many years and affect successive year-groups until rectified. 
A disease “syndrome” is a set of signs that may result from 
any of a number of causal factors or organisms, and requires 
diagnostic interpretation to clarify. For example, “sudden death” 
is a syndrome with causes as varied as anthrax, acute poisonings 
and hypothermia.

Infectious diseases are caused by other living organisms 
such as parasites, bacteria, fungi, protozoa or viruses. In most 
cases, young animals are most susceptible, before they develop a 
competent immunological response to infection. Non-infectious 
diseases result from toxins, physical or chemical agents, metabolic 
changes, or from specific nutrient deficiencies, and may affect 
all ages. The most important non-infectious “disease” affecting 
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livestock globally is the effects of chronically inadequate protein 
and energy (Chapter 14).

In contrast to animal disease, animal welfare has become 
of increasing importance in the farm animal sector. Quite apart 
from valid concerns over both overt suffering and less obvious 
stressful experiences, animal welfare has become a significant 
community issue, with increasing impacts on trade and markets. 
Although the campaigns by animal rights groups receive 
widespread community attention, farmers have long recognised 
that healthy and stress-free animals are also the most productive 
and profitable. Codes of practice regarding issues such as 
the transport and confinement of animals, and especially, the 
provision of adequate nutrition, are now routinely followed in 
the livestock industries in many countries. These codes typically 
require the prevention of pain, injury and disease, and the latter 
is most efficiently handled through management systems which 
include effective disease monitoring and prevention. 

The disorders covered in this chapter are listed in categories 
according to causal factors or syndromes likely to be recognized 
by producers, and include:

•	 Internal parasites (roundworms, tapeworms, flukes and 
coccidia)

•	 External parasites (blowfly strike, lice, mites)
Non-parasitic causes of diarrhoea (including grain •	
poisoning)
Common bacterial, viral and fungal infections (Clostridial •	
diseases, Johnes disease, footrot, scabby mouth, arthritis 
cheesy gland, pneumonia)

•	 Metabolic diseases (pregnancy  toxaemia, hypocalcaemia, 
grass tetany) and hypothermia
Mineral deficiencies and toxicities (especially •	 copper, cobalt 
and selenium)

•	 Fleece diseases (dermatophilosis, fleece rot)
Reproductive diseases.•	

Management approaches to prevent or minimize the occurrence 
of sheep diseases, and likely future developments, are discussed at 
the end of the chapter, and an example of an annual management 
calendar incorporating animal health routines is provided in 
Chapter 17.

Internal parasites

Helminth parasites (round worms, tapeworms and flukes) are 
generally regarded as the most economically important sheep 
health problem (excluding nutrition) on a global basis, causing 
reduced productivity, diarrhoea (scouring) and sheep deaths. In 
Australia alone, the costs associated with nematode infections, 
including control costs, are estimated to be around $370 M 
annually (Sackett et al., 2006). The distribution, seasonality 
and significance of worms is determined largely by the effects 
of environmental factors on the free-living stages on pasture, 
and due to the need for moisture, they are most important in 
higher rainfall zones. Control depends on management to ensure 
animals develop an adequate level of immunity as they grow 

and requires treatment at times with anthelmintics (drenches) 
to remove excessive worm burdens (Besier, 2004). A major 
problem in recent years has been the development of resistance 
to drenches by worms. Thus control programs aim to preserve 
drench effectiveness as well as minimising the effects of worms 
on sheep (Besier and Love, 2003).

Most worms are “host-specific”, in that they will only develop 
in one species. However, some worms, such as the liver fluke 
and the intermediate stage of hydatids, occur in a number of host 
species. In the major sheep zones, most sheep are continually 
infected, except where treatments are given during periods when 
re-infection is minimal, and sheep usually carry mixed burdens 
of species simultaneously. A general guide to worm biology 
and control is available on the “WormBoss”, “WormWise” and 
“SCOPS” (Sustainable Control of Parasites of Sheep) websites.

Round worms (nematodes)

The Barbers Pole Worm (Haemonchus contortus) is a blood-
sucking worm found in the fourth stomach (abomasum), and 
its presence can be a major disincentive to sheep raising in 
environments where it is prevalent. As a prolific egg-layer, large 
numbers of infective larvae (Fig. 20.1) can rapidly develop 
and accumulate on pasture, and sheep deaths from blood loss 
commonly occur with little warning. Signs prior to death relate 
to blood loss, i.e. anaemia, seen as pale membranes of the eyes 
and mouth, weakness when driven and recumbency. Diarrhoea is 
not a feature of Haemonchus infection. Due to the requirement 
for abundant moisture and warm weather conditions, this species 
is most significant in summer rainfall regions such as northern 
NSW and Queensland in Australia, South Africa, southern USA 
and all tropical countries. In temperate regions, Haemonchus 
is often present but usually causes only sporadic problems, but 
there are increasing reports of clinical haemonchosis from cooler 
environments such as New Zealand, the UK and Europe.

The “scour worms”, which cause the characteristic 
sign of diarrhoea (scouring) when large burdens are present, 
comprise many species occurring in the fourth stomach 
and intestines, most barely visible to the naked eye. The 
most important types include Teladorsagia (Ostertagia) 
circumcincta (Brown Stomach worm), Trichostrongylus 
species (Black Scour worm) and Nematodirus species (Thin-
necked Intestinal worm). Less important types include the 
large bowel worms Chabertia ovina and Oesophagostomum. 
As these species occur in all environments, due to the wide 
tolerance of their larvae to environment conditions, the scour 
worms are the major target for sheep worm control, except 
where Haemonchus predominates.

As well as causing scouring (with an associated blowfly strike 
risk), prolonged heavy infections can cause death. However, the 
major effect is to reduce muscle and wool growth, causing either 
extreme ill thrift, or more commonly, sub-clinical parasitism 
that is not evident to the sheep owner but significantly reduces 
sheep production. The typical syndrome of scouring and ill thrift 
is most common where the immune status of sheep is not fully 
developed (e.g., lambs), or impaired (e.g., poor nutritional state). 
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An atypical variant is “larval hypersensitivity scours”, which can 
occur where worm-immunity has lapsed after a prolonged lack 
of contact with worms, and a sudden resumption of larval worm 
intake causes a short-lived but intense immunological response 
with gut inflammation and diarrhoea (Larsen et al., 1999). 

The sheep nematode life cycle

The life cycle of both Haemonchus and the scour worm species 
is relatively simple (Figure 20.1). Adult worms in the gut produce 
eggs that are shed in the sheeps’ faeces onto the pasture, where 
they hatch and develop through various larval stages. The third 
stage (“infective”) larvae remain in the faecal pellet until there is 
sufficient moisture to allow migration onto the herbage, where 
they are either ingested by grazing sheep or die after a variable 
period. Inside the sheep, the larvae develop into adult worms in 
about 3 weeks, although under some circumstances they may 
remain in a dormant state for some months before eventually 
resuming development.

Variations between worm species in the environmental 
requirements for survival of the eggs and larvae determine where 
various species are found, and the seasonal pattern of worm 
burdens in animals. Under cool conditions a large proportion 
of eggs passed by sheep develop to infective larvae, which can 
then survive on pasture for several months. However, during hot 
dry periods, few eggs develop and any larvae present die rapidly. 
Moisture is always necessary for larval movement onto pasture.

Flukes (trematodes)

Liver fluke (Fasciola hepatica) is by far the most important 
fluke of livestock globally. Adult flukes live in the bile ducts in 
the liver, and have a complex life cycle that requires the larval 

stages to enter an aquatic snail and multiply, before emerging to 
develop to infective forms that encyst on vegetation, where they 
are available for ingestion by grazing animals. Several forms of 
disease occur, including deaths from an acute form associated 
with haemorrhage due to large numbers of migrating immature 
flukes. Less acute disease is seen as anaemia, jaundice and 
deaths, but chronic fascioliasis is most common, and is mostly 
seen as illthrift and anaemia. However, the fluke’s distribution is 
limited to moist situations and seasons suitable for the survival of 
snails, and fencing off snail-infested areas assists its control on 
individual properties. Liver fluke infects all ruminants, and less 
routinely, other grazing livestock such as horses.

Tapeworms (cestodes)

Sheep Measles and hydatids

Important tapeworms that occur as the adult stage in dogs are 
a common cause of carcass downgrading (Taenia ovis, causing 
“sheep measles”), or potentially of the severe human disease 
hydatidosis (Echinococcus granulosus). Measures to prevent 
their occurrence should be a routine part of sheep management 
in all situations.

In the case of both Echinoccocus and Taenia, the tapeworm 
eggs are passed onto the pasture in dog faeces and ingested by 
sheep, where they develop to the cystic form. Dogs become 
infected when they are fed sheep meat or offal infected with 
tapeworm cysts. Neither the adult tapeworm in the dog nor the 
larval tapeworm cysts occurring in sheep (the “intermediate 
host”) causes any harm to the animal, and infections in the 
sheep are only evident at slaughter. T.ovis is seen as small pea-
sized cysts in muscle (especially diaphragm, heart and masseter 
muscles). The cysts are only of significance because the meat is 

Figure 20.1. General life cycle of common sheep roundworms. 
Source: Department of Agriculture and Food Western Australia.
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not visually acceptable in retail markets, even though there is no 
risk of human infection. However, in Australia, the detection of 
a single cyst can automatically drop the carcass value by some 
50%, and carcasses with large numbers of cysts are rejected for 
human consumption. 

Infections with hydatids are seen as fluid-filled cysts within 
many organs (most commonly the liver and lungs) and although 
any warm-blooded-animal can be an intermediate host, sheep are 
among the most susceptible. In humans, large numbers of cysts 
can develop and result in various disorders, and in some cases 
death, and frequently require surgery. Hydatids occur globally, 
and although the human prevalence is by far the highest in under-
developed countries, it is a background risk in the rural areas of 
most countries (although eradicated in some).  

Provided a control program is adhered to, these tapeworms 
are relatively easily controlled on an individual property, though 
it is often difficult on an area basis where dogs can roam between 
properties. The key is breaking the sheep-dog life cycle, by 
preventing access by dogs to raw meat and offal (specifically 
from sheep and goats), controlling dog movements, and treating 
dogs at intervals no longer than 4 weeks for T.ovis (Hale and 
Heath, 1996) and 6 weeks for hydatids (Cabrera et al., 2002) with 
a worming product effective against all tapeworm species, such 
as those containing praziquantel. 

Sheep tapeworm

Sheep can be infected with a large (over 1 m) tapeworm (Moniezia 
expansa), which occurs in the small intestine and often causes 
concern when the segments are seen in sheep faeces. However, 
they are of no real significance regarding disease or production 
loss and virtually never warrant treatment (Edwards, 2005; 
Elliott, 1984).  

Coccidiosis

Coccidia are microscopic protozoan (single-celled) parasites of 
the gut, which are commonly present in healthy animals but can 
cause severe disease in animals where an immunity has yet to 
develop or is compromised (Taylor, 1995). The infective forms 
are passed in faeces and transmitted to other sheep as they graze, 
with damage to the gut occurring as the organisms multiply 
and break out of gut-lining cells. Disease is seen as profuse 
diarrhoea, reduced weight gains, and at times deaths if severe 
occurrences are left untreated. Almost all lambs are infected 
with coccidia within the first few weeks of life, but immunity 
usually develops quickly, although some lambs may develop a 
mild transient diarrhoea. Serious disease is uncommon in flocks 
kept on pasture at relatively low stocking rates (as in Australia) 
except where lambs are especially poorly-nourished due to an 
inadequate nutritional supply for the ewes. However, coccidiosis 
is a common and significant disease in Europe where lambs born 
indoors are turned out to pasture at high stocking rates, and routine 
preventative treatment is often necessary. In all environments, the 
disease also occurs occasionally in older sheep, especially those 
kept in overcrowded and high-stress situations such as feedlots. 

Coccidiosis can be differentiated from worm disease in lambs 
by the age of occurrence and with worm egg counts, and by the 
epidemiological background. Anthelmintics are not effective, 
but specific products for prevention or treatment are available, 
either as coccidiostats added to the ration or as single or multiple 
treatments.

Diagnosis and control of worms

Diagnosis of worm infections

Worm infections are usually suspected when typical signs 
appear in sheep considered at risk, during or following periods 
conducive to infection. Factors such as the expected level of 
immunity (see below), nutritional situation and time since anti-
worm (anthelmintic) treatment must also be considered.

Diagnostic tests for worm infections include faecal worm 
egg counts (FWEC), which require collecting faecal samples 
from a number of sheep in a flock. In the laboratory, the samples 
are mixed in a concentrated salt solution so that the eggs float 
out and can be counted under a microscope. The relationship 
between the egg count and worm burden is not straightforward 
and varies with sheep age, class and nutritional condition (Besier, 
2004), and some interpretation of the results is often needed. 
However, worm egg counting is an effective indicator of the 
need for treatment either to remove damaging burdens, or to 
prevent excessive pasture contamination with worm eggs. Worm 
egg counting services are provided by private and government 
laboratories, and by many veterinary practices. 

Field assessments for Barbers Pole worm infection can also 
be made using the FAMACHA system (van Wyk and Bath, 
2002), which involves a graded score of anaemia made by 
inspecting the eye membranes. This indicates the risk status of 
individual animals, allowing specific treatments, and is of most 
application where labour is abundant to carry out sufficiently-
frequent inspections. Additional indicators of worm burdens 
using immunological or biochemical markers have been under 
research for many years, and research indicates the feasibility 
of a test for the risk of Barbers Pole Worm disease based on 
haemoglobin levels in faeces (Colditz and le Jambre, 2008)

Immunity to worms

The main factor governing the size and impact of worm burdens 
in animals is the level of the natural immunity that develops with 
continued exposure to infection (Besier, 2004). Lambs are highly 
susceptible to worm infection in their first year of life, and full 
adult immunity may not develop until over 18 months, depending 
on the level and time course of larval intake. In contrast, adult 
sheep typically reject worm larvae and maintain very low burdens, 
except in a small proportion of individuals genetically incapable 
of mounting an effective immune response. However, continued 
contact with worms is necessary to maintain immunity, and even 
adult sheep may suffer parasitism if exposed to heavy larval 
intake after a prolonged absence of worm contact.
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An adequate level of nutrition is essential to maintain 
immunity, and adult sheep in poor body condition may develop 
harmful worm burdens. In addition, lactating ewes often suffer a 
sharp, though temporary, lapse in worm immunity in the weeks 
following lambing. Pasture management, good nutrition and 
often pre-lambing drenches are needed to ensure that lactating 
ewes do not acquire heavy worm burdens, leading to ill-effects in 
both them and their lambs.

Worm control programs

Efficient worm control requires planning an annual program 
based on pre-emptive treatment and management routines to 
minimise worm challenge to susceptible sheep, and measures 
to maximise natural worm immunity. Recommended programs 
vary between regions (Besier, 2004), depending on the worm 
species present and the seasonal pattern of worm larvae on the 
pasture, but typically involve several major elements:

Routine treatments at times animals are likely to carry •	
significant (but usually sub-clinical) burdens
Treatments to pre-emptively prevent pasture contamination •	
with worm eggs at critical times
Pasture management to minimise heavy larval challenge to •	
worm-susceptible sheep 
Ensuring that sheep remain in good nutritional condition, to •	
assist in resisting the acquisition of heavy worm burdens and 
tolerating their effects (Coop and Kyriazakis, 1999)
Monitoring worm egg counts at intervals during periods •	
when worm larval intake is likely
Introducing rams genetically selected to have a superior •	
level of worm resistance (Woolaston and Baker, 1996; 
Chapter 8)
Measures to minimise the development of drench resistance •	
(see below).

Region-specific programs are best developed in consultation 
with a local animal health adviser, and websites from Australia 
(WormBoss), New Zealand (WormWise) and the UK (SCOPS) 
provide recommendations specific to local environments.

Drenches and drench resistance 

The main factors affecting the choice of drench are the worm 
species present and the drench resistance status on a particular 
property. Resistance affects all drench groups and involves most 
important worm species (Kaplan, 2004): in some countries, no 
single product remains fully effective on some farms (Van Wyk, 
1999). The pattern of drench resistance varies greatly between 
properties and testing for the resistance is recommended to 
indicate the most appropriate products.

Drench groups: Three major broad-spectrum drench groups, which 
have activity against all major worm species unless resistance is 
present, are commercially available: the benzimidazoles (“white 
drenches”), levamisole (“clear drench”) and the macrocylic 

lactones.  However, in most intensive sheep-raising countries, 
resistance is widespread to the older benzimidazole and levamisole 
groups in most important worm species (i.e. Haemonchus, 
Teladorsagia (Ostertagia) and Trichostrongylus). Macrocylic 
lactone resistance is now also common in Haemonchus and 
Teladorsagia, and in high resistance-risk environments in some 
countries (e.g. Australia), may affect over 75% of properties 
(Besier and Love, 2003).  However, significant variation within 
the macrocylic lactones exists regarding potency, resistance 
levels and the potential for resistance development (Dobson et 
al., 2001) with resistance most common to ivermectin, but less 
so to abamectin, and considerably less so (but increasingly) to 
moxidectin. 

Combination anthelmintics are also available in some 
countries, to extend the useful life of drench types where the 
individual components are no longer generally effective. Narrow 
spectrum drenches that target specific parasites are also available, 
especially for blood-sucking worms such as Haemonchus and 
liver fluke. 

In 2009 a new anthelmintic, monepantel, based on the 
novel amino-acetonitrile derivative (AAD) group (Kaminsky 
et al., 2008), was released in New Zealand, and this is likely to 
become widely available. At least one other novel group is under 
commercial development. These will bring welcome relief where 
drench resistance threatens worm control, although it is important 
that new products are used in programs intended to minimise the 
development of resistance.

Causes of drench resistance

It is essential that the likely causes of drench resistance in a 
particular situation are recognised, so measures to ensure that 
worm control is “sustainable” (does not lead to resistance) can be 
followed. An obvious causal factor is an excessive frequency of 
drenching, and effective and sustainable worm control programs 
are based on the appropriate timing of a limited number of 
annual treatments. The need to use the correct drench dose is 
well understood (Besier and Hopkins, 1988) and except where 
unregulated product formulation occurs, incorrect dosing is no 
longer likely to be a common problem.

Strategic control programs accelerate the development of 
resistance when treatments are given at times when no worm 
larvae are present on pasture to dilute resistant worms that survive 
drenching (Besier and Love, 2003). These worms can become 
a major source of future resistant populations, and the need to 
ensure that some non-resistant worms survive (“in refugia” from 
drenches) is now an integral element of sustainable worm control 
(Besier and Love, 2003, Kenyon et al., 2009). It is also recognised 
that persistent drenches can favour the development of drench 
resistance by suppressing the survival of non-resistant worms. 
This requires informed management to minimise unwanted ill-
effects, despite the short-term worm control benefits (Dobson et 
al., 2001). Worm control programs developed for specific regions 
are based on principles aimed at minimising the development 
of resistance under local environmental conditions (eg, see 
WormBoss, WormWise, SCOPS).
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External parasites

Several external parasites are significant problems for sheep 
industries globally, although the relative importance of different 
types and species varies markedly between countries. The 
potential for significant production loss and sheep mortalities 
due to blowfly strike and infestation with the sheep scab mite, 
and significant wool loss due to body lice, necessitate a good 
understanding of appropriate sheep management routines and 
chemical applications for treatment and prevention.  

Blowfly Strike (Cutaneous Myiasis) 

The Australian sheep blowfly Lucilia cuprina is commonly the 
major primary strike fly in a number of countries, especially in 
the Southern Hemisphere and in warmer climates. Other primary 
strike species such as the related L. sericata are important, 
especially in cooler climatic areas such as Europe, and flesh flies 
such as Wohlfahrtia spp. are also regionally-important initiators 
of severe strikes. This section relates specifically to L.cuprina, 
but the principles apply to all. General guides to flystrike and 
its control are found at the FlyBoss (2009) and the SCOPS 
websites.

L. cuprina is especially important in Australia, where it is 
estimated to cause total annual losses of more than $160 million, 
of which more than $130 million is spent on chemical control 
and sheep management routines (Sackett et al., 2006).  The 
mature female is attracted to susceptible sheep (Figure 20.2) and 
may lay 50- 250 eggs during a 2- 3 week life. The eggs normally 
hatch within 24 hours, and the larvae (maggots) move to the skin 
surface and begin feeding. In 3-6 days after hatching the “instar” 
larvae moult twice. The second and third instars have abrasive 
mouth parts and inflict physical damage on the skin, as well as 
digesting it with secreted enzymes. After this time the larvae drop 
off the sheep at night and develop to pupae in the soil. With ideal 
summer conditions the pupal stage may be a short as 7 days. In 
winter, however, it may last as long as 4 months due to the cooler 
temperatures (allowing flies to persist in the environment as pre-
pupae between periods conducive to strike) and a spring “fly 
wave” can result from synchronised emergence with the onset 
of warmer temperatures. The minimum time from egg to adult 
is 14 - 17 days.

Once primary strike flies have initiated a strike, the resultant 
dermatitis and skin damage may attract secondary flies. In 
Australia, the most severe of these is Chrysomya rufifacies, 
which cannot initiate a strike, but once they are involved the 
existing damage rapidly escalates as their maggots have abrasive 
mouth parts and are larger and more vigorous than those of L. 
cuprina. Involvement of these flies can soon lead to sheep deaths. 
Secondary flies out-compete L. cuprina on carrion and hence 
dead sheep and carcasses are not a major determinant of primary 
fly strike levels. 

Strike determinants and signs

The presence of moisture, ambient temperatures, and wind speed  
are key variables in determining the risk of fly strike. Maximum

Figure 20.2. The lifecycle of Lucilia cuprina, the Australian 
sheep blowfly. Source: Department of Agriculture and Food 
Western Australia.

ambient temperatures of at least 17°C are necessary, with wind 
speeds below 15 km/hour. Flies will not initiate a strike on normal 
skin. They need both an odorous attractant and source of liquid 
protein on the skin, which is required by the first instar maggots. 
“Body strike” is one of the most common presentations of fly 
strike and occurs if the fleece and skin are wet for a prolonged 
period (Tellam and Bowles, 1997). Fleece rot or dermatophilosis 
(“lumpy wool”) will greatly predispose sheep to body strike, as 
both of these conditions are associated with dermatitis. “Breech 
strike” is also common and is usually a result of the breech and/
or tail wool and skin becoming wet with urine (in the case of 
ewes) or moist faecal material (dags from scouring). Strikes also 
occur on wounds anywhere on the body, and infected shearing 
cuts or skin damage associated with conditions such as scabby 
mouth and footrot can provide suitable conditions. Merino sheep 
are far more susceptible to blowfly strike than British breed and 
hair breed sheep (Tellam and Bowles, 1997).

Struck sheep tend to twitch and bite at the affected area, stand 
or lie apart from the mob, and appear weak and depressed. Small 
strikes may remain unnoticed, but if strike development continues 
sheep typically have a reduced appetite and increased temperature 
and heart rate (due to the developing toxaemia) within 3 or 4 
days. The wool in the affected area will become wet, darkened 
and foul-smelling. Death often occurs where animals are not 
treated, especially when secondary strike has taken place. The 
generalised toxaemia may reduce wool production by up to 10% 
and can result in a complete break in the wool and progressive 
shedding in sheep that survive.
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Treatment and control

Treatment of struck sheep must be prompt. The wool over the 
struck area and surrounding area should be removed and an 
insecticide applied. 

Frequent monitoring of sheep mobs at times of high fly risk 
will allow timely application of insecticides. Strategic chemical 
applications into the fleece by hand or race jetting, dipping, or 
by spray-on or back-line pour-on products are commonly used 
to prevent fly strike. The period of protection offered by the 
product, and wool and meat withholding periods, will indicate 
the most appropriate chemical choice and timing of application. 
Current chemical groups for strike treatment and prophylaxis 
include: insect growth regulators (e.g. cyromazine and 
dicyclanil), spinosyns (e.g. spinosad), and macrocyclic lactones 
(e.g. ivermectin). Organophosphates were widely used but their 
use is declining due to widespread resistance in fly populations, 
and in some countries, human safety concerns (Levot, 1995; 
James, 2002).  

Non-chemical approaches are integral to fly strike prevention. 
Tail docking and, in Australian Merinos, mulesing, have proved 
effective and cessation of the latter practice will require careful 
planning and sound alternatives to maintain control. Shearing 
before expected periods of fly activity greatly reduces the 
likelihood of strike. Prevention of scouring (including effective 
worm control), and crutching to remove dags, will significantly 
reduce the risk of breech strike.  Fly traps such as the Lucitrap 
system in Australia can attract and remove large numbers of flies, 
and although they may not greatly reduce strike rates, they are 
useful to indicate seasonal increases in fly populations.

Genetic selection of less susceptible genotypes of sheep is 
also important (Chapter 8). In general, finewool types and lesser-
wrinkled sheep are more resistant to strike (Tellam and Bowles, 
1997). Struck sheep and those with predisposing conditions, such 
as heavy wrinkling, fleece rot, dermatophilosis, poor wool types 
and/or poor conformation, should be culled. British breed and 
hair breed sheep are less likely to be struck than Merinos. 

Sheep body lice (Bovicola ovis)

The sheep body louse, Bovicola ovis, is a common external 
parasite of sheep that feeds on the external layer of the skin, 
causing irritation and a hypersensitivity reaction. Body lice are 
present in most countries, and in Australia 35-70% of properties 
are considered to be affected at any one time. Although an on-
going concern to the wool industry, lice can be eradicated from a 
property, and with sound biosecurity measures, re-infestation can 
be prevented. A general guide to lice biology and control is given 
in the “LiceBoss” and the SCOPS websites.

All stages of the lifecycle occur on the sheep. Female lice 
lay up to 2 eggs every 3 days and the eggs are cemented to a 
wool fibre and hatch in 10 days (Figure 20.3). After hatching, 
the nymphs pass through 3 stages, with a minimum completed 
lifecycle of 34 days. Transmission of the parasite is by direct 
contact between sheep, and lice can only survive for up to a few 
days off the host (Crawford et al., 2001). Goats can be infested 

but are not believed to re-infect sheep, and while lice can remain 
alive for some days off the sheep, transmission back to sheep is 
a very low risk.

Figure 20.3. Life cycle of Bovicola ovis. Source: Department of 
Agriculture and Food, Western Australia.

Lice infestation can cause a reduction in greasy fleece 
weight ranging from 15-30% depending on the severity 
(Wilkinson et al., 1982). This mainly results from irritation 
(hypersensitivity, similar to an allergy) causing rubbing and 
biting of the fleece, leading to a loss of fibre and a reduction 
in yield. Cotting and discolouration of wool can also result in 
price penalities (Chapter 25).

Eradication and control

Body lice management revolves around detection, treatment 
(usually aimed at eradication) and prevention of re-infestations. 

Lice are relatively easy to eradicate from farms provided that 
effective insecticidal products are used and complete musters 
of the flock are obtained. A wide variety of chemical types and 
application methods is available. Only treatments off-shears 
(backline, dip or spray) are likely to eradicate lice (Levot, 1995), 
and later treatments are aimed only at preventing fleece damage. 
Available chemical groups include the organo-phosphates, insect 
growth regulators (IGRs), synthetic pyrethroids, spinosyns, 
neonicotinoids  and magnesium flurosilicate.  However, not all 
remain effective, as resistance by lice to the synthetic pyrethroid 
group is widespread, and resistance is increasing to the IGRs, 
especially when used as a pour-on formulation (James, 2002; 
James et al., 2008). Organophosphate lice treatments remain 
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highly effective but in Australia and elsewhere are under 
increasing pressure to be removed from the market due to human 
health concerns (James, 2002).

As with blowfly treatments, the use of insecticides also 
raises issues of wool chemical residues, which can have 
adverse effects when the effluent from scoured wool is released 
into the environment (James, 2002). Withholding periods for 
wool prior to shearing must be observed, and are indicated on 
product labels. Treatments applied to sheep in short wool are 
not only more effective, but they use less chemical and allow 
a longer period to break down prior to shearing, and so are 
preferable to minimise residues. Withholding periods after 
treatment before sale for slaughter must also be observed. 

Prevention of re-infestation requires good property biosecurity. 
The most important source of new lice infestation onto a property 
is other infested sheep, as lice can be extremely difficult to detect 
by visual inspection (they are 1-2 mm in length, and pale gold in 
colour). Secure boundary fencing is also essential, as stray sheep 
are commonly infested.

Mites of sheep

Sheep scab

The highly debilitating external parasite of sheep, Psoroptes ovis, 
occurs in most sheep-raising countries (but is exotic to Australia 
and New Zealand). The mites cause an intense irritation, with 
constant scratching and biting that leads to severe dermatitis, scab 
formation, wool damage and shedding, reduced weight gains and 
in some cases death (Sargison et al., 2006). Scab mites may also 
occur in the ears causing chronic irritation and damage there. As 
with most parasites it is more severe in young lambs and sheep in 
poor nutritional condition. It is responsive to several insecticide 
groups, and fortunately, also to macrocylic lactone anthelmintics, 
provided these are given by programs that ensure developing 
immature mites are killed. In some countries scab infestation 
is subject to legislative control. The SCOPS websites provides 
more detailed information.

Itchmite

Psorergates ovis, which is common in most areas other than 
Europe, is a microscopic parasite invisible to the naked eye, and 
also causes skin irritation and rubbing by sheep. The signs are 
similar to those of lice, but typically only a small portion of a flock 
shows severe wool damage. Confirmation is by mite detection in 
skin scrapings from affected sheep, though a negative result is 
meaningless, as the signs in severely affected sheep are often due 
to hypersensitivity, requiring very few mites. Itchmite are now 
rare where there has been widespread use of macrocyclic lactone 
anthelmintics for sheep nematode control, as this group is also 
highly effective against itchmite. 

Other mites

A number of other mite species occasionally cause skin irritation 
in sheep, including Chorioptes bovis (mostly on the feet, legs 

and scrotum). These are rarely a whole-flock problem, cause 
no fleece damage, and are mainly of significance as they must 
be differentiated from Psoroptes ovis to determine appropriate 
treatment.

Diarrhoea due to non-parasitic causes 

Gut disorders leading to diarrhoea (“scouring”) are common in 
sheep and have important economic and welfare consequences. 
Conditions that affect the intestinal tract generally result in 
illthrift and/or diarrhoea due to the reduced capacity to absorb 
nutrients or reabsorb sufficient water to form faecal pellets. Apart 
from sub-clinical production loss and the loss of soiled wool at 
crutching, faecal soiling due to diarrhoea (“dags”) predisposes to 
flystrike (Watts and Marchant, 1977), with associated mortalities 
and treatment costs. Faecal contamination of sheep carcasses at 
slaughter is a potential human health risk and the need for carcass 
trimming is a cost to owners and the abattoir (Chapter 30). 

Although helminth infections are the major cause of scouring, 
where a diagnosis is not supported by worm egg counts or there 
is no response to treatment, causes of diarrhoea other than worms 
should be considered. 

Infectious causes of scouring

There are several bacterial causes of gastroenteritis and scouring 
in sheep and although the causal organisms are commonly 
present in healthy sheep, outbreaks of clinical disease usually 
only occur when sheep are debilitated or stressed from other 
causes (including nutritional stress, transport, overcrowding 
or management practices such as shearing). Causal organisms 
include Salmonella (salmonellosis; Richards et al., 1993), 
Campylobacter (campylobacteriosis; Stephens et al., 1984) 
and Yersinia (yersiniosis; Slee and Skilbeck, 1992) species.  
These conditions are most common in young sheep, especially 
weaners - in Australia, campylobacteriosis is sometimes 
referred to as “weaner colitis”. In contrast to helminth-caused 
scouring, affected sheep are often show signs of depression 
and sometimes fever. Death results in a relatively short period. 
Confirmation of infectious causes of scouring is by isolation of 
the causal organism, post-mortem examination and in some cases 
characteristic histopathological findings. Antibiotic treatment 
may be warranted in some cases (van Metre et al., 2000).

Non-infectious causes of scouring

Plants

Although some plants are commonly associated with scouring, 
in many cases this will have been initiated by helminths or other 
infectious causes, but is exacerbated where animals are on highly-
digestible pastures. Scouring principally related to plant material 
may occur in plants capable of accumulating nitrates, such as oats 
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(Avena satavia), pigweed (Portulaca spp) and mintweed (Salvia 
reflexa). Mineral imbalances in lush green pasture have also been 
proposed as a cause of scours (Trengove, 1999) but this is not a 
proven cause in otherwise healthy animals. 

A large number of toxic plants have been implicated 
as causing gastroenteritis and diarrhoea in grazing animals 
(Hungerford, 1975), although many of these are only anecdotally 
linked with scouring. In addition, the toxicity of the plant may 
vary throughout the year and hence show seasonal patterns of 
risk to livestock. Diagnosis of suspected plant toxicities is often 
difficult, as the clinical, post-mortem or histopathological signs 
are often non-specific. 

Fungal endophyte

Endophytes are microscopic fungi that live in a symbiotic 
relationship with a host. They complete their life cycle entirely 
within plant tissue. Although a stagger syndrome is most 
commonly associated with rye grass endophyte, work in New 
Zealand indicates that diarrhoea may be a common manifestation 
of disease (Leathwick and Atkinson, 1998; Eerens et al., 1998). 
Lambs grazing rye grass pasture infected with the endophyte 
Acremonium lolii have shown an increased incidence of scouring 
and breech strike compared with lambs on non-infected pastures 
(Fletcher et al., 1999).

Chemical poisonings

Arsenic, lead, phosphorus, salt, mercury, zinc, organophosphates 
and some herbicides have been associated with scouring in sheep. 
Diagnosis is based on clinical signs and pathological findings 
(including toxicology) on body tissues. Scouring and illthrift 
may also occur in association with toxicities and deficiencies of 
trace elements, most notably selenium, copper and cobalt.

Grain poisoning (ruminal lactic acidosis)

Diarrhoea commonly occurs as the result of a sudden introduction 
to or excessive intake of highly-digestible carbohydrates, 
especially grains high in starch. It often occurs when sheep are 
first introduced to a grain supplement or enter a feedlot. Change 
in the gut environment by rapidly-multiplying micro-organisms 
and subsequent accumulation of lactic acid and volatile fatty acids 
leads to a cycle of metabolic events that may result in depression, 
laminitis (lameness) and not uncommonly, deaths (Radostits et 
al., 2007) . 

The likelihood of grain poisoning is related to the starch 
content of the material fed, and varies considerably between 
grains: wheat and sometimes barley constitute relatively high 
risks, whereas higher-fibre grains such as oats, sorghum, maize 
and lupins are safer (but not risk-free). A key factor in prevention 
is the rate of introduction and frequency of feeding a potentially 
high-risk grain ration. The only practical treatment is the 
withdrawal of the ration that incited the condition, the provision 
of adequate roughage and the re-introduction of the ration to an 
appropriate schedule. Antibiotic-like feed additives that suppress 

micro-organism development may be useful where ration changes 
or high-starch diets are necessary (Godfrey et al., 1995).

Other bacterial, viral and fungal diseases 

Clostridial diseases

Diseases caused by toxins produced by Clostridia bacteria 
are a common cause of sheep losses, but inexpensive vaccines 
have long been available, and are highly effective where used 
routinely. An important decision is whether a product protecting 
against only the major diseases (enterotoxaemia and tetanus) 
is sufficient, or protection against a wider range of bacteria is 
justified. Vaccination of ewes 4-6 weeks before lambing affords 
some protection to young lambs through colostral antibodies. 
The recommended protocol for lambs and unvaccinated adult 
sheep is generally two doses of vaccine given at least 4 weeks 
apart. An annual booster maintains immunity. It is convenient to 
give the first dose at lamb marking and the second at weaning 
(Winter, 2009).

Entertoxaemia (Pulpy kidney)

The causal organism, Cl. perfringens type D, is a normal inhabitant 
of the gastrointestinal tract of healthy sheep. Outbreaks of clinical 
disease are most commonly associated with rapid changes in diet, 
particularly to a higher plane of nutrition with large amounts of 
rapidly fermentable carbohydrate, such as grain, lush pastures or 
young cereal crops (Lewis, 2007). Unforeseen outbreaks of the 
disease may occur where pasture characteristics change quickly 
whilst being continuously grazed; however, enterotoxaemia also 
occurs without obvious causal factors. Sheep are often found 
dead, often before the clinical signs of scouring, depression or 
nervous signs are noted, but death generally ensues once these 
signs occur (Lewis, 2007).

Tetanus

Spores of Cl. Tetani are resident in soil, and infect sheep by 
contaminating a skin wound, typically from shearing or marking, 
dog bites or grass seed penetration (Lewis, 2007; Radostits et al., 
2007). The spores germinate in dead or damaged tissue where the 
bacteria produce the potent toxin, which causes muscle spasms, 
paralysis and death. All animal species, including man, can be 
infected, with death in the majority of cases, and treatment is 
rarely possible (although anti-toxin may be effective if given 
prior to the appearance of clinical signs). 

Other clostridial diseases

Toxins from several clostridial organisms cause intense swelling 
and skin discoloration, and in some cases gas production. The 
bacteria causing Black Leg and Malignant Oedema enter 
primarily through wound sites, typically where deep tissue 
damage has occurred. Black Disease is associated with liver fluke 
infections, and the organism causing Botulism is ingested when 
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animals consume decaying material (such as when animals chew 
bones or drink from contaminated water sources). The onset 
of the signs of these diseases is typically extremely acute and 
treatment is rarely practicable or successful, but as with the other 
clostridial diseases, vaccination provides effective prevention.

Ovine Johne’s disease (OJD)

This chronic, wasting and incurable intestinal disease is caused 
by the bacterium Mycobacterium paratuberculosis and affects 
sheep, and occasionally goats and deer. Where endemic, OJD 
imposes a continual toll and is characterised by progressive 
spread unless containment measures are effective; since the first 
diagnosis in Australia in 1980 it has been estimated to infect some 
4% of flocks nationally (Sergeant and Baldock, 2002), with up to 
15% of a flock clinically affected. 

Infection is typically introduced into a flock by purchased, 
agisted, or stray sheep. Infected sheep shed the bacteria in their 
faeces, and the bacteria can survive in the environment for more 
than a year. Although infected animals are the major source of 
infection, spread to other properties can occur through infected 
material in surface water flow, and through contaminated material 
on vehicles and equipment. Sheep are most susceptible to the 
infection when they are young, and may be infected for some 
years before the disease becomes apparent.

OJD is characterized by a chronic infection of the intestines, 
which causes mucosal thickening and reduced absorption of food. 
Affected sheep show severe wasting, but continue to eat and drink 
normally until they are too weak to feed, but invariably die. In 
affected flocks, sheep generally begin showing signs after 2 years 
of age, but often not until 4 or 5 years of age. The classic sign of 
the disease in a flock is a distinct “tail” comprising sheep in poor 
condition, when others in the mob may be in good condition.  
Scouring may occur but is not a common clinical feature.

A significant problem in OJD management is the lack of 
definitive diagnostic tests.  Some tests are of low sensitivity and 
fail to identify all infected animals, while some produce high 
proportions of false positives. Culture of the causative bacteria 
from sheep faeces is considered definitive, although this is slow 
and relatively difficult. Most conclusive is identification of the 
characteristic pathological changes by histology after necropsy, 
and identification of the organisms in tissue.

Every attempt should be made to minimize the likelihood of 
introducing OJD to a property, as once introduced it is difficult 
and usually expensive to eradicate. Control is possible, and 
centres on minimizing pasture infectivity and the exposure of 
young sheep to the bacterium (Rast and Whittington, 2005). 
A vaccine is available, which has been shown to be effective 
in minimizing effects of the disease with a single dose at lamb 
marking (Windsor et al., 2006). However, in a proportion of 
sheep it causes a severe local tissue reaction, and can cause 
similar tissue reactions in operators inadvertently injected. In 
Australia, a Market Assurance Program has been developed to 
give some confidence for sheep trading decisions. The decision 
on whether an attempt should be made to eradicate the disease, 
which requires de-stocking with sheep for up to 2 years, is 
governed by the severity of the disease on a particular property 

and potential for management by modifications to the enterprise, 
against the outcome likely from a vaccination program. 

Footrot

Footrot is an infectious disease of the feet leading to various 
degrees of lameness, and is endemic in most sheep-raising 
countries (Green and George, 2008). The disease involves 
infection of the interdigital skin with a complex mixture of bacteria 
(of which Dichelobacter nodosus is essential), and depending on 
the virulence of the strain, progresses from inflammation of the 
skin-horn junction to underrunning of sole and wall of the hoof. 
More than one foot is usually involved, and with severe lameness, 
sheep are reluctant to move and kneel to graze. It is difficult 
to distinguish clinically between strains of different levels of 
virulence, and final diagnosis requires laboratory confirmation. 

As the bacteria can only survive for a few days away from 
the sheep’s foot, eradication can be achieved. The most certain 
approach is total de-stocking of a property for some weeks 
over summer (in hot climates such as Australia), but hoof 
paring and foot bathing of mildly affected sheep can also be 
effective. Vaccines are available to reduce the severity, and as the 
propensity for infection has a genetic basis, breeding approaches 
are possible.  In some situations, programs based on detection 
and quarantine of infected properties aim to eradicate the disease 
(Green and George, 2008).

Scabby Mouth (contagious ecthyma)

Scabby mouth or contagious ecthyma (“orf”) is a viral disease 
of sheep and goats that is transmissible to humans (in which 
the disease may cause mild to severe dermatitis), and has been 
reported in sheep-raising countries throughout the world. The 
infection rate within affected flocks varies greatly, but can reach 
100%. Infection enters through skin abrasions, causing lesions 
mostly around the mouth, nose and on the feet. These are initially 
seen as vesicles, which rupture and lead to raw, sometimes 
bleeding, scabs which eventually harden and drop off. Apart 
from a transient acute lameness and reduced ability to feed, the 
disease is of no lasting significance in sheep, although it may be a 
blowfly strike risk. However, Scabby Mouth assumes importance 
in sheep destined for sale or export, where the unsightly blemishes 
may reduce sheep values or cause rejection, especially in export 
markets (Higgs et al., 1996)). Significantly, the vesicles and 
underlying skin damage may resemble some important exotic 
diseases, such as foot and mouth disease, blue tongue and sheep 
pox.

While there is no treatment, a Scabby Mouth vaccine is 
available in some countries, including Australia. This is a live 
vaccine, applied to the abraded skin by a specific scratching device 
(on the brisket or inside thigh). Immunity lasts at least 6 months, 
and probably a year or longer (Nettleton et al., 1996). For sheep 
entering a feedlot, and where scabby mouth is considered a risk, 
vaccination at least 2 weeks previously is necessary. Pustules at 
the vaccination site after 3 to 5 days indicate success. 
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Arthritis

Arthritis resulting from bacterial infection of joints is common in 
sheep flocks. Apart from rare deaths and some loss of production, 
arthritis causes additional economic loss due to carcass 
condemnation and downgrading in abattoirs, and the need to cull 
affected sheep. Several bacteria can cause infectious arthritis, 
but by far the most common is Erysipelothrix rhusiopathiae. 
Infection enters through the umbilical cord of the newborn 
lamb, or from skin wounds such as from lamb marking activities 
and shearing (Paton et al., 2003).  In the acute stage joints are 
hot, swollen and painful, but often the extent of infection is not 
appreciated until weaning or as hoggets, when the joint appears 
thickened and sheep are obviously lame. Affected sheep may be 
inappetant and hence show ill thrift.

Prevention of arthritis relies on good hygiene for all 
interventions such as marking, and it is essential that knives 
are sterilized. In lambs raised for meat production it may be 
prudent to avoid all operations involving skin incisions, and 
shearing. Navel infection is impossible to forestall except where 
lambing is done under supervision. Where there an unacceptably 
high incidence of arthritis, vaccination may be considered; this 
requires vaccinating ewes twice before lambing for the initial 
course then a single injection 3 weeks before lambing thereafter 
(Winter, 2009).

Caseous lymphadenitis (cheesy gland)

Caseous lymphadenitis (CLA; cheesy gland) is a highly prevalent 
disease in sheep and goats worldwide and is most evident as 
abscesses throughout the carcass (Chapter 30). The causative agent 
is the bacterium Corynebacterium pseudotuberculosis, which 
infects lymph glands, lungs and other organs. CLA represents a 
significant form of loss in abattoirs, both from carcass rejection, 
trimming losses and the associated labour costs. In addition, it 
has been shown that up to 0.2 kg of clean wool growth may be 
foregone in infected sheep. 

CLA spreads mostly following shearing when sheep are in 
close contact and skin damage from shearing cuts is present, 
allowing transmission from infected sheep. Young sheep are 
typically infected from older ones, so where sheep are dipped 
for lice control after shearing, it is wise to dip the youngest first. 
However, prevention is most effectively provided by a vaccine, 
which in many countries is readily available in combination 
with the common clostridial vaccines. This does not cure sheep 
already infected, but prevents new infection. Two doses to lambs 
are required, at least 4 weeks apart, with an annual booster.

Pneumonia

A number of organisms may cause pnemonic signs, with 
Mannhiemia (Pasturella) species the most frequently involved, 
and Mycoplasma organisms and viral infections occasionally 
implicated.  Acute deaths may occur, and post-mortem examinant 
readily reveals the causal lung damage. Deaths are most common 
in weaners, especially in poorly nourished animals exposed 

to stresses such as extremely hot or cold weather, and over-
crowding (such as in feedlots). Many sheep do not show clinical 
respiratory signs before death, and sub-clinically infected sheep 
often have chronically poor growth rates. Individual sheep may 
recover where treated with long-acting antibiotics, and nutrition 
is improved.

Fungal (mycotoxin) diseases

Though not strictly fungal diseases, a number of significant 
diseases are caused by mycotoxins, which are secondary 
compounds produced by fungi. Some occur globally (such as 
Facial Eczema), others are regionally common (often because of 
the requirements of fungi for specific plants), and others are seen 
as sporadic outbreaks, often with high-mortality. 

The severe photosensitivity disease Facial Eczema is 
especially significant in New Zealand (see Chapter 23) but occurs 
in Australia, and increasingly in other countries. It is due to a 
toxin from the fungus Pithomyces chartarum which grows on 
dead pasture litter, and causes liver damage which compromises 
the break-down of photo-active plant compounds, which reach 
high concentrations in the bloodstream. Where it is endemic the 
seasonal risk of occurrence (with deaths and ill-thrift in sheep and 
other ruminants) is reasonably predictable, allowing management 
and possibly preventative measures, including breeding against 
susceptibility (Morris et al., 2004). 

Mortalities and less severe effects occur universally 
but sporadically due to mycotoxins such as aflatoxins from 
Aspergillus species, which grow on stored grains and nuts, and 
from ergot alkaloids from Claviceps species. An example of an 
important but regionally-specific mycotoxic disease in Australia 
is lupinosis (Allen et al., 1992), caused by toxins from the fungus 
Diaporthe toxica (previously Phomopsis leptostromiformis), 
which can cause large-scale mortalities and denies sheep farmers 
the use of lupin residues for long periods once the fungus is 
present. Where the conditions leading to fungal proliferation are 
understood, local awareness will limit the exposures of sheep to 
high-risk situations, but disease outbreaks due to the less common 
mycotoxins are far less predictable. Fortunately, the clinical signs 
and laboratory findings are usually characteristic.

Metabolic diseases

A number of frequently fatal conditions that occur mostly in ewes 
are termed “metabolic diseases” because they are due to temporary 
imbalances between the demand and availability of glucose 
(pregnancy toxaemia), or particular minerals (hypocalcaemia 
and hypomagnesaemia). Hypothermia is included in this section 
because it also results from the failure of the body’s regulatory 
systems.

Pregnancy toxaemia

Pregnancy toxaemia (“twin lamb disease”) is caused by an 
imbalance between energy demands and energy supplied in 
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the diet. The demands of the foetus for energy (in the form of 
glucose) increases in the last third of pregnancy relative to the 
glucose production capacity of the ewe and this causes a fall in 
the blood glucose levels in the ewe (Schlumbohm and Harmeyer, 
2008). If dietary energy is not sufficient to maintain blood glucose 
within a normal range, the ewe’s fat reserves are mobilised and 
the level of circulating fatty acids increases. The liver converts 
these fatty acids to ketones; both fatty acids and ketones are toxic 
at high levels (Chapter 13). If the production of toxic compounds 
increases beyond the level at which the tissues can take them up, 
disease may result.  The disease affects only pregnant ewes. Ewes 
pregnant with twin lambs are at an increased risk (Schlumbohm 
and Harmeyer, 2008), as are ewes that are older, very thin or very 
fat (Caldeira, 2007).

Ewes often appear blind, depressed and may appear 
uncoordinated, with their heads held high. Over time ewes 
become recumbent (lie on their side) and deteriorate over several 
days (Andrews, 1997). A pale swollen liver (infiltrated with fat) 
may be seen on post-mortem. This is a nutritional disease that 
typically occurs where ewes receive insufficient dietary energy 
during the critical period of foetal growth, and can affect a 
considerable proportion of a ewe flock (Chapter 10). Treatment 
may be attempted with oral or subcutaneous energy-containing 
compounds (e.g., proplylene glycol), but this is rarely successful 
once signs are apparent (Andrews, 1997). However, the disease 
is rare where ewes are on high quality pasture or are adequately 
supplemented, and its appearance is a sign of a significant 
management break-down.

Hypocalcaemia 

Hypocalcaemia refers to a depressed level of calcium in the blood, 
which results in lower levels in tissues. Sheep generally have 
sufficient reserves of calcium in the skeleton so hypocalcaemia 
usually represents an imbalance between calcium demand and 
mobilisation from stores (Braithwaite, 1975). As late pregnancy 
and lactation increase the body’s total demand for calcium (Chrisp 
et al., 1989), ewes in the last trimester of pregnancy and lactating 
ewes are most susceptible. However, any sheep class can be 
affected and calcium depletion can also be triggered by stresses 
such as mustering over long distances, transport and prolonged 
yarding. Calcium deficiencies may also be observed in sheep fed 
diets with low calcium content or low calcium bioavailability. 
Cereal crops and grains often have low amounts of calcium and 
the availability of calcium is reduced in diets containing oxalates 
or phytate. 

Hypocalcaemia typically has a rapid onset and sheep often 
deteriorate over about 24 hours. Sheep may have muscle tremors 
(most obvious over the shoulder area) that progress to hindlimb 
weakness and tetany (stiffness) of limbs, and eventually seizures 
(Sykes, 2007). If detected before advanced neurological signs 
occur, injections of calcium solutions are often effective, but 
this is obviously difficult on a large scale and sheep must be 
monitored for relapses.

Hypomagnesaemia

Hypomagnesaemia (“grass tetany”) is caused by depressed levels 
of magnesium in the blood and tissues (Gardner, 1973). Low 
blood magnesium is not always associated with clinical signs 
and there is some evidence that the magnesium concentration in 
the brain fluid is more important. When magnesium levels fall, 
calcium regulatory mechanisms also fail. Hypocalcaemia triggers 
the drainage of magnesium from the brain and precipitates 
clinical signs. Lactation increases total demand for magnesium 
and stresses such as mustering, transport and prolonged feed 
deprivation can trigger the disease. Hypomagnesaemia is 
associated with diets low in magnesium or with low magnesium 
bioavailability (e.g., high potassium), such as lush green pasture 
(Suttle and Field, 1969; Schuster et al., 1969). Common risk 
factors are deprivation of feed (as in inclement weather), and the 
yarding or transport of sheep. 

Sheep with grass tetany may show signs of erratic behaviour, 
excitement and muscle tremors. Signs in severely affected 
animals progress quickly to staggering, collapse and seizures, 
which may be precipitated by the disturbance of affected sheep. 
As with hypocalcaemia, injectable solutions of may be effective 
if given before severe signs occur (Sykes, 2007).

Hypothermia

Unhoused new-born lambs may die during extremely cold 
periods in winter. Heavy losses of older sheep can also be 
experienced where susceptible sheep are exposed to sudden 
drops in ambient temperature. This occurs mostly in recently 
shorn sheep and especially during warmer seasons, when the 
sheep are not acclimatised to cold conditions (Glass and Jacob, 
1992). Sheep exposed to sudden periods of cold, wet and windy 
weather may fail to adjust and lose too much body heat to allow 
recovery. Large-scale sheep deaths can occur, often exacerbated 
where panicked sheep huddle together and pile on one another, 
with deaths from suffocation. Treatment of less badly-affected 
sheep by moving out of the coldest situations, providing high-
energy supplements (grain) and using sheep coats, may help 
(Ford and Cottle, 1993). Preventing losses depends on awareness 
of impending adverse weather events, and re-location of newly-
shorn sheep to sheds or paddocks with dense shelter.  

Mineral deficiencies

Many naturally occurring mineral elements are known to be 
essential for normal body function, though in practice a much 
smaller number are likely to be deficient in any particular 
environment. For most animal husbandry purposes, a distinction 
is made between the macro-elements such as calcium and 
phosphorus that have major structural roles, and “trace elements”, 
which are present in extremely small amounts and have specific 
biochemical functions (Chapter 13). Deficiencies of calcium and 
phosphorous are relatively rare in grazing livestock situations; 
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dietary calcium is generally sufficient relative to animal 
requirements and the signs of chronic deficiency (mostly skeletal 
syndromes) are relatively easily seen and remedied. Because of 
the requirement of plants for phosphorous, phosphate fertilizers 
are routinely applied on most properties with phosphorous-
deficient soils, to support productive levels of plant production. 
As noted above, very acute and often fatal deficiencies of calcium 
and magnesium may occur, but these often reflect physiological 
disturbances, inadequate mobilisation of body stores or low 
bioavailability rather than a deficient supply per se.

Serious deficiencies of the major trace elements copper, cobalt 
and selenium generally lead to well-recognised signs, whereas 
substantiated problems with minor elements such as manganese 
or chromium are far less common, and harder to diagnose. It 
is important to keep the likelihood of mineral deficiencies in 
perspective as the ill-informed provision of supplements is an 
unnecessary cost, and may adversely affect the uptake of other 
elements (Chapter 14).

Deficiencies of minerals usually occur within specific 
localities, influenced especially by soil type, and also climate, 
principally rainfall. Other important factors are the time of 
year, composition of pasture and stage of growth, and fertilizer 
usage. The mineral requirements of sheep vary with age, sex 
and reproductive status. It is important to understand both the 
status of the major minerals in a particular environment, and the 
likelihood of seasonal deficiencies in supply from pasture.  

Severe mineral deficiencies (and toxicities) may cause 
noticeable clinical disorders, but are generally becoming less 
frequent due to improvements in awareness, identification and 
treatment. However, marginal or transient deficiencies are often 
associated with undetected (but possibly significant) effects on 
production. A diagnosis is confirmed by post-mortem examination 
and histological examination of tissues by a laboratory, and 
testing for mineral levels in samples of blood or (usually more 
accurately) tissues such as liver from a random subsample of the 
flock. Supplementation may produce dramatic improvements, 
further confirming a diagnosis.

There are a number of methods for supplying different 
minerals including injection, oral drenching, long-acting rumen 
boluses, dietary supplements, pasture application. The most 
appropriate approach depends on factors such as the period for 
which deficiencies are likely, the time for which animals will 
remain on the farm, and cost and effort of application. In most 
cases, the regional requirement for supplementation is well-
understood and included as part of an annual routine.

Copper

Deficiency is seen as a number of syndromes, including poor 
growth rates and spinal cord and brain abnormalities resulting 
in marked in-coordination in newborn lambs (“enzootic ataxia” 
or “swayback”), broken bones, changes in wool (reduced 
production, lower crimp, de-pigmentation of coloured wools) and 
diarrhoea (Radostits, 2007). Excess molybdenum in the diet can 
bind copper in the rumen and make it unavailable to the animal 
even when pasture copper levels are adequate (Alloway, 1973).

Cobalt

This is required for manufacture of vitamin B12, and deficiencies 
are most notably seen in young sheep, on rapidly-growing 
pastures. Signs are non-specific, and related to a loss of appetite, 
illthrift and anaemia (Radostits, 2007). Weepy eyes are a common 
finding. Animals may initially be diagnosed as suffering from 
parasitism or other diseases. Confirmation is based on measuring 
the activity of cobalt dependent enzymes (e.g., methylmalonic 
acid) in blood, and demonstration of Vitamin B12 in blood or liver 
(Clarke and Wright, 2005). Treatment can be by either provision 
of this vitamin by injection, or by oral cobalt supplementation.

Selenium

This trace element is essential for a variety of cellular and 
immunological functions. Deficiencies in grazing animals are 
seen as acute syndromes related to muscle damage (“white muscle 
disease”), and ill-thrift (Radostits, 2007), although as with most 
trace element deficiencies, the latter is difficult to distinguish from 
nutritional or parasitic effects. Vitamin E deficiency is responsible 
for a similar muscle damage syndrome in sheep grazing dry feed 
for prolonged periods (White and Rewell, 2007). 

Fleece diseases

Apart from external parasites, bacterial diseases affecting the skin 
damage the wool and hence reduce its value, as well as providing 
a protein source which attract blowflies.

Dermatophilosis

Dermatophilosis (“dermo” or “lumpy wool”) is a contagious 
skin infection of sheep, especially lambs, caused by the 
bacterium Dermatophilus congolensis. This organism can also 
be transmitted to humans and can cause mild skin disease.

Infection results in dermatitis, or inflammation of the skin, 
with the resultant fluid matting the fibres together at the base of the 
wool staple. Crusty scabs form at the skin surface and eventually 
lift away with wool growth. Yellow discolouration of the fleece 
is another common sign. Infection on the lower legs is referred 
to as “strawberry footrot” due to the localised red swellings. In 
most cases the skin infection will heal in 4 - 6 weeks, and after 
recovery a strong, life-time immunity develops. Spread occurs by 
close contact between infected and non-infected wet sheep. 

The major cost associated with dermatophilosis is a reduced 
wool value, due to the matted wool and scabs within the fleece. 
Dermatophilosis is also a major predisposing factor for body 
strike (Gheradi et al., 1981, 1983), with affected sheep several 
times more likely to be struck. It is possible to treat the disease 
with antibiotics, which should be given 6 weeks prior to shearing 
to allow the matted wool to lift from the skin. Prevention requires 
avoiding the yarding of sheep after rain, and allowing dipped 
sheep to disperse rapidly, to limit the spread of the disease. 
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Severely infected sheep should be separated from the rest of the 
flock and eventually culled, as there is a genetic predisposition. 

Fleece rot

Fleece rot is a mild skin infection resulting from the rapid 
multiplication of bacteria, including Pseudomonas aeruginosa, 
that are always present on the skin of sheep. Continued wet 
conditions favour bacterial growth and factors including open 
fleeces, high suint content, low wax content and high fibre 
diameter variation will also encourage the disease. Signs include 
dermatitis (inflammation of the skin) and colouring of the wool 
from pigments produced by the bacteria. This colouring – green, 
purple and blue, especially – significantly reduces the value of 
wool. Like dermatophilosis, fleece rot is a major predisposing 
factor for body strike (Gheradi et al., 1983), and has a genetic 
basis (Colditz et al., 1996).

Reproductive diseases

Although a wide variety of infectious diseases and some toxicities 
(e.g. oestrogenic legumes; Adams, 1995; Adams, 1990) affect 
reproduction in sheep, the major factor determining birth and 
rearing rates is the quality and adequacy of nutrition (Chapter 
14). Poor conception and lambing rates, peri-natal deaths and low 
birth weights are overwhelmingly associated with the nutritional 
management of the ewes, and many apparent fertility or lamb 
thrift disease problems stem directly from inadequate pastures or 
levels of supplementary nutrition rather than from infections. 

However, there are numerous infectious and other causes of 
reproductive impairment. In rams, infection with the bacterium 
Brucella ovis causes “brucellosis”, with one or both epididymes 
inflamed and swollen, and consequent partial or complete 
infertility. It occurs widely, especially in meat-breed sheep. 
Infected ewes generally are not affected, but occasionally abortions 
and stillbirths occur. This disease is most efficiently detected 
by blood tests (serology) and voluntary testing schemes are 
operating in some countries. A number of other organisms cause 
genital infections, and breeding soundness examination (“the 3 
Ts”- teeth, toes and tackle) should always include palpation of 
the testes of rams to detect these, as well as congenital problems 
and physical damage. 

Other infections in ewes may cause infertility, abortions or 
stillbirths. The protozoan parasite Toxoplasma, which has cats 
as its primary host, has different effects depending on the stage 
of gestation when infection occurs, and can lead to “abortion 
storms”. Bacterial diseases implicated in abortion include 
campylobacterosis, listeriosis and salmonellosis. Chlamydia and 
viral infections can also cause abortion.

A veterinary investigation is necessary to identify non-
nutritional causes of reproductive disease, and laboratory 
examinations are needed to demonstrate the causal agent. 
Control measures vary in effectiveness, depending on the 
feasibility of eliminating infections, and vaccines are available 
in some countries against some organisms (e.g. Campylobacter, 
Toxoplasma).

Management for disease prevention 

The adage “a penny of prevention is worth a pound of cure” is 
especially applicable when ensuring the health of sheep from 
endemic but preventable diseases. Most of the common sheep 
diseases are largely preventable (or their effects effectively 
minimised), in well-nourished sheep, with occasional pre-
emptive chemical or biological treatments where specific 
risk situations are recognised. However, efficient disease 
prevention requires a structured annual management plan 
that takes account of seasonal risk periods (e.g. for parasite 
control and some trace element mineral deficiencies), age and 
reproductive status (e.g. vaccinations). A specialist animal 
health adviser or veterinarian should be approached to assist 
in the most effective implementation of a property-specific 
disease prevention and management plan.

Nutrition: The provision of nutrition adequate in quantity 
and quality (protein and energy) is a major driver of farm 
profitability, requiring planning for the immediate situation 
and over the longer term (Chapter 14). In addition to 
the necessity for basic animal reproduction and growth 
performance, appropriate nutrition ensures that diseases 
such as pregnancy toxaemia do not occur, and the effects of 
parasitism (except from blood sucking species) are largely 
obviated in mature sheep in sound body condition. Combating 
specific deficiencies of trace elements requires awareness of 
the likely environmental and seasonal risk situations, and of 
optimal application methods and times (Chapter 14).

Knowledge of local and seasonal disease risks: Many 
diseases are specific to certain circumstances: localities 
(anthrax is fortunately confined to relatively small and well-
described areas in most countries); seasons (worms, blowflies 
and some mineral deficiencies); age-groups (post-marking 
lamb diseases); management operations (fleece-disease 
transmission, shearing in relation to flystrike risks); and 
even locations on individual farms (liver fluke). Treatments 
necessary to pre-empt likely disease problems can often be 
efficiently based around routine management operations when 
sheep are mustered. In contrast, experience may show that a 
district disease risk is rare in a particular enterprise type or 
under a specific management system (e.g. rotational grazing 
may negate worm problems that are usual under continuous 
grazing regimes).

Biosecurity: Sound practices to prevent disease introduction 
are not only aimed at minimising the transmission of the 
major exotic diseases. Many serious endemic diseases occur 
sporadically within a district, and individual farmers can 
prevent the need for costly and time-consuming disease 
treatments or market restrictions through strict policies 
regarding introduced animals. The introduction of conditions 
such as Ovine Johnes, sheep body lice, virulent footrot and 
anthelmintic resistant worms can be prevented or minimised 
with relatively simple biosecurity protocols and enquiries into 
the disease status of vendor properties.
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Monitoring: Cost-efficient tests are available for a number of 
endemic diseases, including worms (worm egg counting and 
drench resistance testing) and mineral deficiencies (soil and 
animal tissue). Routine body condition scoring and pasture 
assessments are essential to ensure that nutrition is adequate 
(Chapter 14), and regional guides to optimal scores for different 
sheep classes and seasons are available. Records of results and 
details of treatments should be kept to indicate annual patterns 
and to assist specialists conducting investigations.

Informed use of chemical treatments: The benefits from 
chemical treatments are significantly reduced where their 
effectiveness is eroded by resistance in target organisms 
(especially likely with worms and external parasites), or the costs 
are excessively high due to unnecessarily frequent use. There are 
large variations in application methods, which affect both cost and 
control effectiveness; this is particularly important with mineral 
supplementation and external parasite treatments. Vaccination 
regimes must be carefully followed to ensure that complete 
immunity develops, and many farmers fail to give the full course 
necessary. Withholding periods for meat, milk and wool are legal 
requirements, and operator health and safety directions must 
also be followed. Information on appropriate product should be 
sought from manufacturers and animal health advisers.
 
Management planning: It is strongly recommended that expert 
advice is sought in planning annual disease prevention strategies, 
as there is a wide variation between farms in the efficiency of 
animal production and the effectiveness of disease control. 
Annual disease control plans should be developed to take 
account of seasonal risk periods and animal susceptibility, as the 
occurrence of many important diseases is relatively predictable. 
Decisions regarding pre-emptive treatments (especially for 
parasites) compared with a monitoring program with treatment 
as indicated should be taken before outbreaks occur. Failure to 
take preventative action against occasionally-seen diseases such 
as those caused by clostridial species or mineral deficiencies can 
be false economy, as the cost is usually well-justified in terms of 
the costs of disease, even when rare. 

Finally, it should be noted that of the many diseases to which 
sheep are subject, the great majority are preventable through 
nutrition or sheep management, and except for vaccinations, 
chemical treatments should be seen as a last resort. However, 
where prevention fails and disease does occur, specialist 
assistance should be sought to ensure timely, appropriate and 
effective treatment.

Future developments

Developments in technology and consumer expectations will 
continue to affect animal health requirements and delivery, and 
an awareness of potential influences is essential to capitalise on 
opportunities and manage challenges. 

Societal expectations: Demands for compliance with animal 
welfare standards have led to major changes in animal husbandry 

routines over the last decade, especially in the intensive animal 
industries, and these pressures are now affecting ruminant 
enterprises. Accreditation to perform various interventions and 
accountability systems are likely to become standard. Similarly, 
the need for assurances that chemical residues in animal produce 
and discharges into the environment do not exceed defined limits 
will increase. Despite possible restrictions on practices and the 
costs of certification, opportunities will arise to supply high-value 
markets, hence rewarding producers who move to minimum 
chemical and quality assurance systems.

Biosecurity and exotic disease incursions: The introduction of 
diseases with serious animal health or trade access implications 
(such as Rinderpest or Foot and Mouth Disease), or of major 
zoonotic diseases that affect humans (such as the spongiform 
encephalopathies or rabies), is a constant threat, especially when 
trade liberalisation policies imply less stringent import controls. 
At a farm level, increased regulatory requirements for individual-
property biosecurity are likely, including individual animal 
tracing systems and record maintenance. However, apart from 
the benefit in reducing the risk of entry of diseases (exotic or 
endemic), the ability to accurately identify individual animals will 
allow better monitoring of production performance, especially 
when electronic data recording systems are used (Rowe, 2004). 

Climate change: For diseases where transmission is affected 
by the external environment, changes to the climate will change 
the regional and seasonal occurrence, and abnormal instances 
of helminth disease have already been attributed to climate 
change (Kenyon et al., 2008). Significant modifications to some 
production systems are likely to be necessary (Howden et al., 
2008), and for animal disease the implications will vary from 
the increased likelihood of outbreaks in some instances, to 
opportunities to eradicate or contain diseases in others.

Genomic and molecular sciences: The DNA revolution has 
already provided substantial benefits in terms of tests for disease, 
improved vaccine production methods and individual animal 
identification, and new molecular technologies are continually 
being developed. Testing of individual breeding animals for 
genetic susceptibility to an increasing range of diseases will 
become routine, and the feasibility of genetic manipulation using 
advanced technologies will come under debate (Raadsma et al., 
2005). More precise tests for the identification and quantification 
of infectious agents based on DNA signatures will enable more 
objective management of ever-present diseases, and allow more 
effective biosecurity against potential disease introductions.

New therapeutic and diagnostic products: New immunological 
and genomic technologies will also lead to more effective 
treatments such as vaccines against helminths and other 
organisms that have so far defied immunological attack; 
advances in biochemical and cellular investigation techniques 
will lead to new and more specific chemical treatments through 
the identification of specific target sites within these organisms. 
Of particular importance, new tests for sub-clinical disease, such 
as nematode parasitism, or to replace time-consuming testing 
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(such as for anthelmintic resistance) or imprecise assessments 
(such as louse infestations) will enable more objective disease 
management and effective preventative strategies. Although 
the timeframe for the development of better diagnostic tests or 
new therapeutic options cannot be predicted, the rapid progress 
in laboratory-based sciences offers encouragement that new 
technologies for disease management will continue. 
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What are farm structures?

Farm structures are the physical buildings or constructions 
on a farm to aid in the efficient management and welfare 
of sheep.  In some jurisdictions, farm structures are defined 
to specifically exclude a residential occupancy and must be 
associated with and located on land devoted to the practice of 
farming (BCMAFood, 2000).

For discussion in this chapter, they include both relatively 
short and long term constructions and they may be moveable 
around the farm or between farms, such as portable yards 
or shearing sheds. The structures may be a single function 
construction, such as an overwinter barn, or may be used for 
multiple purposes such as sheep handling yards or fences.

How fit for purpose the structures are will depend 
on the size, type and profitability of the sheep operation, 
their integration, cost and longevity, the price of labour 
and availability, the environment and the skills of the farm 
manager.

Purpose of farm structures

Farm structures enhance the management efficiency of 
sheep. As such, the planning and construction of these 
structures need to carefully consider the best management 
practices needed for all farm practices (Chapters 17-20).The 
importance of the various structures will vary depending on 
country, climate and flock size, but are likely to include a 
number of the following purposes:

Animal safety and security

A key responsibility of owners and shepherds is to keep the 
sheep as safe as possible by securing the animals within a 
desired area and to minimise dangers of predators, thieves 
and indiscriminate damage by people or other animals.  As 
well as the innate need to care for sheep, various jurisdictions 
have formalised the importance by passing laws (DLGRDWA, 
2002) or codes of practice (Victorian DPI, 2007; DEFRA, 
2000) to reaffirm the importance society places on this 
responsibility.

Structures also have a role in providing an environment 
in which humans can effectively carry out husbandry and 
production operations in comfort protecting both operators 
and animals from the elements.

Ownership of sheep

Structures help in the efficient management of the ownership 
of sheep by retaining the animals where required with a 
minimum of checking, mustering and separating from 
other flocks. Ownership may be supported with the aid of 
earmarking or tags or with body markings with brands but 
retaining the sheep where required is the key to efficient 
management.

Protection from weather

In some countries, sheep need to be housed during the winter 
to protect the animals against the cold.  In other circumstances, 
such as after shearing, sheep may need to be protected for 
short periods against wind and rain. In hot climates, sheep, 
especially young lambs, may need to be shaded from the sun 
during the peak heat period of the day.

Management of breeding and management groups

To ensure mating is undertaken at the required timing and 
between the required ewes and rams, sheep may need to 
be securely separated at various times of the year. As well, 
grazing preference may need to be given to different age or 
breeding groups at various stages of the year to maximise 
performance.

Disease security

Structures perform an important function in the prevention 
of the introduction and spread of disease into and within the 
flock.  The bio-security measures may be needed permanently 
or for a short period to cover a short term risk (Chapter 20).
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Management operations

Especially in large flocks, efficient handling of sheep for 
the various management operations is essential to maintain 
an effective operation.  As well, the handling of the sheep 
should minimise stress on both the animals and the operator.  
Activities should be taken at the most opportune time and 
may require some form of production measurement.

Movement of stock to and from the farm

Sheep need to be able to be shifted to and from the farm with 
a minimum of fuss while maintaining the animal health status 
of the animals.

Feed intake and pasture management

As pasture production is seasonal, management is required 
to balance the nutritional needs of the sheep with their 
requirements and to maintain the quality and quantity of 
pasture throughout the year and between years.  This may 
require the restriction of access to the pastures, especially 
at critical times such as the start of the growing season or 
at flowering time or for rotational grazing systems (Chapter 
18).

Protection of the environment

Farm structures may be required to restrict or remove sheep 
from environmentally sensitive areas either permanently 
or temporarily to protect endangered species or minimise 
erosion (Chapter 19).  The temporary exclusion may be on a 
regular or irregular basis each year.

Confinement feeding

Sometimes, sheep may need to be supplementary fed with 
grain and fodder to meet production targets, during dry 
seasons when pasture production is inadequate to meet the 
animal’s needs or to protect the environment (Chapter 14).

Multiple end uses

Often, especially on farms with two or more farm enterprises, 
the farm structures are used for multiple purposes.  For 
example a shearing shed on a sheep/cropping property may 
be used for storage of farm equipment or grain (Barber and 
Freeman, 1986).  As well laneways on sheep/cattle properties 
are used for both enterprises. This dual nature of use may 
require modifications in design and construction.  However, 
these changes need to assure that the efficiency or hygiene of 
the sheep operations is not unduly compromised.

Understanding sheep psychology

The performance of farm structures is dependant on the type 
of sheep on the property. Sheep will differ and they can react 
as a mob or as individuals. Generally, Merinos are easiest to 
move through farm structures followed by Merino x British 
breed crosses and then British breeds (Hamilton, 1989).  
Furthermore, mobs will vary in their behaviour depending 
on previous experience, age, mob size, condition and length 
of wool and memory of stressful operations.

There is a natural instinct to stay in close physical contact 
with other sheep.  This mobbing instinct tends to be more so 
for younger sheep (Hamilton, 1989) and they also have a 
natural desire to escape from confined or stressful situations.  
These characteristics should be utilised when planning farm 
structures.

Sheep lore

Sheep managers have passed down through the generations 
their wisdom on how sheep behave and the best way to 
manage them.  In Australia, a list of fifteen sheep handling 
lore was documented (Barber and Freeman, 1986) to guide 
the development of sheep handling design.  

A concerted research effort was undertaken in the 1970s 
and 1980s to scientifically test these sheep handling lores and 
the results were used to establish a series of Wool Harvesting 
Notes (AWC, 1980a; AWC, 1980b). Key findings of the 
research were that sheep movement was:

best on the flat rather than up or down inclines•	
slowed as the steepness of an incline increased•	
hesitant if asked to step onto and descend steep slopes•	
better in brightly lit areas than darker areas•	
best straight ahead in 1.5 m wide races but was superior •	
around corners when in single file
improved if the sheep were familiar with a particular •	
route and direction through a yard
impeded or remained stationary if they saw shadows on •	
the ground in front of them, and
superior through enclosed-sided races than open sided •	
ones (Chapter 30).

These results were extensively utilised in the planning of 
sheep yard and shearing shed design (Barber and Freeman, 
1986; Conroy and Hanrahan, 1994; AWI, 2008a).

Influence of the shepherd

Research has indicated that the main component of high 
throughput in a sheep handling system is not the physical 
design but the shepherd (Barber and Freeman, 1986; 
Hamilton, 1989).  A good sheep handler understands:
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the operator/sheep interaction•	
sheep psychology and the need for affinity with them•	
the economic benefits from good handling•	
the use and limits of sheepdogs•	
how to utilise the available facilities, regardless of •	
quality, and
how to modify to make a handling facility acceptable.•	

Sheep have an excellent long term memory of previous 
treatment (Barber and Freeman, 1986) and so how the 
shepherd treats the sheep will have considerable impact on 
the performance through the handling system in the future.

Integration of the sheep handling system

A key step forward in the knowledge of sheep handling was 
the systematic integration of all components into a whole 
farm package.  This integration commenced in earnest in the 
late 1960s in Western Australia, where producers were rapidly 
expanding their sheep numbers to 5-10,000 per property, the 
managers were overworked with the current management 
system and extra labour was hard to find and expensive (Hall, 
1975). 

The first step was to systematically identify all aspects 
of the sheep management system. The best available 
structures and management style were investigated taking 
into consideration the capital cost, labour efficiency, 
available labour, timing and ease of operation, elimination 
of unnecessary mustering and supplementary feeding and 
the ability to manage increased sheep numbers.  Individual 
components included fencing leading to a central laneway 
throughout the property which led to a central sheep handling 
centre for most management operations, a mobile crutching 
unit and a raised board shearing shed. 

Then, for each property and manager, the package was 
put together to meet the individual’s needs.  In a short period, 
farmers went from struggling with running an average of 
1,800 sheep in 1962 to managing 9,600 quite comfortably in 
1974 with the same labour force (Hall, 1975).  At the same 
time, individual farmers claimed that the standard of sheep 
husbandry was maintained, the ease of handling has been 
improved without increasing the demands on the labour force 
(Hall, 1976).

It is important to utilise the principles involved here and 
not the design to apply in other situations (Hall, 1976).  If the 
farm is in a number of blocks separated by a busy highway or 
sheep are only a minor part of the farming operation, then the 
structures and the management solutions are likely to be quite 
different.  For instance, a portable set of sheep yards may be 
better to use at distant properties or hiring a contractor with 
the right equipment may be more appropriate, especially for 
a small flock.  Another example is that the structures need to 
accommodate other enterprises on the farm such as cattle or 
cropping.

One further consideration is the balance in cost and 
availability of labour compared with farm structures.  If 
labour is relatively abundant and inexpensive, there will be 
less pressure to spend more on farm structures.

An example of an integrated system is given in Figure 
21.1.

Aesthetics of the structures

As the farm is also likely to be the place of residence for 
the sheep manager, aesthetics is one other important factor 
to consider besides the cost, functionality and safety of farm 
structures.  As the main sheep handling structures are likely 
to be close to the residence, consideration needs to be given 

Figure 21.1. An example of an integrated sheep handling system. Source: Conroy and Hanrahan (1994).
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to compatibility of design, orientation, materials and colour 
to other farm buildings.  Often, there is need for compromise 
between reducing the cost of the structures versus the 
aesthetics. It may be a matter of shifting the structures further 
away from the house, if possible, or simply planning a row of 
trees to screen the farm structures.

Shearing sheds

A shearing shed is often the major expense on a sheep farm, 
so the need for a functional building must be balanced against 
minimising its expense (Conroy and Hanrahan, 1994).  Often 
the end decision is likely to be a compromise between the 
two needs.

Assessing requirements

The following factors (Conroy and Hanrahan, 1994) 
determine the shearing shed requirements.

Present and future sheep numbers

The size of the shed usually depends on the number of sheep 
to be shorn. A general rule of thumb is for a shed to have one 
shearing machine plus another for each 1,000 sheep to be 
shorn.  There should also be enough sheep storage space for 
at least one day of shearing and capacity to adequately prepare 
the fleeces and store the baled wool.  However, this is just the 
start of the planning and many other factors may need to be 
considered before the final decision on shed size is made.

The sheep manager needs to consider any future flock 
expansion and whether shearing of the extra numbers will 
be carried out in this or another shed.  As well, consideration 
needs to be given if other operations, such as crutching, are 
performed in this shed.

Desired duration of shearing

The ideal duration of shearing will vary widely.  On a 
specialist sheep property with moderate to large numbers, 
shearing may take 2-3 weeks or even longer.  However, the 
pressure to undertake other farm operations or the timing 
of shearing to coincide with the availability of labour may 
necessitate a shorter time span. With managers of small flocks, 
the preference may be to undertake shearing on one day to 
minimise disruptions to other farm or family activities.

If one or more management groups are shorn at different 
times of the year, the duration and pressure of the main 
shearing will be reduced.  The benefit of a split shearing 
needs to be balanced against complications in management 
of the whole flock.

Time of the year sheep are shorn

If the sheep are shorn when the weather is hot and dry, there 

will be less pressure on providing storage space for woolly 
sheep and wool and there is less chance that shorn sheep will 
need to be re-shedded to protect against inclement weather. 
Thus, the size of the shed may be reduced or temporary 
storage may be available in nearby sheds.

Adequate and safe working conditions for shearing staff

Providing good and safe working conditions for the 
shearing team is an important consideration in assessing 
the requirements, but it is often overlooked because of the 
short duration of shearing.  Most employees do not expect 
extravagant conditions, but a comfortable shed that works 
well and is well equipped with such facilities as hot and cold 
running water and bathroom facilities encourages good labour 
relations.  This helps to retain quality staff in future years.

Although shearing may only proceed for two weeks on 
one property, shearers and shed hands are often exposed to 
poor working conditions as they move from shed to shed. 
Modern designs can help reduce the workload of shearers, 
shed hands and wool classers and provide them with greater 
opportunity to work to the best of their ability.

Shearing sheds can be dangerous work environments.  
Sheep managers should acquaint themselves with the 
occupational health and safety guidelines that apply in 
their country or region (e.g.  Worksafe, 2001) before they 
commence the planning phase.  It is a sheep manager’s 
responsibility to ensure a safe working environment. Farm 
chemicals should be stored away from the shearing shed in a 
small lockable shed that meets local regulations.

Farm shedding needs other than shearing

A major consideration, especially on farms with small 
flocks and/or multiple farm enterprises, is the possible use 
made of the shearing shed for other purposes as the shearing 
shed is used intensively for a maximum of a few weeks per 
year.  Many shearing sheds these days have raised shearing 
boards with the wool room at ground level.  This provides the 
opportunity to store farm equipment or produce which can 
easily be removed for shearing.  However, the benefits gained 
from a multi-purpose shed need to be balanced against the 
increased risks of contamination of the wool clip if the shed 
is not thoroughly cleansed before shearing. Modular shearing 
units can be considered to adapt existing utility/ machinery 
sheds to become a shearing facility.

In countries where sheep are housed during winter, the 
main emphasis of the shed is on the storage and feeding of 
sheep.  Shearing is, thus, an essential but ancillary function 
and the facilities need to be adequate rather than elaborate 
(Hirning et al., 1994).

Reviewing current facilities

As a new shearing shed is very expensive and not utilised 
throughout the year, it is important to review current sheds 
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on the farm, even if inadequate or currently not used for 
shearing.  These options should be reviewed (Conroy and 
Hanrahan, 1994) in terms of:

structural soundness•	
suitability and accessibility of current location•	
access to electricity and water•	
productivity and ease of operation•	
current and possible sheep and wool storage space•	
ease of modification or extension•	
sheep safety and occupational health and safety •	
considerations.

Shearing shed options

After reviewing current facilities, the planning should then 
continue to assess the range of options for the way forward 
(Conroy and Hanrahan, 1994)

No structural change

The current shed’s structure may be difficult to change 
without major expenditure and the finances may not be 
available.  It may be better to spend available funds on new 
shed equipment or to hire a mobile shearing platform or share 
a unit with neighbours in a similar situation.  

Minor structural change

Quite often, the operational efficiency of a structurally sound 
shed can be greatly improved with a few minor alterations at 
small cost.  Changes in this category could include widening 
gateways and installing slide-swing gates (see Figures 21.2 
and 21.3), improved and even lighting, covering windows 
that let direct sunlight into the storage area or even removing 
unnecessary fences in the sheep storage area.

Figure 21.2. Slide-swing gate mode of action.   
Source: Conroy and Hanrahan (1994).

Figure 21.3. Slide-swing gate components. 
Source: Conroy and Hanrahan (1994).

Major structural change

Major structural change to an existing shed involves a lot 
of resources or labour or both. Therefore, the shed needs 
to be structurally sound and the changes carefully planned.  
Unfortunately, modifications are often made without enough 
thought to how they will influence the overall operation of 
the shed. For example, an additional shearing machine may 
improve the throughput of the shed but it also increases the 
demand for woolly sheep capacity and the need for more 
wool storage space.  Enlarging the total shed area with an 
extension and then reorganising the internal layout may be a 
better option.

Building a new shed

The final option is to build a new shed or to fit out an existing 
farm shed, such as a machinery shed, to provide the shell for 
a new shed.  The shed should be made as multi-functional as 
possible.

Sharing a shearing shed

Although not a popular option, the syndication of a shearing 
shed should be considered (Hall, 1977).  If the conditions 
of use can be clearly laid out with equitable access to the 
shed and the precautions taken against the transfer of stock 
diseases, then this option may be feasible.  Of course, this 
will vary between countries, cultural practices and whether a 
suitable written agreement can be negotiated to satisfy all the 
participants now and into the future.
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Available finances

Once the available finances have been reviewed, the most 
appealing option is often replaced by an acceptable option that 
is less expensive in the short and long term.  It is important, 
however, to make a considered decision rather than choosing 
the short term cheapest option.

Internal layout

While the designs of sheds vary considerably, they all have the 
same basic components (Conroy and Hanrahan, 1994; AWC, 
1980a) of sheep storage, forcing and catching areas, a shearing 
board and a wool room.

Sheep storage

Adequate storage is essential to provide a continuous supply 
of dry sheep to the shearer.  Wet sheep are difficulty to handle, 
cause health problems for shearers and the damp wool should 
not be baled.  Storage also allows the sheep to empty out before 
shearing and reduces the staining of wool. The general rule is 
to have storage capacity between one and two days’ shearing. 
If the weather is dry, then a capacity of less than one day’s 
shearing may be acceptable. Sheep should not be without food 
and water for more than two days.

Sheep may be stored in a shed or in covered yards at the rate 
of about 2.5 sheep per square metre for average sized Merinos 
or less for larger sized sheep (Conroy and Hanrahan, 1994).  
The area needs to clean and dry and preferably on slatted or 
mesh flooring to limit faeces and urine staining of the wool.  
Often this storage space is raised at least 1,000mm above the 
ground so that shorn sheep can be returned under the sheep 
storage area.

A popular modification, especially in New Zealand (Barber 
and Freeman, 1986) is to place a shed over the adjacent sheep 
yards and use this area for shed storage.  This does allow for 
better handling conditions in the sheep yards, but it is harder to 
minimise the dust and urine stain contamination of the wool.  
It has been estimated that about 80% of shearing shed yards in 
New Zealand are covered (Kondinin, 1988a).

The entrance into this raised area should have a slope no 
steeper than 1:3 and should be 1,500 to 3,000 mm wide.  Other 
dimensions of the holding area features are given in Table 
21.1.The storage area should be well and evenly lit with either 
natural or artificial lighting to encourage sheep movement 
from outside into the shed and throughout the storage area.  

The storage pens should be partitioned into areas of no 
greater than 40 square metres (Conroy and Hanrahan, 1994) as 
larger areas increase the risk of sheep being smothered.  Each 
pen should preferably be the same size so that portions of the 
flock can be easily moved around the shed. 

Forcing and catching pens

The catching pen is the area from which the shearer catches 

the sheep to be shorn.  The pen should ideally be 3m deep 
and about 2.5 m wide to hold enough sheep for an hour’s 
shearing (Conroy and Hanrahan, 1994).  Of course this will 
vary depending on the layout for the shed, especially when 
existing sheds are being modified.

The forcing pen links the catching pen to the storage area.  
The forcing pen should hold the same number of sheep as the 
catching pen, or double the number, to aid sheep movement.  
Traditionally, the forcing pen is behind the catching pen 
away from the shearing board, but in newer sheds may be to 
the side of the catching pen.

This newer layout is called a front fill catching pen 
(Barber and Freeman, 1986) and aids sheep movement 
as the flow of sheep is parallel to the noisy shearing board 
rather than toward the shearers in a conventional back fill 
shearing shed.  However, the design and construction of 
front fill catching pens is more complicated and requires a 
bent board shearing area.  The advantage of this design is an 
improvement in labour savings of about 20-25% (Conroy and 
Hanrahan, 1994) which translates to a labour saving of one 
person in a four stand or greater shed.  Although the labour 
efficiency exists in small sheds it is difficult to remove part of 
a labour unit from a shed.  It is often difficult to incorporate 
this design into existing sheds. A further advantage of the 
front fill catching pen design is that it allows the addition 
of a 1:10 sloping floor in the catching pen with the wooden 
battens running towards the catching pen door.  This reduces 
the effort of catching and dragging of the sheep for the 
shearer by about 10% and, therefore, decreases the risk of 
injury (VIOSH, 1997)

Regardless of the pen layout, gates in these tight areas 
should be slide-swing in design: see Figures 21.2 and 21.3 
(Conroy and Hanrahan, 1994).  The slide-swing gate can open 
like a conventional gate as well as being capable of sliding 
end to end through the hinge assembly.  If for example, a 
catching pen is close to or fully empty, the slide swing gate 
between the forcing and catching pens can be swung into 
the vacant area.  The sheep from the forcing pen are then 
encouraged into the empty pen.  As the catching pen fills, 
the gate can be lifted out of the hinge assembly and slid back 
into the emptying forcing pen. The slide-swing gate is then 
clicked back into its hinge and closed conventionally behind 
the retreating sheep.

The shearing board

The placement of the shearing board, the area of the shed 
where the sheep are shorn, is generally now placed in a centre 
board design as shown in Figure 21.4.  The board runs the 
width of the shearing shed near the centre of its length.  The 
design reduces the walking distances of both the shearers and 
the shed hands.

Sheds with a centre board design needs a sheep release 
system called a chute (Barber and Freeman, 1986) going 
under the sheep storage area of the shed.

Most new sheds now incorporate a raised board shearing 
area (Figure 21.5) so that the shed can be used for other 
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purposes .This design has the added advantage of the shearers 
having their own working area and shed hands have less 
bending to pick up the shorn fleeces and keeping the board 
clean.  The sheep manager will need to be aware of any local 
safety regulations that need to be adhered to in building this 
design.

The placement of the shearing machine in relation to the 
catching pen door and chute can affect the efficiency of the 
board and its ease of operation.  A typical design is given in 
Figure 21.6.  Note that the chute entrance is cut back onto the 
board 100mm which aids the removal of the shorn sheep. 

Suggested dimensions of the board are summarised in 
Table 21.1. One critical measurement is that the shearing 
stands should be at least 1.8m apart.  Any closer than this 
tends to reduce the safety of the working space and the width 
of the catching pen, while a spacing beyond 2.5m increases 
the distances that shed staff have to walk, especially in sheds 
with four or more shearing stands.

The wool handling area

The wool handling area is the area of the shed where the wool 

fleece is moved from the shearing board, separated from 
inferior portions, assessed into lines of similar processing 
performance, baled and identified ready for transport to the 
wool market (Barber and Freeman, 1986).

The size of the wool handling area depends on the number 
of shearing stands in the shed.  A one stand shed requires 30m2 
of wool handling area and another 20m2 should be allowed 
for each additional shearing stand (Conroy and Hanrahan, 
1994).  This is allowing for neither the shearing board nor the 
bale storage space

The separation of inferior portions of the fleece, 
“skirting”, is undertaken on a wool preparation table.  The 
table is  normally a circular table and able to move freely 
around a central vertical axis. This allows the wool skirters 
to turn the table as they remove the inferior portions rather 
than walking around the table as happens with a non rotating, 
rectangular table.

About 75-80% of fleeces will go into the mainline of 
wool (Chapter 25) and this should be placed directly from the 
table into a self pinning, electric press to compress the wool 
into non-contaminating wool packages weighing up to 200kg 
each.  Non mainline fleece wool should be placed in separate 

Figure 21.4. Centre board shearing shed design. Source: Conroy and Hanrahan (1994).

Figure 21.5. In a shed with a raised board, the wool room is at a lower level than the board and sheep storage. 
Source: Conroy and Hanrahan (1994).
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Figure 21.6. Layout of a centre board with chute. Note the chute protrudes onto the board. 
Source: Conroy and Hanrahan (1994).

Table 21.1. Suggested dimensions for shearing shed 
facilities. 

Facility Range of  Most common  
  dimensions (mm)  dimension (mm)

Sheep storage
 Entrance ramp width 1,500 to 3,000 2,000
 Entrance slope ratio 1:3 to 1:5 1:3
 Shed floor height 1,000 to 3,000 1,200

Flooring
 Stump placement 1,500 to 1,800 1,800
 Bearers 100 x 75 100 x 75
 Joists 100 x 50 100 x 50
 Battens 50 x 25 or38 50 x 25
 Gap between battens 15 15
 Fence height 850 to 1,000 900

Catching pens
 Depth 2,000 to 3,000 3,000
 Width 1,800 to 3,000 2,500

Gates
 General use 1,500 to 3,000 3,000
 Slide-swing 1,200 to 1,800 1,500

Shearing board
 Door height 1,500 to 2,000 1,500
 Door width 700 to 900 900
 Chute height 910 910
 Chute width 500 to 800 500
 Height of machines 2,400 2,400
 Machines apart 1,800 to 3,000 2,500
 Downtube from wall 450 450

Raised Board
 Height 700 to 900 800
 Width 1,700 to 1,900 1,800

Source: Conroy and Hanrahan, (1994).

storage bins and pressed when bins contain enough wool for 
a bale. Pressed bales are retained in the shed until the end of 
shearing or until a suitable transport load is achieved.  Storage 
space requires 10m2 for every 15 bales stored on their end 
(Conroy and Hanrahan, 1994).

Consideration needs to be given as to how the wool bales 
are moved around the shed as they are bulky and average 
about 185kg in weight.  Bale trolleys should be available for 
movement within the storage area while forklifts or gantries 
should be used for lifting bales from the storage space onto 
cartage vehicles.

Shed safety

Shearing sheds are potentially dangerous workplaces. There 
can be many health and safety problems (Worksafe, 2001) in 
the shearing shed including:

sprains, strains and similar injuries to the back, arms, •	
neck and other parts of the body
cuts and bruising•	
injuries due to machinery•	
injuries due to slipping, tripping and falling•	
heat exhaustion and heat stroke•	
exposure to vibration, noise, fumes, dusts and •	
chemicals
injuries and diseases arising from working with sheep, •	
and
problems with amenities, travel and accommodation.•	

Some of these risks are covered legally by occupational health 
and safety law while others may not be prescribed but fall 
under the employer’s duty of care to his or her employees.  A 
sheep manager must make sure that the shearing shed meets 
local requirements.
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Sheepyards

As the facility on the farm where most of the sheep handling 
is undertaken, sheepyards are a central key to the efficiency 
and ease of sheep management on a farm.  In the past, 
sheepyards have often been erected in a piecemeal fashion 
over time as needs and fortunes have changed (Ransom and 
Hanrahan, 1990).  This can lead to facilities that are difficult 
to operate for both the sheep handler and the sheep and may 
increase the need for running repairs.

A well designed and built set of yards is not necessarily 
expensive.  It is the attention to detail that often separates good 
yards from mediocre ones.  A good set of yards will markedly 
reduce operator effort, enhance sheep flow and reduce stress 
for the sheep, the sheep handlers and sheepdogs.  Efficient 
yards provide a reasonable working environment and allow 
sheep handling to be done on time with enthusiasm (Hall, 
1990).

Assessing requirements

A good starting point is to make a complete list of sheep 
operations that will be undertaken throughout a year 
(Ransom and Hanrahan, 1990). The next step is to review if 
all are essential and their relative timing (Hall, 1975).  Good 
sheep management planning goes hand in hand with efficient 
handling facilities.

Site

Often a new set of sheepyards is likely to be erected on or 
near the old set, even if this is not the best site on the farm 
(Ransom and Hanrahan, 1990). The other farm facilities, such 
as shearing shed, laneways and loading ramps are likely to be 
in place so the site may be the only economic possibility.

If the other facilities do not exist or are in need of 
replacement, a new site could be contemplated. In that 
case, planning should include consideration of any possible 
expansion in the farm size and ease of access throughout 
the farm. The new site should have good all-weather access 
for vehicles, be well drained and reasonably flat (Ransom 
and Hanrahan, 1990). Steep sites should be avoided as the 
possibility of sheep being smothered against lower fences is 
increased. If the site is to be levelled, the cost of the facility is 
increased.  If a flat site is not available, the site may need to 
be levelled, which adds to the cost of the facility or the plan 
should be drawn to minimise the effect of the slope.

Yard size

The number and size of mobs handled at any one time is 
more important than total flock size when determining the 
yard size.  Low density holding yards surrounding the high 
density pens can vary in size and number to suit individual 
requirements (Ransom and Hanrahan, 1990).  The low 
density holding yards should be able to comfortably hold the 

largest mob on the farm and then be gradually fed into the 
high density yards.

The actual size of the yards can be calculated by allowing 
a sheep density of between 0.2 to 1.0 sheep/m2 for low density 
holding yards and 2.5 to 3.0 sheep/m2 for high density yards 
(Conroy and Hanrahan, 1994). Both high and low density 
yards should be rectangular in shape and the capacity can be 
enlarged by lengthening a yard rather than widening it.

The high density portion of the yards should consist 
of a minimum of one holding yard, a 3.0m wide laneway 
leading towards the various handling facilities and two yards 
following the drafting race which holds the partitioned flock 
(Conroy and Hanrahan, 1994).  The size of the yards can be 
increased for larger flocks and the sheep manager may want 
a three way drafting system. The sheep should flow the same 
way around the yards each time they are handled.  A series 
of gates along the 3.0m forcing race will direct the sheep into 
the appropriate facility (Figure 21.1).This design allows the 
continual flow of sheep from the low density holding areas 
throughout the yards, encourages flexible recycling round the 
yards and easy removal away from the yards. 

Labour

When labour is expensive or not readily available, the yards 
should be planned to operate with one person and sheepdogs 
(Conroy and Hanrahan, 1994).

Cost

The cost of the yards is heavily dependant on the length 
and shape of the high density fencing and on the materials 
used.  A simple yard design will have about 120m of high 
density fencing (Ransom and Hanrahan, 1990).  About half 
the material costs will be in gates.

All low density holding yards can be built out of fabricated 
wire fencing for a fraction of the high density costing.  
However, to be successful, the straining mechanisms must be 
adequate to maintain good tension on the prefabricated wire 
otherwise the fences are more likely to be damaged and may 
fail to be sheep proof. A major consideration often not fully 
accounted for is the one-off cost of erection.  Some materials 
may be cheap to purchase but may consume major resources 
in erection.  

Reviewing current facilities

It is temping to retain some or all of the current yards, 
especially if the construction is still solid. However, the 
highest priority is to have an effective plan and the retention 
of existing fences may compromise the efficiency of the new 
yards. If any existing fence or facility is incorporated into the 
plan, its life’s expectancy should be at least ten years. If not, 
consider it expendable (Ransom and Hanrahan, 1990).

Newer designs are flexible enough to cope with such 
limitations as the existing entrance into a shed, the sheep dip 
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and some trees, so these can be accommodated in the plan 
(Conroy and Hanrahan, 1994).  On the other hand, it may be 
worth moving fences to encroach on existing roadways and 
paddocks if this means a better plan.

Sheepyards options

The sheep manager is encouraged to visit other sheepyards 
which are known to work well and discuss the good and bad 
features with their owners (Ransom and Hanrahan, 1990).  
Planning should always be done away from the yards (Conroy 
and Hanrahan, 1994) after existing facilities are drawn up 
accurately and a range of options considered.

Sheepyards, even designs for small sheep flocks, are often 
designed around a bugle design.  The bugle design takes its 
name from the curved and tapering approach to the working 
and drafting facilities (AWC, 1980b). The bugle design 
works well (Conroy and Hanrahan, 1994) because the sheep 
have a sense of escape when they circle around back towards 
the direction they came from, the operator has access to 
sheep that baulk and sheep do not see the operator until they 
have moved into the draft or handling race.  Furthermore, 
the general sheep flow is the same for each sheep handling 
operation and material costs are kept to a minimum because 
only the forcing areas need to be made of high density 
materials (AWC, 1980b).

In a survey of 1,185 Australian sheep producers (Hamilton, 
1990) found that drafting in bugle yards was about 35% faster 
than traditional rectangular yards.  As well, these yards were 
easier and quicker to work in with less stress on the stock.

Internal layout

The dimensions of the various components of sheepyards are 
given in Table 21.2.

The drafting race is a shorter race where sheep are divided 
by the sheep handler based on appraised characteristics.  The 
sheep may be drafted two (Figure 21.1) or three ways (Figure 
21.7) depending on whether there are one or two drafting 
gates.

Table 21.2. Dimensions of sheep yard components.

Facility Range of  Most common  
  dimensions (mm) dimension (mm)

Drafting Race
 Width 420 to 480 430
 Length 2,500 to 3,500 3,500
 Height 850 to 1,000 900

Working race
 Width (fixed sides) 600 to 750 700
 Width (adjustable) 450 to 800   
 Length 6,000 to 12,000 10,000
 Fence height 820 to 900 900
 End gate height 1,000 to 1,100 1,100

Fence height
 External 950 to 1,100 1,000
 Internal 900 to 1,050 950

Gates
 External 3,000 to 4,500 4,000
 Internal 2,000 to 3,000 3,000
 Drafting 1,200 to 1,500 1,500

Post spacing - low density 2,000 to 6,000 4,000

Post spacing – high density
 Timber rail 1,500 to 2,500 2,200
 Welded wire panel 2,000 to 3,000 2,500
 Corrugated iron 1,200 to 1,500 1,500

Source: Conroy and Hanrahan, (1994).

Figure 21.7. A plan with two drafting gates which allows sheep to be separated into three groups. 
Source: Conroy and Hanrahan (1994).
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The working race, or handling race, is a slightly wider 
and longer race than the drafting race.  It is the focal point of 
the yards as much of the sheep handling, such as drenching, 
jetting, classing, ear tagging and vaccination is undertaken 
here.  A direction gate is placed at the end of the working race 
to draft off the occasional sheep as the race is emptying. 

Construction materials

The ideal material provides a sturdy construction, is relatively 
cheap and is easy to erect without expensive or specialised 
equipment.  A further consideration is that the finished 
product must be safe to the sheep and the sheep handler and 
be aesthetically acceptable to the management. The choice 
of material can vary from area to area depending on what 
materials are freely available and there is local experience in 
utilising the material. 

The end product should aim to last 30 years (Conroy and 
Hanrahan, 1994) so that the capital cost can be spread over a 
long period and that running repairs are kept to a minimum

Construction and testing

Regardless of the effort put into the design, the resultant 
yards can still be inefficient if the construction is poor.  If 
the sheep manager is not building the yards, he or she should 
closely supervise the construction (Ransom and Hanrahan, 
1990) to ensure the intent of the plan is followed, problems 
in construction are addressed and the resultant sheepyards 
are sturdy and safe. Once the yards are built, it takes time 
for the sheep, the operator and dogs to understand how the 
design works. However, it may be worthwhile making some 
modifications e.g. opening or closing panels, after the yards 
have been in use for several months (Ransom and Hanrahan, 
1990).

Ancillary sheep handling equipment

The erection of a new yard also provides the opportunity for 
the inclusion of ancillary sheep handling equipment as an 
integral part of the system.  

The physical handling of sheep for range of treatments is 
tiring, especially if each sheep needs to be restrained or tipped 
over. Therefore, sheep producers have sought mechanical 
assistance to remove some of the effort from the operation 
or to increase the throughput of sheep (AWC, 1980b).The 
first sheep machines were cradles placed in races to clamp 
sheep securely.  Some machines had the capacity to then 
invert through 180 degrees so that the underside of the sheep 
was exposed for such operations such as checking udders or 
trimming hooves.  These machines tended to be unsatisfactory 
for both sheep and operator as the range of operations was 
limited and the physical effort was not reduced.  More recent 

modifications to these machines have greatly improved their 
efficiency and easy of operation. A break though occurred in 
Australia and New Zealand when systems were developed 
to elevate the sheep through a race so that the operator can 
remain in a standing position while performing the treatment 
on the animal (AWC, 1980b).  This reduced the amount of 
effort exerted by the operator.

A wide range of sheep handling units were developed 
(AWC, 1980b; Kondinin, 1990).  One type was constructed 
so that the use of a shearing hand piece could easily remove 
wool from around the eyes, prepuce and crutch of sheep 
but the sheep was not well constrained.  A second grouping 
provided better clamping of sheep but provided poorer access 
for crutching activities. A third grouping was a conveyor of 
two narrow belts running in a V-shape trough of 3.5m long 
powered by an electric motor which moves the sheep towards 
the operator for treatment.

The biggest problem with all sheep handling units was 
the poor flow of sheep into the machine (Kondinin, 1990) and 
many producers discontinued with the use of the machines. 
Those producers that persisted found that the placement of 
the machine in the yards or in the shed was the secret to 
good sheep movement.  Often, the best placement required a 
bugle shaped lead up and attention to even lighting.  As well, 
systems that included a number of units working together so 
that one person can be justified to push up sheep are efficient 
and financial. 

Laneways

A laneway system to efficiently move sheep and personnel 
around the farm is a high priority.  It has been estimated that 
labour requirements on a sheep property can be reduced by 
close to 10% with this one improvement (Hall, 1990).  

Assessing requirements

Laneways are useful for shifting livestock and personnel and, 
on farms with cropping enterprises, machinery. As well, they 
can be used as a holding area for stock or can be designed 
as a paddock as well as a laneway (DIAA, 2000).  They may 
also provide permanent all weather access around the farm 
from tracks that have been formed up to negotiate wet or 
steep environments. Laneways also increase farm security as 
the manager is more likely to travel around the farm and can 
quickly return to home base if required.  Laneways are required 
to provide easy access to and from the main sheep handling 
facilities and also to provide access to ancillary structures if 
these exist or for portable sheepyards (Hall, 1976).

The farm may have adjacent or partitioning public 
laneways throughout the property and these may be 
incorporated in to the laneway system if their use is efficient 
and legal. There are likely to be restrictions on movement of 
livestock from a safety angle (Corangamite, 2008) or from a 
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disease control viewpoint (DEFRA, 2007). Managers need to 
check with local authorities.

Reviewing current facilities

Laneways may not currently exist, but many existing fences 
may be used as one side of the facility.  The value of the 
current positioning of fences needs to be considered as part of 
the whole farm plan.  Some fences may need to be shifted for 
other reasons such as partitioning off different land classes or 
to protect remnant vegetation.  

The changes may be progressively done over a number of 
years as resources and time become available.  Even a small 
laneway radiating away from the sheep handling hub can be 
very useful so the whole laneway does not need to undertaken 
in one year.

Laneway design

The laneway is generally a minimum of 20m wide – maybe 
even 30 to 40m wide - (Hall, 1990) with a fence on both 
sides and can be as long as the farm.  It may have branch 
laneways and will tend to follow existing fence lines so that 
only the second fence needs to be built. Its location will take 
into account the topography of the landscape and may have 
to avoid waterways or built up areas.  

It is preferable to have a graded track (Hall, 1990) so that 
the farm is inspected more readily and more quickly. Caution 
may need to be taken to ensure the track does not encourage 
soil erosion and advice from local experts should be sought 
during the planning phase.

Watering systems

Provision of a clean and reliable watery system is often a 
major expense on a sheep farm and short cuts can be expensive 
in the short and long term 

Assessing requirements

In general, water is an essential nutrient for all animals 
(Markwick, 2007) and the quantity and quality requirements 
vary depending on class of livestock and the environment 
(Chapter 13 and 14).  After estimating total livestock 
requirements, allowances need to be made for evaporation 
and leakages. As well, storages may need to contain 2-3 years 
supply to guarantee supply of water during a drought period 
(Price et al., 2005).

Sheep may be watered from natural resources such as 
creeks and streams.  Others may directly supply sheep with 
water captured in dams as rainfall run-off. However, the 
need to provide good quality and reliable water, and also 

protection of the environment, may necessitate a reticulated 
watering system (Price et al., 2005).  Restriction of sheep 
from natural waterways may have other advantages as loses 
of stock falling or getting stuck in mud are eliminated and 
sheep are easier to muster.

In pastoral areas, sheep normally graze within a radius 
of 2.5 km of a water point (Markwick, 2007; Chapter 22). 
If sheep require more water than one drink per day due to 
lactation, salinity or dry feed, stock may reduce their forage 
radius.  So to utilise the feed on offer more evenly, placement 
of watering points need to be appropriately situated.

The reticulated system will need an efficient and effective 
method to continuously move water to the required watering 
points at the peak quantities required.  A breakdown in the 
system, especially at high water usage time, can be disastrous.  
A gravity fed system is highly acceptable, but this necessitates 
the water storage being on a high elevation to the rest of the 
farm.  If pumping systems are used, the electric, solar or air 
compressed motor needs an automatic pressure sensor or 
water levels telemetered to the motor so that the particular 
water level or pressure is maintained constantly with minimal 
intervention (Price et al., 2005).

Reviewing current facilities

Watering systems can be very expensive to install, so all 
current structures should be assessed for inclusion in the 
present or future plans.  However, if the farm does not have a 
guaranteed 2-3 years supply of good quality water on hand, 
it can be very vulnerable in droughts. This deficiency needs 
to be rectified as a priority. Local authorities may need to 
be contacted about the building or enlargement of water 
storages and may also be required to provide permission 
if underground water sources are being tapped. An overall 
plan may look daunting at first. However, again the whole 
system does not need to be put in place at once and current 
facilities, although not ideal, can continue to be used in the 
mean time.

Water systems options

The farm size, topography, source of water and quality, local 
regulations, livestock needs and temperatures affect water 
system needs.  Therefore, farm managers should seek out 
information which is applicable in their area.  For example, 
a comprehensive review is given for the pastoral area on the 
needs for piping, bore pumps and troughs (Williams, 2006). 

Installation of reticulated water has taken a great leap 
forward in the last 50 years as polyethylene and poly vinyl 
chloride have replaced galvanised iron, steel and ductile iron 
pipes due to their resistance to erosion, ease and speed of 
installation and reduced cost (Williams, 2006). Systems are 
now available that previously would not have been practical 
or cost effective.
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One factor to consider is to integrate the water system into 
the laneway system wherever possible.  The water pipelines 
can be laid in the laneway system with branch lines out to 
troughs in each paddock. Water troughs can be checked as farm 
staff move up and down the laneway, thus saving considerable 
labour and also identifying any problems as they occur.

A further aid to efficiency, especially in isolated areas, is the 
use of remote water monitoring systems. Monitoring devices 
are put in place to measure information at one site and convey 
that information to a second site via radio or cellular telephone 
technology (Desert Knowledge CRC, 2008). In turn, signals 
can be sent to the original site to activate a device such as a 
pump, valve or camera.  Additional data transmission modes, 
such as satellite and telephone modem, are available for certain 
circumstances (Global Water Instrumentation Inc, 2008).  
Photovoltaic solar power is the primary option for power on 
most systems (Desert Knowledge CRC, 2008).

Farm fencing

Farm fencing is a long term investment (good fences should 
last 25 to 50 years) and so planning is the key (Worley, 2000). 
Farm fences have no intrinsic value in themselves.  It is only 
the multiple functions they undertake on a sheep farm that 
provides value in the management of sheep.

Assessing requirements

Fences are erected to indicate farm boundaries, separate 
livestock for the purposes of management, disease control, 
protection from predators, conservation of feed and water and 
to exclude vermin and stock from crops and erodible areas 
(Rebbechi, 1991).  They also facilitate ease of movement 
around the farm for livestock and staff as well as improved 
utilisation of pastures (Chapter 18).

Again, the importance of whole farm planning is 
paramount in the placement and type of the fences chosen as 
the effectiveness of the overall plan depends on the integration 
of so many other farm management factors.  Fences may 
effectively separate livestock into their management groups 
but may not allow for ease of movement around the farm or 
for efficient pasture utilisation. The fence may provide good 
control over sheep but may be inadequate for cattle or goats 
(Chapter 22) or for vermin control.  So often, the final fence 
may be a compromise between many management practices 
that may have competing needs. 

Costs involved in materials and fence erection may end up 
contributing to the final decision as well as the skills of the 
fencer. A preferred fencing style may need to make way for a 
cheaper option when the difference in price means the whole 
fence is completed rather than only half the distance. There 
may be regulations on local fencing and restrictions on the 
removal or trees or shrubs, even along existing fence lines.

The easiest way to start planning is with an aerial photograph 
(Worley, 2000) which shows the detail of the present farm 

layout plus some indications of the topography.  Then add the 
land capability to the map to show the management plans for 
the farm.  Aerial photographs are usually available from local 
government offices or agencies.  Then an overlay of laneways 
and new fences, both permanent and temporary, can be added 
and changed as the plan evolves.

Again, the whole plan does not have to be enacted at 
once so long as each new fence is working towards the final 
blueprint for that farm. It would be a pity to put up a fence 
and then find it is in the wrong place and needs shifting at a 
later date.  This often happens when a fence is replaced on the 
same line as the old one without much thinking. Aesthetics 
may play a part in the fence design as the owner may decide 
upon a more expensive option, especially the front or driveway 
fences, because the fence looks better.

Reviewing current facilities

It is important to review all the existing fencing as it represents 
a major investment already undertaken on the farm, especially 
if it is in moderate to good condition.  A fence may be in poor 
condition but it may well serve the purpose of a second fence 
line alongside a row of recently planted trees or may survive 
long enough until resources are available to replace in a more 
appropriate location.

From a management point of view, it may well pay to 
remove or shift a fence if it is having dramatic impact on the 
performance of the farm.  However, in general it is best to 
hasten slowly and make sure the farm plan is carefully thought 
out and robust.

Fencing options

The type of fencing to be erected depends on the type of 
stock run, the predators and the vermin to be excluded and 
the nature of the terrain (Rebbechi, 1991). It should also take 
into account the stocking rate, soil type effect on posts and the 
cost and availability of materials.  The designed fence should 
be flexible enough to satisfy different management strategies, 
clearly visible to stock and strong enough for a satisfactory 
lifespan with minimum maintenance (Rebbechi, 1991).  It may 
need to have reasonable fire resistance in fire prone areas.

The fence must resist external loads from sheep and other 
livestock and internal loads from tensioning and temperature 
effects (Rebbechi, 1991). It needs to be both a visual and 
physical barrier.  The wire provides the physical barrier while 
the line posts and droppers serve to stiffen and support the 
wires and provide the visual barrier.

Wire

A wide range of diameter plain wires have been used over 
the years for sheep fences.  These days, high tensile wire is 
used because the resultant small diameter (2.5mm) lowers the 
cost and reduces the loss of tension due to end-stay movements 
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and temperature change (Rebbechi, 1991).  This wire is drawn 
from billets of steel of a different formulation which has been 
heat treated to produce wire of higher strength but with lower 
softness.

The life of unprotected steel is quite short and so all fencing 
wire is supplied with a protective zinc coating known as 
galvanising.  This acts as a sacrificial layer that corrodes very 
slowly, thus protecting the wire.  Coastal environments can be 
2-3 times as corrosive as inland areas and humid areas are twice 
as corrosive as dry ones (Rebbechi, 1991).  Therefore, heavily 
galvanised grade coatings are recommended in these corrosive 
environments as these coatings have more than three times the 
weight of zinc present than the standard galvanised wire.

Barbed wire is not recommended for sheep as the wool can 
be caught on the barb and the sheep can become entangled.  If a 
combined sheep/ cattle fence is required, either electrify wires in 
the fence or place the barb wire at the top of the fence out of the 
way of sheep.

Prefabricated fencing has become increasing popular for 
sheep.  It is 600-800mm in height with 6-8 horizontal wires with 
vertical wires spaced at intervals of between 150 to 450mm to 
provide rigidity to the fence.  The prefabricated fencing is attached 
to the posts so that the bottom wire is 100mm off the ground. One 
or two plain wire strands or barb wire may be attached at spacings 
of 150-200mm above the top of the prefabricated fencing to 
increase the desired height of the fence. Although prefabricated 
fencing is more expensive than the equivalent plain wire fence, it 
is easier to erect, the post spacing can be placed further apart and 
the fence remains sheep proof even if some of the tension is lost.

Fence posts

Posts serve two functions in a fence line, as line posts and 
part of the end assembly.  The posts in the end assembly help 
maintain the tension in wires by resisting movement towards 
the direction of tension while the line posts support the fence 
from overturning when challenged by an animal.

Figure 21.8. The fence post strainer assembly maintains the 
tension for this prefabricated wire fence. 
Source: P. Hanrahan.

While the failure of the fence post could be due to breaking, 
the usual method of failure is by excessive movement of 
the post.  Top movement can be reduced by increasing the 
diameter of the post up to 150mm, ensuring the post is up 
to 1m in the ground and that the post is preferably rammed 
into the ground rather than placed in an oversized hole and 
backfilled with soil and compacted (Rebbechi, 1991).

Posts can be made from timber obtained from the farm, 
treated timber, concrete, steel or fibre-glass.  Selection of the 
materials depends on availability and cost, cartage and labour 
costs, resistance to flood and fire damage, life expectancy and 
satisfactory fence strength.  Steel “star posts” are a popular 
choice as line posts as they are relative cheap, inexpensive to 
install and provide adequate resistance to lateral challenge. 
Local conditions or regulations may preclude the use of some 
materials.

Electric fences

Sheep are harder to control than cattle with electric fences 
because wool is a good insulator. Sheep are slow to associate 
the electric shock with the fence itself and are quick to push 
on a fence after the energiser is disconnected.

In New Zealand, sheep are strip-grazed for extended 
periods under moist ground conditions and are contained 
very successfully if they are properly trained (Rebbechi, 
1991).  Some farmers believe the respect for the electric 
fence is passed on from the ewe to lamb.  

There are two basic ways of wiring the electric fence.  The 
first is where the soil is moist through rainfall or irrigation. 
The sheep closes the electric circuit by touching the electric 
wire and the animal connects the live wire directly to ground.  
The second is in dry land farming where the conduction of 
electricity between the sheep and ground is normally very 
poor.  There is a requirement for an earth wire to the energiser 
or a suitable earthing point.  This means that it is necessary 
for the sheep to form a bridge between the live and earth 
wires to close the circuit and receive a shock.

Permanent electric fences are usually a combination of 
live and earth wires of 5 to 8 strands (Fitch, 2007).  Wire 
dimensions are from 1.5mm to 2.5mm and the wire is 
strained with about one third of the tension of a conventional 
fence.  The success of the fence is due to the effectiveness of 
the energiser source, the earthing mechanism and the post 
insulators.  The quality of all three has improved drastically 
over the last ten years. No insulation is need for hardwood 
posts while insulation is required for softwoods to protect the 
livewire from leakage down the post in major installations 
(Rebbechi, 1991).  Full insulation is required if star steel 
posts are used.

Temporary electric fencing has come to more prominence 
due to interest in pasture management involving intensive or 
controlled grazing systems (Fitch, 2007). The new polywire 
or polytape system with two or three wires in portable reels 
has made the setup and removal very efficient and effective 
at retaining sheep.  Most producers feel that all wires should 
be charged and no earth wire is required.  The first wire 
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should be about 300mm off the ground and other wires 
300 to 360mm above. The light weight, ease of installation 
and flexibility of fibreglass posts make them ideal for this 
application (Rebbechi, 1991).

If post spacings are over 50m apart, the wire fence can 
be laid over and held flat on the ground for entry.  If a more 
permanent solution is required, a conventional gate can be 
used with the live wires encased in a polythene pipe buried 
600mm under the ground across the gateway but the pipe 
ends need to be configured to not allow water to penetrate 
(Rebbechi, 1991).

Sheep housing

Most sheep are run extensively on pastures and do not have 
permanent housing.  However, conditions vary in different 
countries and housing is used in a range of situations.

Assessing requirements

Most sheep are not permanently housed in sheds but in 
various countries they may be housed for a portion of the year 
or at night.  One example of sheep being housed throughout 
the year is the Sharlea Ultrafine Merino sheep in Australia 
(Chapter 24).

In East and South East Africa, sheep are sometimes 
confined to yards and shelters to protect the flock against 
predators and parasites (FAO, 1986).  Although it may 
help to make best use of the land, this system does increase 
labour and capital for facilities.  The more likely option 
in these countries is for sheep to graze over large areas of 
marginal land unsuited to agriculture and bring the flock into 
a protective yard at night.  In other situations, the sheep may 
be tethered individually during the day (FAO, 1986).

A third example is to house sheep for a portion of the 
year, usually during winter.  This period may coincide with 
lambing.  The length of stay in the shed will depend on the 
extent and severity of the winter and the available of pasture 
fodder when the sheep are released outside. A detailed 
planning process for housing of sheep is given by Hirning 
et al. (1994).

Another option practiced is the provision of shelter 
during bad weather, such as in snow storms, when the sheep 
can seek shelter on their own accord. Sometimes, sheep are 
placed back into the shearing shed storage immediately after 
shearing if cold and windy weather is expected.

Reviewing current facilities

Producing specialist built housing for sheep is expensive and 
difficult to justify.  Therefore, sheds with multiple uses are 
preferred or the conversion of existing sheds for this purpose.  
A survey in Norway (Andersen, 2002) indicated that less than 

20% of sheds were specifically built for housing sheep while 
the rest were converted to sheep from some other function.  
Interestingly, less than 10% of these sheds were used for 
multiple purposes throughout the year.

The three most important aspects of new or existing sheep 
housing are adequate floor space (> 1-2 m2/ ewe), ease of 
feeding, cleaning and handling of stock and good ventilation 
and drainage (McCutcheon, 2002).  

Construction options

The starting point is to check with local authorities to 
ascertain what the requirements and restrictions are placed 
on sheds for housing of sheep (BCMAF, 2000).The specific 
design will depend on a wide range of factors such as flock 
size and lambing pattern, other uses for the shed, existing or 
new building and resources available.

The MidWest Planning Service (Hirning et al., 1994) 
provides a detailed description of shed styles and layouts, 
equipment, treatment facilities, feed and manure management 
and utility needs for a range of housing requirements.  This 
handbook provides an excellent starting point but any plans 
need to vary to meet local conditions.

Recent and future developments in farm 
structures 

The major development around sheep structures for the last 
twenty years has centred on the greatest challenge facing 
the sheep industry – a less arduous way to shear sheep. 
Other developments are gradual refinements of current 
technology.

Shearing technology

As shearing sheep is a difficult and physical occupation and 
the associated infrastructure is expensive, considerably effort 
and funds have been expended to find new ways to remove 
the wool from sheep.

Robotic shearing

Research on robotic shearing commenced in the 1970s at the 
University of Western Australia (Kondinin, 1988b).  By the 
end of the 1980s, a system had developed which consisted of 
an automatic loading and manipulation platform, a robotic 
arm similar to those used in the car industry and a sheep 
handling system.  The robot contained a cutter assembly 
which was guided by an electronic map of a sheep and then 
the robot learnt as it took each shearing blow to modify the 
next movement (Kondinin, 1988b).

Although the robotic shearing was technically achieved 
and improvement in computer design was anticipated to 
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make the system a physical alternative, the cost of the 
development and the limited size of the potential market made 
its development infeasible and the project was discontinued.

Shear Express wool harvester

Another attempt to improve the shearing system was made 
in Australia when the ShearEpress wool harvesting system 
was trialled in early in 2000 (Pleasance and White, 2004).  
Instead of one person shearing the whole of an individual 
sheep, the system was similar to the production line process 
used in abattoirs. The machine was mounted on a large trailer 
that was hooked up to a truck to change locations, which 
was usually adjacent to existing yards or shed. The machine 
consisted of a delivery system for sheep, preparation stages 
to remove stain and skirtings, a conveyor belt along which the 
sheep was sequentially de-fleeced at seven portals, a classing 
table and a sheep exit system. (Pleasance and White, 2004)

The system did provide for better wool quality and 
improved shearing conditions, but productivity through puts 
were too low to compete with conventional shearing and 
the process was discontinued (Pleasance and White, 2004). 
However some of the features could readily be incorporated 
into other portable shearing systems

Upright posture shearing platforms

The automatic loading and manipulation platform developed 
for robotic shearing has been further developed in Australia 
and New Zealand to produce upright posture shearing 
platforms (AWI, 2008b; Hecton Products Ltd, 2009).  The 
sheep move up a race into the loader, inverted into the 
shearing platform and clamped. The shearer, in an upright 
position, then shears the sheep and then releases the shorn 
sheep.  The fleece is then removed on a conveyor belt. Units 
can be a permanent fixture in a shed or can be mounted on a 
trailer with another unit to make the systems transportable. 
The system requires a compressor and 240 volt electricity.

Biological shearing

Another wool harvesting system based around the biologically 
active protein called epidermal growth factor (EGF) has been 
commercialised (Heiniger Australia Ltd, 2008)).  Epidermal 
growth factor is injected under the sheep’s skin which 
induces an immediate break in the wool fibre growth cycle.  
An elasticised fleece retention net is placed on the sheep for 
about 28 days to retain the wool in situ thus protecting the 
sheep from extremes of environment until a new pelt of wool 
covers the body with an equivalent length of wool left after 
mechanical shearing. The net may be retained for longer 
periods in cold environments.

Fitment and net removal are accomplished in a raised 
handler which brings the sheep to a working position for 
placement in a cradle device.  Nets are fitted over a “scoop” 
shaped cradle containing the sheep, legs are inserted through 
holes and then pulled out onto the ground for final adjustment 

of the net.  Nets are removed on the same device (Heiniger 
Australia Ltd, 2008).

The system offers the woolgrower advantages in terms of 
increased staple length, no locks, no skin pieces and a lower 
skill requirement to harvest the woolclip.  

Shearing handpiece technology

Much effort has gone into refinement of the shearing handpiece 
with some incremental improvements such as wider combs 
and cutters and the use of flexible down tube shaft from the 
motor to the handpiece, especially for crutching.  

More advances have been made in the handpieces used 
for small flock and for crutching of sheep. A range of options 
have been available for 20  years, but recently a small 
electric motor (Ruraloutlets, 2008) or a battery powered unit 
(Speedrite, 2008) has  removed the need for an inflexible 
metal drive from the electric motor to the handpiece. The 
electric handpiece has a small electric motor attached to 
the barrel of the hand piece and is powered by 220 to 240 
volts power source but can be adapted to use with 110 volts 
(Ruraloutlets, 2008). The battery unit can be powered by 
either a stand alone 12 volt battery or connected to farm 
vehicles (Speedrite, 2008).  Both units have a flexible power 
cord from the power source to the handpiece.

This allows the shearing handpiece to be taken to the most 
convenient place for shearing or crutching, especially when 
small numbers of sheep are involved.
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World rangeland systems

Rangelands may be variously defined but they are often 
considered to be those areas used primarily for grazing because 
they are unsuitable for regular crop production. They include the 
semi-arid and arid zones, which together occupy about 25% of 
the globe and support 18.5% of the world population (Stafford-
Smith, 2008), accounting for about 80% of world beef and mutton 
production (Brown, 2002). As the global livestock population 
continues to grow, tracking growth in the human population, 
degradation of global rangelands also appears to be continuing 
(Brown, 2002).

The subsistence pastoral systems practiced in developing 
countries generally involve communal ownership of land and 
‘intensive’ management of livestock which are under the daily 
control of shepherds. While the drier areas of Australia have much 
in common with overseas rangelands in terms of vegetation and 
climate, the grazing system is ‘extensive’ not only in the sense 
that it is practiced over large areas but also because the level of 
animal management is comparatively low. For most of the year 
animals are left in paddocks and essentially undisturbed, even 
if under surveillance. Land is held exclusively by individuals or 
companies and the permanent workforce is small, often restricted 
to the landowner and family members. Grazing operations are 
conducted within a market economy and a range of support 
measures (e.g. farm management deposits) is available to assist 
individuals cope with economic or seasonal downturns.

Under subsistence pastoralism use of resources is often 
much more efficient than in the extensive system characteristic 
of inland Australia. In the semi-arid tropical savanna region in 
Africa (Sahel), for example, production of animal protein per 
hectare has been shown to be 2-3 times higher than in areas 
with similar natural conditions in Australia and the USA, partly 
because of the different mix of products sought from the systems 
(Bayer and Slone, 2002). However, the lack of well developed 
market economies and government support measures places both 
pastoralists and their environment at greater risk than is the case 
for extensive graziers in Australia. 

Australian rangeland systems

Extensive grazing occurs mainly in the pastoral zone (Chapter 
2), although sheep enterprises with similar characteristics also 

occur on the drier fringes of the wheat-sheep zone. The boundary 
corresponds roughly to the 500 mm isohyet in the north-east, 
the 400 mm isohyet in the east, and the 300 mm isohyet in the 
south-east, south and south-west (Figure 22.1). The extensive 
sheep industry is thus confined to the semi-arid and arid zones. 
This region is commonly referred to in Australia as ‘rangeland’ 
although areas used primarily for grazing also occur in the high 
rainfall zone.

Figure 22.1. The major agro-ecological zones as defined 
by ABARE, rainfall isohyets and sheep distribution 
(2005-06) by Statistical Local Area within the pastoral zone.  
Source: adapted from data supplied by Australian Bureau of 
Agricultural & Resource Economics (ABARE), Australian 
Bureau of Meteorology (ABoM) and Australian Bureau of 
Statistics (ABS).

The pastoral sheep industry has accounted for only 8-15% of the 
Australian sheep population over the last 30 years but due to the 
low carrying capacity of the region pastoral enterprises account for 
about 80% of the total area grazed by sheep in Australia (Chapter 
2). Sheep numbers in the pastoral zone peaked in excess of 22 
million in 1989-90, at the same time as the national flock reached 
a maximum of 168 million. These peaks reflect high wool prices 
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in the later half of the 1980’s prior to the collapse of the reserve 
price scheme in 1991/92. Since then numbers in the pastoral zone 
have declined to about 8 million (36% of the maximum) in 2006-7 
and the rate of decline has been faster than for the national flock 
(85 million, 51% of the maximum, in 2006-7). Within the last 
decade, in particular, this decline has been associated with a shift 
in distribution within the zone, with NSW and SA accounting for 
an increasing proportion, and Queensland and WA a decreasing 
proportion, of the pastoral flock. 

The Australian pastoral sheep industry is thus contracting to 
the south and east of the zone. This probably reflects an increasing 
prevalence of cattle, which are better suited to the climate and 
vegetation of the summer rainfall zone and are less prone to 
predation by dingoes, in the more northerly parts. Indeed, the 
progressive retreat of sheep to the south has been a long standing 
feature of the pastoral industry. In Western Australia, for example, 
settlement of the Fitzroy Valley in the West Kimberley region was 
initially with sheep but cattle had entirely replaced sheep there by 
the early 1970s. A similar trend has been repeated in the Pilbara 
region to the south, and parts of the Gascoyne. Development 
in recent decades of extensive mining operations in the WA 
sheep pastoral zone, with many grazing properties purchased by 
mining companies, has also contributed to the relative decline of 
the industry in that State. 

A unique feature of the pastoral sheep industry is the ‘dog 
fence’ enclosing most of the extensive sheep producing areas in 
Queensland, NSW and SA (Figure 22.2). This fence, extending 
for over 5,000 km, is the longest in the world. While its ecological 
wisdom has been questioned there is no doubt that the (imperfect) 
protection it provides from dingo predation is a fundamental 
factor in the maintenance of the sheep industry on the enclosed 
area. In the long run, the extensive sheep industry may come to 
be exclusively confined to this area. 

Figure 22.2. The location of the ‘dog fence’ enclosing 
much of the extensive sheep grazing areas in SA, NSW and 
Queensland. Distribution of sheep by Statistical Local Area 
within the ABARE pastoral zone is shaded. Source: derived 
from data supplied by ABARE and ABS. 

Within the pastoral zone properties are larger, on average, than 
in the wheat-sheep and high rainfall zones but vary enormously 
in size depending on the productivity of the landscape and hence 
carrying capacity. In the arid zone of Western Australia and South 
Australia properties commonly exceed 400,000 ha while in the 
more productive regions in the east, properties are often less than 
20,000 ha. 

Although shepherds were used in the early days of pastoral 
settlement a long history of labour shortage in inland Australia 
has resulted in reliance on fences for livestock control (Squires, 
1991). Paddocks vary in size from a few hundred hectares on 
the wetter margins to over 10,000 ha in the arid zone. With 
this infrastructure, and given the absence of seasonal climatic 
extremes, the industry is essentially sedentary. There are no 
regular patterns of animal movement in space or time (other 
than local movements for husbandry or grazing management 
purposes) although animals may be moved long distances by 
motorised transport if feed supply is reduced by drought. 

Business structures

Traditionally, almost the entire pastoral sheep flock has been 
Merino although new breeds such as Dorper and Damara are 
today becoming more prominent (see below). Businesses typically 
include both self-replacing ewe and wether enterprises. The 
proportion of wethers is higher in those regions where lambing 
percentages are lower, and in the more arid regions since wethers 
can be easily sold to reduce stocking rate under poor seasonal 
conditions. In some regions, where reproductive performance is 
very poor or mustering is difficult (e.g. scrub encroached country 
in the semi-arid woodlands of eastern Australia) only wethers 
purchased from outside the property may be run. Cast for age 
ewes from self replacing flocks in the pastoral zone may be 
sold for slaughter or to landholders in higher rainfall areas for 
production of prime lambs or cross bred ewes for second cross 
lamb production (Chapter 2).    

Although production from complex, mixed species systems 
like rangelands may be maximised by multi-species grazing 
systems, which take advantage of the complementary grazing 
preferences or habits of different species, this concept is not 
well developed in the extensive pastoral zone. Nevertheless, 
pastoral businesses may include enterprises other than sheep. 
On many properties cattle are also run but the cattle enterprise is 
often relatively small and not subject to the same level of inputs, 
particularly labour, that is provided for the sheep enterprises.  
Apart from periodic musters cattle are usually left to fend for 
themselves although supplementary licks may be provided. Since 
fences and water supplies built for sheep are often not suitable for 
cattle, mixed grazing is not the general practice.  

Feral goats, which are widespread throughout the semi-arid 
and arid zones, have been variously viewed as a pest or a resource. 
Increasingly, however, particularly in eastern Australia, feral 
goats are being domesticated and managed for meat production, 
including genetic improvement by crossing with South African 
Boer goats. This requires upgrading of fences since goats are not 
constrained by fences designed for sheep. The goat meat industry, 
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which historically has been largely opportunistic, has in recent 
years become much better organized with dedicated processing 
works and markets which require more reliable supply. As with 
cattle, however, goat enterprises represent a discrete component 
of the business run separately from the sheep enterprises.

An important development in recent years has been the 
introduction of new shedding sheep breeds of which the 
Dorper (Chapter 1) appears to be gaining greatest acceptance, 
particularly the white headed strain. The attraction of these 
breeds arises from their ‘easy care’ characteristics since they do 
not require shearing, mulesing, crutching or jetting and offer the 
prospect of organically certified meat production. They are also 
reputed to be particularly hardy. Their introduction, however, 
has been controversial because of the perceived threat of 
contamination of Merino fleeces by dark and medullated fibres 
(Chapter 25), and their propensity to penetrate conventional 
fences. Upgrading of fencing, particularly boundary fencing, 
will be essential for producers adopting these new breeds and 
they offer no prospect of contributing to a multi-species grazing 
system with Merinos.  

Regardless of the enterprise type or combination, extensive 
grazing businesses are also structured fundamentally by 
producer’s attitude to seasonal risk. Campbell et al. (2006) 
locate stocking strategies in relation to the axes of ‘stocking 
rate’ (high to low) and ‘stocking rate variability’ (constant to 
varying in response to climate).  Low and (more or less) constant 
stocking rate - ‘conservative grazing’ - is a strategy adopted by 
some extensive sheep producers as a low risk approach to a 
highly variable environment. This strategy can result in viable 
businesses although it inevitably misses some opportunities 
when additional profits could safely be made, and can incur 
financial penalties if response to drought is excessively delayed. 
Buxton and Stafford Smith (1996) have shown that a reduction 
in current stocking levels can often improve average annual cash 
surpluses, the benefits arising mainly from improved animal 
production in poorer seasons. Varying stocking rate in relation 
to seasonal conditions - ‘trader’ strategy - allows opportunities 
to be exploited but requires management that is responsive to 
early signs of poor seasonal conditions if economic penalties, 
and land degradation, are to be avoided (Hacker et al., 1995). 
The approach taken to destocking (e.g. agistment, feedlotting, 
various sale options) can have significant financial implications 
in both the short and long term. In post-drought situations rapid 
rebuilding of the flock may be financially advantageous but 
may also limit the recovery of pasture productivity (Buxton 
and Stafford Smith, 1996).  High and constant stocking is not a 
feasible strategy in the extensive pastoral zone. 

Land tenure 

Almost the entire sheep pastoral zone is held under some form of 
leasehold tenure administered by individual State jurisdictions. 
This form of tenure evolved as a flexible means of awarding 
property rights and duties to pastoralists while retaining the 
capacity to allocate land for more intensive development or 
closer settlement (Holmes and Knight, 1994). Closer settlement 

and the associated break up of large pastoral leases occurred 
extensively in Queensland and NSW after both World Wars. 
This commonly resulted in the establishment of leases too 
small to be ecologically sustainable and generated an economic 
imperative for lessees to adopt higher stocking rates regardless 
of the long term cost of land degradation (Passmore and Brown, 
1992). Government funded programs aimed at rebuilding larger 
leases have operated in both States in recent years (see ‘Industry 
restructuring’ below). 

While there is no longer any policy momentum towards 
closer settlement, leasehold tenure has not been abandoned 
or become irrelevant despite pressure in some quarters for 
the freeholding of pastoral leases. Holmes and Knight (1994) 
have highlighted the advantages of leasehold tenure given the 
current public interest in rangelands in the context of multiple 
values and uses, many of which are not readily compatible 
with private land title. Fargher et al. (2003) have argued 
that future use of the Australian rangelands will be based on 
regional economies which are built on multiple, synergistic 
uses rather than a primary focus on pastoralism. Appropriate 
leasehold title is likely to provide an important underpinning of 
such economies. However, while leasehold title will probably 
remain an important instrument for allocating land use and 
property rights, land management is increasingly becoming the 
focus of specific legislation intended to achieve more clearly 
defined outcomes (e.g. control of land clearing or protection of 
threatened species) than have traditionally been incorporated 
into the pastoral land acts under which leasehold titles are 
held.

Leasehold arrangements vary from State to State with some 
conferring ‘perpetual’ leases and others ‘fixed term’ or ‘rolling’ 
leases, or a combination of lease types. In all States lessees 
are required to satisfy various lease conditions which relate to 
property development (e.g. boundary and internal fencing) and 
maintenance of land condition (‘duty of care’). Monitoring of 
land condition by State agencies is now a feature of the extensive 
grazing industries in all States and the NT (e.g. Watson et al., 
2007 a,b) although only in South Australia, and more recently 
Queensland under the Delbessie Agreement, is such information 
formally incorporated into lease administration.

Despite the reduced property rights associated with 
leasehold tenure, market valuation is not greatly affected and 
leasehold properties, particularly perpetual leasehold, sell for 
prices comparable to similar freehold properties where such 
comparisons are possible. In keeping with property prices 
elsewhere in rural Australia land values in many pastorally 
important bioregions increased by 150-300% in the period 
1992-2005, increases that were generally not commensurate 
with increases in productivity (Bastin and ACRIS Management 
Committee, 2008).

The bio-physical production system

The bio-physical production system comprises a series of 
subsystems whose components and interrelationships are 
broadly outlined in Figure 22.3.
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Figure 22.3. The bio-physical production system of extensive 
grazing industries. Source: adapted from Hacker et al. (2005a).

The climate sub-system

Rainfall

Rainfall is the major factor limiting plant production, and thus 
animal production, in the semi-arid and arid zones although the 
response to rainfall may at times be limited by soil nutrients. 
Within the sheep pastoral zone rainfall distribution varies from 
summer dominance in the north to winter dominance in the south, 
with a broad central band in which there is no distinct seasonality 
(Figure 22.4). In this region, growth of adapted species can occur 
at any time of the year. This complicates management decision 
making as it is difficult to decide when a dry period has started in 
the absence of any clear seasonal signal.  

A feature of rainfall in the pastoral zone is its high variability 
on a monthly, yearly and possibly even decadal basis (Figure 
22.5) Coefficients of variation for annual rainfall are typically 
over 30% and in the arid zone may exceed 50%, reflecting a 
broad inverse relationship between average annual rainfall and 
the coefficient of variation. The distribution of rainfall is typically 
skewed to the left with a few very high values resulting in an 

average which may be considerably higher than the median or 
modal (most frequent) values. Average rainfall is thus a concept 
of limited utility in the extensive pastoral zone.

Figure 22.4. Rainfall seasonality within the pastoral zone. 
Source: adapted from data provided by the ABoM. 

In Queensland and New South Wales, in particular, some 
of the variation in rainfall is associated with variation in the 
Southern Oscillation Index (SOI) and useful prediction can 
be based on the ‘SOI Phase system’ (Stone et al., 1996). 
In western NSW, for example, this system can be used 
with reasonable confidence to determine the probability of 
exceeding median pasture growth for three month outlook 
periods commencing in winter and spring (Hacker et al., 
2006a).  These probabilities can be readily accessed for 
all States from the ‘Longpaddock’ website (see below) but 
should always be carefully interpreted in relation to their 
reliability (shown on the Longpaddock site as ‘SkillScore’) 
for the particular location and time of year. 

Infiltration, runoff and soil moisture 

Evaporative demand (typically exceeding 3,000 mm per annum 
in the arid zone) is everywhere much higher than annual rainfall. 
Concentration of rainfall into restricted parts of the landscape 
through ‘run on-run off’ processes  is thus an important 
mechanism by which soil moisture can be stored in deeper soil 
layers, protected from evaporation and made available to plants 
over longer periods. Since movement of water is also associated 
with movement of nutrients in the form of soil particles and 
organic matter these processes result in the development of 
‘fertile patches’ in which conditions are suitable for a high level 
of biological activity – a pulse - whenever soil moisture allows. 
Development of these patches through water related processes 
can be regulated by both microtopography and the influence of 
plants themselves acting on the patterns of water movement and 
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infiltration. Accumulation of wind blown material around plant 
bases or other obstacles provides another mechanism by which 
fertile patches can be initiated, and the spatial distribution of 
water and nutrients subsequently determined. The scale of this 
patch mosaic is very variable. In some landscapes it is readily 
apparent, for example in the pattern of densely vegetated 
groves (run-on areas or sinks) separated by sparse inter-groves 
(run-off areas or sources) typical of some mulga woodlands. In 
others e.g. Mitchell grasslands or semi-arid grassy woodlands, 
it may operate on much smaller spatial scales. 

Regardless of scale, the development of patch mosaics 
in pastoral landscapes is considered fundamental to the 
conservation of scarce resources and, from a pastoral 
perspective, their efficient utilisation for forage production. In 
intense rainfall events the capacity of the patch mosaic may 
be exceeded and water will run off from the local system into 
channelled drainages or local drainage foci. However, when 
local loss of resources results from disruption of the patch 
mosaic (e.g. by overgrazing) landscapes become ‘dysfunctional’ 
with adverse consequences for forage production (Holm et 
al. 2003).  Ludwig and Tongway (1997) formulated these 
concepts into the ‘trigger-transfer-reserve-pulse’ model of 
landscape function and Burnside et al. (1995) used a similar 
framework to describe the condition of arid rangelands in 
Western Australia. 

Temperature 

Temperature determines both the availability of water for plant 
growth and the growth that is made with the water available. In 
the pastoral zone evaporation from the soil surface is the major 
means of water loss (other than plant use) and plant available 
water is thus influenced by temperature through its effect on 
evaporative demand. Since the rate of transpiration is also 
determined by evaporative demand, temperature also determines 
how long growth can be sustained for a given amount of soil 
water. More directly, the growth rate of the plants themselves is 
influenced by temperature, with slower growth in winter than in 
spring or summer even if adequate soil moisture is available. 

The natural resources sub-system

Rangeland types

In extensive grazing systems sheep production is derived almost 
exclusively from native or naturalized vegetation. Harrington 
et al. (1984) describe five broad Australian rangeland types 
that comprise most of the land base utilised by the extensive 
sheep industry – semi-arid woodlands, saltbush and bluebush, 
mallee, Mitchell grasslands and arid mulga woodlands. Mitchell 

Figure 22.5. Variation in annual (1988-2008) and monthly (2002-2008) rainfall at (a) Meekatharra in the arid zone of Western 
Australia (average annual rainfall 1909-2008 231mm; coefficient of variation 49 %) and (b) Cobar in the semi-arid zone of 
New South Wales (average annual rainfall  1909-2008 371mm; coefficient of variation 41%).  Data are presented as deviations 
from the annual or monthly mean; annual or monthly median values, also expressed as a deviation from the mean, are shown 
as the continuous line. Source: adapted from data provided by the SILO data base.
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grasslands occur on heavy clay soils in the summer rainfall 
zone while mallee is predominantly confined to lighter textured 
soils with winter rainfall. Semi-arid woodlands and arid mulga 
woodlands occur in areas which receive both summer and 
winter rain, the former in the east of the sheep pastoral zone with 
generally higher rainfall, and the latter in the west with lower 
rainfall. Saltbush and bluebush communities also occur in areas 
receiving summer and winter rain but in which winter rainfall 
is the most reliable and effective. These broad rangeland types 
occur predominantly in 21 of the 85 biogeographic regions 
identified in the Interim Biogeographic Regionalisation of 
Australia (Thackway and Creswell, 1995; Figure 22.6 and Table 
22.1). 

Figure 22.6. Major biogeographic regions utilised by the 
extensive sheep industry. (See Table 22.1 for the key to map 
numbers; only major regions within the ABARE Pastoral Zone 
are shown). Source: adapted from IBRA version 6.1 (2009).

Land forms, vegetation communities and soil types at property 
level

The broad classification of rangeland types outlined above is of 
limited value for management and development planning at the 
property level. However, virtually all of the land occupied by the 
extensive grazing industries has been mapped, over an extended 
period, into finer units at a range of scales. At the broader end 
of the spectrum (map scale of 1:250,000), the mapping of 
distinctive country types is based on ‘land systems’ or comparable 
constructs – recurring associations of vegetation, topography 

and soils that are recognisable as distinctive patterns on aerial 
photographs. Each land system is composed of a number of ‘land 
units’ (e.g. upper, mid and lower slopes, hill crests, dunes, swales, 
drainage lines) which represent the smallest unit of homogeneity 
that can be practically defined for resource inventory purposes 
in the pastoral zone. Individual land units may occur in several 
land systems but the particular combination of units and their 
relative proportions gives each land system its distinctive features 
although the boundaries are somewhat arbitrary. At larger 
scales (say 1:100,000) the land units (or their equivalent) may 
be mapped individually. This information, which is generally 
readily available to landholders through government agencies, 
is essential for property management planning (see below) 
and the sustainable management of the natural resource base.

Rangeland condition 

McKeon et al. (2004) describe eight major degradation and 
recovery ‘episodes’ (particular periods and regions) in the 
Australian rangelands, six of them associated primarily with 
the extensive sheep industry. These have occurred in all States 
and over a period of more than a century, commencing with the 
Western Division of NSW in the 1890’s. In five of these episodes, 
degradation was associated with the combined effects of drought 
and heavy grazing pressure, particularly by livestock though 
in combination with native and feral animals. In the sixth, in 
western NSW in the 1950’s, high rainfall in combination with 
the suppression of fire led to the widespread establishment of 
native woody species (‘woody weeds’ or ‘invasive native scrub’) 
which subsequently resulted in a substantial reduction in carrying 
capacity, land value and ease of management of affected areas 
(Muir, 1992). 

The result of these degradation events has been a reduction 
in desirable forage species, particularly palatable perennials, 
reduced soil surface cover, increased runoff, and accelerated 
soil erosion and associated changes in soil surface properties. 
Landscapes severely affected by these changes have become 
‘dysfunctional’ in terms of the ‘trigger-transfer-reserve-pulse’ 
model described above and no longer efficiently conserve water 
and nutrients within the local system. Throughout the arid zone 
as whole, about 4.4% of the land used for pastoralism has been 
estimated to exhibit ‘vegetation degradation and severe erosion’ 
with an additional 8.5 % showing ‘vegetation degradation and 
substantial erosion’ (DEHCD, 1978). A more general assessment 
of the condition of the rangelands used for extensive sheep 

Table 22.1. Biogeographic regions corresponding to map numbers in Figure 22.6. 
Map 
number

Biogeographic region
Map 
number

Biogeographic region
Map 
number

Biogeographic region

1 Brigalow Belt South   8 Desert Uplands 15 Murchison
2 Broken Hill Complex   9 Flinders Lofty Block 16 Murray Darling Depression
3 Carnarvon 10 Gascoyne 17 Nullarbor
4 Channel Country 11 Gawler 18 Riverina
5 Cobar Peneplain 12 Geraldton Sandplains 19 Simpson Strzelecki Dunefields
6 Coolgardie 13 Mitchell Grass Downs 20 Stony Plains
7 Darling Riverine Plains 14 Mulga Lands 21 Yalgoo

Source: IBRA version 6.1 (2009).
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grazing is summarised in Table 22.2.  While resource degradation 
is a significant issue for the extensive sheep industry Kemp 
and Alexander (2000) found that a higher proportion of farms 
in the wheat-sheep and high rainfall zones (21 and 12 per cent 
respectively) experienced a decline in productivity due to land 
degradation than in the pastoral zone (6%). Removal of land 
from production due to degradation was also more frequent in 
these zones (about 10% of farms) than in the pastoral zone (3% 
of farms).

Table 22.2. Condition (from the perspective of pastoral 
production) of the broad rangeland types used by the extensive 
sheep industry. 

Vegetation type
Total surveyed 

area
(sq km)

% of surveyed area

Good/A1 Fair/B Poor/C
Chenopod shrublands2 155,024 42 27 32
Mitchell grasslands3 259,260 62 30 8
Acacia woodlands/
shrublands4 441,307 28 44 28

1 Ratings depend on individual surveys; A-sustainable; B 
deteriorating, C-degraded; 2 All surveys rated good, fair or poor; 
some amalgamation of classes from original surveys; 3 All surveys 
rated A, B or C; 4 Includes surveys based on Good, Fair, Poor and 
A, B, C rating scales
Source: adapted from Noble et al. (1996).

The impact of land degradation on pastoral productivity is 
probably greater than the figures of Table 22.2 suggest since 
it is a common finding of rangeland surveys that the more 
productive land is often the most degraded. Even within broad 
vegetation types, therefore, the more productive components 
are likely to be over-represented in the poorer condition classes. 
Payne et al. (1987) quote differences in suggested stocking rates 
(essentially carrying capacities) of 2-4 fold between ‘poor’ and 
‘good’ condition classes for vegetation types in the WA arid 
zone. Land degradation is thus a major issue limiting pastoral 
production since differences of this magnitude generally cannot 
be compensated by increases in per head production arising from 
genetics or improved management. 

Nevertheless, the relationship between land degradation 
and animal production can be complex. Where degradation is 
reflected mainly in the loss of perennial vegetation components, 
rather than the capacity of the landscape to respond to rainfall, 
animal production under reasonable seasonal conditions may not 
be affected, and may even be enhanced by the higher quality of 
forage provided by annual species; however, loss of perennials 
will be reflected in lower levels of animal production under poor 
seasonal conditions and/or at higher stocking rates (Leigh et al., 
1968; Wilson et al., 1969; Graetz, 1986; Ash et al., 1995; Holm 
et al., 2005) 

Evidence suggests that critical stock forage (the abundance 
of those plants vital for sustaining livestock production) has 
remained stable or improved over the majority of monitoring 
sites in the rangelands over the period 1992-2005 (Bastin and 
ACRIS Management Committee, 2008). This national finding 
is consistent with some earlier regional observations of recovery 

of degraded rangelands in western NSW and South Australia 
since the 1950’s, coinciding with generally more favourable 
seasons in the latter half of the twentieth century, the demise of 
the rabbit population following the introduction of myxomatosis, 
and reduced stocking rates with better distribution of grazing 
(Condon, 1983, 2002; Nicolson, 1983).

While the ‘trigger-transfer-reserve-pulse’ model provides a 
useful framework for understanding ecosystem function in terms 
of nutrient and water flows, a range of other factors can also 
determine the current state and productivity of land resources. 
The construction of ‘state-and-transition’ models (Westoby et 
al., 1989) for particular rangeland types provides a means of 
summarising the alternative states in which they can exist, and 
the factors (e.g. grazing pressure, fire, seasonal conditions) 
that facilitate the transition between states. The introduction of 
the ‘state and transition’ concept and the parallel development 
of disequilibrium concepts from the study of African pastoral 
systems (Behnke et al., 1993), have been major developments 
in rangeland ecology. They have stimulated much discussion of 
non-equilibrium dynamics and the importance of episodic events 
in structuring rangeland landscapes and vegetation communities 
(e.g. Gillson and Hoffman, 2007). However, Watson et al. (1996) 
have pointed to the importance of a focus on continuous change, 
as well as episodic events, in practical pastoral management since 
impacts on shorter time scales are important in ‘conditioning’ 
the land resource and thus determining its response to episodic 
events when they occur.

 
Property development

Efficient utilisation of the forage resources on extensive grazing 
properties is critically dependent on property development as 
this determines the utilisation of both the landscape overall and 
the forage within individual paddocks. The shape and size of 
paddocks, as well as the number and location of watering points, 
are important considerations.

Usually graziers are constrained to operate with paddock 
designs that were laid out many years ago and these do not 
always conform with best management practices today. Fences 
were often established to include a variety of vegetation types in 
individual paddocks in the belief that such variety was beneficial 
to the livestock. Sheep certainly select among vegetation types and 
while this may at times confer advantages it also predisposes to 
the overuse of preferred types. When opportunities for re-fencing 
or paddock subdivision occur, best management practice today 
would be to fence similar land types together as much as practical 
and, in particular, to avoid the inclusion of relatively small areas 
of preferred vegetation types with larger areas of less preferred 
types. The land system and land unit mapping described above is 
an essential resource in planning such re-development. 

Low carrying capacity in the extensive grazing areas means 
that paddocks are typically large and grazing is typically non-
uniform (e.g. Orr, 1980; Squires, 1981). This lack of uniformity 
reduces the efficiency of forage utilisation at landscape scale and 
contributes to degradation of pastures in those areas that receive 
excessive grazing. Subdivision of paddocks can result in more 
uniform utilisation of forage across the landscape (Hart et al., 
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1993, Hunt et al., 2007) and may increase the carrying capacity 
of the property overall. Norton (1998) listed nine studies from 
the global literature in which medium-long term grazing trials on 
research stations had carried stocking rates 40-90% higher than 
recommended levels for the district, apparently due to the greater 
efficiency of forage utilisation achieved in small experimental 
paddocks. Norton (2003) has argued that more even use of 
the landscape (through subdivision and high stock density) is 
the primary advantage of intensive rotational grazing systems 
currently finding favour among some rangeland sheep producers 
(see ‘Grazing Management’ below). 

The large amount of fencing now nearing the end of its useful 
life poses a serious dilemma for extensive sheep producers. 
Replacement is expensive and the industry’s terms of trade are 
not conducive to a high level of capital investment. ‘Virtual 
fencing’ (Anderson, 2007), through which control is achieved by 
use of sensory cues administered when the animal attempts to 
penetrate an electronically generated boundary, may eventually 
replace physical fencing but no commercial systems for livestock 
are yet available.

Number and location of watering points will complement 
paddock design in achieving efficient landscape utilisation. 
Insufficient waters for the number of sheep carried, in the early 
days of pastoral development, was a common factor resulting 
in the overgrazing of adjacent rangelands. Watering points 
often carried many thousands of sheep whereas today only a 
few hundred sheep per watering point would be considered 
appropriate (Condon, 2002; Lange et al., 1984).

Fensham and Fairfax (2008), based on data from Pringle and 
Landsberg (2004), estimated that 95% of sheep in arid chenopod 
shrubland and mulga woodland in the WA arid zone will graze 
within 3 km of a watering point. Squires (1981) considered that a 
grazing radius of 2-3 km was available to sheep needing to drink 
twice a day (e.g. on saltbush pasture in summer) but that a radius 
of up to 10km could be exploited by sheep requiring only one 
drink per day. If lush feed is available sheep may not drink for 
extended periods, especially in winter, and water point location is 
then irrelevant. However, these conditions are exceptional in the 
pastoral zone. 

A grazing radius of 5km is often assumed as a rule of 
thumb. In any event, waters need not be located less than 6 km, 
and probably less than 10km, apart to allow sheep access to 
essentially the entire landscape. In much of the pastoral zone, 
particularly in NSW and Queensland, water development based 
on earth tanks, bores and wells is now so extensive that very 
little of the landscape is outside the grazing range of sheep (e.g. 
Hacker and McLeod, 2003). Freudenberger and Hacker (1997) 
estimated an average of 36 artificial watering points within 15 
km of any random point in part of the Western Division of NSW. 
While this development has promoted much more uniform 
pasture utilisation, it is now a source of concern in relation to the 
conservation of flora and fauna that are adversely impacted by 
grazing (see ‘Environmental stewardship’ below).

Much of the pastoral zone in Queensland and northern NSW 
is underlain by the Great Artesian Basin and very extensive 
development of open bore drains has occurred to reticulate this 
water across the landscape. This has provided landholders with a 
reliable water supply and the capacity to spread grazing pressure 

but has not been without significant problems both for pastoralists 
(e.g. the cost of system operation and maintenance, limited 
control of livestock, inappropriate water location, infestation 
of weeds and feral animals) and the wider community (e.g. 
massive wastage of the water resource, reduced pressure in bores 
and salinisation of land affected by overflows). In recent years 
governments have assisted landholders to ‘cap and pipe’ artesian 
bores and replace open drains with fixed point water sources. 
Pegler et al. (2002) reported that such schemes have substantially 
reduced operating costs for participating pastoralists, with an 
average private benefit: private cost ratio of 2.25, and delivered a 
number of other unquantified benefits such as changes in grazing 
management, time savings, improved quality of life and, in 
some cases, improved condition of land near closed bore drains. 
Landholders also identified potential future benefits in terms 
of animal productivity, control of native and feral animals and 
increased carrying capacity.

The plant production sub-system

Above ground net primary production 

Forage availability fluctuates widely in response to the variable 
amount and timing of rainfall. Generally, rainfall is the primary 
factor limiting forage growth but occasionally fertility may also 
be a limitation. Plant available nutrients tend to accumulate in 
dry seasons when rainfall is sufficient to stimulate soil microbial 
activity but insufficient to allow all of the mineralised nutrients 
to be consumed by plant growth. This progressive accumulation 
leads to large growth flushes when high rainfall is experienced 
after periods of drought - the desert blooms - but if several 
good seasons occur in succession growth in the latter part of the 
sequence may be limited by the depleted nutrient pool which has 
not yet been recycled into plant available forms (Charley and 
Cowling, 1968; Noy-Meir, 1974). Nevertheless, rainfall remains 
the major driver of net primary production and therefore of 
livestock carrying capacity (Figure 22.7). Growth often occurs in 
‘pulses’ in response to specific rainfall events and pasture growth 
curves such as shown in Chapter 18 (Figure 18.1) are of limited 
value in describing the expected pattern of forage availability.

Matching stocking rate to feed availability is a fundamental 
challenge for all pastoral businesses since rates of both pasture 
growth and decline can exceed by an order of magnitude the 
maximum rate of consumption by livestock (Roshier and Nicol, 
1998). Matching forage supply and demand has both strategic 
and tactical elements. At the strategic level, understanding the 
long term carrying capacity of the property is fundamental to 
the development of sound management systems and establishing 
the basic economic viability of the business. At the tactical level, 
adjustment in stocking rate requires the capacity to estimate the 
current level of available forage and the prospects for future 
growth.

Estimation of carrying capacity has traditionally been 
approached either by rating land in relation to a standard type of 
country for which the grazing capacity is known (e.g. from long 
term stocking records for an area maintained in good condition), 
or by applying a safe utilisation factor, and an assumed rate of 
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animal intake, to an estimate of average annual pasture production. 
The ad lib intake of sheep has been variously estimated at 2.5-3.5 
% of live weight per day, a figure of 400 kg DM per annum 
for a dry sheep of 45 kg live weight being commonly accepted 
(Chapter 13).
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Figure 22.7. Carrying capacity in relation to (average annual) 
rainfall for a range of locations in the extensive pastoral zone. 
Note that carrying capacity is higher in winter than in summer 
rainfall regions with the same rainfall. Source: Harrington et al. 
(1984). 

Condon (1968) provides an example of the first approach in 
which rating scales for soil, topography, tree density, drought 
forage, pasture type, condition and rainfall were used to adjust the 
grazing capacity of land units on pastoral leases in western NSW 
relative to a base value for mulga grassland on deep sandy soil (0.2 
sheep/ha at an annual average rainfall of 254mm). Johnston et al. 
(1996 a,b) provide an example of the second approach in which a 
pasture growth model was used to estimate average annual pasture 
production for each land system on properties in south west 
Queensland and the amount of forage available for consumption 
was determined by the application of “safe’ utilisation levels 
derived from analysis of grazing trial results, local consensus 
and examination of grazing practice on ‘benchmark’ properties. 
Hamilton et al. (2008) describe a refinement of this process in 
which the initial estimates of carrying capacity are modified by 
indices of landscape cover change – essentially range condition – 
derived from satellite imagery.

While an estimate of carrying capacity is important this 
figure will bear little relationship to the supply of forage at 
any specific time and the short term hazards or opportunities 
this may present for the business. Food on offer in the sheep 
pastoral zone may vary from effectively zero to over 4,000 kg 
DM /ha but more commonly does not exceed 1,500 kg DM/ha 
in the arid zone (<250 mm average annual rainfall) and 2,500 
kg DM/ha in the semi-arid zone (250-500mm average annual 
rainfall). Estimates of food on offer can be made with the aid of 
photographic standards which have been published for a range 

of vegetation types (Campbell and Hacker, 2000; Lees, 2003). 
These estimates, together with assumptions regarding the ad lib 
intake of sheep and safe utilisation levels, can be used to estimate 
the number of days of grazing currently available in any paddock 
and therefore either the number of animals that can be carried 
during the next planning period or the length of time the current 
stocking rate can be sustained.

Adjusting stocking rate in relation to forage supply, however, 
ideally requires a capacity not only to assess current forage 
availability but also likely future forage production. Campbell 
and Hacker (2000) describe a method of incorporating this (and 
the impact of past stocking on key resource management targets) 
using a simple rating system. Hacker and Smith (2007) described 
an alternative approach based on use of the DDH/100 mm (DSE 
grazing days per ha per 100 mm of average annual rainfall) 
benchmark. Use of this benchmark requires a good estimate 
of the carrying capacity of the property but if this is available 
the benchmark figure can be combined with rolling 12-month 
actual rainfall totals to estimate the safe stocking rate for current 
conditions on a monthly basis or, by projection, the likelihood 
that the current stocking rate will exceed the safe stocking rate 
in coming months. Use of pasture growth models now allows 
forward projections from current conditions to be more realistic, 
and probabilistic outlooks for future pasture growth and safe 
stocking rate to be developed on a paddock by paddock basis 
(Hacker et al., 2008). However, these systems are still under 
development and are not yet commercially available.

Vegetation composition

While pasture growth is determined by rainfall amount and timing, 
the latter is particularly important in determining the composition 
of the resulting pasture, especially in the pastoral zone where 
natural pastures include a great variety of species with individual 
requirements for germination, establishment and growth. As a 
general rule summer rain stimulates the growth of annual grasses 
and C4 perennial grasses while winter rain stimulates the growth 
of annual herbs and C3 perennial grasses although the major 
growth response may be delayed until temperatures increase 
in spring. Chenopod shrubs respond strongly to summer rain 
or to stored soil moisture in spring. Given the range of species 
available, however, the pattern of response among the annual or 
semi-perennial flora, in particular, can vary dramatically from 
year to year even with seemingly minor variations in the timing 
of rainfall. 

While annual species can support a high level of animal 
production when present (see forage consumption/nutrition 
below) their availability can change rapidly (Roshier and Nicol, 
1998) as they complete their life cycle and dry material breaks 
down or is removed by wind. Perennial species – both grasses 
and shrubs or fodder trees - thus provide a much more reliable 
source of forage and should be promoted by grazing management 
(see below). Perennial species have the additional advantage that 
they do not need to commence growth from seeds and thus can 
respond to smaller falls of rain than are required to allow annuals 
to germinate and produce useable forage. Shrubs or fodder trees 
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provide the most resistant source of fodder and constitute the 
‘drought reserve’ in extensive production systems. Mulga 
(Acacia aneura), a fodder tree that is widespread in areas 
with non-seasonal rainfall, is commonly lopped or ‘pushed’ 
to provide drought fodder, particularly in the eastern states 
(Partridge 1996).

An increasing concern is the spread of herbaceous 
weeds, particularly onion weed (Asphodelus fistulosus) 
and Wards weed (Carrictera annua) in the south east, and 
Parthenium weed (Parthenium hysterophorus) in the north 
east. Landholders in a 95,000 sq km study area, predominantly 
rangelands, in eastern South Australian reported that about 7% 
of the area was affected by onion weed although the actual 
area of infestation is likely to be much greater (Turner, 1999). 
Average net income loss due to these infestations was reported 
to be 16.1%. No comparable data appear to be available for 
Wards weed but a similar level of concern exists among some 
graziers in the south east of the pastoral zone. Parthenium is an 
economically serious noxious weed in Queensland. Although 
only isolated infestations have been discovered in NSW it 
is a declared noxious species there and concerted efforts are 
made to prevent its spread. Noogoora burr (Xanthium spp.) is 
an introduced annual that occurs extensively throughout the 
eastern pastoral zone. It can occur in thick stands after summer 
rain and is a serious contaminant of wool (Chapter 25). 

Spread of weeds is encouraged by overgrazing of pastures 
while clearing of roadside vegetation by grading can provide 
infestation corridors along which weeds can travel. While the 
incursion of any new species will be dependent on its inherent 
competitive ability the maintenance or restoration of healthy 
native pastures is a prerequisite for any successful resistance to 
the further spread of weeds.

In addition to herbaceous weeds, native and exotic 
woody weeds are also of major significance. The thickening 
of native woody species has occurred episodically since the 
commencement of settlement in the semi-arid woodlands 
of north western NSW and south western Queensland, most 
recently in the late 1990’s, with serious consequences for the 
productivity of affected areas. Thickening of gidgee (Acacia 
cambagei) provides a similar example in central Queensland 
(Fensham and Fairfax, 2005). Within the semi-arid woodlands 
many native species have the capacity to increase in density 
in response to changed ecological conditions but shrub 
encroachment has been particularly associated with species 
of Eremophila, Dodonea and Senna. Management of these 
species has been attempted by means of controlled burning, 
goat grazing, mechanical and chemical treatments (Noble, 
1997) but no widely adopted, economically justified control 
method has been established. Some graziers on the more humid 
margins of the semi-arid woodlands advocate the use of short 
term cropping as a means of economically removing the scrub 
and facilitating the re-establishment of native grasslands and 
this may be a successful strategy (Alemseged et al., 2008). 

Exotic woody species of concern include prickly acacia 
(Acacia nilotica), mesquite (Prosopis spp.) and African 
boxthorn (Lycium ferocissimum). Prickly acacia has become 
widespread on the Mitchell grass downs of Queensland where 

it spread initially along bore drains. Mesquite occurs in some 
heavy infestations in southern Queensland but to date has not 
become extensively established in NSW despite the movement 
at times of large numbers of cattle, the primary dispersal 
agent, across the border in response to feed conditions. African 
boxthorn is relatively common throughout the eastern part of 
the zone.

Fire

Hodgkinson et al. (1984) state that the four principal reasons 
for using fire as a management tool in rangelands are: to 
control unwanted woody plants; to stimulate forage growth; 
to reduce the wildfire hazard; or to exclude wildfire altogether 
from sensitive plant communities. Use of fire for stimulation 
of forage growth is common in tropical and sub-tropical 
woodlands (though a secondary objective to hazard reduction) 
but much less so in the sheep pastoral zone although it may 
be practiced in mallee and sometimes Mitchell grassland 
communities. In most of the sheep pastoral zone, apart from its 
use for control of woody weeds,  fire is considered undesirable 
since either the valuable forage species are fire sensitive (e.g. 
mulga and chenopod shrubs) or, if fire tolerant, the standing 
dry material is valued as forage (e.g. Mitchell grass). Most 
effort is thus directed to fire exclusion through establishment 
of fire breaks or the active suppression of wildfire. Use of fire 
for hazard reduction may be practiced in mallee communities 
where fuel accumulates from year to year and burning of 
discrete areas under mild conditions can create a mosaic of 
varying fuel loads (Noble et al., 1980).

Prior to pastoral settlement fire was probably the major 
factor responsible for the maintenance of open woodlands in 
the higher rainfall parts of the sheep pastoral zone in eastern 
Australia. Seedlings of all species contributing to the ‘invasive 
native scrub’ problem are susceptible to fire even if the adults of 
some species are resistant and seedlings establish at those times 
when seasonal conditions are conducive to the development of 
high fuel loads. However, other mechanisms were probably 
also involved including competition from perennial grasses, 
especially in the first summer after seedling establishment 
(Harrington, 1991) and possibly the browsing of now-extinct, 
medium sized marsupials (Noble et al., 2007). There is an 
economic case for use of prescribed fire for management of 
woody regrowth in the semi-arid woodlands (Hodgkinson and 
Harrington, 1985; MacLeod and Johnston, 1990). Nevertheless, 
widespread adoption has not been achieved due to the lack of 
long term benefit from a single burn (Downing and Evans, 
1989), reluctance to burn feed, and logistical and potential legal 
issues associated with fire management. Noble et al. (2001, 
2005) demonstrated the potential to use herbicides following a 
management burn, or other disturbance, to simulate a second 
fire and increase the level of control but with declining work 
forces on properties it remains to be seen if these integrated 
approaches are accepted by graziers. Where possible, use of 
a temporary cropping phase would currently appear to be the 
more favored approach. 
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Total grazing pressure 

Grazing pressure is the ratio of forage demand by herbivores to 
the forage supply. In most grazing systems domestic livestock 
overwhelmingly dominate forage demand but in extensive 
systems non-domestic herbivores can account for a considerable 
proportion of the forage consumed and the concept of ‘total 
grazing pressure’ is more appropriate. The major non-domestic 
herbivores are kangaroos, feral goats and rabbits, the latter 
having been considerably reduced in recent years by the rabbit 
calicivirus (see ‘Non-domestic grazing’ below). 

Hacker and McLeod (2003) indicate that in the Western 
Division of NSW kangaroos have historically accounted for 
28-40 % of the total population of livestock and kangaroos 
expressed on a DSE basis, assuming each kangaroo is 0.75 DSE 
(e.g. Wilson, 1991a; Partridge, 1996, Thompson et al., 2002). 
Munn et al. (2009), however, reported kangaroos to be only 
about 0.35 DSE based on field metabolic rate while Grigg (2002) 
suggested that the equivalence may be as low as 0.2 DSE. The 
contribution of kangaroos to total grazing pressure may thus have 
been considerably overestimated in the past. Nevertheless, when 
combined with other herbivores, non-domestic grazing remains a 
sufficiently substantial component of the total grazing pressure to 
justify active management.  Thompson et al. (2002) reported that 
the contributions of feral goats, kangaroos and livestock to total 
grazing pressure on their study sites in south west Queensland 
ranged from 3-30%, 16-36% and 37-72% respectively (based on 
a DSE rating of 0.7 for kangaroos and 1.0 for goats) 

Forage consumption by non-domestic herbivores may 
limit the forage available to domestic livestock under poor 
seasonal conditions (see ‘Forage consumption/nutrition’ below). 
However, their impact on the condition of the pasture resource, or 
on attempts to improve its condition by grazing management, is 
probably of greater importance (Norbury et al. 1993). Hodgkinson 
and Müller (2005) and Hacker et al. (2006b) have demonstrated 
the importance of the interaction between grazing and seasonal 
conditions in determining the mortality of perennial grasses 
in the wooded rangelands of eastern Australia, with mortality 
increasing with more severe defoliation and reduced rainfall or 
summer drought. Maintenance of an appropriate utilisation level 
for the important forage species is thus essential to preserve 
the productivity of the pasture and reduce the risk of pasture 
loss. While livestock are the major component of the grazing 
pressure, and the most easily manipulated, attention to the other 
components may also be required to achieve this objective.

Attempts to maintain or improve pasture condition by 
grazing management will inevitably involve some form of 
non-continuous grazing. The tendency of kangaroos to graze in 
destocked paddocks (Norbury and Norbury, 1993, Edwards et al., 
1996, Wilson, 1991b) is a reason why non-continuous grazing 
practices are considered impractical by some pastoralists. Ingress 
of kangaroos is not always observed following destocking but 
needs to be carefully monitored. Where possible, water supplies 
in destocked paddocks should be turned off as a matter of course 
(Freudenberger and Hacker, 1997) even though this may not 
necessarily force the relocation of the resident non-domestic 
herbivore population. Grazing management systems such as 

those discussed below that result in large areas being destocked 
at any time may dilute the problem. 

Establishment of self mustering facilities for livestock around 
artificial watering points (Connelly et al., 2000) has been a 
feature of extensive grazing systems in recent years. While these 
are aimed primarily at reducing the cost of livestock operations 
they are also designed to facilitate the removal of feral goats and, 
when closed, can also be used to discourage kangaroos from 
grazing in destocked paddocks. The opportunities provided for 
improved control of total grazing pressure is one of the advantages 
expected to flow from programs to replace open bore drains with 
point water sources, as noted above. Where these facilities are 
not available, temporary exclusion of kangaroos from water 
under hot summer conditions can result in short term local 
concentrations which appear to facilitate culling by professional 
harvesters (Hacker and Freudenberger, 1997)

Grazing management 

Australian grazing systems have traditionally been characterised 
by year-long, continuous grazing. This is feasible since there 
are no climatic limitations, apart from periodic drought, to 
the retention of animals on pasture year round. Furthermore, 
comparisons of continuous and rotational grazing systems, at least 
at experimental scales, rarely demonstrate any advantage in favor 
of rotational grazing in terms of individual animal performance 
at comparable stocking rates, or plant production (Briske et al., 
2008). Roe and Allen (1993) recommended continuous grazing 
at a moderate stocking rate (one sheep to 2 ha) as optimum for 
Mitchell grassland in south west Queensland and numerous 
studies have shown that continuous grazing at moderate stocking 
rates provides an acceptable standard of individual animal 
performance.

Nevertheless, much land degradation has occurred under 
the traditional management system and considerable interest 
has been aroused in recent years in rotational or at least non-
continuous grazing for land restoration in particular. Pringle and 
Tinley (2001) have emphasised the importance of understanding 
how the various pasture types of a property fit together in the 
landscape, and the processes which link them (e.g. water 
movement and erosion), in order to devise sustainable grazing 
management practices. This approach has supported the 
development of management systems for arid rangelands in WA 
but much interest more generally has been stimulated by the 
philosophies of Savory (1988, 1999), derived from observations 
of the grazing behavior of large herbivores in Africa, and the 
more intensive forms of rotational grazing variously described 
as ‘cell grazing’, ‘time control grazing’ (TCG), ‘planned grazing’ 
etc. that derive from them. 

McCosker (2000) has identified seven principles of TCG, at 
least the first five of which, he argues, must be followed in strict 
priority order. These are:

Control rest to suit the growth rate of the plant;1. 
Adjust stocking rate to match 2. carrying capacity [forage 
availability];
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Plan, monitor and manage the grazing;3. 
Use short graze periods to increase animal performance;4. 
Use maximum stock density for minimum time;5. 
Use diversity of plants and animals to improve ecological 6. 
health;
Use large 7. mob size to encourage herding.

Principle 1 aims to ensure that sufficient time for recovery is 
always allowed, consistent with research findings that long rest 
periods generally favour positive vegetation response (Taylor 
et al., 1980; Bryant et al., 1989). Application of this principle 
may be difficult in environments that have a ‘pulsed’ rather than 
seasonal growth pattern. Furthermore, the requirement to extend 
grazing in the current paddock until recovery is ‘complete’ in the 
next paddock to be grazed ignores the need to keep utilisation at 
levels that will minimise the risk of plant mortality during stress 
periods.  

The emphasis on short grazing periods (principles 4 and 5) is 
also consistent with research findings that short grazing periods 
favour individual animal performance in rotational grazing 
systems (Denny and Barnes, 1977). The combined effect of 
principles 1, 4 and 5 is a requirement for extensive subdivision, 
usually with 20 or more paddocks per mob. An efficient way to 
achieve this degree of subdivision is to arrange paddocks in a 
‘wagon wheel’ radiating from a central watering point. 

Principle 2 is a requirement of any management system and 
can be assisted by approaches to stocking rate determination 
discussed above. While the relationship between stocking rate 
and animal production in extensive grazing systems is weaker 
than elsewhere (see Growth and production below) this does not 
mean that these systems are immune from its effects. Stocking 
rate probably has greater potential to influence both animal 
production and pasture response than the grazing management 
system (i.e. the distribution of grazing in space and time) per se 
(Bryant et al., 1989; O’Reagain and Turner, 1992; Hacker and 
Richmond, 1994).

Principle 3 is related to the operation rather than the biology 
of the grazing system but it serves to emphasise the importance 
attached to planning and monitoring, and the standard of 
management required. McCosker (2000) has acknowledged 
that several training events and 3-5 years of experience may be 
required for producers to become competent in managing the 
process. The pivotal role of management commitment and ability 
in determining the effectiveness of any grazing management 
system has also been recognised by Briske et al. (2008). 

Principle 6 may assume greater importance in the longer 
term. Plant productivity may be higher and more stable in the 
face of climatic variability in diverse plant communities than in 
those with a reduced range of species (Tilman and Downing, 
1994; Tilman et al., 1996).

The distinctive features of TCG, however, arise particularly 
from principles 5 and 7 and, to a lesser extent, from the approach 
to resting embodied in principle 1. The requirement for high stock 
density and large mob size arises from the particular importance 
assigned to the role of ‘animal impact’ and ‘herd effect’ (Savory, 
1988) in facilitating nutrient cycling and plant succession through 
processes such as laying and incorporation of litter, breaking soil 

surface crusts, and creation of niches suitable for seed lodgement 
and germination. In fact, there is little evidence to support the 
importance of these processes for ecosystem function in semi 
arid rangelands, particularly in Australia where rangelands have 
not co-evolved with large ungulates. Research in semi-arid 
rangelands generally indicates adverse rather than beneficial 
effects of heavy trampling on infiltration rate, sediment yield and 
soil compaction (Weltz et al., 1989; Wood and Blackburn, 1984; 
Thurlow et al., 1986; Phular et al., 1987; Greene et al., 1994). 
Effects of trampling on seedling establishment have ranged 
from severely adverse (Salihi and Norton, 1987), to negligible 
(Bryant et al., 1989), to variable depending on rainfall, species 
and soil type (Winkel and Roundy, 1991) while Eldridge et al. 
(1991) found that only 5% of saltbush seedlings studied near 
Broken Hill occurred in the ‘depression’ microsite, commonly 
formed by hooves of sheep or cattle.  More recently, Beukes and 
Cowling (2003) demonstrated increased biological activity in the 
interplant spaces of areas receiving high animal impact in the 
Nama Karoo (South Africa) and described this as an example 
of benefits resulting from the herding of large herbivores at high 
densities. However, they also note that ‘the literature is replete 
with contradictory results on the effects of grazing on soils’ and 
that soil type may have influenced the outcome of their study. 
Sanjari et al. (2008) demonstrated improvements in soil physical 
and chemical properties, litter cover, and plant growth  under TCG 
compared with continuous grazing in south-east Queensland but 
attributed these differences to smaller paddock sizes and longer 
rest periods rather than animal impact.

Emphasis on the disruption of soil surfaces by animals is of 
considerable theoretical concern since it is largely incompatible 
with the ‘trigger-transfer-reserve-pulse’ model of landscape 
function described above which emphasises the local redistribution 
of water and nutrients into fertile patches. However, in practice the 
issue may be of less importance. Given the low carrying capacity 
of the pastoral zone, intensive subdivision would be necessary to 
achieve the stock densities considered necessary to produce the 
desired impact (Hacker, 1993).

While TCG remains somewhat controversial there are 
numerous reports of producers who have claimed considerable 
benefits from this approach both economically and ecologically 
(McCosker, 2000; Sparke, 2000; Joyce, 2000; McCosker et al., 
2004) although ‘hard evidence’ of the ecological benefits on 
commercial properties in Australia is still lacking (McCosker et 
al., 2004) and McCosker (2000) acknowledged that the economic 
benefits reported are not the result of the grazing method alone. 
Most practitioners, for example, have also received training in 
business management and other pastoral management skills. 
Norton and Bartle (2002) have noted the low rate of abandonment 
of intensive rotational grazing systems (Waugh, 1997 provides 
one of the few contrary examples) but some landholder 
experience in western NSW has highlighted the difficulties that 
may be experienced in managing them under drought conditions 
(Hacker et al., 2005b). 

The improvement in carrying capacity frequently claimed for 
TCG – McCosker (2000) claims a 2.1 fold increase, on average, 
across surveyed properties in the USA, RSA, Zimbabwe and 
Namibia over 5-25 years - can probably be attributed largely to 
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increased efficiency of forage utilisation due to subdivision of 
extensive rangeland paddocks, establishment of additional waters 
and the use of high stock densities. Other practical advantages may 
include greater ease of mustering, reduced labour costs, improved 
animal husbandry associated with more frequent inspection, and 
possibly improved animal health if rest periods are long enough 
to break the life cycle of internal parasites. However, fewer mobs 
run at higher densities could also increase mismothering in 
lambing ewes, exceed the capacity of available yard or watering 
facilities, reduce the opportunity for special treatment of some 
classes of animals, and increase the risk of contagious diseases or 
transmission of internal and external parasites. 

An alternative to TCG, promoted particularly in NSW, is 
Tactical Grazing (TG) (Hacker and Hodgkinson 1996; Campbell 
and Hacker 2000). This is primarily a framework for developing a 
grazing management regime for individual properties rather than 
a grazing system or method per se. Each step in the framework 
must be worked through, to a large extent subjectively, in each 
situation. These are:

Defining an objective (in ecological terms) for the •	
management unit (generally a paddock);
Determining a strategy to achieve the objective;•	
Implementing the strategy on a day-to-day basis as seasonal •	
opportunities allow or dictate; and 
Monitoring, both to guide the day-to day tactical •	
decisions and to assess progress towards the objective.  

At the whole property level, TG involves working through this 
process for each paddock or management unit. 

The management objective will generally relate to the most 
important vegetation type (for pastoral production) within the 
paddock and will, in broad terms, be either to maintain it in 
its current state, if productive, or improve it if productivity is 
reduced but response to grazing management is still feasible. If 
no response to management is likely within a reasonable time 
frame (e.g. few if any desirable perennials remain to initiate 
regeneration) then maintenance of the current state may again be 
the appropriate objective. 

The strategy is simply a general statement of the principles 
that should be applied to maintain or improve the resource. For 
maintenance of semi-arid grassland, for example, a reasonable 
strategy might be:

Maintain •	 ground cover above 40 %
Maintain average utilisation of key species at approximately •	
30%
Spell for seeding of key species if no seed set for 3 years•	
Burn April or October if fuel is sufficient and undesirable •	
shrub seedlings are present or shrub cover is increasing.

The application of these principles as seasonal (and economic) 
conditions unfold represents the tactics of TG. This application 
will be informed by regular monitoring of ground cover, utilisation, 
shrub dynamics or other parameters relevant to the strategy. Less 
frequent monitoring of the abundance of key species will reveal 
the extent to which the objective is being achieved. 

This framework attempts to ensure that current scientific 
knowledge is combined with producer experience to develop the 
best grazing management regime for a property. It is therefore 
demanding in terms of ecological understanding but because 
strategies are developed in relation to the specific needs of 
individual paddocks achievement of objectives should be more 
assured. These strategies are intended to assist management 
avoid hazards that may result in undesirable changes while 
exploiting opportunities that favour beneficial changes (Hacker 
and Hodgkinson, 1996). 

A potential disadvantage of the TG approach is that 
distribution of animals around paddocks in order to implement 
the strategy developed for each could be a complex task. A 
number of paddocks may require rest at the same time, for 
example.  Paddocks should thus be assigned a priority, based on 
their productivity or potential to respond to management, to help 
resolve these conflicts when they arise.  

Where strategies are defined simply in terms of targets for 
ground cover and pasture utilisation, implementation may well 
be easier if mobs are amalgamated. In this case TG would have 
similarities to TCG but with different rules for animal movement 
and without the emphasis on paddock subdivision and animal 
impact. 

The animal production sub-system

Forage consumption/nutrition

Forage availability can change rapidly in either direction. Sheep 
numbers cannot be altered at anything like a commensurate rate 
so the forage supply is typically either over- or underutilised. 
While the latter presents no major issues for individual animal 
production, unless the forage available is of low quality, the 
challenge for management is to avoid serious animal health or 
production problems associated with the former. Adjustment to 
stocking rate, discussed above, is the principal means by which 
this issue can be addressed.

Forage available typically includes annual herbs and grasses 
in season, perennial grasses and herbs of varying life histories, 
and long lived shrubs or browse species, although the last group 
may be absent in grassland vegetation types. The contribution 
that each can make to the digestible energy and protein available 
to grazing animals varies depending on their abundance and 
vegetative state (green or dry). Browse and forage shrubs are 
valued by graziers because they can provide a source of protein, 
albeit of relatively low digestibility (about 50%), when other 
forage components are dry.

Despite the complex array of plant species the capacity to 
provide nutrients for grazing animals may be characterised 
in simple terms. Roshier and Nichol (1998) suggested that 
‘palatable green leaf’ may be the primary indicator of the 
capacity of semi-arid rangelands to satisfy animal production 
requirements. Freudenberger et al. (1999) found that ‘green 
leaf’ was the single forage variate that accounted for most 
variation in sheep production (Figure 22.8). The asymptotic 
shape of the relationships shown indicates that even relatively 
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small amounts of green leaf can provide substantial benefits 
for animal production – essentially as a protein supplement for 
other standing dry material - and emphasises the importance of 
perennials in extensive production systems due to their capacity to 
provide greater continuity of green leaf supply. Not surprisingly 
given the obligate nature of wool production (Chapter 15), clean 
fleece weight was less sensitive to green leaf availability than live 
weight gain.

Figure 22.8. Relationship between mean annual yield of total 
green leaf and (a) liveweight gain (R2 =78.4%) and (b) clean 
fleece weight (R2 = 66.4%) for merino wethers grazing in a semi-
arid mulga woodland near Louth, western New South Wales. 
Source: Freudenberger et al. (1999).

Animals display a high degree of selectivity in satisfying their 
nutritional requirements. As a general rule the preference is 
for green forbs and grasses>dry grass>browse. As a result, the 
contribution of species to the diet can bear little relationship to 
their abundance in the pasture (Table 22.3) and diet composition 
can change rapidly with changing seasonal conditions (Figure 
22.9).

The supply of digestible energy is usually the dominant 
factor limiting animal production. Protein levels are usually 
adequate for maintenance in those vegetation types where 
chenopod shrubs or browse species are available. These can 
act as a useful source of protein to supplement dry feed but a 

diet composed almost exclusively of browse or shrub species 
may create a variety of nutritional problems and a need for 
energy or mineral supplements (Hacker et al., 2005a). Since 
chenopod shrubs are high in salt an adequate supply of good 
quality water is essential for stock confined to such pastures 
under conditions when other less saline feed (e.g. herbage) is 
not available. Other requirements (e.g. for salt, phosphorous 
or vitamins) may arise but are specific to particular regions or 
seasonal conditions.  

Table 22.3. Diet selectivity of merino sheep grazing on a 
semi-arid low shrubland in south eastern Australia. 

Species
% of pasture 

on offer
% of diet

Dominant perennial grass 2 69
Other grasses 1 2
Saltbush 27 20
Perennial forbs 67 5
Dry herbage 3 5

Source: adapted from Squires (1991).

Supplementary feeding of sheep during drought has traditionally 
not been practiced because of the cost of transporting fodder to 
remote areas and the inherent risk that financial resources may 
be exhausted before seasonal conditions improve. The major 
response to drought has been to reduce stocking rate by staged 
selling of animals (first wethers - or cattle if the business is a 
mixed grazing operation – followed by successively younger 
age classes of breeders), and by not joining ewes. Alternatively, 
stock may be transported out of drought affected areas to 
agistment elsewhere. In recent years, however, this traditional 
approach has been partially reversed in some areas with the 
practice of lot feeding in which sheep are concentrated in 
sacrifice paddocks and fed maintenance rations. This practice 
has been widely adopted in the wheat-sheep zone in the drought 
persisting in much of eastern Australia since 2002 and has to 
some extent also been practiced in the pastoral zone for high 
value animals if fodder can be sourced at reasonable prices.

Sheep production is not greatly affected by plant poisons 
– cattle production is probably more severely affected – but 
losses can at times occur. Hacker et al. (2005a) identify flat 
billy button (Ixiolaena brevicompta) poisoning, flood plain 
staggers (associated with grazing of nematode infected blown 
grass, Agrostis avenacea), oxalate poisoning and nitrate/nitrite 
poisoning as conditions that can affect sheep in western NSW 
under seasonal conditions which favor the growth of the specific 
species involved, or produce lush growth generally, particularly 
in the cooler months. Silcock et al. (2008) state that Pimelea 
poisoning (Pimelea trichostyachya and P. simplex) affects both 
cattle and sheep and appears to be of practical importance in 
the pastoral zones of  SA, Queensland and NSW although 
Hacker et al. (2005a) refer to this condition only in relation to 
cattle in NSW. In some areas of Western Australia, particularly 
in granitic country, the presence of the native woody species 
breelya (Gastrolobium laytonii), containing high levels of a 
toxin similar to monosodium fluoroacetate (1080), effectively 
prevents the use of land for pastoral purposes (Mitchell and 
Wilcox, 1988). 
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Reproduction

All stages of the reproductive process (Chapters 9-12) are 
critically influenced by management decisions related to the 
timing and conduct of field operations. Factors which may 
influence the timing of joining, and hence of all other phases, 
include the expected level of nutrition available to ewes in late 
pregnancy and early lactation (Chapter 10), the effect of high 
temperatures on ram fertility (Chapter 9), effect of photoperiod 
on ewe fertility (Chapter 9) and the likelihood of blowfly or grass 
seed problems at lamb marking or mulesing. Once set, the time of 
joining cannot easily be altered, both for biological reasons and 
because it will be integrated with the other major management 
operation, shearing. The balancing of these somewhat conflicting 
requirements is thus a major issue for all pastoral managers. 

Rams are usually joined with ewes for 6-8 weeks, permitting 
three oestrus cycles, although they may be left with ewes for 
longer since their removal is usually timed to coincide with 
musters for other purposes, particularly shearing. The percentage 
of rams mated is usually 2-3% although a higher percentage may 
be preferable if the breeding flock is more dispersed as a result 
of poor seasonal conditions, or in rough country (Chapter 9; 
Gardiner et al., 1978). 

In southern Australia joining generally occurs between 
November and April, with lambing between April and 
September. In these regions autumn-winter rainfall is usually the 
most reliable for production of green feed, even in non seasonal 
rainfall zones, so that lambing in winter-spring should provide 
the best nutrition for the ewe and young lamb. In addition, ewe 
ovulation rates will be higher in autumn (Chapter 9). On the 
other hand, problems with blow flies and grass seed (particularly 
from spear grass, Stipa spp.) are likely to be most serious in 

spring although the latter are more important in some districts 
than others. For northern Australia, where poor reproductive 
performance associated with heat stress, lack of shade and poor 
nutrition has been a serious economic constraint, Cobon et al. 
(1994) described a management system incorporating joining in 
October-November (lambing March-April) and demonstrated its 
superior productivity compared with traditional district practice. 
This system requires the use of teaser wethers to reduce anoestrus 
in the spring mating period but provides a better quality diet for 
ewes around the time of lambing (Orr et al., 1988) and allows 
lambs to be dropped after the anticipated summer wet period 
onto good pasture. 

Lamb survival is a critical determinant of reproductive 
success (Chapter 10). Entwistle (1974) quotes neonatal losses in 
the arid areas of Queensland ranging from 29-70 % of lambs born 
in various studies. Hacker et al. (2005a) considered that losses 
of 25-30 % of newborn lambs were probably not uncommon 
in western NSW and that losses may be much higher with poor 
seasonal conditions and/or predation. Nutrition of the ewe in late 
pregnancy and early lactation is a fundamental determinant of the 
complex of factors that influence lamb survival (e.g. lamb birth 
weight, ewe milk production and mothering behaviour). Of the 
factors noted above that may influence time of lambing, the plane 
of nutrition during these critical weeks is the least amenable to 
management intervention and so the expected pattern of seasonal 
variation arguably deserves primary consideration in determining 
the annual husbandry calendar.

Lamb marking (Chapter 20) is carried out 6-8 weeks post 
lambing. Losses may be high if inadequate attention is paid to 
planning, hygiene, selection of a suitable site and appropriate 
equipment. Hacker et al. (2005a) list issues for management 
consideration including timing to avoid periods of blow fly activity, 

Figure 22.9. Diet composition of sheep grazing semi-arid saltbush pastures in western New South Wales. Experimental 
treatments, particularly the relative density of saltbush (Atriplex vesicaria), had no significant effect on the diet selected in this 
study. .Seasonal conditions were generally dry apart from the winter-spring period of 1978. Source: Graetz (1986).
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use of correct procedures, avoidance of long distance driving after 
marking or disturbance in the immediate post-marking period, 
preventing animals from lying down immediately after marking 
to avoid contamination of wounds, and small mobs to minimise 
mis-mothering. Mulesing (Chapter 17) is being phased out of the 
Australian sheep industry but no universally accepted alternative 
has yet emerged.

Weaning usually occurs at about 12-14 weeks although 
earlier weaning may be beneficial for ewes under poor seasonal 
conditions (Chapter 12). Weaners may suffer a set back after 
removal from their dams (‘weaner ill thrift’) as they have a 
high nutritional requirement for active growth. While this will 
not permanently reduce adult wool production, they should 
nevertheless be provided with the best pasture and water supply 
available. They have a reputation for easily breaching fences so 
paddock boundaries should be checked before lambs are weaned 
into them.

Hacker et al. (2005a) indicate that in western NSW lambing 
percentages of 85% and 70%, in open and scrubby country 
respectively, could be expected under good management in 
average seasons. Corresponding figures for a good season are 
>100% and >85%. The management system described by Cobon 
et al. (1994) produced lambing percentages of 83% in each of two 
good years, and 73 and 64% in two drier seasons. Corresponding 
district averages during these years ranged from 43-49%. 

Growth and production

Ewe nutrition in late pregnancy is not only important for lambing 
performance but also for subsequent wool production of the 
lambs since the density of wool follicles, which determines 
life-long wool production potential, is determined before birth 
(Chapter 15). 

Spatial and temporal variation in both production and 
consumption of forage in large rangeland paddocks provide a 
buffer against the impact of stocking rate on production per head. 
Ash and Stafford-Smith (1996) concluded (based on a review 
of stocking rate experiments with cattle) that the nature of this 
relationship differed fundamentally between rangelands and more 
intensively grazed improved pastures, for these reasons. Roshier 
and Barchia (1993) could detect no such relationship for wool 
production per head on the majority of 14 properties studied in 
western NSW. No published studies seem to be available relating 
reproductive performance or live weight gain of sheep to stocking 
rate under extensive conditions. While greater sensitivity might 
be expected for these variables compared to wool production 
the buffering introduced by spatial and temporal heterogeneity 
would probably still dampen the effect of stocking rate relative to 
more intensive systems.

Nevertheless, stocking rate can not be increased without 
restriction. Ultimately a decline in animal production must occur 
with excessive stocking, particularly given the rapid shifts in 
forage availability. On the other hand, unnecessarily conservative 
stocking will not improve production per head and will reduce 
production per ha. The challenge for graziers in attempting to 
maximise production (and gross margin) per ha is to carry the 

highest stocking rate which will allow each animal to achieve its 
genetic potential (Hacker et al., 1995). 

With good management rangeland producers should be able 
to achieve levels of production per head within the ranges shown 
in Table 22.4. Differences between micron values (essentially 
differences between bloodlines), together with inter-annual 
variation in rainfall and differences in carrying capacity among 
rangeland types, will be the primary determinants of variation in 
production per ha. 

Table 22.4. Estimated clean wool cuts per head (kg) for 
extensive sheep production systems under good management. 

Micron
Wether clean fleece weights

-15% Average +15%
19 3.28 3.87 4.45
20 3.57 4.20 4.83
21 3.74 4.40 5.06
22 3.90 4.59 5.27
23 3.99 4.70 5.40
24 4.11 4.84 5.56

Micron
Breeding ewe clean fleece weights

-15% Average +15%
19 2.95 3.48 4.00
20 3.21 3.78 4.34
21 3.36 3.96 4.55
22 3.51 4.13 4.75
23 3.59 4.23 4.86
24 3.69 4.35 5.00

Source: Hacker et al. (2005a). Wether data are derived from Coelli et 
al. (2000) and breeding ewe values are 90% of wether values.

Rates of liveweight gain vary considerably between rangeland 
types and from year to year (Wilson and Leigh, 1970). The 
extent of this variation will determine producers’ capacity to 
satisfy requirements, in terms of live or carcass weight and fat 
score, for sheep markets that are available to them (Chapter 29). 
Traditionally, meat has been regarded as a by-product of the wool 
industry in the pastoral zone but economic conditions in recent 
years have stimulated interest in the potential of meat or sale 
sheep to contribute to overall profitability. The mating of older 
ewes to terminal sires for store lamb production is an example of 
this changed emphasis. Another is the rapidly expanding interest 
in new breeds such as the Dorper, and an apparent steep increase 
in the number of these animals in the pastoral zone.

Sheep genetics. Traditionally, the Peppin, Collinsville and 
Bungaree strains of Merino have dominated the extensive pastoral 
industry (Chapter 2). Peppin and Collinsville strains have been 
most prevalent in the more favoured areas of the pastoral zone and 
the large-framed Bungaree strain, which produces higher clean 
fleece weight with coarser fibre diameter, in the drier parts. 

Genetic improvement through culling of ewes is feasible 
only if the reproduction rate is high. In the pastoral zone the 
lambing rate is often not sufficient to allow any significant 
selection pressure to be exerted on replacement ewes. Under 
these conditions any genetic improvement must come from ram 
purchases.
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Mortality

As with growth, rates of mortality vary greatly with seasonal 
conditions in the absence of any major predation problem. 
Mortalities induced by poor seasonal conditions will be highest 
in the youngest and oldest age classes, and among pregnant or 
lactating females. Extremely high mortality of lambs is common 
under these conditions.  Mortality may also be high in very wet 
years due to blow fly strike or disease and parasite problems 
(Table 22.5). Pastoralists often remark that years following 
years of high rainfall, or average years, are the best for sheep 
production as nutrition is adequate, at least for wool production, 
and there are no health issues. 

Table 22.5. Estimated overall mortality rates (%) for rangeland 
sheep flocks (in western NSW) in the absence of major 
predation. 

Location
Poor

season
Average 
season

Good
season

Open  country 2-8 2-6 3-8
Scrubby country 3-10 3-8 4-10

Source: Hacker et al., (2005a).

Flock size and structure 

The final size and structure of the flock is influenced particularly 
by reproduction rate and the need for a wether component to 
provide a safety valve for seasonal risk management. However, 
many other factors are involved including the particular make 
up of individual properties (some rangeland types being better 
suited to dry stock than to breeding stock), personal preferences, 
labour availability, proximity to agricultural areas for purchase of 
grain and sale of sheep etc.

The overall size of pastoral flocks varies greatly, from fewer 
that 5,000 sheep on small properties on the higher rainfall margins 
of the zone to more than 20,000 on larger properties in the drier 
areas. It is difficult to define a minimum viable size since much 
depends on the individual skill and life style expectations of the 
operator. However, businesses which run fewer than 7,000 dry 
sheep equivalents per labour unit would probably be considered 
marginal in any strict assessment of business viability (G. Peart, 
pers. comm.).

Pests and diseases

Blow flies. Blowflies, particularly the sheep blowfly Lucilia 
cuprina, are probably the most common cause of poor health 
after poor nutrition. Although other species of blowfly attack 
sheep throughout Australia, the sheep blowfly is involved in up 
to 90% of primary strikes (Cook et al., 1995). Blow fly waves 
occur throughout the sheep pastoral zone, especially in spring 
and autumn if seasonal conditions are favorable. In wet years 
strikes can be recorded at any time. Crutching about mid-way 
between shearings is a standard preventative measure for breech 
strike. Preventative backline treatments or jetting may be used for 
tactical control in higher risk situations. 

The phased withdrawal of mulesing presents particular 
challenges for the pastoral wool industry since mustering of sheep 
for treatment is more difficult and costly than in more intensive 
situations.  No widely accepted alternative to mulesing is yet 
available although several are being evaluated. Development 
of a degree of genetic resistance to this problem is feasible by 
scoring young animals for fleece rot, the precursor of fly strike, 
and culling accordingly or by purchasing rams from studs which 
incorporate fleece rot resistance in their breeding objectives 
(Murray and Mortimer, 2007).

Producers in the pastoral zone are often concerned that sheep, 
goat or kangaroo carcasses may serve as breeding grounds for 
sheep blowfly.  However, studies have shown that competition 
from larvae of native blowflies prevents L. cuprina larvae from 
completing their lifecycle in these carcasses (Cook et al., 1995; 
Anderson et al., 1988).

Lice. The sheep body louse (Bovicola ovis) can cause loss of 
wool production as well a downgrading of price. Particularly in 
the pastoral zone, where clean musters are difficult, lice control 
or the lack of it can lead to friction between neighbours. Hacker 
et al. (2005a) state that chemical treatments can eradicate lice 
from a flock provided all sheep are treated (i.e. clean musters are 
obtained), correct procedures and dosages are used, any lambs 
born in the weeks or months after shearing are treated or are 
protected by the type of chemical used at shearing, and infested 
sheep are excluded from the flock. 

Worms. Worms are not a routine problem in the pastoral zone but 
under some seasonal conditions drenching, particularly for barbers 
pole worm (Haemonchus), black scour worm (Trichostrongylus) 
and small brown stomach worm (Ostertagia), may be required. 
Routine drenching should be avoided as it contributes to the 
development of resistant populations. Monitoring of worm 
burdens by means of fecal egg counts commencing several weeks 
after a significant rainfall event can identify the need to drench.  

Diseases. Compared with higher rainfall areas the pastoral zone 
is relatively free of disease problems. Clostridial diseases such 
as tetanus and pulpy kidney (enterotoxaemia) can occasionally 
cause losses. The latter occurs particularly when feed is lush and 
contains a high proportion of medics or clovers, or when stock 
experience a sudden change in diet from low quality roughage 
to green pasture. Cheesy gland (shearers’ boils) results in the 
formation of abscesses in lymph nodes throughout the body and 
results in the downgrading of carcasses at abattoirs. Areas or flocks 
known to have high levels of this disease may be permanently 
disadvantaged in terms of prices offered. A combined vaccination 
for cheesy gland and clostridial infections is available.

A belt of country in the NSW pastoral zone suffers sporadic 
outbreaks of anthrax among sheep and other livestock. The 
causal agent (Bacillus anthracis) remains inactive as highly 
resistant spores in soil for long periods, with outbreaks apparently 
favoured by showers or humid periods in the warmer months of 
some drier years. An effective vaccine is available. Unexplained 
sudden deaths in this zone must be treated with great caution as 
the disease is potentially fatal to humans.



524   R.B. Hacker

International Sheep and Wool Handbook

Predators. Within the dog fence, dingoes or feral dogs (Canis 
familiaris) are generally not a serious problem although attacks 
can sometimes be a serious issue for individual properties. 
Outside the dog fence they are a major factor in the retreat of 
the pastoral wool industry since labour is no longer available to 
control them. 

The European red fox (Vulpes vulpes) occurs through out 
the sheep pastoral zone (Wilson et al., 1992). Although they are 
generally considered to be a relatively minor source of loss among 
lambing ewe flocks their importance in the pastoral zone may be 
underrated as Lugton (1993) identified fresh newborn lamb in 
the stomach contents of 35.2% of foxes collected near lambing 
ewe flocks in south west NSW.  Current recommendations are 
to undertake baiting with 1080 (either in meat or in prepared 
‘Foxoff’ baits) twice a year to target pregnant and lactating females 
in spring and dispersing juveniles in autumn. Fox populations 
probably benefit from the offal left by the field preparation of 
commercially harvested kangaroo carcasses. 

Feral pigs (Sus scrofa) occur extensively in the sheep pastoral 
zone in Queensland and NSW but not in SA and to only a very 
limited extent in WA (Wilson et al., 1992). Loss of lambs to feral 
pig predation may be as high as 80-90 % in some flocks (Hacker 
et al., 2005a).  Plant et al. (1978) measured 32% predation of 
new born lambs in a single year in a comparison of lambing 
flocks with and without access by feral pigs, while Choquenot et 
al. (1997) measured a maximum predation rate of 0.29 where pig 
density was highest across three study sites. In addition they may 
cause other problems by fouling water sources through wallowing 
and defecation, and by rooting ground and bore drains. Control 
programs can involve trapping, poisoning with 1080, warfarin or 
phosphorous, and shooting from the ground or from helicopters. 
Regional approaches to control, involving cooperation among 
neighbours, are most effective.  

Non-domestic grazing

Kangaroos. Kangaroos are abundant in the semi-arid and arid 
zones. They are generally thought to have increased since 
European settlement in association with the vast expansion 
of permanent waters and the absence of predation by dingoes, 
although Newsome et al. (2001) argue that environmental 
differences also contribute to the large difference in kangaroo 
density on either side of the dog-proof fence separating South 
Australia from New South Wales. 

The direct impact of kangaroos on sheep production in 
the extensive pastoral zone remains an issue of controversy. 
Edwards et al. (1996) and McLeod (1996), working in chenopod 
shrublands at Fowlers Gap in the NSW arid zone, failed to 
demonstrate any effect of kangaroos on sheep except for brief 
periods when feed was limited and kangaroo numbers were 
particularly high. In contrast, Wilson (1991a), in semi-arid mulga 
woodland in western NSW, demonstrated significant competition 
between sheep and kangaroos under low forage conditions, the 
effect of one kangaroo on wool growth or sheep live weight gain 
being equivalent to about 0.6 sheep of equal weight. Hacker 
et al. (2000) subsequently extrapolated Wilson’s result, by 

simple modelling, to suggest that maximum yield harvesting of 
kangaroos had the potential to increase long term average wool 
production per head by 25%, although they acknowledged that 
comparable results could not be expected in all vegetation types. 
Their analyses also confirmed that seasonal variation remained 
the overwhelming determinant of forage availability for livestock. 
These contrasting results are probably explained by differences 
in experimental design (e.g. kangaroos confined with sheep 
versus free ranging), the range of stocking rates imposed, the 
differing vegetation types (chenopod shrublands having a reserve 
of forage readily utilised by sheep but not by kangaroos), and 
the levels of pasture biomass recorded during the experimental 
periods. Studies supporting the lack of influence of kangaroos 
on sheep production are frequently quoted by lobbyists opposed 
to the commercial kangaroo industry but it is more reasonable 
to accept that kangaroos will at times be in direct competition 
with livestock for limited forage while under favourable seasonal 
conditions the competitive interaction will be negligible. 

Of potentially greater significance than any direct impact on 
sheep production is the potential of kangaroos to limit attempts 
to regenerate degraded rangelands by their preferential grazing of 
destocked paddocks. 

Frequent calls have been made over an extended period for 
commercial utilisation of kangaroos to replace livestock grazing 
in the rangelands (e.g. Grigg, 2002).  However, to date little 
progress has been achieved and a range of administrative, legal 
and institutional factors, as well as market factors, impede the 
entry of graziers into this industry (Chapman 2003).

Feral goats. Feral goats are widely distributed and very well 
adapted (Wilson et al., 1992, Southwell et al., 1993, Southwell 
and Pickles, 1993). They are capable of high reproductive rates 
under conditions in which Merinos are unable to reproduce 
successfully (W Fletcher, pers. comm.). Landsberg and Stol 
(1996) found that feral goats were less selective than sheep and, 
particularly, kangaroos in terms of the vegetation types they 
grazed in three large paddocks in wooded rangelands in western 
NSW. Densities of goats were often higher than sheep and they 
were considered to have the greatest potential for widespread 
grazing impacts across much of the region. While goats are 
commonly believed to move over large distances, so that goat 
control is ineffectual, Freudenberger and Barber (1999) found 
that the average home range of five male and five female goats 
in western NSW was 29.4 sq km and 10.9 sq km respectively, 
and that their movements within the study area were predictable. 
Goats commercially harvested within that area were thus likely to 
have been of local origin so that control efforts would be effective 
in reducing the local density. 

Since goats have a substantial degree of dietary overlap with 
sheep (Harrington, 1986) it is likely that they compete directly 
for forage if seasonal conditions are poor. While they are often 
thought to contribute substantially to degradation of rangelands 
both in Australia and overseas their diet tends to be broader than 
sheep and as a result their impact on vegetation may be no more, 
and possibly less, than sheep at comparable stocking rates (W. 
Fletcher, pers. comm.). Their major impact on vegetation may 
arise through their hardiness and capacity to continue grazing 
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under drought conditions well after grazing should be removed. 
The browsing habit of goats can be usefully applied to the 

control of invasive native scrub. Species palatable to goats can 
be eliminated by goat grazing (Muir, 1993), particularly heavy 
grazing under drought conditions. However, some of the most 
serious woody weeds in the semi-arid woodlands of eastern 
Australia are not palatable to goats and may increase, in the 
absence of other control methods, where goats have been used to 
reduce the more palatable species.

Feral goats can be readily trapped at watering points and are 
often regarded as an important source of supplementary income. 
The cost of establishing self-mustering facilities at watering 
points, which can increase the efficiency of general livestock 
handling operations, can be easily offset by feral goats trapped 
in this way.  
Rabbits. The impact of rabbits on the landscape of southern 
Australia has been well documented. They have been a major 
pest through large parts of the zone though less so in the arid 
zone of Western Australia and in areas of summer rainfall. They 
can exert significant competition with sheep for forage and 
have had substantial impacts on rangeland vegetation, including 
the prevention of regeneration when conditions are otherwise 
favourable. Their numbers have been substantially reduced since 
the accidental release of the rabbit calicivirus in 1995. However, 
Sharp et al. (2001) have observed a minimal effect of the disease 
in low density rabbit populations in the semi-arid zone and 
emphasised that additional management actions (e.g. warren 
ripping) will be required to further reduce rabbit abundance. Such 
reduction will be essential if regeneration of some plant species 
is to be achieved as even low densities of rabbits can effectively 
prevent seedling establishment (Lord, 2000).

Animal management calendars

The major husbandry activities for a breeding flock are joining, 
and the subsequent removal of rams, lamb marking, crutching and 
shearing. Disease or parasite treatments are usually administered 
at shearing and as required at other times. Sale of surplus sheep 
usually takes place off-shears. Lambing and shearing are the 
most important events in the calendar and the timing of all other 
operations is fixed once the dates for these have been established. 
However, numerous and sometimes conflicting considerations can 
apply to the timing of both these events, including the reliability 
of a high plane of nutrition for ewes in late pregnancy and early 
lactation, condition of ewes and ovulation rate at joining, heat 
stress on rams prior to joining, likelihood of grass seed or blow 
fly problems at lamb marking or at other times, temperature 
stress on newly born lambs, availability of shearers, conditions 
for shearers, ease of mustering, market expectations for sale 
sheep, or other factors related to individual business operations. 
The management calendar on particular properties is determined 
by individuals’ perceptions of the relative importance of these 
issues (Chapter 17). While some similarity in management 
calendars generally exists in any region a wide range of variation 
is also observed.  Kersten and Ison (1994) identified seven broad 
management systems among 18 properties in western NSW, all 

based on individualized assessment of the relative importance 
of factors such as those listed above.  While lambing showed 
a distinct peak in winter, shearing occurred in all but 3 months 
of the year, though with a peak in summer and autumn. In the 
north, with complementary seasonal conditions, Cobon et 
al. (1994) have demonstrated improved productivity from a 
broadly complementary management system, with lambing in 
autumn and shearing in spring, but local practice will still show 
considerable variation. 

Recent and future developments

Industry restructuring

The pastoral wool industry has undergone considerable 
restructuring since the need for greater financial stability of pastoral 
enterprises was identified in the first edition of this handbook 
in 1991. State and Commonwealth governments over the last 
10-15 years have responded to the declining terms of trade and 
worsening economic conditions by a series of rural partnership 
programs aimed at restructuring the industry in the worst 
affected areas, increasing productivity and providing training and 
other opportunities for remaining industry participants. These 
programs operated in western NSW (WEST 2000 and WEST 
2000 Plus), south west Queensland (South West Strategy) and 
the West Australian arid zone (Gascoyne-Murchison Strategy). 
Their effectiveness in encouraging pastoralists to leave the 
industry and facilitating property amalgamations has probably 
been limited although many individuals have benefited from 
training activities, debt reconstruction and grants for a range of 
on-property works. Some have argued that most restructuring 
occurred before these schemes were established, in response to the 
collapse of the reserve price scheme in the early 1990s. Although 
public funding for natural resource management activities and 
training are now available through regional organisations, such 
as Catchment Management Authorities, it is doubtful if major 
public investment aimed at industry restructuring will again be 
available in the foreseeable future.

Alternative breeds

There has been considerable interest in recent years in the 
potential of alternative breeds, particularly the Dorper, that 
offer the possibility of a low cost meat production system, 
potentially with the advantages of organic certification. Current 
economic assessments (e.g. Khairo et al., 2008) do not vindicate 
the superiority of such enterprises over well managed Merino 
operations, even under steady state conditions (i.e. ignoring 
transition costs). Nevertheless, their acceptance appears to be 
growing rapidly. While their grazing ecology under extensive 
conditions has been studied to some degree in southern Africa 
(e.g. Brand, 2000; de Waal and Combrinck, 2000) there have been 
no comparable studies in the Australian rangelands.  Studies are 
urgently required to establish their metabolic equivalence with 
Merinos and to elucidate their grazing and watering behavior so 
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that appropriate stocking rates and management tactics can be 
determined.  

 

Climate change and grazing pressure

The wool industry generally is expected to be fairly robust 
under climate change to 2030 (Harle et al., 2007). However, in 
arid environments an increase in water use efficiency associated 
with elevated CO

2
, commonly demonstrated in higher rainfall 

locations, may not occur (Morgan et al., 2004; Harle et al., 
2007) have suggested that below a threshold of 300-500 mm of 
annual rainfall further decreases in precipitation may offset the 
positive effects of enhanced CO

2 
on plant growth. A reduction in 

average rainfall, or increased severity of drought, is thus likely 
to be translated more directly into reduced forage production 
in the sheep pastoral zone than in higher rainfall environments. 
Historical episodes of degradation in the rangelands have usually 
resulted from the interaction of drought and high stocking rates. 
Climate change may well see the rangelands potentially more 
vulnerable to another episode of degradation, particularly if the 
current interest in alternative breeds results in the widespread 
adoption of animals reputed to be hardier than the Merino, 
and perhaps better able to maintain body condition under poor 
seasonal conditions. These animals may well have greater 
capacity to damage land resources under drought conditions 
unless management is closely linked to the condition of the 
vegetation rather than the animals alone. 

While management of seasonal risk has always been 
a fundamental issue for extensive production systems, the 
development and application of more sophisticated risk 
management tools will become more important if variability 
increases even further under a changing climate. 

Environmental stewardship

Rangelands are increasingly valued for their non-productive 
attributes such as the potential to conserve biodiversity. While 
much attention in the past has focussed on the extent of degradation 
there is now an increasing realisation that despite the past ravages 
of excessive stocking, rabbits and drought the rangelands offer 
a much better prospect for conservation of biodiversity and 
other natural values than do the higher rainfall zones where 
landscapes have been extensively cleared and fragmented. 
Further, since conservation of biodiversity at the genetic level 
requires maintenance of species across their natural ranges it can 
never be effectively achieved within national parks and must be 
integrated with production across the broader landscape. The 
rangelands supporting the extensive sheep industry provide an 
ideal opportunity for this. More schemes such as the Enterprise 
Based Conservation program in NSW (Shepherd, 2006) can be 
expected in which delivery of conservation outcomes is in various 
ways incorporated as an enterprise into pastoral businesses and 
the cost of delivery of public benefits is appropriately shared 
between landholders and the community (Sinden, 2004; Hacker, 
2004). Part of this integration of conservation and production will 

require the maintenance of any remaining water-remote areas 
and the planned closure of artificial waters elsewhere (Fensham 
and Fairfax, 2008).

Precision pastoralism

The wool industry generally has been characterized by low rates 
of productivity growth and the pastoral wool industry probably 
more so than other components. The future of the industry will 
be dependent on its capacity to lift productivity substantially 
in order to offset continuously declining terms of trade. New 
technology for individual animal identification, data telemetry, 
and remote weighing and drafting offers considerable potential to 
increase per head productivity by managing animals individually 
(e.g. in terms of access to supplements) rather than as part of a 
mob. At the same time management of the natural resource base 
and seasonal risk management can be improved by use of locally 
parameterized pasture growth models to provide probabilistic 
outlooks for future pasture growth, stocking rate and ground 
cover at the paddock scale (Hacker et al., 2008). However, these 
technologies are still in the early stages of development and 
adoption and are yet to have any substantial impact on pastoral 
practice or productivity.

Conclusions 

Outside the area enclosed by the dog fence the extensive sheep 
industry is likely to experience further contraction and may 
disappear completely as cost pressures and the lack of human 
resources prevent the control of this major predator. Contraction 
is likely even within the protected area as small non-viable 
leases, especially in areas severely encroached by invasive native 
scrub, are withdrawn from production. On the more productive 
land types, however, or where invasive native scrub can be 
economically removed, the industry should be able to persist and 
prosper if managers continually seek productivity gains to offset 
declining terms of trade. However, the industry of the future will 
differ from that of the past. There will be greater emphasis on meat 
production either from new sheep breeds or from Merinos, and 
payment for delivery of public goods in the form of conservation 
outcomes is likely to be a part of many pastoral businesses. 
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Introduction

The world sheep population (Chapter 1) can be divided 
into three major evolutionary types (Ryder and Stephenson, 
1968). The Southern Desert Group of (hair) sheep are found 
in areas south of the Sahara and the hot plains of India. They 
have a short kempy fleece and a fine undercoat. The Northern 
Desert Group of sheep have a coarse-wool fleece comprising 
long medullated fibres and a shorter finer undercoat that 
is more suited to withstand temperature extremes. These 
sheep are found in the northern Sahara, the arid areas of the 
Middle East from Syria to Afghanistan as well as deserts in 
eastern central Asia. The third group, or Temperate Group, 
were developed in Europe and subsequently transferred to 
temperate regions around the world with colonisation and 
the establishment of commercial sheep farms. Fleeces of 
sheep in the Temperate Group range from coarse, double 
coat types akin to the Northern Desert Group, to short wool 
types produced by “Down type” breeds to fine-wool types 
produced by the Merinos and its derivatives. In this chapter 
coarse wool is taken to mean wool shorn from breeds of 
sheep that do not contain any Merino blood where the mean 
diameter of the adult fleece is coarser than 32.5 µm. It thus 
includes wool grown by sheep in all three groups.

Coarse wool sheep are traditionally farmed throughout 
the world as “multi-purpose” animals to produce meat, milk, 
fibre and leather, while fed low-quality-roughage based diets 
(Ryder, 1983). Aspects of sheep management to optimise the 
individual production of these products are influenced by a 
series of interacting physiological, genetic, environmental, 
and economic factors.

While relatively few breeds now shed naturally, most 
coarse wool breeds still exhibit a pronounced seasonal pattern 
of wool growth which appears to result from intrinsic rhythms 
within the follicle. These rhythms are regulated by hormones 
released from the pituitary in response to day length by the 
hypothalamic-pituitary axis (Chapter 15). Wool growth is 
also modified by several families of growth factors (Nixon 
and Moore, 1998; Chapter 15). Breeds with a pronounced 
seasonal pattern of wool growth all grow coarse wool. This 
may be produced either as a double coated fleece with a 
coarse outer coat (fibres growing from primary follicles) and 
a fine inner coat (fibres growing from secondary follicles), 
or a type often referred to as a “British breed” such as a 
Romney. British breeds have a pronounced seasonal pattern 
of growth but no visual difference between fibres growing 

from primary and secondary follicles. Coarse wool sheep 
grazed under extensive conditions and which have not been 
subjected to centuries of selection for an even fleece, tend 
to be of the double fleece type. On the other hand breeds 
of sheep which have been farmed under intensive and semi-
intensive conditions and able to be selected to produce a more 
even fleece, tend to be of a British breed type.

Genetic studies with Romney sheep have shown the 
existence of a simple genetic mechanism at the HH1 (Halo 
hair) (Dry, 1955a) and HH2 loci (Dry, 1955b) to change 
the relatively uniform fibre type into a double-coated fleece 
(Lauvergne et al., 1996). Three dominant alleles of decreasing 
dominance exist at the HH1 locus namely HH1T (known 
as Tukidale) (Wickham and Rae, 1977), HH1J (known as 
Carpetmaster) (Wickham and Rae, 1977) and HH1N (known 
as Drysdale) (Dry, 1955a; Wickham and Rae, 1977). A related 
mutation is the incompletely dominant HH3El locus that has 
resulted in the development of the Elliotdale sheep. Where 
these genotypes are farmed in Australia and New Zealand 
(NZ) they are referred to as specialty carpet wool sheep.

Of the 1,100 million sheep in the world, approximately 
40% grow coarse wool (Figure 23.1). By extrapolation it is 
apparent that approximately two thirds of the sheep growing 
coarse wool are native breeds while a third have been 
selectively bred to improve various aspects of their wool 
production (Iñiguez, 2005). Although many native breeds are 
kept, often under subsistence farming conditions, to produce 
meat and milk rather than fibre, some do produce sufficient 
fibre for commercial processing. Developed coarse wool 
breeds are largely farmed under intensive or semi-intensive 
conditions in temperate regions to produce both meat and 
wool for commercial use (Porter, 2002). Wool produced in 
excess of that required by the wool processing sector in the 
grower country is exported. Of the coarse wool that is traded 
internationally approximately 60% is grown in NZ, UK, CIS, 
China and Australia with 27% being grown in countries in 
Eastern Europe and the Middle East (Figure 23.2).

NZ is the largest producer of coarse wool entering 
international trade. This wool is produced under intensive 
and semi-intensive farming systems using developed breeds 
where individual wool growers make a range of on-farm 
management decisions that influence fibre characteristics of 
processing significance (Chapter 3). This in-turn affects the 
price the grower receives for his wool clip.

This chapter covers aspects of the biology and growth 
patterns of coarse wool from sheep run under temperate 
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NZ climatic conditions using intensive and semi-intensive 
farming systems. The underlying biological principles are 
applicable across a range of other environments where there 
is an economic incentive for wool growers to optimize the 
processing performance of their wool clips.
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Figure 23.1. The annual production of wool classified by 
mean fibre diameter range, grown during the 2007 season 
in the Northern Hemisphere and 2007/08 in the Southern 
Hemisphere in the ten principal wool growing countries of 
the world. Fine = less than or equal to 24.5 µm, Medium 
= 24.6 to 32.5 µm, Coarse = greater than 32.5 µm. CIS = 
Commonwealth of Independent States (formerly USSR 
(Union of Soviet Socialist Republics)), UK = United 
Kingdom. Source: The Woolmark Company (2008).
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Figure 23.2. The amount of the coarse wool traded 
internationally in 2007 classified by country for the principal 
grower countries, and grouped by the region of the world for 
the countries exporting small amounts of coarse wool. UK 
= United Kingdom, CIS = Commonwealth of Independent 
States (formerly USSR (Union of Soviet Socialist Republics)). 
Source: The Woolmark Company (2008).

With the principal end-use of coarse wool being carpets, such 
wool is often loosely referred to as carpet wool. Coarse wool 
is however also used for hand knitting yarns, upholstery, 

drapes, and bedding. Farmers running coarse wool genotypes 
expect to earn between a third and two-thirds of the income 
derived from their sheep enterprise from the sale of young 
sheep for slaughter. These genotypes are thus often loosely 
described as dual-purpose sheep. As a consequence many 
management decisions are taken to optimize the number of 
lambs born, the growth rate of the lambs and overall wool 
production. Some decisions while benefiting one output can 
be antagonistic to another (see Chapter 17).

Processing routes for coarse wool

Coarse wool is no different from other wool types in that it 
is processor requirements that dictate the specifications the 
grower needs to meet to be able to sell his wool for as high a 
price as possible. With the worsted system generally being too 
expensive to be efficiently used for lower value coarse wool, 
the principal spinning routes used for coarse wool are either 
semi-worsted to produce a cheap strong yarn or the woollen 
system to produce a bulky low strength yarn (see Chapter 26).

Most carpet yarns are spun on the woollen or semi-worsted 
systems to produce woven or tufted carpets respectively. 
Hand knitting yarns tend to be spun from lamb fleece wool 
and soft handling fleece wool from young adult sheep using 
the woollen and semi-worsted systems. Upholstery and 
furnishing fabrics, which tend to be a relatively minor end-
use of coarse wool, are produced from yarn spun on the semi-
worsted or worsted systems. Bedding, on the other hand, 
tends to use high bulk (hard to compress) wool, with much of 
it used in a loose form and not spun into a yarn.

While most yarns are made from blends of wool sourced 
from a range of growers, the principles underlying on-farm 
production apply across the range of wool components 
incorporated into the blends.

Extensive research at WRONZ (Carnaby, 1983; Carnaby 
et al., 1983a, 1983b; Maddever et al., 1984; Ford et al., 1989) 
has shown that the processing performance of wool fibre 
made into carpet can be adequately predicted by objective 
measurements of mean fibre diameter, mean fibre length 
after carding, bulk, medullation, base colour and vegetable 
matter content. The basis for the relative importance of each 
of these properties in the production of carpet yarn can be 
summarized as:

Mean •	 fibre diameter – From a production point of view 
fibre diameter has little effect on the spinnability of 
carpet yarn.
Mean fibre length – Semi-worsted and worsted spinning •	
systems require long fibres with a fairly narrow variation 
in fibre length to provide smooth drafting to produce 
strong regular yarns. Marked reductions in fibre diameter 
along the fibre can result in fibre breakage during 
carding resulting in a yarn with reduced tensile strength. 
Although the woollen spinning system can handle shorter 
fibres, an excess amount of short fibre content can result 
in undesirable fibre shedding during the early stages of 
carpet wear.
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•	 Bulk – Bulk, a measure of the specific volume of a 
fibre mass, is closely related to fibre diameter and 
fibre curvature (Sumner et al., 2009). It contributes to 
good cover of the backing, enhanced tuft definition, a 
matt appearance and a resilient pile giving improved 
wearability and appearance retention.
Medullation – Medullation is a characteristic directly •	
associated with fibre diameter in coarse wool (Scobie 
et al., 1993). It imparts a firm handle and resistance to 
compression in a carpet. Excessive medullation affects 
dye uptake and gives a streaky appearance, particularly 
in plain carpets.
Base colour – While discoloured wool can only be •	
satisfactorily dyed to dark colours, it is essential to have 
wools of good colour when dyeing pale bright colours. 
Unscourable yellow discolourations and the stain 
absorbed into the wool fibre from faecal contamination 
(known as “pen stain”) are particularly serious as the 
associated pigments, are affected by light with the result 
that subsequently dyed wool may fade in areas where a 
carpet is exposed to direct sunlight.
Pigmented fibre – Quite distinct from wool’s overall •	
yellow discolouration, the presence of dark fibres is an 
important aspect of wool quality. A plain carpet of light 
colour can appear streaky if a few coloured hairs are 
distributed irregularly along the yarn.
Vegetable matter content – Although normally removed •	
mechanically during carding, some forms of vegetable 
matter contamination can be difficult to remove during 
processing and show as faults in finished products..

The basic requirements of yarns for end-uses of coarse wool 
other than carpets, are essentially similar to the requirements 
for carpet yarns.

As a direct result of their processing significance each of 
these characteristcs has a relative economic value in the coarse 
wool market (Sumner et al., 2008). These parameters set 
financial guidelines that underpin on-farm animal production 
decisions enabling growers to maximize their returns from 
growing coarse wool.

Seasonality of growth of coarse 
wool and associated changes in wool 
characteristics

As in many hair and fur bearing animals, the pelage of wild 
sheep grew for several months over the summer while feed 
was plentiful, then stopped growing when the follicles entered 
a resting phase over the winter (Ryder, 1987). By centuries 
of judicious selective breeding man has attempted to reduce 
the extent of moulting, so that the fibre can be harvested in a 
controlled fashion (Ryder, 1983).

The natural wool growth cycle of coarse wool sheep that 
evolved around an inherent moult in the spring is for a period 
of increased fibre growth over the summer to coincide with 

a plentiful supply of feed and provide insulation against 
cold during the ensuing winter. During the winter the rate of 
wool growth is naturally reduced coincident with a potential 
scarcity of feed. The combined effect is a sinusoidal pattern 
of growth in both yearling and adult sheep (Sumner and 
Wickham, 1969) which persists when the sheep are fed to 
maintain a constant live weight (Geenty et al., 1984; Woods 
and Orwin, 1988).

The endocrine mechanisms regulating wool growth 
are sufficiently sensitive that differences of an hour in the 
duration of daylight in winter and summer, as associated 
with changes in latitude across the length of NZ, have been 
shown to be sufficient to influence the amplitude of the wool 
growth cycle of Romney sheep (Sumner et al., 1998). In 
summer, sheep farmed at a higher latitude with longer hours 
of daylight grew approximately 20% more wool while in 
winter, when they experienced shorter hours of daylight, they 
grew approximately 20% less wool than the group farmed at 
a lower latitude.

The seasonal cycle in wool growth of coarse wool sheep 
is associated with concomitant changes in fibre length growth 
rate, mean fibre diameter and mean fibre volume (Woods and 
Orwin, 1988). Earlier reported trends for the length growth 
rate cycle to precede the fibre diameter cycle by a month 
(Story and Ross, 1960; Sumner and Wickham, 1969) were 
an artefact of the measurement techniques used. Woods and 
Orwin’s (1988) autoradiographic studies showed that the 
amplitude and timing of each of these cycles in coarse wool 
sheep were independent and differed between animals and 
between fibres within animals. Seasonal changes in fibre 
volume are in turn related to seasonal changes in medullation 
with the proportion of medullation increasing as fibre volume 
increases (Scobie et al., 1993). These trends highlight the 
complexity of physiological mechanisms regulating fibre 
length and diameter growth changes at the follicular level 
(Orwin, 1989).

The tensile strength of individual wool fibres, which is 
in turn reflected in staple tensile strength (Gourdie et al., 
1992), is related to changes in fibre diameter (cross-sectional 
area) along the fibre (Woods et al., 1990; Zhang and Wang, 
2000) rather than to changes in cortical structure (Orwin 
et al., 1985). Thus by inference coarse wool grown under 
natural conditions during the winter/early spring period has 
a significantly lower tensile strength than wool grown under 
natural conditions during the summer.

The biological mechanism associated with fibre crimping 
appears to be time dependent rather than fibre growth rate 
dependent (Norris and van Rensburg, 1931;  Dick and Sumner, 
1997) with the time to form a crimp increasing with increasing 
age (Sumner and Upsdell, 2001). Thus, in combination with 
the natural seasonal changes in fibre length growth rate and 
mean fibre diameter exhibited by coarse wool sheep, mean 
fibre curvature, as reflected in crimp frequency, also shows 
a seasonal trend of being less in the summer and greater in 
the winter (Dick and Sumner, 1997). These seasonal changes 
in crimping are also interrelated with a seasonal change in 
follicle depth. The combined effect of the seasonal changes 
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in these characteristcs is such that predicted wool bulk does 
not change significantly during the year.

While there is a positive relationship between fibre 
diameter and medullation in double-coated breeds there is no 
close relationship between fibre diameter and the presence of 
a medulla in lustrous long-wool breeds such as the Leicester 
and Lincoln (Ryder and Stephenson, 1968). Studies by 
Scobie et al. (1998) have shown that average fibre diameter 
and the proportion of medullation in Romney sheep are 
indeed independent between individual sheep of the same 
breed and within sheep between seasons. The volume of wool 
grown and the amount of available keratin produced to fill the 
fibre, are each controlled by separate mechanisms. The large 
seasonal variations in medullation in individual Romney 
sheep observed by Scobie et al. (1998) are still insufficient 
to be of processing significance (Townend and McMahon, 
1944).

Unscourable yellow discolouration is seasonal as 
discoluration develops when growing fleeces are exposed to 
warm moist conditions (Simpson, 1999; Sumner et al., 2004), 
usually during the late summer/autumn period (Henderson, 
1968; Ahmed and Chatterjee, 1973; Reid et al., 1996). The 
extent of the discolouration is exacerbated by the length of 
the fleece (Ahmed and Chatterjee, 1973; Sumner, 2002). This 
increases the humidity within the fleece encouraging the sheep 
to sweat more (Singh, 1980; Sumner and Craven, 2005) with 
the alkalinity (Sumner et al. 2004) and associated potassium 
content of the suint (Aitken et al., 1994), encouraging the 
chemical reaction underlying fleece yellowing (Kulkarni, 
1980). Development of yellow discolouration may, in part, 
also be associated with the presence of microorganisms (Jatkar 
et al., 1980) in that spraying coarse wool fleeces with a zinc 
sulphate solution can reduce the development of seasonally 
induced yellow discolouration in some environmental 
conditions (Reid and Urquhart, 2003).

Similarly vegetable matter contamination within growing 
fleeces also shows a degree of seasonality in that it occurs 
when plants in the area where sheep are grazing produce seeds 
and burrs that become caught in the wool, or when sheep 
are fed hay as a supplement to compensate for a shortage 
in available pasture. Longer wool is more likely to trap and 
retain vegetable matter than shorter wool.

Factors affecting the growth patterns of 
coarse wool

The grassland environments in which coarse wool sheep 
evolved, generally have a short growing season allied to the 
length of daylight rather than to rainfall. For optimal survival 
under such conditions both reproduction and wool growth of 
coarse wool sheep became closely interlinked with the onset 
of ovulation and the wool growth cycle both being controlled 
by the endocrine system in response to the light to dark ratio 
(Chapters 9 and 15).

In systems where farmed pastures are the principal food 
source for coarse wool sheep, the pasture is usually grazed in 
situ, with the pattern of pasture production being dependent 
on temperature and rainfall. Both can vary considerably 
between seasons and between years (Chapter 18). Integration 
of feed supply to meet the changing nutrient requirements of 
breeding sheep is thus a key factor in the efficient management 
of coarse wool sheep. The principles of feed planning and 
management of farmed pastures to optimize the productivity 
of coarse wool sheep in NZ as outlined by Webby and Bywater 
(2007), can also be applied in other environments.

On account of the strict seasonality of the production 
cycle of coarse wool sheep, feed deficits at some times 
during the year can have far reaching effects that may extend 
into future seasons. If a nutritional check occurs early in a 
sheep’s life, the resulting effect may continue throughout the 
animal’s life. Thus where serious feed deficits occur it may be 
appropriate for farmers producing coarse wool to introduce 
supplementary feeding, depending on the nutritive value and 
cost of the feed (Cottle and Carter, 1992).

In addition to seasonal variations in feed supply, grazing 
sheep are also exposed to the vagaries of seasonal changes in 
weather patterns and severe storms coupled with a challenge 
from a range of diseases, several of which are linked to 
prevailing weather conditions.

Interaction of wool growth with feed 
quality and feed intake

Wool growth, as with any body tissue, requires a balanced 
supply of protein and energy, best expressed as a ratio 
(Kempton, 1979). With wool fibres being composed 
predominantly of protein, protein availability is more 
important than energy supply for optimal wool growth 
(Chapter 13). Although protein availability is a key factor 
underlying wool growth rate, protein availability to the wool 
follicles is ultimately limited by the sheep’s diet.

Coarse wool sheep worldwide depend on herbage 
over the late spring, summer and early autumn period 
with other forages and supplements sometimes being fed 
over the winter. In NZ sheep graze throughout the year so 
quantitative relationships between pasture quality, pasture on 
offer (pasture allowance) and the severity of grazing (post-
grazing mass) with wool growth rate can be derived. Pasture 
quality varies considerably between seasons. There is thus a 
large increase in dry indigestible material that builds up in a 
sward during the late summer/early autumn period after the 
herbage has ceased flowering (Smeaton et al., 1981). After 
allowance for this, Hawker et al. (1982), Sumner and Rattray 
(1980) and Sumner and Smeaton (1981) have demonstrated a 
significantly curvilinear relationship between the amount of 
digestible green fraction on offer and the rate of wool growth 
of sheep grazing the sward (Figure 23.3).
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Figure 23.3. Curvilinear relationship between the amount 
of digestible green dry matter (DM) offered to grazing ewes 
during autumn and their concomitant rate of wool growth. 
Source: Rattray et al. (1987).

Wool growth is under seasonal control with a potential two to 
threefold difference in growth rate between winter and summer 
where the effect is reflected in changes in both fibre diameter 
and fibre length growth rate (Sumner and Wickham, 1969). The 
dynamic seasonal response can be represented by a series of 
curvilinear relationships applicable to each season. While the live 
weight response to changing feed allowance for Romney sheep 
is similar in all seasons, other than spring when the ewes are 
lactating, the seasonal maximums for wool growth rate change 
between seasons (Figure 23.4). High plane feeding in winter 
and low plane feeding in summer cannot be used to offset the 
seasonal pattern of wool growth of Romney sheep to produce 
a fibre of even fibre diameter along its length (Geenty et al., 
1984). With a judicious choice of shearing times this variation in 
fibre diameter, and hence fibre tensile strength, can be overcome 
to produce a fibre suitable for the production of a strong yarn 

suitable for carpet manufacture. Reduced feeding in the winter 
can significantly reduce fleece weight (Sherlock et al., 2004) and 
markedly affect fibre strength through a significant reduction 
in mean fibre diameter (Table 23.1). Notwithstanding wool 
continues to grow, albeit slowly, at sub-maintenance feeding 
while a sheep loses weight up until when it dies.

Table 23.1. Effect of different levels of pasture allowance 
during winter on wool growth rate, objectively measured 
staple strength and “hand appraised” tenderness as would be 
undertaken after shearing when sorting the wool for sale.

Parameter
Pasture allowance  

(kg green DM/ewe/d)

0.7 1.2 1.7 2.2

Wool growth rate during 
July-August (g/d)

3.0 3.8 4.1 4.3

Mean staple strength 
(N/ktex)

12.8 18.7 21.4 22.1

Proportion of fleeces 
deemed to be “tender” (%)

80 65 46 28

Source: Hawker and Thompson (1987).

The pattern of wool growth of Romney lambs offered variable 
pasture allowances shows a typical curvilinear wool growth 
response (Figure 23.5). However the potential maximum 
wool growth is approximately 2 g/d greater in February/May 
than in either December/March or April/July, suggesting that 
peak wool growth rates during the first year of life are some 
two months later than in adult ewes. Subsequent research 
has shown that several of the dimensional properties of wool 
fibres in young sheep do not attain their adult limits until 
the sheep are at least a year of age (Dick and Sumner, 1996; 
Sumner, 1999).
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Figure 23.4. Effect of pasture allowance on live weight change and wool growth in Romney breeding ewes during the four 
seasons of the year. Source: Rattray et al. (1987).
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Interaction of wool growth with lambing

As the physiological mechanisms regulating both reproduction 
and wool growth are entrained by seasonal changes in day-
length mediated via circulating hormones, lambing occurs 
naturally at the same stage of the wool growth cycle each 
year. Under grazing conditions where available feed supplies 
may be limited in late winter, the competitive demands 
of the developing foetus(es) for the available nutrients 
can significantly depresses the rate of growth below that 
which would occur in a non-pregnant sheep (Figure 23.6). 
The depression in wool growth rate is associated with a 
concomitant reduction in both mean fibre diameter, with a 
reduction in fibre tensile strength, and fibre length growth 
rate. While the reduction in wool growth rate can be reduced 
by supplemental feeding in late gestation, it cannot be 
prevented regardless of the amount fed (Fitzgerald et al. 
1984; Hawker and Thompson, 1987). A depression in wool 
growth rate associated with a reduction in fibre length growth 
rate has been detected in ewes as early as Day 21 of gestation 
(Pearson et al., 1999). With this depression occurring too 
early in gestation to be a result of competition for available 
nutrients, it is assumed to be under endocrine control.
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Figure 23.6. Seasonal pattern of wool growth for ewes giving 
birth to and rearing no lambs, one lamb or two lambs. SED 
= Standard error of difference. Source: Sumner and McCall 
(1989).

No short term effects of either prolactin (Pearson et al., 1996) 
or progesterone (Slen and Connell, 1958) on wool growth 
have been reported although specific progesterone receptors 
have been identified in human skin and hair follicles (Wallace 
and Smoller, 1998).

Placental lactogen may play a role in depressing wool 
growth of ewes during pregnancy as it has been implicated in 
the development of wool follicle populations in foetal lambs 
(Wickham et al., 1992). However, while the decline in wool 
follicle output occurs before any appreciable increase in 
placental lactogen concentration (Chan et al., 1978), placental 
lactogen disappears from the circulation of the ewe at parturition, 
coinciding with a marked increase in wool growth rate.

The onset of the breeding season in some genotypes is not 
as strongly entrained by the photoperiod as in other genotypes. 
It is thus possible with the use of hormonal treatments and/
or selection, to induce a longer potential breeding season 
in some genotypes so that they lamb in the autumn rather 
than a natural lambing in the spring. The birth season then 
influences the seasonal pattern of wool growth. When ewes 
lamb in spring the natural decrease in winter wool growth 
rate coincides with the pregnancy-induced decline in follicle 
output and a reduction in pasture growth rate. When ewes 
lamb in the autumn or winter the decline in wool growth 
is less pronounced so under NZ conditions the ewes can 
produce up to 33% more greasy wool at an annual shearing 
than ewes lambing in spring (Morris et al., 1993; Reid and 
Sumner, 1991). In addition wool grown by ewes that have 
lambed in autumn or winter has less along-fibre variation 
in diameter with a higher staple tensile strength (Morris 
et al., 1994) leading to improved processing performance. 
The underlying explanation has been attributed by Kendall 
(1999) to interactions between photoperiod and the influence 
of pregnancy and lactation on prolactin secretion. While 
peak circulating prolactin concentrations at parturition in 
his trials were similar in ewes lambing in winter or spring, 
elevated prolactin concentration during the winter in autumn/
winter lambing ewes appeared to provide a stimulatory effect 
on winter wool production. In contrast, prolactin levels in 
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spring-lambing ewes remained low during the winter and 
wool growth continued to decline until the surge in prolactin, 
associated with parturition, occurred and the inherent wool 
growth cycle was re-set (Pearson et al., 1996).

Wool growth naturally increases during lactation with the 
magnitude of the increase being influenced by the amount 
and quality of the feed and the number of lambs being reared 
(Hawker et al., 1982). Absorbed nutrients are preferentially 
used for milk production at the expense of wool growth. 
The high circulating levels of prolactin during lactation, 
in combination with the prolactin surge at parturition, is 
important in stimulating wool growth post-lambing (Kendall, 
1999). Kendall (1999) observed an average increase in 
annual fleece weight of 18% in autumn/winter-lambing ewes 
exposed to a long-day photoperiod compared with control 
ewes. The faster growing fibres were approximately 5 µm 
coarser. Prolonged pharmacological treatments to suppress 
the prolactin surge at parturition and circulating prolactin 
during lactation have depressed annual fleece weight by 33% 
due principally to a decline in length growth rate with little 
change in mean fibre diameter (Kendall, 1999).

It is physiologically possible for the feeding level of the 
ewe to influence the wool characteristics of the developing 
foetus (Sherlock et al., 2005; Curnow, 2006; Kelly et al., 
2006), however the magnitude of the change in coarse wool 
sheep is insufficient to affect the commercial value of the 
fleeces grown by the foetus during its subsequent productive 
life.

Shearing time versus wool 
characteristics

It is necessary, even in the case of a shedding breed, to 
physically shear sheep to be able to collect the fibre for later 
use. The use of nets to retain wool shed from coarse wool 
sheep is uneconomic. With wool fibres protruding above the 
skin being inert tissue independent of the biologically active 
base of the follicle, the process of actually cutting wool fibres 
above the skin has no effect on the subsequent growth rate of 
the fibre produced by that follicle (Downes and Lyne, 1961).

Under normal farming conditions sheep can grow between 
60 mm and 250 mm of wool in 12 months (NZ Wool Board, 
1994; The British Wool Marketing Board, 1985). The norm 
for breeding females of the most common breeds in NZ is a 
fleece of 100 to 125 mm in length from 12 months growth. 
The frequency of shearing directly regulates the length of 
fibres available for processing. Shearing once-yearly can 
result in fleeces being close to the upper end of a processor’s 
requirements to spin a semi-worsted yarn (Chapter 26). On 
account of the length of the staple, as well as on-farm problems 
associated with sheep having long wool at some times of 
the year, many flocks in NZ are shorn more frequently than 
once-yearly. This provides fleece and oddment wool varying 
in length from less than 45 mm to more than 125 mm (Figure 
23.7). The shorter lots of wool result from a twice-yearly 
shearing policy, some of the intermediate length lots of wool 

result from the sheep being shorn three times in two years 
while the longer wools result from a once-yearly shearing 
policy.
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Figure 23.7. Proportion by weight of coarse wool sold at 
auction in NZ during the 2006/07 season classified by barbe 
length (mm). Source: adapted from data supplied by Wool 
Services International Ltd.

During winter, grazing sheep can be subjected to temperature 
stress that reacts directly or indirectly on wool growth rate. 
The extent of the stress is a function of the prevailing weather 
conditions (Blaxter, 1977), body condition of the sheep and 
fleece length (Joyce and Blaxter, 1964). Shearing sheep prior 
to a period of cold stress can further increase their energy 
expenditure on account of their loss of external insulation. 
Under mild weather conditions Dabiri et al. (1995a) showed 
the increased energy requirements to maintain deep body 
temperature can result in increased levels of circulating non-
esterified fatty acids for three to four days post-shearing 
indicating mobilization of body fat depots. This is followed 
by an increase in voluntary feed intake to meet the sheep’s 
increased energy requirements. Under more extreme 
conditions hypothermia can result causing significant levels 
of mortality (Geytenbeek, 1962; Dabiri et al., 1995b) within 
the flock. The inherent physiological drive for an increase 
in voluntary intake after shearing, while dependent on the 
amount and type of feed available (Vipond et al., 1987) 
progressively diminishes over a period of 4-6 weeks (Dabiri et 
al., 1996; Elvidge and Coop, 1974; Wodzicka-Tomaszewska, 
1964). Meanwhile the insulative capacity of the growing 
fleece increases (Joyce, 1968).

A standard NZ shearing comb has a maximum thickness 
of 3 mm with 13 teeth and leaves 2 - 4 mm of stubble (Dabiri 
et al., 1995a). If sheep can be shorn to leave a longer stubble 
than left with a standard comb, this has the potential to 
provide a greater degree of insulative protection during the 
first few days after shearing. One way this can be achieved is 
to use a thicker shearing comb. Initially a snow comb, with 
a maximum thickness of 9 mm and 9 teeth that left a 7 - 9 
mm stubble, was developed. These were difficult for shearers 
to use and were not popular. Subsequently a thinner comb, 
initially called a “cover” comb, but now called a “winter” 
comb, with a maximum depth of 7 mm and 9 teeth that leaves a 
5 - 7 mm stubble (Dabiri et al., 1995a) was developed. Winter 
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combs are now in common use throughout NZ when sheep 
are shorn during the cooler months of the year. The increased 
length of stubble enables ewes shorn with a winter comb to 
be able to withstand 4 - 5°C lower ambient temperature under 
artificially induced cold, wet and windy conditions before 
they involve thermoregulatory heat production, than ewes 
shorn with a standard comb. For comparison shearing with 
blades or scissors, as is normal practice in many areas of the 
world where coarse wool sheep are farmed, leaves a variable 
length stubble that can range between 5 - 15 mm at points 
over the body of the sheep.

With appropriate amelioration of cold stress following 
shearing through the use of winter combs and the provision 
of shelter, coarse wool sheep are routinely shorn in NZ and 
Australia at other times of the year then spring/early summer. 
The increase in voluntary intake following shearing can, when 
adequate feed is available, potentially be used as a management 
tool to benefit some key steps in sheep production (Sumner, 
1983). If the timing of shearing corresponds to a period of 
the year with an adequate supply of green dry matter on offer, 
there is a curvilinear relationship between pasture allowance 
and wool growth rate (Rattray et al., 1987). Thus shearing 
in the spring and autumn in NZ can result in an overall 
increase of up to 0.2 kg in greasy fleece weight (Sumner and 
Willoughby, 1985), whereas shearing when only dry standing 
forage is available can result in a depressed greasy fleece 
weight of up to 0.2 kg (Sumner and Willoughby, 1988). 
Under the latter conditions the reduction in wool growth is 
due to a preferential conversion within the liver of the limited 
available protein into energy for maintenance, rather than for 
growth, particularly wool growth (Lindsay, 1976).

Although the effects are equivocal due to the additional 
effects of feeding and body condition, the increase in voluntary 
feed intake that occurs after pre-mating shearing has, in some 
instances, stimulated ovulation rate in young ewes (Sumner, 
1983). Mid-pregnancy shearing has also been shown to 
induce an increase in the birth weight of twin lambs (Kenyon 
et al., 2003) and pre-lamb shearing to induce an increase in 
milk production (Cam and Kuran, 2004), with a consequent 
increase in lamb weaning weight (Cam and Kuran, 2004; 
Sumner and Scott, 1990). Under optimal feeding conditions 
the increased voluntary intake following shearing can be 
sufficient to increase ewe liveweight (Vipond et al., 1987) with 
its associated benefits to production. While no effects on live 
weight from second shearing yearling ewes in either spring 
or autumn have been reported, there have been small gains in 
fleece weight (Hawker et al., 1985; Sumner, 1986).

In NZ coarse wool lambs are routinely shorn in the 
summer to reduce the risk from flystrike while providing a 
fleece suitable for use in knitting (hosiery) yarns (Chapter 
26). Young female sheep entering the breeding flock are next 
shorn during the following spring providing a fleece that is 
approximately 3 µm finer than the fleece produced by adult 
sheep (Sumner and Dick, 1997). When coarse wool sheep 
are selected for fleece characteristics, selection is usually 
based on the yearling fleece as measurements taken at this 
age are strongly correlated with measurements taken at older 

ages (Sumner and Dick, 1997). In flocks where yearling 
females are not joined with the ram, wool production is not 
confounded with the effects of pregnancy.

With seasonal patterns of wool growth interacting with 
the quantity and quality of available feed (Figure 23.4), 
shearing adult sheep at different times during the year can 
result in the production of fibres with different fibre diameter 
profiles (Figure 23.8).
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Figure 23.8. The profile of Romney wool fibres shorn in 
NZ (a) once-yearly in summer (early January), (b) once 
yearly in winter (early July), (c) twice-yearly in spring (early 
November) and in autumn (early May) or (d) three times in 
two years in early spring (late October), autumn (May) and 
late summer (February) J, F, M … = Months of the year. 
Source: adapted from Sumner and Scott (1990); Sumner and 
Willoughby (1985) and Sumner et al. (1992).
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Fleeces shorn once-yearly in the summer are “waisted” with 
a region of finer fibre diameter and an associated region of 
reduced tensile strength (Bigham et al., 1983b; Ross, 1965; 
Zhang and Wang, 2000) towards the middle of the staple 
(Figure 23.8(a)). This can result in increased fibre loss during 
carding (Chapter 26). In mild cases this reduction in tensile 
strength is referred to as tenderness and in severe cases as 
a “break” (Henderson, 1968). Fleeces shorn in the winter 
are coarser in the middle with an increased tensile strength 
resulting in a stronger yarn (Figure 23.8(b)). Shearing more 
frequently than once-yearly can be used as a procedure to 
produce fleeces with the weakest region close to either the 
tip or butt of the staple so that there will be minimal fibre 
wastage during carding (Figure 23.8(c) and (d)). When sheep 
are shorn more frequently than once-yearly wool growers in 
NZ attempt to balance their shearing dates to align with other 
farm management procedures to minimize the time and cost 
associated with mustering rather than having a strict regime 
of shearing at six-monthly intervals (Figure 23.8(c)).

To improve ewe productivity it is normal practice to 
crutch (shear around the vulva) prior to joining to remove 
attached faeces, and again prior to lambing when the area 
around the udder is also shorn to provide ready access for 
the newborn lamb to suckle immediately following birth. 
Shearing in autumn precludes the need for a pre-mate crutch 
while shearing pre-lambing precludes the need for a pre-
lamb crutch, reducing sheep handling and wool harvesting 
costs (Parker and Gray, 1989).

Replacement ewes entering the breeding flock after being 
shorn in the spring as a yearling may, when first shorn with 
the adult ewes, produce a fleece that differs in length to that of 
the adult ewes. In practice these fleeces are sold as a separate 
line. Similarly wool shorn from ewes culled from the flock 
on account of their age may be shorn before culling when 
their wool may also be of a different length and be sold as a 
separate line.

Unscourable yellow discolourations (NZS 8707, 1984: 
Sumner et al., 2008), of sufficient intensity to incur a price 
penalty, develop under warm moist conditions (Simpson, 
1999; Sumner, et al., 2004). The severity of the fault is closely 
allied to wool length and climatic conditions (Reid et al., 
1996). There are two wool selling centres in NZ, Napier in 
the North Island and Christchurch in the South Island. Most 
regions in the North Island experience a higher annual rainfall 
and a higher overall relative humidity than most South Island 
regions. With wool generally sold approximately six weeks 
after shearing, fleeces shorn in the winter and early spring in 
NZ are less discoloured than fleeces shorn during the summer 
and autumn (Sumner and Armstrong, 1987; Sumner and 
Scott, 1990; Sumner et al., 1992; Sumner and Willoughby, 
1985; 1988; Figure 23.9). A similar pattern of development 
of unscourable yellow discolourations also occurs on the 
North Indian plains (Ahmed and Chatterjee, 1973).

Some of the weeds present in NZ pastures produce burrs 
and seeds that can become embedded in growing fleeces, 
particularly long fleeces. Shearing in the spring/early summer 
before the burrs and seeds form, minimizes the extent of 
contamination and increases wool prices (Sumner et al., 
2008) (Chapter 28). Growers thus can markedly influence the 
characteristics of their clips and hence the price they receive 
for their wool by adjusting the timing and frequency of their 
shearing operation (Sumner et al., 2008).

Effects of diseases related to seasonal 
challenges from environmental factors 
that affect wool and body growth

Most coarse wool sheep are farmed in temperate climates and 
are exposed to a different range of diseases than occur in hot 
dry climates or climates with harsh winters.
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In a temperate climate pasture swards can, under 
particular climatic conditions, become conducive to the 
growth of fungi with the capacity to produce toxins which 
when ingested are harmful to the animal. While these various 
mycotoxins in themselves do not appear to have a direct 
effect on wool and body growth, they all have a direct effect 
on sheep productivity and hence total farm returns. In NZ the 
production of mycotoxins tends to occur in the autumn.

The three main fungal based diseases in NZ are facial 
eczema (FE), ryegrass staggers and infertility associated with 
Fusarium fungi. Other fungal toxins such as trichothecenes, 
affect the gut and are suspected of contributing to the problem 
of autumn ill-thrift in young sheep (Scott et al., 1976).

Facial eczema results from liver damage caused by the 
toxin sporidesmin contained in the spores of the fungus 
Pithomyces chartarum. Outbreaks of the disease in NZ are 
generally confined to the North Island, and related to warm 
moist conditions in summer and autumn. When there is a high 
proportion of dead litter in the base of the sward, warm moist 
conditions stimulate rapid fungal growth and the production 
of large numbers of spores which are ingested by the grazing 
sheep. Sporidesmin is absorbed by the gut and degraded in the 
liver with the production of superoxide, hydrogen peroxide 
and hydroxyl radicals; which in turn initiate damage to the 
biliary system restricting the excretion of phylloerythrin, a 
breakdown product of chlorophyll (Morris et al., 2004). High 
levels of phylloerythrin in the skin trigger photosensitisation 
following exposure to sunlight. The associated distress to the 
animal results in cessation of eating with a sudden decrease in 
wool growth, potentially resulting in a loss of staple strength. 
A continued exposure to low levels of sporidesmin results 
in significant production losses in liveweight gain, milk 
production, wool growth and reproductive performance. There 
is genetic variation in resistance with a heritability of 0.45 ± 
0.05 (Morris et al., 1995). Many ram breeders in the northern 
regions of the North Island of NZ actively select for resistance to 
FE following a tolerance test with an oral dose of sporidesmin. 
Photosensitisation of exposed areas of skin can also occur 
following the ingestion of some plants (Bruère et al., 1990).

Ryegrass staggers is caused by lolitrem B, a tremorgenic 
mycotoxin produced by the endophytic fungus Acremonium 
lolii found at the base of perennial ryegrass (Lolium perenne). 
It is most prevalent during dry conditions over the summer 
and autumn. Ingestion of endophyte infected ryegrass 
indirectly affects wool and body growth through a depression 
in intake associated with the uncoordinated movements 
symptomatic of the disease which make routine movement 
and management of the flock difficult. There are no reports of 
Lolitrem B having a direct effect on wool growth.

Fusarium fungi, which grow on moist dead plant material, 
produce zeralenone and its metabolites. These bind to 
mammalian oestrogen receptors interfering with the control 
functions of endogenous oestrogen. This reduces ovulation 
rate and pregnancy percentage, resulting in decreased lamb 
meat production (Smith et al., 1986).

Diseases caused by bacterial infections that affect the 
productivity of young sheep in temperate climates include 

enzootic pneumonia (Alley, 2002) and a range of conditions 
caused by Clostridium spp. including enterotoxaemia (pulpy 
kidney), tetanus and wound infections (Chapter 20). While 
pneumonia slows the sheep’s growth rate, it is only fatal for 
a proportion of those affected whereas clostridial diseases 
are usually fatal for all affected animals. The later can be 
prevented by vaccination (West et al., 2002).

Other disease states that potentially impact on sheep 
productivity and farm returns include the effects of 
ectoparasites such as flystrike and lice, and endoparasites 
such as gastrointestinal parasites (worms). In general terms, 
the range of ectoparasites that infect sheep are universal 
regardless of the climate. Thus fine and coarse wool sheep are 
affected similarly. However as worms spend one stage of their 
productive life as a free living organism on pasture (Chapter 
20); their effects tend to be more pronounced in sheep farmed 
under intensive conditions in cool moist climates. Depending 
on the parasite involved, infection can either directly affect 
voluntary intake due to distress or affect the ability of the 
gut to absorb and utilize the available protein passing along 
the gastrointestinal tract; with the result that wool growth 
rate is reduced (Roseby, 1973). Nevertheless there are 
small unfavourable genetic correlations between resistance 
to gastrointestinal parasites and both yearling live weight 
and fleece weight in Romney sheep due to the metabolic 
requirements of the young sheep’s body to withstand the 
parasitic challenge (Morris et al., 1997).

Another disease in a moist and temperate climate is 
footrot which is due primarily to a hoof infection caused by 
Dichelobacter nodosus, in association with Fusobacterium 
necrophorum. The infection severely limits the sheep’s 
mobility thereby restricting its intake and hence its wool 
growth and body condition. Resistance to footrot infection is 
a heritable characteristic (Raadsma et al., 1998) with the NZ 
Romney and the crosses derived from it, being more resistant 
to infection than other breeds (Skerman et al., 1982).

Disease control through the use of a planned animal health 
programme will ensure optimal animal health for the flock 
while maintaining efficiency and minimising production 
costs. (Chapter 20).

Managing coarse wool lambs to meet 
slaughter specifications

Meat consumers with a higher disposable income require 
products with an optimal composition, which is pathogen 
free, tender, tasty, bright red in colour, produced in systems 
where the animals are not stressed and the products sold in 
attractive packages suitable for a single meal (Hartung et al., 
2009). Each of the meat quality characteristics in this list are 
affected by various on-farm factors (Purchas, 1989).

Sheep meat production is mainly from young animals. 
Between 1975-76 and 2008-09 83 ± 2% of the sheep 
slaughtered each year have been less than 12 months of age 
(Figure 23.10). The price per kilogram of carcass NZ producers 
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receive for meat from older sheep is considerably less than for 
young sheep such that the mean seasonally-adjusted return per 
head for heavier (21.4 ± 1.9 kg) older sheep has averaged 65% 
of the mean seasonally-adjusted return per head from lighter 
(14.9 ± 1.5 kg) lambs. As a result there is usually only one crop 
of sheep being raised for slaughter on a NZ farm at one time 
with the older sheep being sheep that have been culled from 
the breeding flock for reasons of poor productivity.
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Figure 23.10. Proportional split of the number of head of sheep 
less than about one year of age (lamb meat) and older than one 
year of age (mutton) slaughtered for meat in NZ between July 
1975 and June 2009. Source: adapted from data supplied by 
Meat and Wool New Zealand Economic Service.

On account of the seasonal breeding behaviour of coarse wool 
sheep, lambing routinely occurs in the early spring, with lambs 
attaining a suitable weight for slaughter between late spring/
early summer and the following winter. The bulk are slaughtered 
during the summer/early autumn period (Figure 23.11). Lamb 
growth rate is closely related to the available feed supplies on 
each farm with the time of the peak kill varying between years 
and between regions of the country.
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Figure 23.11. Proportion of the total number of lambs 
slaughtered for export that are slaughtered each month between 
July 1997 and June 2009. Source: adapted from data supplied 
by Meat and Wool New Zealand Economic Service.

An associated effect of this seasonal pattern in lambing is 
that the mean carcass weight of lambs slaughtered for export 

progressively increases from when “new season” lambs are 
first available for slaughter in early summer (November) and 
late spring of the following year (October) when the first 
permanent incisor teeth are “in wear” above the adjacent 
teeth, and the carcass can no longer be classified as a Lamb 
(Figure 23.12).
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Figure 23.12. Mean carcass weight of lambs slaughtered in 
NZ each month for export between July 1997 and June 2009. 
Source: adapted from data supplied by Meat and Wool New 
Zealand Economic Service.

Within NZ all carcasses for export are classified according 
to a weight range and fat content (Kirton et al., 1999). The 
classification grade is used as a basis for payment by meat 
processing companies to producers to elicit the supply of 
animals appropriate to their customers’ requirements.

The maximum price per kilogram of carcass has, over 
several seasons, been paid for carcasses weighing between 
13.0 and 20.0 kg (Figure 23.13 with a low fatness level 
(Figure 23.14). The interaction of these two trends means that 
producers receive the greatest per head return from delivering 
heavy, lean lambs to the meat processor for slaughter. This 
objective is often hard to achieve in practice because as a 
lamb becomes heavier and closer to its mature weight, it 
usually becomes fatter.
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Figure 23.13. Mean price per kg of carcass paid to producers 
for carcasses in the four weight classes, irrespective of fatness 
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= X, 20.5+ kg = H) in the NZ lamb carcass classification 
system between July 2000 and June 2009. Source: adapted 
from data supplied by Meat and Wool New Zealand Economic 
Service.



544   R.M.W. Sumner

International Sheep and Wool Handbook

0.00

1.00

2.00

3.00

4.00

Low Medium High Excessive

M
ea

n 
pr

ic
e 

pa
id

 to
 p

ro
du

ce
r  

   
   

 
($

/k
g 

ca
rc

as
s)

Fat content grade

Figure 23.14. Mean price per kg of carcass paid to producers 
for carcasses in the four fat content classes (Low = Y (GR 
up to 6 mm in L weight grade, GR up to 7 mm in M weight 
class, GR up to 9 mm in H weight class), Medium = P (GR 
over 6 and up to 12 mm in L weight class, GR over 7 and up 
to 12 mm in M weight class, GR over 9 and up to 12 mm in H 
weight class), High = T (over 12 and up to 15 mm in all weight 
classes), Excessive = F (over 15 mm in all weight classes) in 
the NZ lamb carcass classification system between July 2000 
and June 2009. GR = total tissue depth over the 12th rib 110 
mm from the midline. Source: adapted from data supplied by 
Meat and Wool New Zealand Economic Service.

Tissue proportions in the body of sheep are similar after 
compensatory growth following a period of restricted nutrition 
to their proportions in other unrestricted sheep of the same 
weight (Ryan et al., 1993). Nevertheless it is in the farmer’s 
interest to maximise the efficiency of feed utilization by 
ensuring that lamb growth rates are not restricted between 
birth and slaughter, and that the lambs do not deposit excess 
fat (Webby and Bywater, 2007). In NZ, sheep are fed fresh or 
conserved forage as it is uneconomic to feed sheep concentrates, 
although this sometimes needs to be done in times of crisis.

Optimal farm productivity and profitability from a 
production system is achieved by farming more animals with 
a lower per animal level of performance (Webby and Bywater, 
2007; Chapter 14). While there is a relationship between 
live weight and the number of lambs born (Rutherford et 
al. 2003), small ewes are more efficient on a carcass weight 
per unit area basis in producing lambs than large ewes when 
stocked at an equal ewe live weight per hectare (Kenyon and 
Webby, 2007).

Although protein provided via the ewe’s milk is the 
critical element in the lamb’s early nutrition, research has 
shown the relationship between weaning weight and milk 
production to be weaker than has been traditionally believed. 
Under conditions of limited milk supply, as with poor milk 
production or more than one lamb suckling, lambs actively 
substitute pasture for milk (Geenty and Dyson, 1986). Thus 
to maximise lamb growth rates, lactating ewes should always 
be fed as well as possible, within the prevailing conditions, to 
enable the suckling lambs to have access to as much milk and 
nutritious pasture as possible (Webby and Bywater, 2007). 
The peak feed requirements of lactating sheep can be three to 
four times the maintenance requirements of a non-pregnant, 
non-lactating sheep (Nicol and Brookes, 2007).

The rumen is a rudimentary non-functional sac at birth. 
As lambs begin to consume solid feed between two and four 
weeks of age the rumen begins to develop quickly. It attains 
adult proportions relative to live weight by about eight weeks 
of age (Baldwin, 2000). While the rumen would appear to be 
functional by this age, weaning at six to eight weeks of age 
has been shown to be associated with a check in growth from 
which the lambs with an immature rumen may not recover 
(Geenty, 1979). Although lambs are typically weaned at 10 
to 12 weeks of age in NZ, unless they have reached a target 
slaughter weight before this age, weaning at a younger age can 
be appropriate under conditions where the ewe’s milk supply is 
drying up because of a developing feed shortage. Weaning later 
than 10 to 12 weeks of age can result in competition between 
the lambs and ewes for the available pasture, again restricting 
the lamb’s growth rate (Webby and Bywater, 2007).

While there are anecdotal perceptions suggesting that fast 
lamb growth is preferable with respect to meat quality, the 
effect is small for lambs under 12 months of age with no 
unequivocal evidence to support the perception (Devine et al., 
1993). Retaining a lamb for too long at a high plane of feeding 
will result in the deposition of excess fat in the carcass with 
the percentage of fat in the weight gain increasing as the lamb 
approaches its mature weight. The specific percentage of fat 
in the gain at any weight or age will vary between breeds, 
sexes and genetic lines (Fourie et al., 1970). Encouraging 
the deposition of excess fat in the carcass is inefficient in 
terms of feed utilization while producing a lower priced 
product (Figure 23.14) with a lower consumer preference 
(Laugesen, 2005). Where situations of “overfatness” may 
occur on a farm, a combination of shearing and restricted 
feeding has been shown to influence the energy balance of 
the animal sufficiently to induce a leaner carcass (Bray et al., 
1985). While this may be economic under some situations 
it is inefficient from an energy perspective. Under optimal 
feeding conditions the induced increase in voluntary intake 
following shearing can be sufficient to increase the growth 
rate of shorn lambs relative to unshorn controls (Pownall et 
al., 1984; Sumner, 1984).

Using appropriate tables it is possible to quantify the 
energy (Nicol and Brookes, 2007) and protein (Brookes and 
Nicol, 2007) requirements of ewes and lambs at different 
stages of growth and plan appropriate feeding strategies for 
specific production criteria. A knowledge of these requirements 
becomes particularly important during the summer and autumn 
as forage plants mature and become less digestible so that the 
availability of energy and protein falls (Chapter 18) causing 
the growth rate of young sheep to slow (Figure 23.15).

With appropriate soil and climatic conditions, one 
management procedure that can be used efficiently to improve 
lamb growth rates in specialist lamb finishing systems, is 
to introduce forage species such as chicory (Cichorium 
intybus), Lotus corniculatus, lucerne (Medicago sativa) 
and white clover (Trifolium repens), and forage brassicas 
to complement grazed perennial ryegrass (Lolium perenne) 
based pastures (Clark and Woodward, 2007). Following 
autumn rain pastures recommence growth and young sheep 
begin to increase weight.
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Figure 23.15. Relationship between liveweight gain of 
Romney lambs and the quantity (kg dry matter (DM)/ha) and 
quality (% green) of available pasture. Source: Kenyon and 
Webby (2007).

It is during the period when the growth rate of young stock 
begins to slow that the competition with the other stock classes 
on the farm for the dwindling feed availability can become 
critical (Webby and Bywater, 2007). Frequent drafting 
against an objective standard, such as a target live weight, 
is a practical way to keep the number of animals in the mob 
being produced for meat production to a minimum. It may 
also be appropriate that the target live weight be reduced, all 
be it with a reduced return, to reduce the numbers of animals 
being held on the farm. In many areas of the world where 
coarse wool sheep are farmed the short growing season 
severely limits lamb growth rate and sheep may need to be 
retained over two or more growing seasons before they are of 
sufficient size for slaughter (Chapter 6).

In developing a planned animal health programme to 
optimize the growth rates of sheep being raised for meat 
production, there are withholding periods associated with 
some veterinary treatments to prevent unacceptable residues 
from entering the food chain within either milk or meat (Page 
and Hennessey, 2007).

Ram lambs grow faster and produce a leaner carcass than 
wethers or ewes (Field, 1971; Kirton et al., 1982). If ram 
lambs cannot be slaughtered before they are six months old, 
they should be castrated at the same time as they are docked. 
The preferred method is application of a rubber ring to the 
neck of the scrotum above the testes causing ischaemia and 
death of all tissues below the ring.

Managing coarse wool sheep for milk 
production

Approximately 1.3% of the world milk production consumed 
by humans is produced by sheep with the other 98.7% 
produced by cows, buffalos and goats. Sheep farmed to 
produce milk for human consumption are of a coarse wool 
type with no Merino blood (Haenlein and Wendorff, 2006).

Milk is an emulsion of fat in an aqueous solution containing 
whey proteins, casein, lactose and minerals (Raynal-Ljutovac 

et al., 2008) that can be processed into liquid milk, milk 
powder, butter, cheese, yoghurt and ice cream (Haenlein and 
Wendorff, 2006). Sheep’s milk has a higher fat, total solids 
and protein content than goat and cow’s milk which makes it 
particularly suited for cheese production (Table 23.2). This 
enables the nutrients contained in milk to be stored without 
refrigeration as a human food source. In excess of 150 
different varieties of cheese are produced around the world 
from sheep milk (Haenlein and Wendorff, 2006). Genetic 
selection to improve the productivity of dairy sheep is thus 
focussed on the concentration of milk solids rather than milk 
volume (Barillet and Astruc, 1995) with a greater rate of 
genetic progress possible following selection for individual 
solids contents than for milk yield (Table 23.6).

Table 23.2. Average chemical composition and energy 
content of sheep, goat, cow and human milk.

Component Sheep Goat Cow Human

Water (%) 82.5 87.0 87.5 87.5

Fat (%) 6.5 3.5 3.5 4.4

Total solids (%) 17.5 13.0 12.5 12.5

Total protein (%) 5.5 3.5 3.2 1.1

Casein (%) 4.5 2.8 2.6 0.4

Lactose (%) 4.8 4.8 4.7 6.9

Energy (kcal/L) 1,050 650 700 690

Source: Pulina and Nudda (2004).

Proteins are the main allergens in milk with some people 
developing allergies to cow’s milk over time through 
exposure to casein and whey proteins in liquid milk, and a 
range of other food products such as biscuits, soups, spreads, 
cakes and some processed meat products. While there can be 
cross reactivity between proteins with small differences in 
their primary structure (Spuergin et al., 1997), many people 
who are allergic to some of the proteins in cow’s milk can 
drink sheep and goat’s milk without incurring an allergic 
response.

As with other species there is a negative correlation in 
sheep between milk yield and milk composition (Barillet 
et al., 1986) with milk yield influenced by litter size and 
frequency of milking (Bencini et al., 2003; Haenlein and 
Wendorff, 2006).

Sheep milk composition (Park et al., 2007) varies as a 
result of environmental factors such as stage of lactation 
(Haenlein and Wendorff, 2006), disease status (Pirisi et al., 
2000), nutrition (Nudda et al., 2004) and nature of diet (Kurka 
and Rankin, 2004) as well as being under genetic control 
with variation present both within and between genotypes 
(Signorelli et al., 2008). The combined effect of the genotype 
by environmental differences result in animals, strains and 
breeds of sheep varying in the quantity and quality of the 
milk they produce (Bencini and Pulina, 1997) and hence 
its suitability for processing (Signorelli et al., 2008). With 
selection for dairy production, specialist dairy breeds have 
been created that produce more milk than breeds farmed to 
produce coarse wool and meat. For example, the Awassi dairy 
type sheep (Epstein, 1985)  and the East Friesian (Haenlein 
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and Wendorff, 2006) and can produce up to 1,000 and 
600 litres of milk respectively, during a 300 day lactation, 
whereas the Poll Dorset, a “meat” breed, can produce only 
100 to 150 litres of milk during a 150 day lactation (Geenty 
and Davison, 1982). There is a positive within flock effect 
between live weight and milk production (Burris and Baugus, 
1955). These various factors that affect milk composition in 
turn affect processing performance of the milk (Ubertalle, 
1989) with the farmer having little direct effect on processing 
performance.

Milk production follows a curvilinear function after 
parturition (Casoli et al., 1989), with the mean output 
increasing to a plateau between the third and sixth lactation 
(Pugliese et al., 2000) and declining thereafter (Ploumi et al., 
1998). While the adoption of stripping methods to remove 
additional milk and ensure completeness of milking, increase 
daily milk output and hence the total lactation output of 
dairy ewes, these factors do not affect milk composition in 
dairy genotypes which inherently have a double peak of milk 
ejection. Genotypes that have not been selected for dairy 
production have a higher proportion of ewes that exhibit a 
single peak of milk ejection and have higher residual milk, a 
shorter lactation and a lower concentration of fat in their milk 
than ewes that have two peaks of milk ejection (Bencini and 
Pulina, 1997).

Both the interval between milkings and milking frequency 
have a larger effect on the milk production and milk 
composition of sheep not selected for dairy production than 
in sheep selected for dairy production. Sheep grazing under 
natural conditions have developed with an efficient autocrine 
mechanism to stop lactation if milk is not removed from the 
udder by suckling. Dairy sheep on the other hand, have been 
indirectly selected to have large cisterns within the udder and 
an associated greater udder storage capacity. This response is 
in turn coupled with a less efficient autocrine control of milk 
secretion such that these sheep can tolerate longer intervals 
between milkings without depressing milk production. As a 
consequence dairy sheep can be milked twice daily during 
the main period of lactation and be milked once daily toward 
the end of lactation with no machine or manual stripping to 
remove additional milk, without impacting on overall milk 
yield (Bencini et al., 2003).

In view of the increased energy demands associated 
with milk production, dairy ewes require more intensive 
management systems, with a higher per head feed allowance, 
than are usually necessary for wool and meat production 
systems. Aspects of grazing management and stocking rate 
to optimise milk production from dairy sheep have been 
reviewed by Molle et al. (2004). Notwithstanding ewes 
being farmed to produce milk, wool and meat all require a 
high intake of highly digestible, green leafy pasture for as 
long as possible after lambing. Tables of the dietary energy 
requirements necessary to support lactation in high producing 
dairy sheep indicate that pasture feeding alone may, in many 
parts of the world with a short growing season, be insufficient 

to sustain optimal milk production throughout lactation. 
Under such conditions this energy deficit must be met by 
feeding a balanced range of supplements high in both energy 
and proteins, otherwise both the daily milk production and 
length of lactation will be reduced (Cannas, 2004).

The initiation of lactation is dependent on reproductive 
management of the flock and the successful completion of 
a pregnancy, with a proportion of the female progeny later 
entering the milking flock. Milk yield of ewes bearing 
multiple lambs is greater than ewes bearing single lambs, 
even if they do not nurse them (Pollot and Gootwine, 2004).

Several broadly based systems of managing lambs and 
lactation are in use in different parts of the world depending 
on the relative costs of feed and the return from the products 
produced (Treacher, 1985). For the health of the new-born 
lamb they should receive an adequate feed of colostrum for at 
least 36 hours after birth. Thereafter the lamb may be reared 
with either natural or artificial suckling, with some dairy 
ewes being milked for a 10-month lactation (Brandano et al., 
2004).

Natural suckling may involve leaving the lamb to suckle 
the ewe until it is weaned at about four weeks of age and then 
the ewe milked once or twice a day (Geenty and Davison, 
1982). Alternatively there may be a share-milking system 
whereby the lamb is restricted in suckling its dam and the 
ewe milked once or twice a day (Knight et al., 1993). Share-
milking systems potentially stimulate increased ewe milk 
production and result in greater total lactation yields and 
better lamb survival as well as lower costs for feeding the 
lambs (McKusick et al., 2001). However, this practice results 
in lower concentrations of fat in the milk through a change 
in the normal milk ejection reflex (McKusick et al., 2002). 
Sheep that are allowed to suckle their lambs produce more 
milk with a longer and more persistent lactation resulting 
in a greater total yield than ewes that are not allowed to 
suckle their lambs (Bencini, 1999). Early weaning has also 
been reported as deleteriously affecting the consistency of 
the curd (Ubertalle, 1990) through a reduction in circulating 
oxytocin and prolactin in the ewe’s bloodstream (Turner and 
Huyhn, 1991). This induces a reduction in mammary DNA 
and an increase in plasminogen activators in the milk. These 
convert plasminogen into plasmin, which is involved in the 
hydrolysis of ß-casein, so that the final consistency of the 
curd is reduced.

Artificial suckling may use either natural milk or a milk 
replacer which may be associated with digestive disturbances 
(Morgante, 2004). Feeding systems have been developed 
to minimise lamb losses due to abomasal bloat, associated 
with artificial rearing using milk replacers (Bull and Binnie, 
2006).

Depending on the relative values of wool, meat and sheep 
milk, it may be appropriate that under some circumstances all 
or some of the lambs born be sacrificed at birth and not reared. 
While such a step is biologically wasteful it can simplify the 
management of a sheep milking operation.
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Balancing selection for wool, meat and 
milk characteristics

When farming multi-purpose sheep, the balance of total 
production and total returns from each of the products the 
sheep produce, needs to be optimized. Not all desirable 
characteristics are positively related (Chapter 8).

Sheep farmers generally benefit from genetic 
improvement in reproductive rate and lamb survival because 
these characteristics affect the number of animals from which 
to select flock replacements and remaining sheep for sale. 
In themselves these characteristics do not affect meat or 
wool processors as they do not directly affect the value of 
the product that the farmer is selling. Characteristics related 
to meat and wool quality do however affect product price 
through their impacts further along the supply chain.

There are many interactive physiological steps associated 
with producing as many lambs as possible, that grow fast to 
produce an acceptable carcass for slaughter, while producing 
as much fibre and milk of an acceptable type as possible. This 
can be broken-down into the following simple interlinked 
components related to a series of objective indicators that can 
be readily measured on-farm, namely:

Ewe •	 prolificacy (Number of lambs born)
•	 Lamb survival (Number of lambs reared – direct and 

maternal effects)
Ewe milk production (Lamb weaning weight and/or •	
saleable milk)
Lamb •	 growth rate (Carcass weight or live weight as a 
yearling and lamb weaning weight direct)
Adult size (Adult ewe live weight)•	
Wool production (Yearling or adult fleece weight)•	

•	 Leather production (No parameters currently measured 
on-farm, other than live weight at slaughter, as an 
indicator of pelt size)

Farmers desire high fertility in their ewes, high survival rate 
of lambs and high body growth, mainly in muscle rather than 
fat (Chapter 16). Some fat is required to maintain flavour 
(Sanudo et al., 2000).

Milk production has a relatively high energy requirement 
whereas body and wool growth are protein based tissues 
requiring amino acids and energy for protein synthesis 
(Chapter 13). While each of these products is dependent 
on seasonal factors and the level of feeding, variations in 
production also occur due to the interacting effects of genes 
at many loci (Chapter 8). Some characteristics in coarse 
wool sheep are regulated by single loci acting in a Mendelian 
pattern of inheritance. These include loci regulating litter 
size, muscle cell deposition and several wool characteristics 
(Cottle and Bryson, 2002).

Ovulation rate, a vital component of prolificacy, is affected 
by both the Booroola (FecB) (Piper and Bindon, 1982) locus, 
which while discovered in Merino sheep has been transferred 
into coarse wool breeds and the Inverdale (FecX) (Davis et 

al., 1991) locus, discovered in the Romney. High prolificacy 
genes have also been identified in several other coarse wool 
breeds (Fahmy, 1996).

Extreme muscle development, or muscular hypertrophy, 
has been shown to be controlled by single genes of large 
effect on chromosome 18. The Callipyge (Clpg) mutation 
(Cockett et al., 1994) at one locus affects many muscles in 
the body whereas the Carwell (Crwl) mutation (Banks, 1997), 
which appears to have two alleles at another locus, primarily 
affects the Longissimus dorsi muscle (Nicoll et al., 1998). 
Recent investigations have shown the existence of multiple 
alleles affecting muscling and fatness through growth and 
differentiation factor 8 (GDF8 or myostatin) on chromosome 
2 (Kijas et al., 2007).

There are single loci controlling the production of both a 
heavily medullated (Dry, 1955a, b; Wickham and Rae, 1977) 
and extremely lustrous fleece (Blair, 1990). Medullation is 
a desirable characteristic for carpet yarn whereas lustrous 
wool is prone to felting (Elliott and Lohrey, 1983) and hence 
deemed undesirable for carpet yarn. Fleece pigmentation and 
patterning, which while desirable for some handcraft uses, 
is undesirable for most commercial end-uses. Pigmentation 
is controlled by many allelic variants at several loci, the 
inheritance of which has been reviewed by Sponenberg 
(1997). With these characterisitics being controlled by single 
genes it is possible to combine many of these effects in the 
same individual. Combining multigenic characteristics is 
more complicated.

Production characteristics are closely linked through 
genetic and environmental effects. Technical aspects of the 
response of different characteristics to genetic selection 
are discussed in Chapter 8, in association with estimates 
of heritability and genetic and phenotypic correlations for 
characteristics relevant to Merino sheep. Parameter estimates 
related to characteristics applicable to multi-purpose 
coarse wool sheep are discussed below for a wider range 
of characteristics than applicable for fine wool producing 
Merino sheep. Overall where the same characteristics are 
applicable for Merino and coarse wool sheep the parameter 
estimates are equivalent.

Heritability, and phenotypic and genetic correlations 
associated with reproductive characteristics are low, while 
all other production characteristic correlations are generally 
positive. There are no serious negative relationships that 
would retard progress from selection for increased prolificacy, 
survival, milk production as reflected in lamb growth rate, 
live weight or fleece weight (Table 23.3). Lamb survival 
decreases as average litter size increases as triplets with their 
lower survival substitute for singles and twins. This does 
not cause an unfavourable genetic correlation between lamb 
survival and litter size as genetic evaluations for lamb survival 
usually correct for litter size. Estimates for the heritability of 
adult live weight are higher than for yearling live weight on 
account of genetically set limits that may be attained through 
compensatory growth across several seasons if individuals 
have experienced environmental challenges during their 
growth phase. On the other hand the heritability of yearling 
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fleece weight is higher than for adult fleece weight on account 
of the range of environmental factors an adult sheep can be 
exposed to during later life increasing the inherent variation 
in the adult fleece weight. It is often not feasible to adjust for 
some of these factors when deriving heritability estimates.

Heritability value estimates for washing yield and yellowness 
are low. Estimates for greasy and clean fleece weight, staple 
length and staple strength are medium, while estimates for 
mean fibre diameter and wool bulk are high (Table 23.4). With 
increased wool bulk being a beneficial characteristic for carpet 
yarn, the high heritability for wool bulk has enabled a difference 
of significance in processing to be created in lines of Perendale 
sheep selected for or against wool bulk (Sumner et al., 2007).

Phenotypic and genetic correlations between wool 
characteristics are generally similar in direction and magnitude 
(Table 23.4). Selection for increased greasy or clean fleece 
weight would result in an increase in staple length, staple 
strength and mean fibre diameter, all trends of benefit to 
carpet yarns. On the other hand there would be an increase 
in unscourable yellow discolouration and a small decrease 
in bulk with both trends being a disadvantage in carpet yarn. 
Use of a breeding index involving both greasy fleece weight 
and wool bulk has enabled wool bulk to be increased while 
maintaining greasy fleece weight (Clarke et al., 1999).

Meat characteristics of commercial importance, like wool 
characteristics are also inherited and interrelated amongst 

Table 23.3. Estimates of heritability (on diagonal), genetic correlations (below diagonal) and phenotypic correlations 
(above diagonal) for key production characteristics in coarse wool sheep. Values without a specified range indicate a single 
estimate.

Characteristic Number of 
lambs born

Lamb 
survival

Lamb wean 
weight (kg)

Carcass 
weight (kg)

Yearling 
live weight 

(kg)

Adult live 
weight (kg)

Yearling 
greasy 
fleece 

weight (kg)

Adult greasy 
fleece 

weight (kg)

Number of lambs born 0.0 – 0.1 0.0 – 0.2 0.0 – 0.2 0.1 – 0.5 0.0 0.0

Lamb survival 0.8 – 1.0 0.0 – 0.3

Lamb wean weight (kg) 0.1 – 0.3 0.4 0.1 – 0.3 0.4 – 0.7 0.6 0.2 – 0.3

Carcass weight (kg) 0.2 – 0.3

Yearling live weight (kg) 0.2 – 0.5 0.7 – 0.8 0.3 – 0.5 0.7 0.4 – 0.6 0.1

Adult live weight (kg) 0.1 – 0.2 0.4 – 0.6 0.4 0.3 – 0.5

Yearling greasy fleece 
weight (kg)

0.0 – -0.1 0.2 – 0.3 0.2 – 0.5 0.2 0.3 – 0.5

Adult greasy fleece 
weight (kg)

0.8 0.9 0.3 0.2 – 0.3

Source: Ch’ang and Rae (1970); Clarke and Rae (1977); Dalton and Rae (1978); Elliott et al. (1979a, b); McEwan et al. (1991); Waldron 
et al. (1992); Fogarty (1995); Morris et al. (1996); Morris et al. (2000); Safari et al. (2005); Sawalha et al. (2007); Sumner et al. (2007).

Table 23.4. Estimates of heritability (on diagonal), genetic correlations (below diagonal) and phenotypic correlations (above 
diagonal) for fleece characteristics in coarse wool sheep. Values without a specified range indicate a single estimate.

Characteristic Yearling 
live weight 

(kg)

Yearling 
greasy fleece 
weight (kg)

Washing 
yield (%)

Clean 
fleece 

weight (kg)

Staple 
length 
(mm)

Staple 
strength
(N/ktex)

Mean fibre 
diameter 

(µm)

CIE Y-Z 
(Yellowness)

Wool bulk 
(cm3/g)

Yearling live 
weight (kg)

0.3 – 0.5 0.4 – 0.6 0.0 – 0.3 0.2 – 0.5 0.2 – 0.5 0.0 0.1 – 0.3 0.1 – 0.5 -0.1 – 0.1

Yearling greasy 
fleece weight (kg)

0.2 – 0.5 0.3 – 0.5 0.1 – 0.7 0.7 – 0.9 0.3 – 0.6 0.2 0.4 – 0.8 0.3 – 0.8 -0.1 – 0.2

Washing yield (%) -0.2 – 0.0 0.0 – 0.2 0.2 – 0.5 0.4 – 0.6 0.2 – 0.4 0.2 0.0 – 0.4 -0.6 – -0.4 -0.8 – 0.4

Clean fleece weight 
(kg)

0.2 – 0.5 0.7 – 0.9 0.2 – 0.5 0.3 – 0.5 0.4 – 0.7 0.2 0.2 – 0.6 0.3 – 0.5 -0.2 – -0.3

Staple length (mm) 0.1 – 0.2 0.2 – 0.5 0.3 – 0.4 0.2 – 0.7 0.3 – 0.6 0.1 0.2 – 0.4 0.4 – 0.5 -0.1 – -0.4

Staple strength  
(N/ktex)

-0.1 0.2 0.4 0.2 0.1 0.6 0.2

Mean fibre diameter 
(µm)

0.1 – 0.2 0.3 – 0.6 0.2 – 0.4 0.2 – 0.5 0.3 – 0.5 0.4 0.2 – 0.6 0.3 – 0.5 -0.1 – -0.3

CIE Y-Z (Yellowness) 0.1 – 0.2 0.2 0.0 0.2 -0.2 0.1 0.1 – 0.3 -0.1

Wool bulk (cm3/g) -0.1 – 0.1 -0.1 – 0.0 -0.5 -0.2 – -0.5 -0.5 0.1 0.0 – 0.1 0.4 – 0.9

Source: Bigham et al. (1983a, b); Rae (1987); Newman et al. (1990); Fogarty (1995); Clarke et al. (1999); Safari et al. (2005); Sumner et 
al. (2007).
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themselves both phenotypically and genetically (Table 23.5; 
Chapter 16).

The techniques of ultrasonic scanning (Gooden et al., 
1980) and computed tomography (Navajas et al., 2007) have 
been used to estimate the muscularity of live sheep. Wool 
production was not antagonistic to selection for improved 
lean growth when ultrasonic measurements were used to 
select for fat depth (McEwan et al., 1993). Extrapolating from 
the estimates in Tables 23.2, 23.3 and 23.4, it is apparent that 
overall, fast growing lambs are likely to lay down muscle 
tissue ahead of fat and to grow on to a large frame, fertile sheep 
with a heavy fleece. These are all beneficial characteristics in 
a multi-purpose sheep.

Genetic parameters for milk production and composition 
are similar for dairy-type sheep and cattle (Table 23.6) with 
higher heritability estimates than for Merino cross sheep 
(Afolayan et al., 2009). Preliminary genetic correlation 
between milk production and milk composition with 
reproduction, growth, wool characteristics and worm 
resistance in Merino cross ewes have been recently published 
(Afolayan et al., 2009). The results indicate moderately 
favourable genetic correlations of ewe milk production with 
early growth and reproduction. There was no relationship 
of ewe milk production with wool weight or with worm 
resistance. There was also no relationship of milk composition 
characteristics with ewe production characteristics.

Recognising the extreme diversity between breeds and 
populations of coarse wool sheep in their various production 
characteristics, crossbreeding allows farmers to quickly change 
productive characteristics within their coarse wool flocks. 
Examples of breeds created through crossbreeding include 
the Coopworth (Clark, 1994) and Perendale (Cumberland 
and Nairn, 1993), and more recently the GrowBulk (Clarke 
et al., 1999). While crossbreeding results in heterosis with 
respect to fitness characteristics in the first generation, it is 
possible to retain this advantage through judicious selection 
during subsequent interbreeding (Wei et al., 2003).

Table 23.6. Single estimates of heritability (on diagonal) 
and genetic correlations (below diagonal) for milk 
characteristics in the first lactation of Lacaune sheep. 

Characteristic Milk 
yield (L)

Fat yield 
(kg)

Protein 
yield 
(kg)

Fat 
content 

(%)

Protein 
content 

(%)

Milk yield (L) 0.32

Fat yield (kg) 0.82 0.29

Protein yield 
(kg)

0.92 0.91 0.27

Fat content 
(%)

-0.34 0.24 -0.05 0.62

Protein 
content (%)

-0.47 -0.05 -0.10 0.75 0.53

Source: Barrillet and Boichard (1987).

During the past 15 years there has been an international 
trend for the relative prices of meat to increase while the 
relative price of wool has decreased. The specific case for 
prices applicable to coarse wool sheep in NZ since 1975-76 
is shown in Figure 23.16. Whereas in 1975-76 coarse wool 
sheep farmers in NZ derived ~45% of their income from the 
sale of wool and ~25% from the sale of lamb meat, in 2009 
they only derive ~10% from the sale of wool and ~35% from 
the sale of lamb meat (Figure 23.17). The remaining income 
is derived from other enterprises involving farming cattle, 
deer, goats and some cropping.

This change in product price relativity has created a 
dramatic shift in selection focus for coarse wool farmers from 
fleece weight to number of lambs born when selecting their 
replacement stock. There is now an increased use of “terminal” 
sires (Chapter 1), with no progeny retained for later breeding.

To assist NZ sheep breeders in making flock management 
decisions in such a dynamic situation, a national sheep 
performance recording system was initiated in 1968 aimed at 
the genetic improvement of the national flock (Clarke, 1967). 

Table 23.5. Estimates of heritability (on diagonal), genetic correlations (below diagonal) and phenotypic correlations (above 
diagonal) for meat characteristics in coarse wool sheep. Values without a specified range indicate a single estimate. The GR site is 
above the 12th rib 110 mm from the midline.

Characteristic Live weight at 
slaughter (kg)

Carcass 
weight (kg)

Weight of 
lean (kg)

Fat depth GR 
site (mm)

Eye muscle 
area (mm2)

Meat pH Meat colour 
CIE L*

Meat colour 
CIE a*

Live weight at 
slaughter (kg)

0.2 – 0.3 0.9 0.3 – 0.5

Carcass weight (kg) 0.2 – 0.3 0.9 0.6 – 0.7 0.6 – 0.7

Weight of lean (kg) 0.8 0.9 0.2 – 0.4 0.3 – 0.5 0.6 – 0.7

Fat depth GR site (mm) 0.2 – 0.4 0.6 0.2 – 0.3 0.2 – 0.3 0.3 -0.1 0.1

Eye muscle area 
(mm2)

0.3 – 0.5 0.5 – 0.6 0.6 – 0.8 0.2 – 0.4 0.0 -0.1

Meat pH 0.1 0.0 0.2 -0.3

Meat colour CIE L* -0.0 -0.1 -0.6 0.2

Meat colour CIE a* 0.0

CIE L* = lightness; CIE a* = redness
Source: Bennett et al. (1991); Waldron et al. (1992); McEwan et al. (1991); Fogarty (1995); Safari et al. (2005).
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The scheme was initially called the National Flock Recording 
Scheme and was operated under the control of the Ministry 
of Agriculture and Fisheries. After the inclusion of several 
technical recommendations the national genetic database for 
sheep is now managed by Sheep Improvement Limited (SIL) 
as a service provided by Meat and Wool New Zealand for the 
benefit of the NZ sheep industry. SIL combines performance 
recording with some of the latest DNA technologies. The 
SIL database is the largest sheep database in the world with 
information on over 9 million animals across a wide range of 
reproduction, lamb survival, growth, wool, meat and disease 
resistance characteristics. No information related to milk 
production per se is currently recorded.
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Figure 23.16. Relativity between the farm gate price in NZ 
for coarse wool and for lambs sold for slaughter between 
1975-76 and 2007-08 adjusted to a 2007-08 base. Source: 
adapted from data supplied by Meat and Wool New Zealand 
Economic Service.
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Figure 23.17. Proportion of total gross farm income on sheep 
and beef farms in the North Island of NZ derived from wool 
and the sale of lamb for slaughter between 1975-76 and 
2007-08. Source: Adapted from data supplied by Meat and 
Wool New Zealand Economic Service.

The scheme provides an estimate of overall genetic merit, 
expressed as an index in cents per sheep, for each sheep in 
the flock taking into consideration data from all recorded 
characteristics and from relatives. The selection indices are 

weighted for different production and disease resistance 
characteristics depending on the income they generate within 
coarse wool farming systems focused on either a dual-purpose 
system or a terminal sire system (Amer, 2000; Chapter 8). 
All of the recorded dual-purpose flocks measure a minimum 
of five individual characteristics (litter size, lamb survival, 
weaning weight, a later live weight and fleece weight - Table 
23.7) with some flocks measuring up to 14 characteristics. 
The terminal sire indices focus on fast early growth of lambs 
and ultrasound carcass characteristics taking no account of 
reproduction as daughters of sires are not bred. 

Table 23.7. Economic weightings (c/ewe lambing) as at July 
2009 that are used by SIL in the calculation of selection indices 
for genetic improvement within the coarse wool segment of the 
NZ sheep flock. 

Attribute Characteristic Dual-purpose 
index

Terminal sire 
index

Reproduction Number of lambs 
born

2,430 -

Twinning rate 
adjusted for number 
of lambs born

3,000 -

Lamb 
survival

Survival to weaning 
- direct

6,329 4,110

Survival to weaning 
- maternal

6,371 -

Growth Weaning weight 
- direct

116 66

Weaning weight 
- maternal

97 -

Carcass weight 140 70

Ewe live weight -72 -

Wool Lamb fleece weight 416 -

Yearling fleece 
weight

102

Adult fleece weight 300 -

Meat Lean weight 293 320

Fat weight -183 -200

Disease 
resistance

Summer internal 
parasite challenge

-2.9 -1.56

Autumn internal 
parasite challenge

-2.9 -1.56

Adult faecal egg 
count

-2.5 -

Lamb dag score -254 -254

Adult dag score -687 -

Gamma 
glutamyltransferase 
concentration 
21 days after a 
sporidesmin (facial 
eczema) challenge

-903 -

Source: SIL (2009).

There are also options for specialist wool production systems 
growing wool finer than 32.5 microns. Approximately 
10 - 15% of the recorded flocks measure one or more health 
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characteristics. Estimates of income are based on projections 
of key product prices for meat and wool by the Economic 
Service of Meat and Wool New Zealand for the ensuing 
5 years. Other economic and production parameters such 
as, predicted energy requirements, the current national 
lambing percentage and typical commercial flock age 
structure, are also incorporated into the index. Examples of 
the economic weighting currently used by SIL to calculate 
their dual-purpose and terminal sire indices are given in 
Table 23.7 and indicate the relative returns in response to 
a unit change in characteristics. Clearly the greatest return 
is from minimizing losses between birth and weaning and 
subsequently on to slaughter. Values involving lifetime data 
take account of the average number of times an animal’s 
genes are expressed over its lifetime when weighting 
trait contributions to the index. These weightings are also 
discounted so that traits for which there is a long wait 
before they are expressed receive less emphasis. In the case 
of ewe fleece weight for example, there are on average three 
expressions of genes which, after discounting, contribute to 
the index weighting whereas there is only one expression 
contributing to the yearling fleece weight index weighting 
(Amer, 1999).

On-farm management issues associated 
with coarse wool sheep

With the progressive decline in coarse wool prices in recent 
years (Figure 23.16), farmers have come under increasing 
pressure to reduce their on-farm production costs in an 
attempt to stay in business.

As a counter to reducing their production costs, welfare 
considerations associated with farming sheep are becoming 
increasingly important. While high welfare standards provide 
quality assurance to the consumer they can add to on-farm 
production costs.

On-farm management issues are aimed at maintaining 
a healthy productive sheep producing high value products 
for sale on a local and international market. With increasing 
world-wide awareness of welfare considerations in farming 
sheep, coarse wool growers are being encouraged to review 
on-farm management practices within the framework of 
maintaining a viable farming business. While some practices, 
such as shearing at a warm time of the year, may impose 
minimal stress on the sheep, this does not result in the highest 
value fleece.

Guidelines as to the minimum standards for the welfare 
of sheep within the NZ environment, which for extreme 
violations are enforceable by law, have been published by 
the NZ Ministry of Agriculture and Forestry (1996). The 
underlying principles of these recommendations have a wider 
applicability other than just within NZ. They focus on the 
four basic requirements of freedom from thirst, hunger and 
malnutrition; provision of appropriate shelter; prevention or 
rapid diagnosis of disease and injury; and ability to display a 
normal pattern of behaviour.

Specific on-farm procedures related to coarse wool sheep 
are discussed below.

Age effect and flock structure

Ovulation rate in Romney sheep increases from puberty to peak 
at about four years of age before declining. With the onset of 
puberty being related to age and live weight, coarse wool ewes 
in NZ are traditionally first joined at 19 months of age. With 
higher lamb meat prices some lowland farmers now first join all 
or part of their “yearling” flock at seven months of age, if they 
have preferably attained a “genotype related” target live weight 
greater than 40 kg (Smith and Knight, 1998). While joining 
ewes before they are fully grown may depress the subsequent 
reproductive performance of those that lamb for a period (Baker 
et al., 1978), “well grown” sheep that lamb as a yearling have 
an increased lifetime reproductive productivity (Baker et al., 
1981) and profitability (Bister et al., 1991). In 2008 3.8% of 
the NZ lamb crop was born to a yearling dam where yearlings 
comprised 17% of the national flock (Meat and Wool New 
Zealand Economic Service, personal communication). Under 
lowland conditions ewes may continue to breed for eight or 
nine years (Hickey, 1960).

As with ovulation rate, fleece weight, staple length and 
mean fibre diameter of Romney and Romney cross sheep 
attain a maximum at three to four years of age before slowly 
declining (Bigham et al., 1978; Hight et al., 1976; Sumner 
and Dick, 1997). Fibre curvature decreases linearly, crimp 
frequency decreases curvilinearly while wool bulk does 
not change with increasing age (Sumner and Dick, 1997). 
In practical terms the variation in fleece characteristics 
associated with age, other than for yearling sheep, is less than 
the inherent variation between fleece characteristics present 
within a typical flock of coarse wool breeding sheep and is 
therefore of limited significance

The age structure within a breeding flock dictates the 
number of replacement females required to enter the flock 
annually to maintain the flock size (Chapter 8). Typical 
proportions of breeding ewes in a coarse wool self-replacing 
NZ flock from 1 - 5 years of age are 30, 27, 19, 13 and 11% 
respectively (Hickey, 1960).

Sex ratio

There are no differences of practical significance between 
the efficiency of wool growth of each sex when they are 
managed under similar conditions (Corbett, 1979; Chapter 
15). Under conditions where the relative price for meat is 
higher than for coarse wool, it is uneconomic to farm any 
additional entire or castrated males beyond the time of their 
reaching a suitable weight for slaughter. A few rams may be 
retained or purchased for breeding.

Joining

Dags are usually removed, as they act as a potential fly-
attractant that may induce flystrike, and the wool around the 
vulva is shorn off (crutched) prior to joining.
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Shepherding during winter

Casting is a condition where ewes cannot get back on their 
feet without assistance. Regular shepherding is required to 
minimize casting during winter when ewes become heavy in 
late pregnancy. Casting can be a particular problem during 
wet weather if the ewes are carrying long fleeces. If left lying 
the ewes will die within a few hours. Even when on their feet, 
pregnant ewes with a full fleece are slower to move where 
rotational grazing is practiced. This adds to management 
costs when large flocks are involved.

Lambing

For high lamb survival it is essential that the bonding between 
a ewe and her new born lamb be encouraged and not disturbed. 
If the ewe is carrying a long fleece, a full pre-lamb crutch 
and possibly removal of the belly wool will keep the fleece 
around the tail clean and give the lamb unimpeded access to 
the udder. While a degree of shepherding can assist in saving 
lambs experiencing dystocia as well as feeding and fostering 
weak lambs, excessive interference by humans at lambing 
can upset the bonding process and increase the number of 
lambs that do not survive to weaning (Chapter 10).

Any management factors resulting in decreasing body 
condition of the ewe leading up to lambing, or a short term 
stress immediately prior to lambing such as storm conditions 
or insufficient shelter, can affect a ewe’s ability to bond 
with her lambs and result in high neonatal lamb mortality. 
Thus to optimize lamb production ewes should be fed as 
well as possible over the winter utilizing natural shelter in 
adverse weather. While pre-lamb shearing may help prevent 
metabolic diseases, reduce casting and encourage ewes to 
seek shelter for themselves and their lambs, it is preferable it 
be undertaken a month before lambing.

Docking (removal of tail)

To prevent the accumulation of dag build-up on the fleece of 
sheep throughout their productive life it is normal practice in 
NZ to sever the relatively thick tail of coarse wool sheep just 
below the vulva in females, or at an equivalent position in 
males. Docking should be undertaken when the lamb is less 
than six weeks of age. This is usually done with either the 
application of a rubber ring or the use of a hot searing iron. 
Removal of the tail also makes the sheep easier to shear.

Developing “easy-care” sheep

In the light of increasing costs and decreasing wool prices, 
Scobie et al. (1997) suggested a breeding goal for sheep that 
included a genetically short tail and no wool on the head, 
legs, belly or the breech. They showed such a breeding goal 
made shearing easier (Scobie et al., 1999) and predicted 
that it would make shearing safer for the sheep and shearer, 
reduce husbandry costs and improve welfare without much 
reduction in fleece weight. Flystrike was shown to be less 

prevalent on animals with bare breeches (Scobie et al., 2002), 
and a reduction of fleece weight in yearlings with bare bellies 
of less than 1 kg was reported by Scobie et al. (2006). Scobie 
et al. (2007) reported that breech bareness was moderately 
heritable (h² = 0.33), while tail length was highly heritable (h² 
= 0.73) and also discovered a new characteristic, the length 
of bare skin under the tail, which was both heritable (h² = 
0.59) and also genetically correlated with breech bareness 
(0.35). Breech bareness was phenotypically correlated with 
dagginess (-0.17), where increasing bareness was associated 
with decreasing dagginess. Scobie et al. (2008) confirmed 
this relationship in ram breeding flocks in industry (-0.24), 
with some commercial farmers and ram breeders now 
selecting for bare breeches throughout NZ. While genetically 
short tails with a considerable length of bareness under the 
tail offer further improvements in welfare, fewer farmers 
have accepted these characteristics. In a review James (2006) 
concluded that these characteristics would also be useful in 
the Australian Merino.

Clip preparation and marketing

Throughout the world coarse wool tends to predominantly be 
produced by farmers with small flocks. The dimensions and 
characteristics of individual fibres are variable within and 
between individual fleeces (Chapter 25). This necessitates a 
degree of sorting and aggregation of many small lots to create 
large volumes of relatively similar wool for commercial 
processing.

In areas of the world other than NZ, sorting of wool 
into lots with different characteristics occurs in progressive 
steps between shearing and processing, with the work 
being predominantly undertaken by a series of dealers and 
merchants. Approximately two thirds of the coarse wool 
traded internationally is sorted and aggregated on the basis 
of subjective assessment. This limits the degree of quality 
control that can be imposed.

In NZ, which supplies approximately a third of the 
coarse wool traded internationally, sheep are shorn as 
groups of lambs, yearlings and adults in contamination free 
surroundings. With NZ flocks being larger than in many 
other countries, each shorn fleece is individually sorted on 
a table before the matching types of wool are combined into 
“lines”. Fleeces, or in some cases parts of a fleece are sorted 
with respect to their length, degree of unscourable staining- 
particularly yellowing, degree of fibre entanglement (cotting) 
and extent of vegetable matter contamination. Within NZ 
there is a nationally co-ordinated scheme for training wool 
handlers to maintain uniform standards in sorting wool at 
shearing throughout the country (New Zealand Woolclasser’s 
Association, 2007).

All subsequent commercial transactions as the lines 
of sorted wool are aggregated into large consignments for 
processing, are governed by objective measurement of 
washing yield, vegetable matter content, mean fibre diameter, 
CIE reflectance values of brightness and yellowness, and 
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assessed fibre length (Chapter 25). These are all characteristics 
of key importance to processors (Chapter 26). Some other 
characteristics such as wool bulk, may also be measured 
for specific end-uses. While the extent of medullation can 
be measured using OFDA instruments (IWTO, 1996) this 
characteristic is not routinely measured for NZ wool.

NZ wool growers have three basic channels by which they 
can sell their clip: at auction where the sale is coordinated 
through a broker, to a private merchant who visits the farm 
or indirectly to meat processors who remove the wool from 
the pelts to produce slipe wool (Chapter 28). In 2009 about 
half of the NZ coarse wool clip was sold by auction after 
being transported from the farm to a broker’s store where it 
was classified and held pending sale by “open-cry” auction 
to agents acting on behalf of processing mills. Currently 
between 45 and 50 sales are held annually in either Napier 
in the North Island or Christchurch in the South Island. Sales 
are held at weekly intervals or less frequently when wool 
supplies are reduced. Many of the agents purchasing the 
wool are exporters who subsequently arrange shipping and 
transport to processing mills around the world. At the same 
time, many carry the risk of currency changes contracting 
to deliver set volumes of wool of specified dimensions to a 
processing mill at a contracted price. The other half of the 
shorn NZ clip is purchased “in the shed” by a merchant who 
visits individual farms and negotiates a sale price directly with 
the wool grower. This price is closely allied to the prevailing 
auction price for similar lines of wool. Some merchants are 
representatives of a single carpet manufacturer while others 
on-sell the wool they purchase to various manufacturers in 
NZ or overseas. Commercial regulations associated with 
trading wool are monitored under International Wool Textile 
Organisation (IWTO) commercial regulations (Chapter 
25) and industry agreed practice administered by the New 
Zealand Wool Broker’s Association, the New Zealand Council 
of Wool Exporters and the Federation of New Zealand Wool 
Merchants.

Following the aggregation of lots of NZ grown wool 
of different dimensions into specified mill consignments, 
approximately three quarters (Source: Data supplied by 
the New Zealand Council of Wool Exporters) of the coarse 
segment of the wool clip is, depending on market forces, 
scoured in NZ before export.

The relative importance of each routinely measured 
objective characteristic to processing and end-product 
performance (Chapter 26) can be expected to be related 
to the relative price buyers are willing to pay for lots of 
objectively measured fibre. In NZ a comprehensive database 
is maintained relating the auction price to the measured 
wool characteristics. The relative economic value of each of 
these characteristic within the database has been calculated 
by Maddever et al. (1991) and Sumner et al. (2008). Their 
derived estimates, converted to an average price of 376 c/kg 
clean, shown in Table 23.8. With the exception of mean fibre 
diameter, the interrelationships between auction price and the 
various measurements are linear. In the case of the negative 
curvilinear relationship between mean fibre diameter and 

wool price, the relationship is currently not significantly 
curvilinear for wool coarser than 32.5 µm.

Table 23.8. Comparison of the average relative economic 
value (c/kg clean/unit change in the characteristic) converted 
to a common indicator price of 376 c/kg clean applicable in 
2008 for routinely measured characteristics within the NZ 
wool clip sold at auction.

Characteristic Maddever et al. 
(1991)

Sumner et al. 
(2008)

Barbe length (mm) 0.3 0.4 ± 0.2

Mean fibre diameter (µm) -0.40a -1.9 ± 0.9

Brightness (CIE Y value) 3.4 2.5 ± 0.5

Yellowness (CIE Y-Z value) -5.4 -5.0 ± 0.6

Vegetable matter 
contamination (%)

-20.3 -16.8 ± 3.0

a Restricted to wool in the 34 to 35 µm range.

Source: Sumner et al. (2008).

Individual wool characteristics are strongly correlated with 
each other and closely related to on-farm management 
procedures. Relative economic values (Table 23.8) can be 
used to estimate changes in net returns farmers receive for 
their wool in relation to the changes in all characteristics 
associated with a change in a particular farming practice 
(McDermott and Sumner, 2009). While it is possible to 
easily change staple length through changing the frequency 
of shearing, this also affects the CIE Y and CIE Y-Z values. 
Shorter wool is generally worth less than longer wool, but 
shorter wool is usually brighter and less discoloured, and 
therefore of higher value. While the relative economic value 
for vegetable matter contamination may appear relatively 
large, it may be difficult to reduce it by 0.1% in a line of 
wool by a simple change in sheep management. Attempting 
to change the fibre diameter profile of a coarse wool clip for 
the sake of changing fibre diameter alone is uneconomic.

In NZ during the 1970s and 1980s, specific classification 
groups were established for “specialty carpet wool” types 
containing heavily medullated, non-pigmented fibres. These 
specialty types, which were grown by Drysdale, Tukidale 
and Carpetmaster sheep, were sold into a commercial niche 
market. Beginning in 1965 the wool was purchased directly 
by Carpet Wool Developments (North Island) Limited to 
be joined in 1968 by Carpet Wool Developments (South 
Island) Limited who supplied the wool directly to Overseas 
Carpets Limited, who later became Marlin Carpets Limited. 
The contracted growers received an average premium of 
about 10% above non-medullated coarse wool. In 1974 the 
“Carpet Wool Development” companies were wound-up and 
replaced by the Drysdale Wool Co-operative Society as a 
niche marketer of specialty carpet wool. The Co-operative 
traded through to 1992 with gradually reducing premiums for 
specialty carpet wool.

In 1937 the International Wool Secretariat (IWS) was 
formed for the express purpose of promoting wool throughout 
the world while supporting technical and economic research 
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for the benefit of wool. Australia, NZ and South Africa were 
the first member countries. Uruguay joined the group in 
1970. In support of NZ’s involvement in the IWS, the New 
Zealand Wool Board was established in 1944 under the Wool 
Industry Act. Funding to undertake promotion and research 
within the IWS and within NZ was derived from a grower 
levy of one shilling and six pence per bale. Subsequently 
the levy was progressively increased up to 5% of the value 
of the wool in 1976. Promotion and research received 3%, 
with 2% used to build a Minimum Price Funding Account 
which was drawn on in subsequent years to supplement wool 
incomes in low price seasons. The proportion committed to 
promotion and research, and general Wool Board overheads 
progressively increased to 6% with a corresponding reduction 
in the Minimum Price Funding levy which ceased in 1986. 
The grower levy was subsequently reduced to 2%, at the 
commencement of a major structural reform of the NZ wool 
growing industry, changing to 7 cents per kg in 2003.

In 1964 the IWS developed the Woolmark™ as an 
indication of products meeting defined quality standards. This 
quality mark has played a key role in underpinning quality 
and performance standards for carpets produced from NZ 
wools. In recent years with the progressive decline in coarse 
wool prices (Figure 23.16), funding within NZ was initially 
redirected to the Fernmark™ and was confined to in-market 
technical support which underpins the now commercially 
funded Fernmark programmes. Between 1944 and 1996, 
when NZ completed its withdrawal from membership of the 
IWS, an average of 75%of the grower levy contributed by NZ 
wool growers was paid to the IWS.

On 1 July 2004 the basis of the grower levy was changed 
to be the Meat and Wool New Zealand Wool Levy calculated 
as 5.25 c/kg of greasy wool sold for the first time with the 
proceeds used only for research and development, and in-
market technical support. Various commercial initiatives began 
to emerge with a common objective of rejuvenating the strong 
wool sector. These included a form of woolgrower cooperative 
with an international fibre marketing arm, with the aim of 
differentiating NZ wool in key international markets. Other 
market-led commercial initiatives involved the development 
of joint plans with major international carpet retailers and 
coarse wool processors. In August 2009 NZ wool growers 
voted to discontinue collection of the Meat and Wool New 
Zealand Wool Levy. As a result NZ will enter a new era in the 
international marketing of its wool clip, which will complete 
the transition from levy dependence for promotion, research 
and price support to a fully commercially structured industry.

Current and future developments

The art of carpet making, as the principal end-use of coarse 
wool was known to the Greeks and Romans with centres in the 
Middle and Far East later dominating the production of hand-
made carpets using wool as the pile fibre. After the introduction 
of mechanisation into the textile industry during the Industrial 
Revolution, changes in the basic processing steps in producing 

carpet have been incremental. Tufting was introduced in the 
1950s and significantly stimulated demand for sound coarse 
wool. Wool characteristics listed above as important in carpet 
manufacture are likely to retain their importance.

Rather than combining intact wool fibres in different ways 
to make a range of products, a technology company (Keratec) 
was recently established on the premise of chemically 
breaking down individual wool fibres into their biochemical 
components and recombining them in different ways to 
engineer a range of products, largely in the cosmetic and 
medical science area. With the technology being expensive 
and only ever likely to require a relatively small volume of 
raw wool, this particular end-use is unlikely to impact on the 
price growers receive for raw wool.

The wool fibre is a unique, environmentally sustainable 
fibre well suited to carpet production. Its unique advantages 
include:

Outstanding elastic and flexural properties.•	
An external layer of •	 cuticle cells that control the frictional 
properties of the fibre in combination with a matt surface 
and opaque nature of the fibre, lessening the visual effect 
of flattening of the carpet pile in relation to many other 
types of fibre.
The •	 cuticle layer also affects the attractiveness of the 
fibre to soil particles and the penetration of liquid water 
while allowing water vapour to move readily in and 
out of the fibre depending on the ambient humidity and 
temperature. The fibres can have an ability to absorb 
odours and some noxious gases which are not released 
on heating.
The presence of water vapour within the fibre in turn •	
contributes to a low static charge accumulation.
A natural wave-like crimp that contributes to the cover of the •	
pile and to the resistance to compression of the carpet.
Wool has a high affinity for a range of dyestuff types •	
enabling it to be dyed to a wide range of rich colours.
Resistance to burning with a low level of smoke •	
generation and heat release.

While wool can be prone to damage by some moth and beetle 
larvae, damage can be simply prevented with a durable insect-
resist treatment during manufacture.

With the recent publication of the sheep genome (McEwan, 
2009), the genetic control of the complex physiological 
processes in sheep are better understood. In the case of multi-
purpose sheep, this specifically relates to increased fertility, 
improved growth rates and the production of wool fibres 
suitable for processing into particular end-products. With the 
use of improved cost effective genetic technologies involving 
improved communication and analysis systems, epigenetic 
marking, nanotechnology, tissue culture, and improved 
reproductive technologies, Blair and Garrick (2007) have 
estimated coarse wool sheep farmers have the potential to 
double or even treble, their rate of genetic gain following 
selection for particular characteristics. This increased rate 
of genetic improvement will generally be related to the 
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cost effectiveness of the various technologies as they are 
progressively developed.

The price sheep farmers receive for their coarse wool 
clip is traditionally closely related to the price of synthetic 
fibre on the world market as reflected in an all-synthetic-fibre 
index price (Figure 23.18). This index is a market indicator 
for the weighted average price of nylon, polyester, acrylic, 
viscose and polypropylene fibres, most of which are used in 
apparel uses. The synthetic index is related to the price of 
coarser synthetic fibres used in carpets.
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Figure 23.18. Relativity between the NZ coarse wool indicator 
price and an “all-synthetic-fibre” index price adjusted to a 
2008 base. Source: adapted from data supplied by Wools of 
New Zealand Ltd.

In 2006 only about 13% of worldwide carpet consumed 
contained a wool-rich pile with 87% containing synthetic 
pile (Table 23.9). While wool carpets have many advantages 
over synthetics, they are usually more expensive. There 
will need to be a significant shift in consumer demand for 
environmentally sustainable natural fibre to stimulate an 
increased demand for raw wool fibre suitable for carpet 
production. The high price, niche end of the market may 
increase which requires a range of fibre produced to exacting 
specifications. This may necessitate changes in marketing to 
support the value of wool in the international textile market 
as discussed earlier in this chapter.

Table 23.9. Estimated worldwide consumption in million 
square metres of woven and tufted carpet in 2006.

Region Carpet construction Estimated as being 
wool-richTufted Woven Total

North America 1,520 75 1,595 80 (5%)

Western Europe 478 106 584 129 (22%)

Eastern Europe 65 29 94 9 (10%)

Middle East 270 81 351 88 (25%)

Far East 220 55 275 69 (25%)

Other 145 27 172 26 (15%)

Total 2,698 373 3,071 400 (13%)

Source: adapted from data supplied by Wools of New Zealand Ltd.

Individual markets differ in their end-uses for carpets and 
require different specifications in their raw materials. In North 

America about 75% of purchased carpet is laid in domestic 
homes with about 25% in commercial uses. In Western 
Europe the split is approximately 50/50. Commercial carpets 
need to be hard wearing with a heavier pile than residential 
carpets.

If niche areas of carpet production can be combined with 
efficient wool marketing, efficient meat production, high 
quality leather production and, in some farming systems, 
efficient milk production; multi-purpose sheep will provide 
a sound production base for many decades to come as 
environmentally sustainable farming practices become more 
important.
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Intensive sheep systems generally include high input of 
economic/financial, labour and infrastructure resources 
aiming at high production output and economic returns.  
Intensive systems typically operate on low margins and the 
volatility of price fluctuations associated with agricultural 
industries requires precise management skills to ensure long 
term viability.  Systems discussed in the chapter include lamb 
feed lotting, accelerated lambing systems, dairy, superfine 
wool from shedded sheep and irrigated forage systems.

Lamb feedlot

Finishing lambs in a feedlot system has rapidly become a 
specialised component of the prime lamb industry with 
the number of feedlots in Western Australia doubling each 
year from 2000-2003 and doubling again from 2003-2004 
(Crossley, 2005).  The increase in feedlotting systems can 
mainly be attributed to the demand for a consistent quality 
lamb produced on a year round basis.   This is particularly 
important to maintain export market capacity and provide 
opportunity to grow via new markets or increase quantity to 
current markets.  

Additionally, there appears to be a shift for specialist lamb 
producers to focus on high input breeding systems which 
turn off large numbers of young store lambs, being sold to 
specialist finishing systems, such as lamb feedlots.  Due to 
lower wool prices, prime lamb production has expanded 
into areas not climatically suited to finishing lambs (Chapter 
2).  Thus specialised finishing systems are developing as a 
commercially feasible alternate to pasture finishing.  Since 
lamb feedlot systems are not as reliant on climate they can be 
established in geographical areas not suited to traditional lamb 
production, providing the opportunity for expansion into new 
districts.  

This chapter focuses on feedlot design and the management 
of factors which impact on animal welfare.  Nutritional 
management of lot fed lambs is covered in Chapter 14. 
Further information on lamb feedlotting, including nutrition 
is available from Jolly and Wallace (2007), which can be 
downloaded from www.mla.com.au. 

Feedlot design

There has been limited research on lamb feedlot design which 
varies from opportunistic feeding during droughts to systems 
routinely used in periods of seasonal low feed supply.   Size 
of operation, cost and the utilisation of existing resources 
contribute to the design of individual producer feedlots.    

Feeding equipment

While there is a wide range of feeding equipment available 
for use in lamb feedlots, the majority of finishers provide ad 
libitum access to feed via self-feeders (Giason and Wallace, 
2006). Although monitoring intake and shy feeding using 
self-feeders can be less accurate and more difficult, Fluharty 
et al. (2001) found no difference in feed efficiency due to 
the feeding system employed.  Lambs on self-feeders vary 
in individual intake and this variation increases if excessive 
trough space is provided when feeding in open troughs 
(Bowman and Sowell, 1997). However, a reduction in dry 
matter intake (DMI) occurs with restricted trough space. 
An increase in trough length results in an increase in the 
percentage of regular feeders (Table 24.1).

Table 24.1. Trough length and percentage of regular 
feeders.

Trough length (cm/head) 0.5 1.0 2.0 4.0 8.0
Regular feeders (%) 37 47 74 79 81

Source: McDonald et al. (1986).

Feeding and watering equipment should be designed to 
minimise spillage and the accumulation of waste, manure and 
urine beneath them.  McDonald et al. (1986) stated that when 
feed troughs are located in the centre of feedlot pens about 12% 
more Merino wethers adapt to feed over a 7-day introductory 
period compared to feed troughs located on boundary fences. 
Feeders positioned close to traffic flow may disturb lambs 
resulting in reduced intake, particularly in the acclimatisation 
stage.   However due to ease of feeding management, central 
laneways are often utilised to feed out in troughs located along 
the fence line.  Equipment should be located in such a position 
as to optimise access, minimise bogging at or around feed and 
watering sites, avoid injury to lambs, minimise stress and 
minimise the effect of dominant behaviour.  
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The suitability of the feeder will depend on the type of 
ration used.  Self feeders are considered the most cost-effective 
feeding option due to reduced labour costs but are more suited 
to grain based rations due to their narrow outlets. 

Figure 24.1. Sheep Self-feeder designed to deliver grain 
based rations. Source: Productive Nutrition Pty Ltd.

Hay feeding systems include round hay feeders which 
prevent smothering as there are no corners.  Hay can be fed 
on the ground, resulting in considerable wastage, or it can be 
fed in troughs (Figure 24.2).   Ideally hay feeders should be 
designed so that lambs cannot trample and contaminate the 
feed. Larger scale specialist feedlotters using a total mixed 
ration find it easier to deliver into an open trough.    

Figure 24.2. Hay rack suitable for rectangular bales. Source: 
Anon (2009).

Water equipment

Watering equipment should be located a sufficient distance 
from the feeding area so that it is not easily contaminated 
by feed.  Watering systems vary and include circular 
and rectangular concrete and plastic troughs (Figure 
24.3).  Some feedlotters have been innovative in reducing 
wastage and using cost effective designs (Figure 24.4).  

Savage et al. (2008) reported the sheep prefer drinking water 
at close to ambient temperature. Shading areas around the trough 

Figure 24.3. PVC water delivery trough with underset 
drainage system. Source: T. Grant (pers. comm.).

Figure 24.4. PVC water trough. Source: Productive Nutrition 
Pty Ltd.

should be avoided as this will encourage sheep to camp in the 
area and may prevent others having access to water.  

Water and feed space allowance should ensure that all 
lambs have access to water and feed.   Recommendations on 
space allowances vary however and a general rule of thumb 
is 30 cm trough length plus 1cm per lamb. 

Pen design

Pen surfaces should be evenly graded and compacted to form a 
smooth surface with no hollows. Naturally occurring or artificially 
created feedlot pen slopes should be 2-8% to facilitate drainage 
and minimise erosion.  Slopes of 6-8% should only be utilised if 
the length of the pen slope is reduced to avoid erosion.
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Within the pen, high use areas such as around feeding 
and watering points should be protected with a hard durable 
surface. The area around waterers and feeders should be 
protected with a compacted surface apron at least 2.0 m wide.  
Mounds should not be constructed within lamb feedlot pens as 
they impede drainage, can increase odour generation and make 
pen cleaning more difficult.

Fences and laneways

Careful consideration should be given to the layout of pens, lanes 
and gates. The feedlot can only operate at maximum efficiency 
when it has been designed with consideration of the day to day 
activities, their timing, and ease of operation. Avoid having to 
open or close laneway gates to access the feeding area with 
feed out machinery. Fences and laneways should not hinder the 
movement of equipment or stock and within sheds and feedlots, 
they should not interfere with pen cleaning.  Outdoor laneways 
should be wide enough for vehicle access, but narrow enough to 
promote the efficient movement of lambs (Figure 24.5).

Shade and shelter

Shade or shelter should be provided to avoid heat and cold 
stress and should minimise exposure to extremes of cold 
and hot weather, and reduce exposure to high mid-summer 
solar radiation.  Shelter can be provided by erecting shade, 
windbreaks or sheds. Shade should be provided by securely 
fenced off trees, galvanised sheeting or shade cloth. Engineering 
advice should be sought in the design and placement of feedlot 
shade due to the potential load the structure must bear, wind 
loading and the requirement for air circulation.

Eco-shelters have been adopted extensively by the pork 
industry and are becoming more popular in lamb feedlots as a 
cost efficient and less permanent option (Figure 24.6).

Pen Size

Anecdotal industry belief is that a stocking density of 5m2 per 
head with a pen sufficient to hold 300 lambs produces optimum 
performance. 

Stocking density

Current, non-researched recommendations for stocking density 
are 3 – 5m2 per head for outdoor feedlots and 0.5 – 1m2 per 

head for sheds.  Higher stocking density reduce feed intake and 
feed efficiency, increase wool contamination and lead to poorer 
animal welfare due to increased social stress and shy feeding. 

Figure 24.6. ‘Eco-shelter’ Source: R. Shepherd (pers. comm.).

Linden (unpubl. data) found a stocking density of 5m² per 
head resulted in more lambs achieving market specification 
than those stocked at 3m² per head.  Lambs were introduced 
to feed in either the feedlot or the paddock and finished in the 
feedlot (Figure 24.7). 
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Figure 24.7. Variation in compliance for market specification 
associated with pen density (LD 5m2/head or HD 3m2/head) 
and feed induction via the paddock (PDK) or feedlot (FL). 
Source: N. Linden (unpubl. data).

Figure 24.5. Double laneway system design. Source: T. Grant and M. Stanley (pers. comm.).
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Animal welfare

Lambs should be provided with an environment that meets the 
five animal welfare freedoms (FAWC, 2006), namely freedom 
from 1) hunger and thirst, 2) discomfort, 3) pain, injury 
and disease, 4) fear and distress, and 5) freedom to express 
normal behaviour.  Feedlot operators can generally provide 
food, water and shelter in a safe and disease free environment 
but meeting the animal’s needs for expression of normal 
behaviour and eliminating fear and distress are more difficult 
as best management practices that address these issues are 
not well researched. Intensive animal management practices 
and production systems are under increasing scrutiny from 
animal welfare groups.  Consideration of animal welfare 
to optimise production in unfamiliar environments and to 
meet community expectations of humane animal production 
systems should be a priority for lamb feedlotters.  Profit 
margins from intensive finishing of lambs can be small on a 
per head basis, so the performance of individual lambs can be 
critical to the operations success or failure.  

Animal behaviour

Different groups of lambs often do not readily integrate into 
one mob, especially in an open grazing situation (Winfield 
et al., 1981). There is less evidence of this behaviour in 
confined lambs. Some lambs form such strong social bonds 
that they become mutually dependant thus socially integrated 
mobs may adjust to environmental change more readily than 
socially unstable flocks (Blackshaw, 2003; Stolba et al., 
1990). When animals are re-grouped, the move often includes 
an additional change in diet and surroundings, which may 
compound the effect of the adjustment process (Grant and 
Albright, 2001).  

Pen enrichment (the provision of items such as rubbing 
poles and ‘toys’ that animals can interact with) in various 
intensive animal industries, including pigs and poultry, has been 
shown to reduce boredom and various negative behaviours, 
while also increasing weight gain (Chapter 14).  Anecdotally, 
lambs are commonly observed ‘playing’ on mounds of dirt 
when in a paddock environment.  Such behaviour provides 
both exercise and social interaction. Gaunt et al. (2008) 
found that pen enrichment improved weight gains in lambs 
by 32 g/day for their first three weeks in the finishing system 
compared to lambs without enrichment.  This implies that 
providing a stimulating environment contributes to lambs 
adjusting better in the early feeding phase, which has been 
identified as the crucial time in terms of animal health and 
welfare.  Over the 10 week finishing period lambs with pen 
enrichment had less significant higher weight gains.

Shy feeders

On average about 5% (range 1-20%) of animals are classed 
as shy feeders (Giason and Wallace, 2006).  Reasons for 
shy feeding include: unpalatable or unfamiliar feed, feed 

formulation, acidosis, toxins within the feed (negative 
feedback); familiarity with personnel, feeding equipment, 
other lambs; social hierarchy and or dominance; trough 
space; and the nutritional history of the lamb.

Shy feeders should be identified as soon as possible, 
they should be removed from the pen and sold or fed in a 
separate pen with other shy feeders and returned when they 
are feeding at an acceptable level.  Under no circumstances 
should shy feeders be allowed to waste away without taking 
preventative action (Chapter 14). 

Lambs are often subjected to a range of ‘stressors’ at 
weaning that may include shearing in addition to a change in 
feed. If the feed is unfamiliar to them, as can be the case when 
transferring lambs from a pasture based system to a feedlot 
or more intensive grazing system, the adaptation process can 
be prolonged. If lambs are being introduced to either forage 
rape, lupins or beans, the adaptation process will be enhanced 
by prior familiarisation to these feedstuffs via their dam or 
directly. Although not standard industry practice, there is 
evidence of the benefits of imprinting lambs (Chapter 14) to 
unfamiliar feedstuffs before weaning, in terms of increased 
recognition of grain as a food source, acceptance and intake. 
Gradual introduction to cereal grains will alleviate the risk 
of acidosis during the adaptation period.  Similarly routinely 
introducing lambs to feeding equipment, feed or machinery 
prior to entering a feedlot will assist will adaptation to their 
new environment.

Shearing

Shearing lambs prior to feedlot entry can optimise skin value.  
As skin price is a major contributor to the profitability of an 
intensive lamb finishing operation, in the Eastern states of 
Australia optimising wool length at the point of sale is an 
essential part of management practices and requires some 
forward planning. Shearing lambs 2 weeks prior to feedlot 
entry will result in 8-10 weeks growth before sale, however 
Rendell (2006) recommended shearing six weeks before 
feedlot entry in order to optimise wool length. Wool length 
growth rate is 0.5mm per day in strong wool sheep (Chapters 
23 and 28).  Shearing lambs fed during wet seasons will 
reduce carcass contamination caused by muddy pens.

Unshorn sheep have very wide thermo-neutral zones. 
Environmental temperatures of 15-35°C had no effect on 
heat production (Klemm, 1962).  Shearing lambs to increase 
growth rate has shown variable results, e.g. investigations 
across 11 New Zealand farms found a growth response to 
shearing on only one farm (Summer, 1984).  Increases in 
appetite (Duddy et al., 2007) and DMI occur in response to 
shearing (Wheeler et al., 1963; McLeod, 1994; Rook, 2003), 
although the increase in intake can be delayed (Farrell and 
Corbett, 1970; Faichney et al., 1976).

Wool growth rate is significantly different between lamb 
breeds (Holst et al., 1996; Chapter 15) and individual animals, 
therefore the appropriate time to shear in order to optimise 
skin price will depend on the breed (Table 24.2).
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Table 24.2. Wool length and growth rate per day at 20 
weeks post shearing in 6 genotypes. 

Breed Wool length (cm) Wool growth rate 
(cm/d)

Texel x BLM 64.0 ± 2.0 0.46

Poll Dorset x BLM 55.0 ± 2.2 0.39
Texel x Merino 53.0 ± 1.6 0.38
Poll Dorset x Merino 48.3 ± 1.8 0.35
BL x Merino 74.1 ± 1.8 0.53
Merino x Merino 57.6 ± 2.1 0.41
s.e.d. 2.73

Source: adapted from Holst et al. (1996).

Heat and cold stress

Both heat and cold stress increase maintenance energy 
requirements, leaving less available for production. Shade 
should be provided when feeding outdoors to prevent heat 
stress and loss of production. Silanikove (1987) found 
that sheep in a Mediterranean environment in summer had 
respiratory rates that averaged 125 per minute and that 
provision of shade reduced the rate by 56% to 80 per minute. 
Animals subjected to prolonged periods of heat stress 
significantly reduce their DMI (Thwaites, 1967; Abdel-
Samee et al., 1998; Holst and Stanley, 2000; Beatty et al., 
2006), which generally results in lower performance.  There 
is a clear link between live weight gain, feed conversion ratio 
and environmental temperature (Ames and Brink, 1977).  
Johnson (1981) observed that shaded Merino ewes ate 24% 
more feed and drank 33% more water at both 20°C and 50°C.  
Feedlot lambs seek shade from the flanks or between the hind 
legs of adjacent lambs and appear to be deliberately seeking 
shade for their heads (Schreffler and Hohenboken, 1980). 
As sheep primarily regulate body temperature through their 
nasal passages, the cooling effect of shade from neighbouring 
lambs improves animal welfare

Many producers provide shelter from the wind via straw 
bales or galvanised iron sheeting bolted to fence lines, 
although no comparative studies have been found to support 
the efficacy of such structures. Dry matter and N digestibility 
can fall by 0.14% for each degree fall in temperature (Ames 
and Brink, 1977) or by as much as 0.31% per degree fall in 
temperature below 18°C (Christopherson, 1976). Although 
wool is an effective insulator, its effectiveness declines as it 
becomes wet, especially under windy conditions. 

Disease prevention and animal health

Acidosis and enterotoxaemia are probably the most important 
feedlot diseases and major contributors to mortality and poor 
performance, although within a survey of lamb finishers 
(Giason and Wallace, 2006) the reported rate was less than 
5%. Producers sourcing lambs from saleyards are at increased 
risk of importing lambs with incubating infectious diseases, 
cheesy gland or grass seed infestation.

Common diseases of feedlot lambs include acidosis, 
enterotoxaemia, urinary calculi, scabby mouth, pink eye, 
listeriosis and polioencephalomalacia (PEMS), Salmonellosis 
and Uriolithasis (bladder stones/water belly) (Chapter 14).  

Pleurisy or pneumonia are common diseases in intensively 
finished lambs, especially within feedlots. Pleuropneumonia 
is common in flocks of British breed sheep (Hungerford, 
1990) and the causative organisms can include Pasteurella 
spp., Actinomyces spp., C. pseudotuberculosis, Mannheimia 
haemolytica, Mycoplasma or other mixed infections. In a 
Western Australian feedlot, 1.3% of feedlot lambs died from 
bacterial pneumonia and pleurisy over a 3- week period 
(Buckman, 2006) and similar mortality rates had been 
reported within grazing systems.  

To reduce the risk of production loss due to disease or 
illness: provide a 14 day introductory period to cereal grains, 
control access to grain during the introductory period, 
provide a palatable roughage during introduction to grain, 
balance a grain-based ration with calcium, vaccinate lambs 
against scabby mouth at marking in high risk areas, vaccinate 
lambs against cheesy gland at marking, vaccinate lambs with 
a minimum of ‘3-in-1’ before a change in diet, investigate the 
worm history of lambs prior to entering the feedlot, inject 
lambs with Vitamins A, D and E if they have had no access 
to green feed for 8 weeks prior to finishing, Vitamin B12 if 
grazing areas low in cobalt or lambs are <30 kg, and add 
sodium lasalocid to the rations of lambs considered at risk of 
coccidiosis infection.

Accelerated lambing

Introduction

Managing ewes to lamb more frequently than once a year 
is known as accelerated lambing.   The accelerated lambing 
system aims to increase the number of lambs born in a 
sheep production system thereby increasing profitability.  
Advantages of accelerated systems include maximising 
market potential by producing a year-round supply of lambs, 
reducing ewe costs per lamb born, reducing fixed costs and 
turning off more kilograms of lamb per hectare.  However 
additional returns must be balanced against higher inputs for 
labour, infrastructure and feed supply.

Accelerated lambing systems require precise management 
and grazing management skills and a good knowledge of ewe 
reproductive physiology and breeding selection.   Research 
on accelerated lambing systems has been undertaken in 
several countries under differing environmental conditions 
and utilising various breeds for example Australia (Fogarty 
et al., 1992), the UK (Robinson and Orskov, 1975), USA 
(Jenkins and Ford, 1991), Canada (Fahmy and Lavallee, 
1990), Spain (Vallis Ortiz, 1983), Germany (Mendel et al., 
1989), Morocco (Lahlou-Kassi et al., 1989), Egypt (Aboul-
Naga et al., 1989) and New Zealand (Morris et al., 2004).
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Accelerated systems

There is no recommendation for a ‘best’ accelerated system 
as the decision is influenced by several factors including 
the producer’s knowledge, management skills, market and 
resources available including infrastructure, sheep breed, 
nutrition and finances.  The more common types of accelerated 
lambing systems are shown in Table 24.3. 

Table 24.3. Accelerated lambing systems, lambing interval 
and lambing opportunities per annum.

System Lambing interval
 (months)

Lambings 
per annum

Twice in 12 months (2/1) 6.0 2
3 times in 2 years (3/2) 8.0 1.5
5 times in 3 years (5/3) 7.2 1.67

Mating structure

Accelerated systems are characterised by establishing a 
mating structure of several flocks with a fixed mating period 
and lambing schedule.  For example the 5/3 system is known 
as the STAR (Hogue, 1986) system where flocks are mated 
over 5 lambing periods at 73 day intervals (Figure 24.8).  
Ewes that fail to join in a mating period can be transferred 
to another flock for re-joining.  Accelerated systems offer 
increased selection pressure as ewes that continuously fail to 
conceive can be culled while those that have the ability to re-
breed continuously as well as produce fertile offspring will 
improve the reproductive efficiency within the enterprise.   

Figure 24.8. The STAR system showing the timing of events 
(each line between two star points represents the cycle from 
joining to weaning). Source: D.E. Hogue (1987).

Increasing the rejoining frequency of ewes lambing and 
running more flocks increases the complexity of management 
and number of activities undertaken.  However the advantage 

of spreading lambing over several phases provides the 
opportunity to allocate resources during critical times such 
as at lambing and during lactation to increase lamb survival.  

Reproductive seasonality

Most sheep breeds have a degree of seasonality whereby 
their breeding cycle is determined by day length.  Seasonality 
ensures that conception coincides with favourable food supply 
to increase lamb survival.  Breeds with longer breeding 
cycles such as the Merino, Poll Dorset, Dorset and Texel 
are more suitable to accelerated systems than those with 
shorter breeding cycles such as most of the British Breeds 
(i.e. Wiltshire Horn and Border Leicester), which have 
shorter breeding cycles.  Fecundity differs between breeds 
and studies by Evans and Robinson (1997) has shown that 
breeds that exhibit higher fecundity have a greater success of 
conceiving at shorter breeding intervals of less than 40 days.  

Rejoining interval

The success of the accelerated system is highly dependant on 
the ewe’s ability to rejoin.  To maximise economic returns a 
ewe is expected to produce and rear at least two lambs from 
each lambing opportunity. However studies of continuous 
rebreeding in an accelerated system show that while in 
theory this is possible, it is not always successful.  Lewis 
et al. (1996) found that lower conception rates are expected 
during a non-breeding season when ewes are in anoestrus 
and fertility is higher when ewes do not fall pregnant in the 
previous joining.  The number of ewes exhibiting oestrus is 
higher and the conception cycle shorter when rebreeding is 
done within the normal breeding season.  When joined in the 
normal breeding season Whiteman et al. (1972) found that 
72% of the ewes pregnant conceived again within 44 days of 
lambing while the conception cycle took 66 days for 23% of 
ewes that lambed out of season. 

Management strategies

Several out of season management strategies can be applied 
to contribute to the success of rebreeding and consequently 
lambing at shorter intervals.

Ram Effect:  The ram effect occurs after ewes are isolated 
from rams for a period of about 6 weeks.  Following exposure 
to rams non-cycling ewes are stimulated to ovulate by the 
smell of pheromones produced by rams (or teasers – treated 
with testosterone).  Less seasonal breeders such as the Merino 
breed can be stimulated to cycle at any time of the year.  The 
ram effect is more effective on breeds that cycle seasonally if 
they are isolated and then introduced about 6 weeks prior to 
the start of their normal breeding season.  

Vaginal sponge or CIDRs:  Vaginal sponges or CIDRs 
treated with progesterone are effective in inducing ovulation.  
Sponges or CIDRS are inserted 12-14 days prior to 
introduction of the rams and rams are introduced 42-48 hours 
later.  
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Wheaton et al. (1992) demonstrated that the ram effect 
combined with CIDRs and the ram effect alone successfully 
increased annual lamb production by one lamb per treated 
ewe.    Pregnancy scanning allows early detection of non-
pregnant ewes which can be removed from the flock for 
rebreeding or culling. Feeding costs are therefore reduced as 
only the pregnant ewes require optimum nutrition.

System intensity

The intensiveness of accelerated systems varies depending 
on the environmental conditions of the production system.  
European and Canadian systems are typically more intensive 
as flocks are housed and sheep are supplementary fed in 
sheds during colder months, and utilise forage during the 
warmer forage active months.  Other production systems rely 
solely on outdoor forage systems and generally include feed 
supplementation when there is a pasture deficit or incorporate 
irrigated crops or pasture within their grazing management 
strategy.  Managing year round nutrition is a challenge to 
producers particularly when the majority of forage based 
farming systems experience seasonal fluctuations in pasture 
availability and quantity.  For accelerated lambing systems 
to be successful, forage systems that utilise complimentary 
pasture or crop species at strategic times throughout the year 
would need to be integrated on-farm.

Economics

Several studies (Morel et al., 2004; Fisher, 2001; Wang and 
Dickerson, 1991) have shown higher profitability can be 
achieved from accelerated lambing systems compared to 
conventional annual lambing systems. However other studies 
(Jenkins and Ford, 1991; Sormunen-Crititan and Suvela, 
1999) have indicated the profitability is unlikely to be greater 
than a well managed conventional system.  

Accelerated lambing systems may offer the opportunity 
to increase profitability however research has shown various 
rates of success due to the complexity of management, 
reproductive efficiency, nutritional manipulation and high 
labour and infrastructure inputs.  Thorough deliberation of 
all relevant components including sound management skills 
are essential to the decision making process if considering 
the implementation of an accelerated lambing system.

Sheep dairying 

World production 

An estimate of world milk production (cow, buffalo, goat 
and sheep) was 600.9 million tonnes in 2003, of which sheep 
milk represented 1.3% (FAOSTAT, 2004). An estimated 8.2 
million tonnes of sheep’s milk was produced world wide in 
2005 (Wendorff, 2005), having ranged from 7.7- 8.3 million 
tonnes since 1990 (FAOSTAT, 2004). Asia, Europe and 
Africa produce 44.4, 34.8 and 20.3% of world sheep milk 

respectively (Zygoyiannis, 2006). Greece, France, Italy, 
Spain and Hungary commonly milk in excess of 40 million 
sheep, twice daily through a 3- 6 month lactation period. 
Interest in sheep milking has also grown in the USA, New 
Zealand and Australia, although there has been a decline in 
dairy operations since the early 1990’s due to their labour 
intensive nature and competitive prime lamb returns. 

There are a number of specialised milk producing sheep 
breeds selected for milk yield including the Awassi (Middle 
East), Assaf (Israel), Serra da Estrela (Portugal), Tsigay 
(Czechoslovakia), Lacaune (France), East Friesian (Europe), 
British Milk Sheep (United Kingdom), Manchega and Churra 
(Spain), Kara-gouiniko and Chios (Greece), Massa and Sarda 
(Italy), Stara Zagora (Bulgaria) and Texel (Holland). 

The main sheep cheeses include roquefort (France), 
manchega (Spain), pecorino Romano, feta, caciocavallo 
and ricotta (Italy), kaseri and feta (Greece), serra da estrela 
(Portugal) and liptauer (Czechoslovakia). A complete list 
of sheep cheeses is extensive because of the many regional 
varieties. Yoghurt, fresh or dried sheep milk powders are 
also produced, although on a smaller scale than traditional 
cheeses. 

Potential for an Australian industry 

Despite a growing awareness of, and demand for, sheep milk 
products throughout the world, there is currently a world 
shortage.  Social changes within traditional sheep milking 
countries, the labour intensive nature of sheep milking, 
environmental constraints and seasonality of milk supply 
continue to limit rapid industry expansion to correct the 
deficit. 

Due to a world shortage of sheep cheese, large export 
markets exist. The USA annually imports more than 30 
thousand tonnes of sheep milk cheese (ASIA, 2005; Thomas, 
1996). Australia imported sheep cheese worth ~$20 million 
in 2007 (DPIW Tasmania, 2008). It is considered a gourmet 
product and is sold at premium prices. There is also a demand 
in Europe for cheese, spray-dried milk and yoghurt. Yoghurt 
manufacturers have a strong interest in sheep milk because it 
is sweeter than cow or goat milk. 

With a large, relatively disease free domestic sheep 
population, favourable environment, advanced husbandry 
skills and a high degree of mechanisation, Australia is the 
envy of many traditional sheep milking countries and is well 
positioned to take advantage of such supply shortfalls.

Australia has a domestic and import replacement market 
advantage due to a large ethnic population and considerable 
demand for imported products.  Almost 25% of Australia’s 
estimated resident population was born overseas (DFAT, 
2009). The industry is only seen as a cottage or niche market 
industry, despite the potential for rapid expansion. There 
have been 45 sheep milking operations nationally since 
the 1960’s, of which only 7 are currently operational. Each 
operation value-adds harvested milk, with yoghurt, soft and 
mature cheese lines. 
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The NSW Department of Primary Industries (NSWDPI, 
now NSWDII) has conducted investigations into sheep 
milk suitability in cheese production, milk yield and quality 
research, disease, dairy hygiene, ewe, pasture and grazing 
management, hand rearing systems for young lamb and 
aspects of dairy management. NSW DPI produced Sheep 
Dairying - The Manual (Dawe and Dignand, 1992) and led to 
forming the Australian Sheep Dairying Association (ASDA) 
in 1994. Operational dairies are currently investigating the 
likelihood of a joint Australian/New Zealand Sheep Milking 
Association in an effort to source research grants for further 
development of sheep milk products and sheep milking 
management protocols. 

Designs of
 
sheep dairies 

Milking platforms can include swing-around herringbone, 
casse and cascade herringbones and rotary parlour formats. 
In swing-around herring-bone, a rotating platform is 
mounted on a truck differential or turntable. It is rectangular 
and has two rows of eight head-bails facing each other with 
a common feed trough in the middle. Ewes are loaded and 
unloaded on one side and then the platform is swung around 
to present them to a milker on the other side. Supplements are 
fed during milking. Such systems suit small scale operations 
as throughputs (approximately 80 ewes per man hour) are 
low. 

Casse herringbone (Figure 24.9) contains two parallel rows 
of head bails with a central pit or milking area, normally 12 
or 24 bails each side. Each row of head bails is on a movable 
frame, which allows it to be pushed away from the milking 
area during exit and entry of the sheep and to be reversed so 
that the sheep are backed up to the edge of the pit for milking. 
Throughputs are usually 100 sheep per man hour. 

Figure 24.9.  Casse herringbone sheep dairy.  Source: S. 
Berlin (pers. comm.).

Internationally cascade herringbone systems are preferred. 
These systems resemble the casse system, but have a narrower 
area for the sheep to enter the milking parlour and include 

fixed head-bail or individual baling sections that prevent sheep 
movement or escape. When entering the parlour a sheep must 
go to the farthest available position and put its head into the 
bail, which then opens the next bail for the following sheep. 
Throughputs are higher than casse systems, generally 120 
-160 sheep per man hour depending on platform efficiency. 

There are several rotary
 
parlours systems available 

internationally. Units generally have 32 or 64 head-bails and 
sheep are constantly entering and leaving the slowly rotating 
platform at the rate of 300-400 per hour. Experienced milkers 
in France and Israel achieve throughputs of 150 - 200 ewes 
per man hour with large rotaries. Rotary systems suit large 
scale dairy operations with over 1,500-2,000 sheep per 
milking and generally require more than one labour unit 
when operational.

Breeds and management 

All Australian sheep milking operations have infused East 
Friesian genetics into breeds and crosses used as foundation 
stock. Breeds milked nationally include the Coopworth, 
Border Leicester/Merino cross, Dorsets, Merino and 
associated East Friesian crosses. The original program to 
import Awassi sheep to Australia was an initiative of the WA 
Department of Agriculture in the early 1980s. Embryos were 
originally collected from elite flocks sourced from Israel. A 
flock was built up on the Cocos Islands before being released 
to mainland Australia from quarantine in October 1993. 
Crossbreeding of Awassi in a Tasmanian sheep dairy flock 
originating from NSW is underway. There are wide ranges 
of milk yields within each breed and associated crosses. 
Awassi produce less milk than East Friesians but are hardier 
animals.

Heavy culling is needed in the first 2 years to produce 
a flock of good milkers. Culling for udder problems, teat 
damage, mastitis, low milk yield, short lactation or bad 
temperament may initially mean that only 40-50% of a 
flock will be retained as future milkers. Selection for milk 
production is enhanced if dairies have access to milk-
recording equipment. Unfortunately these are expensive and 
difficult to justify if operations are small scale and seasonal 
in nature. There is currently limited opportunity to buy high 
yielding dairy ewes nationally. 

Commercial dairies commence milking when lambs are 
removed at 4-5 days and hand reared or at 3-4 weeks of age 
when non-replacement stock are sold to the suckling-lamb 
trade at 12 kg live.  Ewes are milked twice daily, starting 
around 7.00 a.m. and 3.00 p.m. They are grazed on good-
quality annual and perennial pastures, and supplemented 
during milking. Constant operation of the dairy is achieved 
by lambing a separate group of ewes every 3-4 months, with 
each group lambing annually. Daily milk production still 
fluctuates as lactation of each group proceeds and a new 
group is introduced. Accelerated lambing systems are being 
considered, in which individual groups lamb at 8- 9 monthly 
intervals, but are staggered to produce monthly lambing. 
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Such systems require a high degree of management of both 
sheep and pastures. 

Ultra fine wool from shedded sheep  

Sharlea wool is the name given to ultra fine wool produced 
from Merino sheep housed in sheds. The industry began in 
the early 1970s after trials conducted in Horsham, Victoria 
demonstrated that animals housed in sheds for drought 
feeding purposes produced an extremely high-quality fibre, 
free from the wool faults found in grazing sheep (Chapter 
25). A grower organisation, the Sharlea Ultra Fine Society of 
Australia Inc., operates to provide advice and assistance to 
current and new members.  

Since the industry operates on low margins and experiences 
highly unpredictable variations in cost and returns the number 
of sheds are declining. High quality, ultra fine wool has sold 
for up to $2,690/kg in 2007 (11.6 µm) but fell to an estimated 
equivalent value of $269/kg in 2009 in comparison to the 
eastern market indicator of around $7/ kg (Chapter 25). Gross 
return per 2.7 kg fleece is thus up to about $700, however 
annual variable costs are approximately $140 per head (Table 
24.4) with the additional costs of capital depreciation on 
sheds and sheep and equipment, power and water supply. The 
wide range in fixed costs between operations results in a wide 
range of net profit up to about $400/head. 

Table 24.4. Estimate of the annual costs per 100 sheep 
based on 2007 figures. 

Grain 10t @ $325/t $3,250
Straw 15t @ $200/t $3,000
Supplements, premix, lime and salt $320
Sheep purchase 25% replacement @ $130 $ 3,250
Shearing and shed labour for shearing $1,200
Fleece testing $120
Coats 3 yearly replacement $300
Veterinary $150
Labour through the year for: $2,400
daily feeding,  monitoring, changing and
washing coats, weighing and sorting sheep, 
wigging and  crutching 120 hours  @ $20/hr  

 
Total $13,990  =  $139.90/ 
   head

Source: B. Pollard (pers. comm.).

Genetics of the stock dictate wool production but formulation 
of feed and management are a major component in production 
of low fibre diameter, high tensile strength wool.  The sheep 
are generally from Merino Saxon bloodlines, and can 
produce 1.5-3 kg greasy wool, yet maintain an ultra fine fibre 
ranging from 12 -15.5 µm, with yields from 75% -82%.  Less 
than half of each fleece is usually classed into the top lines. 
Skirtings are usually only worth a small percentage of the 
main line prices.

Sheep are shedded continuously and therefore considerable 
control can be exerted through animal selection and nutrition.  
Superiority over other wools is claimed because of the 
uniformity of fibre diameter from base to tip, high tensile 
strength, absence of dust and vegetable matter contamination 
and ability to evenly take dye, and a very high top to noil ratio 
due to the absence of any ultraviolet light effect or weather 
damage (Cottle, 1986). 

Sheep selection 

The market has been driven by fibre diameter with growers 
continually striving to obtain finer wool to achieve premium 
prices. Sheep selected should be fully grown 1½ - 2 year old 
ultra fine Saxon merino wethers. Results from commercial 
testing of individual mid-side samples can assist sheep 
selection, with extensively grazed sheep finer than 14 µm 
being suitable. Fibre diameter is not the sole criteria as 
selection on traditional characteristics such as large frames, 
plain bodies, high yielding, long staple wool, with well 
defined crimp, good colour, style and handle and complete 
absence of hairy breech, which need to be assessed with 
sheep in full wool, are also important.

Management 

Introduction to the shed 

Sheep require time to adapt from the paddock to a dry, high 
concentrate diet (Chapter 14). Supplementary grain feeding 
in the paddock prior to shedding will assist the transition. 
Sheep should be gradually introduced to concentrates over 
a 2-3 week period to avoid problems with acidosis and feed 
acclimatisation strategies similar to lot feeding of sheep 
(Chapter 14). Sodium bentonite added to feed at a level of 
2% can reduce problems in the introductory period for the 
first 3-4 weeks.

Sheep are shorn, drenched for internal parasites and 
vaccinated on entering the shed. Snug fitting nylon coats are 
fitted to protect the wool from contamination and tip damage 
from rubbing.

Within a flock there is likely to be a range of 15-20 kg 
body weight from the lightest to the heaviest.  Sheep of 
similar bodyweight (generally within a weight range of 5kg) 
should be penned together, when multiple pens are used 
(Figure 24.10), to control bullying and assist with visual 
monitoring. Body condition score (BCS) 2 – 2.5 should be 
maintained.  Close monitoring by weighing and condition 
scoring is required at this time as some sheep may not adapt to 
the diet and the shed environment. Shy feeders may respond 
to a change of pen mates but others may need to be returned 
to the paddock.  
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Shed management

Sheep need to be visually monitored every day, usually 
at feeding time to pick up shy feeders or any other health 
problems.  Weighing and condition scoring a control pen or at 
least 20 sheep once per month is necessary to monitor weight 
loss or gain.  Weights should remain reasonably consistent 
as a maintenance ration is usually used. Regular monitoring 
provides the opportunity to adjust nutrition before damage to 
fibre strength and diameter is done to the wool.  

Growers who house sheep in multiple pens should weigh 
and sort sheep into weight groups about every 4 months so 
similar sheep are managed in one group. Body weight must 
be relative to the BCS as the dominant sheep become fat at 
the expense of the shy feeders. 

Figure 24.10. Shedded Sharlea sheep in multiple pens. 
Source: B. Pollard (pers. comm.).

Identification of sheep and recording their performance is 
an important management tool. Electronic ear tags are now 
affordable and provide automated data capture and avoids 
errors in recording information such as bodyweights, wool 
fibre diameter and weight, age, breeder vaccinations and 
other husbandry practices.

Culling is carried out at shearing based on visual or 
objective wool quality and structural soundness. Some sheep 
may be culled after one year while others are still productive 
at 9 years of age.  

Animal health and welfare

Common health problems of external and internal parasites 
and footrot experienced by sheep in the paddock are no 
longer a problem if sheep are free of these on entry to the 
shed, however sheep must be vaccinated against clostridial 
diseases annually (Chapter 20). 

Feet need to be trimmed at least annually. Some common 
diseases experienced in the shed include: enterotoxaemia, urinary 
calculi, sheath rot and vitamin deficiencies (Chapter 14). 

 Wool biting has been a problem in some sheds. The 
causes have ranged from a low fibre intake, which can be 
solved by feeding straw; calcium:phosphorus imbalance, 
which is corrected by manipulating these two minerals; or 
boredom, which is relieved by continuous provision of straw, 
or the provision of a distraction such objects which provide 
interaction. 

Animal welfare activists have expressed concerns about 
the welfare of sheep housed for wool production, particularly 
single penned sheep. To allay some of those concerns and 
to ensure consistent industry practices a voluntary Code of 
Practice for the Welfare of Sheep Housed for Wool Production 
was developed in 2008 by the Sharlea Ultra Fine Society Inc. 
in consultation with sheep industry stakeholders.  

Nutrition

A balanced diet with appropriate energy and protein levels and 
all vitamins and minerals supplied (Chapter 14) will ensure 
healthy, long living, productive sheep that can withstand 
sudden changes in temperature, such as after shearing.  
Correct nutrition and maintaining sheep at conditions score 
2 – 2.5 is critical to producing high quality ultra fine wool.   

Rations fed vary from pelleted complete rations to farm 
formulated mixtures of various grains; oats, barley, wheat, 
peas, lupins, maize, cottonseed, lucerne, chaff and cereal 
straw. Vitamins and minerals need to be added to achieve a 
healthy and balanced diet. Satisfactory pre mixes are available 
which are added at 2kg per tonne together with salt and lime 
at 20kg per tonne. Mineral and vitamin deficiencies are rare 
today.  

Feed stock must be analysed for protein and energy 
values. The energy levels determine the amount of feed to be 
fed. Protein levels dictate the proportion of the various feed 
components to provide at least 10% crude protein overall 
(Chapter 13).  Feed quantities are determined initially by 
mature body weight and aim to maintain a BCS of 2-2.5. 
Regular weighing of a sample of sheep will determine actual 
feed required.  Under no circumstances should feed quantity 
or quality be changed rapidly as any change can upset sheep 
digestion which will alter fibre diameter and cause a break 
in the wool.

Housing 

Shed design is critical to the operation and success of a 
Sharlea enterprise. Sheds need to comply with the local 
government building regulations (each region is different) 
and may require planning approval.

Housing may be provided in sheds especially designed for 
the purpose, or can be in the form of converted shearing sheds, 
poultry houses and piggeries. New sheds lend themselves 
to ease of management and lower labour costs for feeding 
when designed well. Converted sheds may have physical 
disadvantages, but capital commitments can be minimised. 
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Often the cost of the shed decides the economic viability of 
the enterprise and the degree of risk involved. At least one 
successful grower is using plastic igloos, as used by the pig 
industry, for housing.

The aim of a good design is to maintain the sheeps’ general 
wellbeing by having good light and ventilation, freedom from 
drafts, ability to control food intake, access to good drinking 
water and an efficient manure disposal system.

Most commonly, sheds are constructed with multiple pens 
with 10 or more sheep per pen and laneway feeding, where 
feed is spread directly on the laneway floor. A very simple cost 
effective system that causes minimal feed waste.  Troughs are 
necessary when the walkway is a different height to the sheep 
floor.   Shearing and wool handling facilities combined in a 
shed eliminate the need for sheep to ever leave the shed.

 Sheep can be housed in a group or single pens, both 
systems produce equal wool quality. Advantages of group 
pens are; more accurately meets species-specific needs for 
socialisation and interaction, less cost to set up, convenience 
and speed of feeding and ease of sheep movement at shearing, 
weighing and sorting. Disadvantages are that monitoring is 
more difficult particularly with larger pens.  The advantages 
of single pens are that sheep are easily monitored, there are 
no problems with bullying and every sheep can receive feed 
relative to its size. Disadvantages are restricted socialisation 
and limited movement opportunities, cost to set up, more 
floor space per sheep, more partitions, more drinkers and 
feeders and more labour for feeding and at shearing.  

Minimum space allowances per sheep are in accordance 
with the voluntary Code of Practice for the Welfare of Sheep 
Housed for Wool Production dictate shed layout and pen 
design (Table 24.5).

Table 24.5. Minimum space allowance for intensively 
housed sheep.

Pen Space allowance (m2/head)

Single* 0.9

1 – 7 sheep 0.9

8 – 15 sheep 0.8

16 – 30 sheep 0.6

31 sheep or greater 0.5

* where sheep are in single pens solid panelling must not be used 
between adjacent pens,  sheep must be allowed to see, hear, smell 
and touch neighbouring sheep. Source: Code of Practice for the 
Welfare of Sheep Housed for Wool Production (2008). 

Marketing

Initially the Sharlea Ultra Fine Society of Australia Inc. 
managed marketing of the clip. Since 1987 wool has been 
sold mainly through the auction system with Italy and Japan 
the main buyers. Korea bought strongly in the mid 1990’s 
but since then Italy has been almost the sole importer, until 
2007/08 when China and India started importations.

Sharlea wool is always displayed and sold as single-bale 
lots with many bales achieving the highest wool classification 

of 1PP. In addition to buying on objective measurements the 
buyers have the opportunity to subjectively appraise each 
open bale on the show floor. 

Due to the high cost of ultra fine wool and the limited 
amount of raw product, its uses are confined to the high 
fashion trade, including luxury items of women’s wear, men’s 
suits, knitwear, undergarments and baby wear. Chinese mills 
have shown some interest in blending it with soft fibres such 
as cashmere, silk and angora, but the ultra fine wool price is 
a barrier.

Clip preparation

Sharlea wool is the pinnacle of the wool industry and 
requires specialist skills and knowledge from all members 
of the team for shearing and clip preparation.  A high level 
of labour is required for shearing and attention to detail is 
essential. Usually, only one shearer is employed, slowed to 
about 75% of their capability to avoid cuts, skin pieces and 
second cuts. A specialist wool classer and assistant sort the 
fleece and remove vegetable matter, stains and skin pieces.  
Shorter, plainer and stronger parts of the fleece are combined 
into secondary bales.  Fleeces are tested and wool of similar 
mean fibre diameter is placed in each bale to try to increase 
the uniformity of bales.  This has a relatively modest affect 
on variation due to natural within fleece variation (Chapter 
25).

An alternative to conventional shearing is the ‘Bioclip’ 
biological removal of fleece (Chapter 15). It works extremely 
well for Sharlea with no skin pieces or second cuts with every 
fibre full length. The process has not been widely adopted 
due to cost and high labour requirements to shear the head, 
legs and crutch of each sheep, remove the coat, put on a fleece 
retention net and replace the coat then 18 days later remove 
the coat, net and fleece and replace the coat.

Irrigated pastures and fodder crops  

The provision of a year round food supply can be a major 
challenge to sheep producers particularly when poor seasonal 
conditions lead to a drought.  Utilising irrigated pastures 
or fodder crops is one strategy to manage the feed gap, 
particularly in countries which experience distinct seasonal 
conditions.  Irrigated pastures allow producers the flexibility 
to finish off lambs at heavier carcass weights or provide a 
sustainable level of nutrition to ewes with lambs, during peak 
periods of nutritional demands.  Producers with the capacity 
to irrigate use irrigation as a risk management tool to ensure 
a guaranteed food supply.  Irrigation provides the opportunity 
to provide green feed in summer, extend grazing in spring 
and achieve early germination of forage in autumn. Intensive 
sheep enterprises aim to maximise production and returns 
using irrigation to increase the stocking rate and turn off 
more kilogram of lamb per hectare.
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Good irrigation management is essential for maximising 
forage production and water efficiency.  Optimum results 
are achieved through precise irrigation, grazing and fertiliser 
management, the correct selection of forage species and use 
of superior irrigation systems. 

Agriculture remains a major consumer of water in Australia 
(ABS, 2009) with about 15% of agricultural businesses using 
some irrigation (Table 24.6).  There are about half million 
ha of irrigated pastures or crops using 1,641 gigalitres of 
water that are grazed by livestock. The volume of water 
used for irrigation and application rates are declining due 
to the continuing drought. Australia’s agricultural water use 
in 2007–08 decreased 18% to 6,989 gigalitres following a 
27% fall in 2006–07. The decrease is substantially driven 
by decreases in NSW where water use decreased by 41% in 
2006–07 and by 35% in 2007–08. 

Grazing management

Pasture should be grazed for as short a time as possible and 
preferably on a rotational basis.  Sheep should be moved to a 
fresh paddock every 3 to 4 days allowing plants to regrow for 
21–28 days between grazing periods.  Productivity increases 
with rotational grazing as grasses rapidly send up new shoots 
after grazing using energy reserves stored in the lower stem 
which increases the leaf area index and captures sunlight.  
New shoots will start to appear one to three days after grazing.  
Allowing livestock to graze the new shoots leaves the plant 
depleted of energy and limits its potential to regrow rapidly 
(Arnoldussen and Watson, 2004).  

Grazing should occur when pasture is between 2,200 
– 3,000 kg DM/ha.  The rate of regrowth is related to the 
amount of pasture available post grazing.  Grazing pasture 
when it is too short (<1,200 kg DM/ha) will restrict regrowth 
as growing points will be damaged.  Grazing pressure that 
is too low (>1,400 kg DM/ha) discourages tiller growth 
resulting in clumps and pasture wastage.  If pasture is 

allowed to accumulate to >3,000 kg DM/ha before grazing, 
quality is reduced due to shading resulting in pasture decay 
(Arnoldussen and Watson, 2004).   

Grazing management strategy requires careful planning; 
balancing paddock size, grazing rotation length, stocking 
rate and levels of supplementary feed according to pasture 
growth. Optimal grazing management will improve pasture 
production and help maintain the persistence of desired 
species, increase the effective root zone and maximise 
water use efficiency (Chapter 19). Irrigation water should 
be applied immediately post grazing and grazing should not 
occur immediately after irrigation on soils prone to pugging, 
as soil compaction and plant damage will occur.  

Fertiliser

Fertiliser application is essential for irrigated pastures to reach 
their full potential.  Plant growth and water use efficiency 
are reduced with poor soil fertility.  Optimum application 
rates and timing of application are crucial.  Rates that are 
too high result in nutrient leaching and a high concentration 
in the water run off will occur and contaminate river flows.  
Soil tests and nutrient budgets should be used to determine 
the appropriate application rate.  Soil phosphorus levels of 
18 – 22 mg/kg are recommended by Arnoldussen and Watson 
(2004), as measured by the Olsen method.  

Species

Selection of plant species will depend on the time of the year 
the feed is required, suitability to property soil type and pH, 
ease of establishment, persistence, longevity, palatability, 
regrowth potential and the rest period required.

Both annual and perennial pastures can be irrigated, 
however since water is often limited and/or costly, annual 
pastures are generally more cost effective as they have a 
lower water requirement.  Annual species are generally used 

Businesses Businesses 
irrigating

Area under 
pasture or 

crop

Area 
irrigated

Volume 
applied

Application 
rate

Pastures and crops no. no. ‘000 ha  ‘000 ha gigaL ML/ha

Pasture, cereal and other crops used for grazing 82,869 12,319 66,667 544 1,641 3.0

Pasture, cereal and other crops cut for hay 44,606 5,487 2,677 147 502 3.4

Pasture, cereal and other crops cut for silage 2,109 65 162 2.5

Rice 23 23 2 2 27 12.9

Other cereals for grain or seed 36,500 2,000 19,660 340 955 2.8

Cotton 346 309 69 58 309 5.3

Sugar cane 4,263 1,827 381 187 863 4.6

Other broadacre crops 20,296 888 3,773 58 185 3.2

Fruit trees, nut trees, plantation or berry fruits 12,025 7,043 187 131 560 4.3

Vegetables for human consumption or seed 5,970 5,288 123 114 431 3.8

Nurseries, cut flowers and cultivated turf 2,870 2,598 17 14 62 4.4

Grapevines 7,769 7,327 175 168 517 3.1

Source: adapted from ABS (2009).

Table 24.6. Pastures and crops irrigated in Australian agricultural businesses in 2007–08. 
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for short term feed (< 6 months) and perennials species 
for longer term feed. Species commonly used in Southern 
Australia include perennial ryegrass, tall fescue, white clover 
and lucerne.  Irrigated fodder crops such as oats and barley 
are commonly sown for winter consumption and forage 
sorghum, maize, turnips, millet and hybrid brassicas are used 
as summer fodder crops.  

  Pastures containing a grass and legume mix are 
recommended for irrigated pastures.  Legumes reduce the 
need for nitrogen fertilisation and provide higher quality fed 
than grasses. The percentage of legume in the mix should be 
not too high or bloat may result (Chapter 13). 

Animal health    

Sheep intensively grazing irrigated pastures are at a higher 
risk of heavy worm burdens and should be carefully 
monitored and strategically drenched for internal parasites.  
Red gut is a condition that occurs in lambs grazing high 
quality legume pastures and can result in sudden death.  
Redgut can be prevented by providing ad-lib access to a high 
fibre supplement such as barley straw or low protein pasture 
hay (Chapter 20).  

Sorghum produces prussic acid (cyanide) in varying 
amounts, depending on variety, conditions and stage of 
growth. The plant produces this toxin in response to stress; 
low soil moisture, hot weather, insect damage or application 
of herbicide. Levels in new growth are also high, reducing 
as the plant matures. A general rule of thumb is not to graze 
young, fresh sorghum when it is under 1m high. 

Lamb growth rates

Lambs grazing irrigated pastures or fodder crops can be 
expected to achieve higher growth rates than on dryland 
pastures of poorer quality and quantity (Sharkey et al., 
1974; Hopkins et al., 1998).  Dryland forage systems may 
not produce high growth rates but may be more economic 
due to their lower inputs. Hopkins et al. (1998) found that 
lambs grazing irrigated pasture had significantly heavier 
pre-slaughter liveweights and hot carcass weights than 
lambs grazing dryland pasture with or without pasture silage 
supplement. Lamb growth rates vary depending on the 
pasture or crop species, nutritional quality and the lamb’s 
breed (Chapter 11). Sometimes growth can be lower than 
expected if the moisture content of irrigated pastures or 
crops is very high. However, rapid growth rates are usually 
achieved from intensive systems which equate to higher feed 
efficiency (kg meat produced : kg fed)  and faster turn off for 
market.  However irrigated systems, similar to other intensive 
systems, require higher financial and labour resources.  

Shawyer et al. (2006) compared surface (flood), centre 
pivot and sprinkler irrigation systems on 13 prime lamb, beef 
and dairy properties during the 2004 – 2005 irrigation season 
in South Australia. The best irrigation system was the centre 
pivot producing 29.5 kg DM pasture/mm water, whilst the 
least performing was surface irrigation producing 1.7 kg 

DM/mm - a profit difference of $3,151 per ha. The lowest 
performing site was a beef enterprise on a flood irrigation 
system, while the highest was a dairy enterprise under centre 
pivot. The most efficient water use was from a dairy enterprise 
using overhead sprinklers producing 28.6 kg DM/mm. The 
worst water use was from a sheep enterprise using surface 
irrigation and producing only 2.6 kg DM/mm. 

Current and future developments  

The success of intensive industries is reliant on the operator’s 
management skills and their ability to balance complexity.  
Although intensive systems may provide higher production 
output, inputs into infrastructure, labour and costs are high 
and profit margins can often be low.  Even small fluctuations 
in costs such as an increase in supplementary feed cost, 
fertiliser or water can have major financial impacts.  Also, 
labour resources are diminishing as young rural dwellers 
seek more reliable sources of income.  

Despite demand for sheep milk, milk products and ultra 
fine wool products, the growth of the sheep dairying and 
shedded sheep industries in Australia have been slow and 
spasmodic, with them considered cottage or niche market 
industries. Currently there are 7 operational dairies in Australia 
compared to 19 in the mid 1990’s when the industry was at 
its peak.  A similar pattern has occurred with shedded sheep.  
The industry peaked at 120 sheds in 1995 but numbers have 
declined and in 2009 there were only 30 sheds in Australia 
and New Zealand, ranging from 300 - 4,000 sheep per shed.  
The high attrition rate in the industry reflects the current 
profitability compared to other agricultural industries, such 
as sheep meat production.

The incidence of lamb feedlotting is likely to increase in 
the short term due to current high lamb prices and favourable 
grain prices.  Historically, the success of intensive grain 
feeding has been variable.  However through the necessity 
of drought feeding, many producers have improved their 
nutritional management skills and are now more confident 
of managing total grain supplementation of sheep.  Droughts 
may become more common due to climate change (Chapter 
18) and supplementary grain feeding in a feedlot would 
increase as a result. Future emphasis on genetic selection of 
breeds for increased feed efficiency provides the opportunity 
to decrease feeding costs and increase profits.  

Irrigated forage systems offer continuity of good quality feed 
supply, which is essential for enterprises such as accelerated 
lambing systems which rely on high levels of nutrition at 
strategic times of the year.  However repeated widespread 
droughts resulting in a high water price is jeopardising the 
future of irrigated farming. Producers are more likely to use 
their water allocation to assist with germination of annual 
species, which requires less water, than to irrigate perennial 
species over extended grazing periods.  Many producers 
in Australia are now implementing grazing systems which 
include high production, drought resistant, perennial species 
that may eventually replace the necessity to irrigate.  
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Adoption of precision management technologies using 
automated data capture via electronic identification and scales 
will enable operators of feedlots, sheep dairies, shedded sheep 
and accelerated systems the capacity to monitor individual 
sheep and improve efficiency.  Shy or inefficient feed 
converters can be identified and removed early from systems 
saving valuable food resources.  Automated drafting systems 
allow feed management of similar cohorts and marketing 
consignments to be identified.     
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Australian wool types 

About 85% of wool sold in Australia is classified either as 
combing wool or combing oddments, with the remainder 
being carding wool (Chapters 2 and 26). Combing wools have 
staple lengths longer than 35 mm and are not tender, cotted 
or matted. Non-combing wools or those only suitable for 
carbonizing, particularly short wools having high vegetable 
matter (VM) content, are classified as carding types. 

About 60% of Merino wool sold at auction are fleece 
wools, about 20% are pieces, skirtings and bellies and 20% 
are locks, crutchings, stains, lambs and cast lines (Lunney, 
1985; AWEX, 2008a). The first two groups are largely 
combing types, although some types, e.g. tender fleeces or 
matted, burry bellies, are relegated to carding types. The 
distribution of Merino wool sold first hand at auction by 
processing system, VM content and mean fibre diameter is 
shown in Table 25.1.

In practice, not all wools are processed by the allocated 
system. Some processors will choose not to comb heavy-fault 
wool, for example, and these will be carbonised by woollen 

processors.  Broken top may also be transferred to the woollen 
system. Both by-products and wastes from worsted processing 
(such as noils and card wastes) are used as raw material for 
woollen processing. Figure 25.1 shows the relationship 
between woollen and worsted processing and typical values 
for losses and by-product obtained. For every 1 kg of clean 
wool fibre that enters worsted processing as greasy wool, less 
than 850 g emerges as yarn. The rest either is non-recoverable 
(such as card fly) or is by- product used in woollen processing 
(about 100g per 1 kg of clean wool fibre processed).

Wool products

About 60% of wool produced is consumed in apparel (Figure 
25.2).  Fifteen product-processing groups can be identified 
for wool based on the key blending parameters, processing 
route and major end uses (Maddever and Cottle,  1999), 
namely woollen carpets; semi-worsted carpets; hand-knotted 
carpets; worsted woven upholstery; woollen woven blankets; 
non-woven duvets, futons and insulation; non-woven apparel; 

Table 25.1.  Profile of Merino wool sold at auction 2006/2007 season (% bales). 

Mean fibre 
diameter
µm

Carding wool Ccmbing wool Total

Free or 
Near free

Odd Burr 
or Light 

Seed

Light 
Carbonising

 (2.1-7.0)

Carbonising 
(7.1+)

Total Free or 
Near Free 
(0.0-1.0)

Light Burr 
and/or 
Seed

Medium 
Burr and/

or 
Seed

Heavy 
Burr 

and/or 
Seed

Total

<17.5 0.2 0.3 0.7 0.1 1.4 3.5 4.0 1.6 0.3 9.4 10.8

17.6-18.5 0.5 0.5 1.1 0.2 2.3 4.5 5.3 2.2 0.7 12.6 15.0

18.6-19.5 0.5 0.4 1.4 0.3 2.6 5.5 6.7 2.8 1.2 16.3 18.9

19.6-20.5 0.3 0.2 1.3 0.3 2.2 5.6 7.3 2.9 1.5 17.3 19.5

20.6-21.5 0.1 0.1 0.4 0.2 0.7 5.3 6.3 2.3 0.9 14.8 16.1

21.6-22.5 0.1 0.1 0.4 0.2 0.7 4.2 4.1 1.3 0.5 10.1 10.8

22.6-23.5 < < < < 0.3 2.6 2.3 0.5 0.1 5.5 5.8

23.6-24.5 < < < < 0.1 1.0 0.7 0.2 < 2.0 2.1

24.6-25.5 < < < < < 0.2 0.2 < < 0.4 0.5

25.6-26.5 < < < < < < < < < 0.1 0.1

>26.6 < < < < < < < < < < <

Untested 0.3 < < < 0.3 0.2 < < < 0.2 0.5

Total 2.1 2.0 5.8 1.5 11.4 32.7 36.9 13.8 5.2 88.6 100

< less than 0.1% of the 1,802,292 bales 
 Source: adapted from AWEX (2008a) . 
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worsted handknitting yarn; woollen handknitting yam;  
shetland knitwear;  lambswool knitwear; worsted knitwear;  
worsted woven outerwear; woollen woven outerwear and 
worsted knitted underwear (see Chapter 26).
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Figure 25.2.  Percentage fibre use (of 65.5 million tonnes) by 
fibre type in 2006.  Source:  K. Stott (pers. comm.).

Menswear mainly uses wool from 23 – 28 µm in diameter.  
Fine lambswool and botany knitwear use wool around 19-23 
µm while Shetland knitwear uses wools around 26-29 µm 
(Figure 25.3). Non-apparel wool is consumed mainly in 
carpets and also in other uses such as upholstery and blankets 
(Chapter 26). Carpets are mainly produced from wool of 
34-37 µm. Blankets use from about 20 µm wool for luxury 
Merino blankets up to very coarse diameters. 

Recently there has been a change in consumer preferences 
for clothing. More wool is now used in separates (such as 
knitwear, jackets and trousers) while formal wear (suits and 
coats) is decreasing in importance. Wool has dominated 
the latter market and now competes in end uses that are the 
province of other fibre types (IWTO, 2004). Wool’s share of 
menswear, womenswear and knitwear apparel consumption 
slowly fell from 1988 -1997 in Japan (42 to 35%), Italy (32% 
to 31%), Germany (25% to 16%), France (20% to 17%), UK 
(17% to 14%). 

In menswear, ~42% of all wool consumed is in suits, an 
end use that represents only 14% of all fibre consumption. 
Conversely, wool is used much less in men’s trousers (30%) 
compared with all fibres (72%). In women’s wear, coats and 
suits are the major uses for wool, whereas the major end 
products for all fibres are trousers and dresses. 

Figure 25.1. Worsted and woollen processing routes, products, byproducts and losses (%). 
Source: Teasdale and Cottle (1991).
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Figure 25.4.  Raw material consumption at the manufacturing 
stage in 8 main countries.  Source: IWS (1987).

There has been a marked decrease in traditional woven carpets 
(Westminsters, Axminsters and Wiltons) and a growth in 
tufted carpets (yarns looped through a backing with a needle), 
which are more suited to synthetic yarns. Knotted carpets, 
particularly from Asia and the Middle East, have grown in 
popularity. In Australia the per capita consumption of wool 
in 1987/88 was 2.1 kg, of which carpets contributed 63%, 
apparel 18%, hand knits 5%, furnishings 6% and bedding 4% 
(AWC, 1988). Per capita consumption of wool in 2005 had 
dropped to 0.4 kg (Figure 1.29).

Wool processing has shifted away from the major 
industrialised countries. However, they remain major end-
product markets because they also import fabric and garments. 
Japan, the United States and western Europe account most of 
Australia’s wool clip, even though they take less than 30% of 
Australia’s raw wool exports (Figures 2.5-2.8). Markets for 
wool are therefore affected by the economies of developed 
countries, despite China now being only behind Italy in the 
export of worsted fabric in 2006 (Table 25.2). 

Wool properties 

Many greasy wool properties influence the ease of processing 
and hence the total cost of processing that wool. For example, 
the presence of certain types or quantities of VM in wool may 
mean it has to be carbonised. Such limitations usually mean 
the wool is less attractive to processors and is discounted 
by buyers. Most greasy-wool properties also influence the 
product properties. They may have a positive effect, such 
as finer wool producing softer lighter fabrics, or a negative 
one, such as poor colour of scoured wool limiting the range 
of colours that the wool can be dyed. Some properties only 
affect particular processing stages. For example, greasy 
wool yield is of little interest after scouring. The relative 
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Figure 25.3.  Wool usage and fibre diameter.  Source: Teasdale and Cottle (1991).
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importance of raw-wool properties varies with the type of 
product. Sometimes the way in which a processing blend 
has been assembled will be detrimental to a specific product 
while the constituents considered separately are satisfactory. 
For example, fibre diameter distribution may be excessive in 
a blend resulting from combining individual farm lots with 
vastly different mean fibre diameters. Greasy wool properties 
can be ranked according to their importance for processing as 
shown in Table 25.3. 

For non-apparel end uses the relative importance of these 
characteristics varies. Fibre diameter is less important while 
fibre length after carding and medullation assume greater 
significance. 

Most properties exhibit considerable variability within a 
processing blend, sale lot or fleece and even within a single 

staple. This makes appraisal of the properties in greasy 
wool very difficult both for classers pre-paring wool and 
for appraisal of wool for sale. Since 1970 there have been 
massive increases in processing rates at every stage of 
processing, except spinning. These rates increase the stress 
placed on fibres and reduce the margin for error in specifying 
raw wool properties. 

Yield 

Yield is used to estimate the quantity of usable wool fibre 
present. Any deviation of the certified yield from that actually 
achieved in processing will normally only affect the quantity 
of product available, not the quality. 

Table 25.2. Trade in wool woven fabric (pure wool and wool rich blends) by the top 15 countries in 2006 (tonnes). 
a) Worsted

Top 15 Exporting Countries Top 15 Importing Countries

1995 2000 2005 1995 2000 2005

Italy 24,679 26,294 22,005 China 8,243 15,709 19,343
China 6,254 8,638 24,229 Italy 3,432 2,660 4,257
Japan 5,387 8,352 7,540 Germany 9,233 9,489 5,827
Germany 15,594 12,653 6,930 Hong Kong 5,297 5,129 5,639
Turkey 1,668 2,804 3,691 Turkey 559 2,419 4,559
Czech Rep 2,298 1,355 2,947 Japan 3,880 2,720 4,277
Spain 2,148 4,155 2,809 Romania 2,609 5,208 4,805
UK 5,131 3,840 3,252 USA 4,595 5,114 3,718
France 4,532 5,709 2,481 Canada 3,869 3,859 3,180
South Korea 2,486 2,644 3,012 South Korea 2,212 2,075 2,425
Lithuania 52 1,975 2,334 Bulgaria 473 1,204 2,311
USA 2,249 3,047 1,269 France 4,244 3,806 2,341
Portugal 1,533 2,528 1,447 Morocco 136 2,202 1,803
Mexico 439 2,226 1,300 Vietnam 93 145 2,224
Uruguay 2,193 1,413 1,200 Hungary 1,615 1,939 1,290

(b)Woollen 

Top 15 Exporting Countries  Top 15 Importing Countries

1995 2000 2005 1995 2000 2005

Italy 43,296 55,079 37,437 Romania 2,244 3,897 4,425
China 3,809 3,806 7,430 Germany 11,543 9,212 5,589
Germany 10,507 8,605 5,212 China 4,152 4,423 4,583
UK 4,704 3,631 3,185 Russia 1,840 4,124 2,965
Japan 3,684 4,508 4,164 Ukraine 1,827 3,581 3,624
South Korea 1,857 2,327 1,545 Turkey 1,024 3,782 2,881
Poland 1,628 2,154 1,375 Hong Kong 5,040 2,893 2,307
Ukraine 350 561 1,330 Poland 4,138 5,305 2,259
Spain 222 766 867 Italy 2,672 3,810 3,248
Bulgaria 750 635 923 UK 6,219 4,469 2,230
Slovakia 110 427 1,006 France 3,820 4,736 2,549
France 2,431 2,279 1,301 USA 1,810 4,010 2,181
Uruguay 216 722 700 Belarus 1,000 1,821 1,970
Canada 793 1,453 526 Spain 1,806 2,745 1,841
Belgium 324 329 556 Bulgaria 841 1,880 1,793

Source: adapted from IWTO (2008).
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Table 25.3.  Ranking of greasy wool properties for apparel end 
uses.  

Importance

Greasy wool properties Worsted Woollen

A Yield
 Fibre diameter
 Fibre diameter variability
 Vegetable matter

****
****
**
***

****
****

*
***

B Staple length
 Staple length variability
 Staple strength/position of break
 Scoured colour

***
**
***
***

**
*
**
***

C Coloured fibres
 Resistance to compression/crimp
  Medullation
 Cotts
 Staple tip
 Age/breed/category
 Character/handle

***
**
**
*
*
*
*

**
***
*
*
*
*
*

A – Measured:  sale by sample
B – Sale with additional measurement (scoured colour is 
measured routinely in NZ but not in Australia)
C – Sale by description
**** Most important *** Major ** Secondary * Minor

Source: adapted from Teasdale and Cottle (1991).

Wool base is the percentage of clean, dry, impurity-free fibre 
present in a sample. Most users of wool prefer to use a yield 
related to a particular processing system (Table 25.4). 

The most common yield used is Schlumberger dry combed 
top and noil yield. Others are used either by certain customers or 
for certain wool types. International Wool Textile Organisation 
(IWTO) core test regulations define the yields in use.

Appraisal 

This is difficult because wool is hydroscopic and may absorb 
up to 30% of its weight in water without feeling wet. Within 
a mob, fleeces differ in yield because of varying grease and 
suint contents, but in general it is not worth while separating 
fleeces only for differences in yield. 

Fibre diameter 

Importance 

Mean fibre diameter is expressed in micrometres (µm or 
10

-6 
m), commonly called microns. It affects processing 

performance, as greater weights of coarser material are able 
to pass through the machinery in a given time. The major 

Table 25.4.  Derived yields.

IWTO yield Method of calculation

Wool fibre yields (%)
IWTO clean wool content
Japanese clean scoured yield
ASTM clean wool fibre present
Theoretical card sliver yield
Theoretical top and noil yield:

Noble combed in oil (4.6% TFM)
Noble combed dry (1.0% TFM)
Schlumberger combed in oil (4.6% TFM)
Schlumberger combed dry (1.0% TFM)

WB x 1.1972
WB x 1.1777
WB x 1.1628
WB x 1.120

WB x 1.255
WB x 1.205
WB x 1.257
WB x 1.207

Wool and vegetable matter yields

IWTO scoured yield at R% regain   100 100 + R   (WB + VMB)  x
       97.73   x  100

Processing allowance yields
Estimated commercial card sliver yield

Estimated commercial top and noil yield:
Noble combed in oil (4.6% TFM)

Noble combed dry (1.0% TFM)

Schlumberger combed in oil (4.6% TFM)

Schlumberger combed dry (1.0% TFM)

Australian carbonizing yield

        40.60     
WB x 1.210 – 2.0 – 5.2 –  

7.80 + VM

       
 40.60

     
WB x 1.210 – 2.0 – 5.2 – 

 7.80 + VM     
   40.60

     
WB x 1.205 – 2.0 – 5.2 – 

 7.80 + VM        40.60     
WB x 1.257 – 2.5 – 5.2 – 

 7.80 + VM 
 40.60

     
WB x 1.207 – 2.5 – 5.2 – 

 7.80 + VM

1.1972 x WB + 0.162 x VMB – 5.12

WB is Wool Base 
VMB is Vegetable Matter Base     
VM is Vegetable Matter Base excluding hard heads and twigs
TFM is Total Fatty Matter
Source: Teasdale and Cottle (1991).
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importance lies in the fineness of yarns that may be spun. 
A minimum number of fibres must be present in the cross-
section of any commercially acceptable yarn. This sets 
a lower limit on (direct) yarn count that can be spun from 
raw wool of a given mean fibre diameter (Figure 25.5). Yarn 
evenness is also affected by fibre diameter, particularly in 
worsted spinning. Finer yarns may be spun from finer fibres 
and softer lighter fabrics made from these yarns. Such fabrics 
usually have superior handle and drape. 

Mean fibre diameter is the single most important property of 
wool and accounts for about 75% of the value of the top (Bell 
and Ainsworth, 1984). The tex (or linear density) of the yarn 
produced is proportional to diameter squared (Ross, 1987), so 
the premium for fineness increases with fineness. 
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Figure 25.5. The relationship between raw wool fibre diameter 
and number of fibres in yarn cross section. Having over 45 
fibres in the yarn’s cross section is considered acceptable. 
Source: Ross (1987).

Most of the fibre diameter variability encountered in lines 
of wool arises because of differences within single fleeces, 
within single staples, so the processor cannot alter this 
property markedly, except when blending lots of widely 
different mean fibre diameter. Variability is usually expressed 
as the coefficient of variation (standard deviation divided 
by the mean, as a percentage). Typical values for grower’s 
lots range from 20% to 30%, with slightly higher values for 
coarser wool. This variability contributes to the characteristics 
of the yarn produced. With woollen yarns it influences the 
positioning of fibres within a yarn cross-section. Increasing 
it increases subsequent yarn irregularity and affects spinning 
performance and some fabric properties, e.g. increases fabric 
stiffness. The average fibre diameter of the processed top 
is ~0.20µm coarser than the original greasy wool and the 
coefficient of variation of diameter is 0.9% lower in the top, 
as fine noils are combed out (TEAM, 2004).

Appraisal 

Wool fibre diameter has always been appraised by relying on 
the relation between staple crimp frequency and mean fibre 
diameter (Table 25.5). The quality number shown in the table 
is the number of hanks, 512 m (560 yards) long, of the finest 
yarn that could be spun from 454 g (1 lb) of wool top. The 
higher the quality number value, the finer the wool and yarn. 

Table 25.5.  Crimp frequency and fibre diameter. 

Fibre diameter (µm)

Quality
number

Crimps
per inch

Mean Range

80s
70s
64s
60s
58s
56s
50s

18.5
16.5
12.5
10.5
8.5
6.5
4.7

18.8
20.3
22.0
23.8
25.8
28.0
30.4

19.54 and finer
19.55 – 21.14
21.15 – 22.84
22.85 – 24.74
24.75 – 26.84
26.85 – 29.14
29.15 – 31.64

Source: McMahon and Whiteley (1965).

There is a general relation between fibre diameter and crimp 
frequency when viewed over a wide range of breeds and 
strains, as shown in Figure 25.6. Wools with higher crimp 
frequency tend to have finer diameters. When fleeces from 
a single flock (mob) are examined the correlation is much 
poorer. Crimp frequency is a poor predictor of the mean fibre 
diameter of single fleeces, particularly in finer wool flocks. 

Corriedale –0.6* 

Comback –0.45

Polwarth

Medium Merino

–0.3

Superfine
Merino –0.15

35

30

25

20

15

0 4 8 12

Crimp frequency (crimps per cm)

A
ve

ra
ge

 fi
br

e 
di

am
et

er
 (µ

m
)

*Correlation coefficient

Figure 25.6.  Relationship between crimp and fibre diameter 
among fleeces within mobs representing various breeds. 
Source: Teasdale and Cottle (1991).
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Components of variation

The ratio of the coarsest to finest diameter of fibres taken from 
a mass of wool (be it a staple, fleece or sale lot) can be more 
than 4:1. For example, Figure 25.7 shows the distribution of 
single fibre diameters found in a single staple. Many factors 
contribute to this variability. 
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Figure 25.7.  Distribution of fibre diameters in a single staple. 
Source: Teasdale and Cottle (1991).

Differences between breeds for mean diameter of fibres grown 
from primary follicles (Chapter 15) or secondary follicles 
and fleece means can be considerable (Table 25.6). In more 
primitive sheep, such as Scottish Blackface, the difference 
between primary and secondary fibres may be enough to 
produce a bimodal distribution for fibre diameter, i.e. a hairy 
outer coat and a finer undercoat. For finer wools the ratio 
of primary to secondary fibre diameters tends to decrease 
while the ratio of secondary to primary fibres increases. For 
Merino wool the variability of fibre diameter within a staple 
is primarily due to the variability of secondary fibres (see 
Chapter 10). 

Changes in fibre diameter occur along each fibre, because 
of physiological and environmental factors such as changes 
in nutrition, pregnancy, lactation and disease. Sometimes 
follicles may even cease fibre production. Significant short-
term reductions in fibre diameter may occur, which only 
marginally increase the coefficient of variation and decrease 
mean fibre diameter, but which cause tender breaks in the 
wool. 

Differences between positions on the sheep affect mean 
fibre diameter, which tends to increase from shoulder to 
breech (Figure 25.8). The midside sample is regarded as 
being most representative of the fleece as a whole for nearly 
all wool characteristics. Wool from the breech or thigh is 
more variable in fibre diameter than wool from the shoulder. 
Turner (1956) found that wool varied more on top of a skin 
fold than within a fold. 

Differences also occur between animals. For fine and 
superfine mobs (sheep of similar breeding running together 
in a flock) the range of fibre diameters for single fleeces is 
typically 5 µm. For medium Merino mobs this may be 8 µm 
or more (Whiteley and Welsman, 1980). The differences in 
diameter variability between sheep in a mob may also be 
considerable. Whiteley and Welsman (1980) report that, for 
superfine mobs, average coefficient of variation was about 
15% with results for single fleeces ranging from about 10% 
to 25%. The sources of variation for fibre diameter are 
summarised in Table 25.7. 

Table 25.7.  Source of variation in fibre diameter. 

Source of variation Variance (µm2)

Sound Tender

Between fibres within a staple
Along fibres within a staple
Between staples within a fleece
Between fleeces within a classed line
Between classed lines within a mob
Total

16.0
4.0
1.0
3.5
0.5

25.0

16.0
16.0
1.0
3.5
0.5

37.0

Source:  Whiteley (1972).

Table 25.6.  Primary and secondary fibres.  

Range of mean fibre
diameter within a flock (µm)

Breed or 
strain

Primary Secondary Ratio of primary to 
secondary diameter

Mean number of 
secondaries per primary

Polwarth
Corriedale
Lincoln
Border Leicester
Romney Marsh
Scottish Blackface

16.0 – 31.5
22.9 – 43.4
47.1 – 66.3
36.3 – 55.5
29.5 – 46.8
 40.6–160.6

17.6 – 24.6
25.2 – 34.6
35.8 – 47.9
28.2 – 41.4
28.8 – 39.2
17.0 – 26.9

0.82 – 1.41
0.81 – 1.44
1.20 – 1.66
0.97 – 1.68
0.90 – 1.42
2.10 – 7.60

 8.4 – 16.7
 7.9 – 14.0
3.4 – 7.0
3.4 – 5.5
4.1 – 8.2
1.6 – 3.9

Fine Merino
Non-Peppin Medium Merino
Peppin Medium Merino
South Australian Strong Merino

12.7 – 31.2
16.6 – 35.0
15.2 – 44.7
22.7 – 48.9

12.8 – 23.2
16.5 – 27.4
14.1 – 28.8
19.0 – 28.4

0.85 – 1.62
1.80 – 1.54
0.80 – 2.15
0.97 – 2.21

11.2 – 32.8
14.5 – 34.6
12.5 – 46.1
10.7 – 28.3

Source:  Carter and Clarke (1957a, 1957b).
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For sound wool from a mob the range of diameter of most 
fibres would be about  ± l0 µm around the mean (calculated 
from ± 1.96 times the √variance). For a mob with tender wool, 
the range would be about ± 12 µm. The range of diameter of 
fibres within a staple is ± 8 µm. Most variability for sound 
and tender wool thus occurs within the staple. 

Classing 

In practice woolclassers are able to influence the ’between 
classed lines within a mob’ component of variation when 
classing using quality number. Separating classed lines within 
a mob only decreases fibre diameter variability from about ± 
10 µm to ±  9.9 µm. The average difference between fine and 
coarse lines classed from Merino flocks is shown in Table 
25.8 for a range of flocks. The lower relation between fibre 
diameter and quality number for finer wool (Figure 25.6) 
results in very small differences between lines for such wool. 
The classed ’fine’ AAA line can be coarser than the ’coarse’ 
BBB line (Cottle, 1994). Skills in detecting differences in 
handle improve classer performance. 

Table 25.8.  Average difference between fine and coarse 
lines in Merino flocks. 

Average fibre 
diameter of flock 

(µm)

Number of  
flocks

Diameter difference 
between fine and coarse 

lines (µm)

18-20
20-21
21-22
22-23
23-25

8
27
28
35
14

0.33
0.81
1.17
1.47
1.61

Source: Whiteley and Wilkins (1974).

Vegetable matter 

Importance 

VM in greasy wool is costly to remove and if it remains in 
the product it may lead to the product being downgraded or 
to costly claims. The level is expressed as VM base (VMB), 
which is the amount of clean dry VM present as a percentage 
of the greasy wool sample. The VM type is classified into 
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Figure 25.8.  Variation of wool characteristics within a fleece, a) fibre diameter (µm), b) density (fibres/cm2),  
c) staple length (cm), d) suint/sweat (%), and e) wax (%).  Source: adapted from Young and Chapman (1958).
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seven categories in the AWEX-ID typing system (Figure 
25.9): B - Burr (barrel medic, burr medic), E - Seed (sub 
clover, carrot seed, scotch thistle), S - Shive (barley grass, wild 
oats), N - Noogoora burr (Xanthium pungens), T - Bathurst 
burr (X. spinosum), M – Moit (pieces of twig or stick), F 
- Bogan Flea. In combing wool, shive is the most difficult 
to remove as the VM aligns with the fibre during combing 
and can pass through to the final fabric. Consequently shive 
carries the largest price discounts and processors often will 
not comb wools with greater than about 3% VMB if it is this 
type, such wools being carbonised. Burrs are generally non-
fibrous in shape and generally sit on top of the staple and are 
easier to remove during processing (Bow et al., 1989). Green 
burr is more difficult to remove because it is more supple. 
Also some types such as burr medic may unravel into fibrous 
threads in processing (’monkey’s eyebrows’) and are harder 
to remove in this state. N and M are readily removed in 
carding (using burr beaters) without excessive loss of wool. 
However, unexpected ‘hard heads’ can damage cards and 
some processors avoid them. Because of their size, N and T 
are not readily carbonised.

Discounts are relatively minor for less than 1.5% VM. 
Price penalties start to apply when fleece wool approaches the 
2% level and increase rapidly over 2%. In extreme cases this 
may amount to 20% or more of the value of equivalent fault-
free wool reflecting the higher costs and lower throughput for 
the processor (Figure 25.10). 

Appraisal 

The error in VM appraisal can be as large as the absolute value 
of the VM content: that is, appraisal of wool with 5% VMB 

may vary from 0 to 10%. Sheep in a mob will have similar 
types and levels and usually their wool need not be separated. 
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Figure 25.10.  VM discounts (cents/kg clean) for fine wool, 
4% versus 8% VM, 1995-2007. Source: AWEX (2008b).

The distribution of VM over the fleece may vary. Generally 
belly wool and wool around the edge of the shorn fleece 
will have the highest concentration. VM may also occur in 
clumps, which causes processing difficulties, such as uneven 
drying. These clumps are usually removed by skirting. 

Staple length and strength 

Importance 

Staple length, strength and position of break may be used 
to predict processing and product properties. Staple length 

Figure 25.9.   AWEX-ID (V3.2S) schedule. Source: AWEX (2009a).
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(mm) is highly correlated with mean fibre length in the top 
(hauteur, in mm - Bow, 1979) and is much more convenient 
to measure than greasy wool fibre length. The effect of staple 
strength is to modify the expected processing behavior and 
top properties of wool of a given staple length. It is expressed 
as the force required to break a staple of given thickness (N/
ktex). All else being equal, wool with lower strength will 
have more fibre breakage in processing and produce a top 
with a lower hauteur (Rottenbury et al., 1985a). Measured 
staple strength varies from less than 10 N/ktex to over 80 
N/ktex. Subjective appraisal is only likely to discriminate 
between wools weaker than 25-30 N/ktex. 

The position of break indicates where fibres are more likely 
to break first. Only the weakest point is noted - there may 
be multiple weaknesses that affect processing. Rottenbury et 
al. (1985b) have demonstrated a tendency for wools with tip 
or base breaks to produce higher card losses and for wools 
with middle breaks to produce tops with shorter hauteur. In 
practice, the lots making up a mill consignment will have 
varying positions of break. With higher strength wools, the 
position of break probably contributes little to predicting 
processing performance. Staple strength appears to be largely 
a function of change in fibre diameter along the staple (Cottle 
and Bowman, 1990). Low strength wool with a definite 
position of break does not produce poorer quality fabric than 
higher strength wool if tops of the same hauteur have been 
produced. Long fibres tend to be easier to spin (e.g. give fewer 
stoppages) and also produce stronger and more even yarns.  
The presence of excessive short fibres in a yarn can lead to 
surface fuzzing and pilling in garments and fibre shedding 
from carpet piles. Short wools are often blended with longer 
wools, with the latter providing most of the cohesion required 
for efficient spinning and for producing a strong yarn. In a 
sound wool, with no tender (or break) region, the average 
length of the fibres when measured after straightening (i.e. 
removal of crimp) may be 20% longer than the staple length. 
Depending on their level of soundness, wools may be reduced 
in their average fibre length from 10% to 50% by carding, 
the most severe processing step (Chapter 26). The longer the 
initial fibre length, the greater the reduction in fibre length 
during processing (Bownass, 1984). 

The prediction of processing performance allows combing 
mills to optimise their raw wool inputs to achieve their desired 
top properties and also provides a quality management tool. 
The Trials Evaluating Additional Measurement (TEAM) 
commenced in 1984 and together with the TEAM-2 trial 
(Douglas el al., 1988) and TEAM-3 trials (2001-2004), 
which involved 647 commercial processing consignments, 
provided formulae for the prediction of hauteur, coefficient 
of variation of hauteur and romaine. The TEAM-3 trial 
was essentially a benchmarking service that confidentially 
compared the performance of individual mills against the 
other 33 mills from 12 countries that participated. The 
addition of coefficients of variation of length and diameter 
provided small but significant improvements to the previous 
processing prediction models (TEAM, 2004). The 2005 
IWTO Congress agreed that the TEAM-3 equations should 

replace the TEAM-2 equations in the IWTO Staple Test 
Regulations from July 2006. Following these trials, AWTA 
launched TOPMARK as a free benchmarking service for 
topmakers for hauteur, CV hauteur, romaine, top and noil 
yield and top fibre diameter. Mills provide their greasy wool 
test information as well as their processing data and these are 
combined with data from all participating mills to determine 
‘benchmarks’ for the comparison of each mill. Benefits 
include identification of best practice, performance shortfalls 
and priorities for improvements in performance. 

TEAM-3 found that processing performance improved 
from 1988 to 2004. Mills produced tops with 5.1mm longer 
hauteur than predicted using the TEAM-2 general formula. 
Differences increased as hauteur increased above 75mm. 
Mills also produced tops with 2.5% less coefficient of 
variation of hauteur (CVH) and 2.1% higher romaine values 
than predicted by TEAM-2 in Australia, China, India, Europe 
and other Asian countries.

The TEAM-3 project produced the following formulae 
to predict top properties from the greasy wool properties of 
processing consignments, which improved upon the previous 
TEAM formulae:

H = 0.43L + 0.35S + 1.38D - 0.15M - 0.45V - 0.59CVD  
- 0.32CVL + 21.8 + MA

CVH = 0.30L- 0.37S - 0.88D + 0.17M + 0.38CVL  
+ 35.6 + MA

R = - 0.13L - 0.18S - 0.63D + 0.78V + 38.6 + MA

where: H = hauteur (mm) 
CVH = coefficient of variation of hauteur (%)
R= Romaine (%)
L = mean staple length (mm) 
S = mean staple strength (N/ktex)
D = mean fibre diameter (µm) 
M= percentage of middle breaks (%) 
V = vegetable matter base (%)
CVD= coefficient of variation of fibre diameter (%)
CVL= coefficient of variation of staple length (%)
MA= individual mill adjustment (mm or %)

Due to the relatively narrow VM range in the TEAM-3 
database, the inclusion of the VM coefficient from the 
TEAM-2 prediction formula for hauteur was used. Mills 
need to establish their own database and develop their own 
prediction formulae by using the recommended general 
formulae above and subsequently determining and reviewing 
an appropriate constant adjustment (MA). 

Premiums and discounts are received for staple length 
and strength as a result of their affects on hauteur. For Merino 
wool the ideal staple length is generally in the 85mm to 
90mm range as machinery is set up for these typical lengths 
(Figure 25.11). There are large penalties present for very 
tender wools (14 N/kt and 21 N/kt), with the price discounts 
becoming less significant as the strength increases. Premiums 
become evident once wools test above 40 N/kt, particularly 
for finer wools (Figure 25.12).
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Figure 25.11.  Price discounts for staple length in Merino fine 
(17.5-19.5 µm) and medium (19.5-21.5 µm) wool. Source: 
adapted from AWEX (2008b).
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Figure 25.12.  Price discounts for staple strength in Merino 
fine and medium wool. Source: adapted from AWEX 
(2008b).

Appraisal 

Staple length is appraised visually. Merino fleece wool is 
generally allocated to a length group that also relates to the 
style and fibre diameter of the wool. Because of inaccuracies 
in appraisal, wool is often allocated to an adjacent length 
group. For example, Whiteley et al. (1980) found on average 
about 16% of B-length wool was actually longer than the 
average for A-length wool and about 16% was shorter than the 
average for C-length wool. They found the 95% confidence 
intervals of wools assessed as A, B and C length overlapped 
considerably (81-108mm, 75-101mm and 69-91mm 
respectively). Staple strength is appraised by stretching the 
staple to break or by the ’flick’ test. The thickness of the staple 
chosen and the number of staples appraised will influence 
the results. Four strength groups are used: sound (30 N/ktex 

and stronger); part tender (about 20 N/ktex); tender (about 15 
N/ktex); and rotten (10 N/ktex and less). All wool stronger 
than about 25-30 N/ktex will be appraised as sound, even 
though processing performance differs considerably between 
different-strength wools. It is highly likely that many wools 
are currently appraised as being stronger or weaker than 
measurement would suggest. There may be a tendency to 
downgrade wool for strength more often than upgrading it 
because many appraisers will penalise wool if any tender 
staples are found in the sample, no matter how few. 

Components of variation 

Staple length and staple strength will have components of 
variation similar to those for fibre diameter. Both aspects will 
show variation within a fleece region. Some of this will be 
due to intrinsic variation between adjacent staples, as happens 
with fibre diameter. Other differences will be due to exogenous 
factors such as the shearer cutting at different heights above 
the skin (more wool is left on the right or whipping side) 
or the influence of VM on test procedures. Fleece regions 
differ. Staple length is shorter towards the breech of a sheep. 
Belly wool tends to be flattened and matted. Change in staple 
strength is primarily caused by a decrease in fibre diameter, 
which usually applies for the whole fleece, although local 
effects (such as back wool weakened by weathering) occur. 

Within a mob considerable variation is found between 
fleeces, as would be expected for any naturally occurring 
variable. For staple length, the range of fleece averages for a 
well-classed fleece line would typically be about 35-40 mm. 
For staple strength the range of fleece averages may be 50 N/
ktex. All sheep in a mob have experienced the same natural 
phenomena and therefore exhibit similar fleece characteristics. 
For example, a break will occur in the staple when the mob 
is subjected to conditions of drought. However, some factors 
such as pregnancy and lactation or ill-health may not affect 
all sheep in a mob. 

Rottenbury and Andrews (1980) summarised components 
of variation for staple length and staple strength (Table 25.9). 
The ’between-fleece’ component is the part of variation that 
could be removed by classing if the mean length and strength 
were known for each fleece. In each case the classer has limited 
time available to accurately assess the fleece properties and, 
in the case of staple strength, values over 25-30 N/ktex cannot 
be accurately determined by hand. Therefore the variance 
removed is significantly less than the theoretical limit and 
could only be larger if appraised values were more highly 
correlated with the measured values. This is comparable to 
the situation for fibre diameter, except that the variability 
of fibre length is greatly increased during processing. This 
occurs because even sound wool undergoes a considerable 
amount of fibre breakage. Fibre length variability increases 
about 500% during processing (McMahon, 1976), so staple-
length variability only contributes about 20% of the total 
variability of fibre length in the top. 
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Table 25.9.  Components of variation of staple length and 
strength. 

Source of variation Staple strength 
(N/ktex)2

Staple length 
(mm2)

Between fleeces
Between fleece regions
Interaction (fleece x region)
Staples within regions

117
4

27
30

54
25
29
51

Variance 178 (N/ktex)2 159 mm2

Mean of lots examined 36  (N/ktex)2 90 mm2

Source:  Rottenbury and Andrews (1980).

Clean colour 

Importance 

Clean wool colour varies from near white, through shades of 
cream to yellow and brown. Occasionally bacterial action will 
lead to unusual shades such as pink or green. Greasy wool 
appraised as containing unscourable colour may scour to an 
acceptable colour. Scourable colour is the creamy or very light 
yellow colour and is common in wool that has been in long 
term storage.  Scourable colour (qualifier M – Table 25.9) 
washes out in scouring and results in a creamy-white product. 
Unscourable colour (H – Table 25.9) results in an end product 
that is off-white or yellow. Some wools are more susceptible to 
permanent discolouration during storage and processing than 
others (Cottle and Zhao, 1998). Yellowness or dullness (the 
opposite of lightness) may preclude end products from being 
dyed to light or pastel shade in addition to darker colours. 
Discoloration discounts depend on the severity of the colour 
and finer wools attract higher discounts (Figure 25.13).  
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Figure 25.13.  Price discounts for non-scourable colour in 
Merino fine and medium wool. Source: adapted from AWEX 
(2008b).

Appraisal 

It is very difficult to predict the clean colour of wool from 
a greasy sample. Many wools discounted for colour have 

better clean colour than non-discounted wools, and many non- 
discounted wools are worse than discounted wools (Pattinson 
and Whiteley, 1984). Most Australian wool is of good colour 
(Thompson, 1987). In 2006-2007, of the 2,583,942 bales 
offered at auction only 11% (278,487 bales) were classified as 
H1, 1% (22,718 bales) as H2 and 0.03% (671 bales) as H3.

Classing 

Even though greasy colour may differ considerably in a 
mob, lines classed for poor greasy colour (usually AAM or 
AA COM) often show very little difference in tested scoured 
colour (Pattinson and Whiteley, 1984). Despite this, less than 
1% of Australian sale lots are tested for colour, whereas about 
75% of lots are tested for length and strength. In New Zealand  
nearly all wool destined for carpets is tested for colour.

Dark fibres 

Australian wool has a reputation for freedom from dark and 
medullated fibres (Hansford and Swan, 2005).  Levels of 
around 20 fibres per 1 kg of top (or fewer for special end 
uses) may be specified as upper limits before discounts apply 
with a common threshold for dark fibre in Merino top stated 
as 100 per kg (M. Fleet pers. comm.). This corresponds to 
around four staples of stained or coloured fibres per bale, so 
great care is required to keep all such wool out of dark-fibre-
free lines. 

Dark fibres can be a fault in white or pale dyed products 
while medullated fibres can be objectionable in dyed products, 
with such faults leading to the rejection of, or costly repairs 
to, the product. Crossbreeding of Merinos with coloured 
and/or highly medullated sire breeds has increased the 
incentive to develop an information system to assess risk and 
a rapid presale test for both isolated dark and objectionable 
medullated fibres (AWI, 2003). Coloured fibres may be 
either naturally pigmented (black fibres) or stained by urine. 
Pigmented fibres in wool may occur through contamination 
from coloured sheep running in a white mob or poor shed 
hygiene. Alternatively, there may be small patches of black 
wool on older white sheep (Fleet, 1985). Urine stain is the 
most important cause of dark-fibre contamination, which 
generally occurs because of unsatisfactory crutching and 
inattention to stain removal during skirting and classing. 

The AWEX-ID (Figure 25.9) attempts to separate breeds 
or breed contacts that may have different risk levels for dark 
and/or medullated fibre by use of a comments field to identify 
dual-purpose Merino and shedding breeds in contact (e.g. 
Awassi, Damara, Dorper, Karakul and Van Rooy). Where 
pigmented fibre is visible then the ‘Y’ suffix is applied, or if 
medullated fibre is visible then the ‘K’ suffix is applied. The 
percentage of dark fibre and white kemp in the Australian 
clip is rising but is low as shown in Table 25.10.

The market penalty for pigmented fibre is higher for fine 
wools and is on average greater than for stain which is higher 
than for brands (Table 25.11).  
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Resistance to compression 

Importance 

Resistance to compression and bulk are measures of the 
characteristics of a mass of fibres, which are affected by the 
shape of the individual fibres. Their values are determined by 
the diameter and shape of the constituent wool fibres, and the 
interaction between wool fibres. Crimp frequency is related 
to the shape of the staple, thus it is usually referred to as 
staple crimp frequency. Fibre curvature is directly related 
to the fibre’s individual shape characteristics. Much of the 

significance of crimp in marketing and processing depends 
on its relationship with diameter; however, it has some 
influence on processing and product properties. Single-fibre 
crimp frequency and shape are the important properties, 
rather than the more readily identifiable staple crimp. Lamb 
(2000) described the impact of crimp or curvature on hauteur 
and romaine. 

Resistance to compression is the force (in kilopascals, 
kPa) required to compress a mass of wool to a given volume. 
It is largely a function of fibre diameter and single-fibre crimp. 
Increasing fibre diameter or crimp will increase resistance 
to compression. Typical values range from 5 to 15 kPa. 

Table 25.10.  Amounts of auction Merino wool affected by dark fibre and white kemp in 2001/2002.  

Wool category Greasy weight (tonne) Percentage of wool category 

Pigment 

Y1 Y2 Y3

Merino fleece 294,242 0.15% 0.02% 0.04%
Merino pieces   59,518 0.12% 0.02% 0.04%
Merino bellies   23,088 0.12% - 0.01%
Crossbred fleece    31,843 1.68% 0.19% 0.17%
Downs fleece      1,251 7.07% 1.82% 0.30%

Brands

R1 R2 R3

Merino fleece 294,242 2.83% 0.03% 0.04%
Merino pieces   59,518 0.50% 0.04% 0.01%
Merino bellies   23,088 0.09% - -

Stain

S1 S2 S3

Merino fleece 294,242 0.01% - 0.00%
Merino pieces   59,518 1.94% 6.23% 1.74%
Merino bellies   23,088 3.47% 5.20% 2.69%

Kemp

P1 P2 P3

Merino fleece 294,242 0.01% 0.00% -
Merino pieces   59,518 0.03% 0.00% -
Merino bellies   23,088 0.02% - -
Crossbred fleece    31,843 0.66% 0.05% -

Downs fleece      1,251 4.24% 0.07% 0.03%

Source: adapted from M. Fleet (unpubl. data). 

Table 25.11. Clean price reductions arising from presence of various types of dark fibre in 2001/02.  

Diameter (µm) Price penalty (c/kg clean) (number of tested lots with the fault)

Merino fleece Pigment – Y1 Pigment – Y2 Pigment – Y3

17.1 – 20.0 µm - 67 (71) - 288 (1) - 359 (19)

20.1 – 23.0 µm - 92  (159) - 210 (4) - 281 (13)

Merino pieces and bellies Stain – S1 Stain – S2 Stain – S3

17.1 – 20.0 µm - 39 (1,543) - 173 (3,219) - 178 (623)

20.1 – 23.0 µm - 33 (265) - 141 (960) - 154 (440)

Merino fleece Brands – R1 Brands – R2 Brands – R3

17.1 – 20.0 µm - 18 (2,527) - 101 (78) - 142 (93)

20.1 – 23.0 µm - 2 (4,078) - 28 (20) - 77 (31)

Source: adapted from Fleet (2002).
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Kurdo et al. (1984) showed that wools of high resistance to 
compression will tangle more in scouring, leading to higher 
processing losses and lower top hauteur than wools of low 
resistance to compression. However, wools with high values 
result in yarns and fabrics of higher bulk and firmer handle. 
If all other properties are kept constant, a decrease in crimp/
resistance to compression will be associated with a softer 
handle and increased felting shrinkage. An increase tends 
to give increased card losses, lower top to noil (tear) ratios 
and shorter hauteur. Tops are more difficult to spin and the 
resulting yarns are likely to be more irregular and of lower 
strength. 

Resistance to compression and bulk do not directly 
measure a physical property of a wool fibre and are highly 
related (Swan, 1993). They are expressions of the interaction 
between fibre diameter and fibre curvature. The space filling 
capacity of a wool sample is in proportion to its ability to 
withstand compression. The two measurements are taken 
from different parts of the pressure/volume curve for wool 
(Figure 25.14).
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Figure 25.14.  The relationship between pressure and volume 
for bulk and resistance to compression measurements. 
Source: Swan (1993).

Appraisal and classing 

Resistance to compression may vary from 12 kPa for Merino 
wool of relatively high crimp to 8 kPa for lower-crimp Merino 
wool. Within-mob ranges are typically ± 25% of the mean 
value. Whiteley and Welsman (1980) found an average within-
mob correlation of 0.47 between staple crimp and resistance 
to compression for super-fine mobs. They estimated that if 
superfine clips were separated using crimp frequency, the 
’first’ and ’second’ lines would be about 12 kPa and 10 kPa 
respectively. This characteristic is not assessed in classing, 
nor is it routinely tested, despite its impact on processing and 
the end product (Teasdale, 1988).

Wool classing 

When sheep are shorn the belly wool is removed first and 
is thrown into a separate bin. Stain is removed from wether 
bellies. Next the fleece wool is removed in one piece. Short 
pieces of wool (or ‘board locks’) fall from areas such as the 
legs. Second cuts - arising from the shearer leaving some 
wool on the sheep, which is subsequently removed - also 
contribute to the short pieces. The fleece is picked up and 
thrown onto a slatted skirting table, allowing table locks to 
fall to the ground. 

Skirting is the removal of inferior wool at the edges of 
the fleece. Skirtings (or pieces) are thrown into bins to be 
baled together. Sometimes the wool sections coming from 
the back area of fleeces are separated if they are particularly 
degraded (by dust). The skirted fleeces are then classed into 
separate lines on the basis of the wool qualities mentioned in 
the previous section. Bulk class bales are only made where 
insufficient wool exists to make a legitimate bale or line. The 
whole wool handling activity is usually referred to as clip 
preparation, while the allocation of fleeces to lines is termed 
classing, although in earlier times it was all referred to as 
wool classing. 

The development of clip preparation is described in detail 
by Lunney (1983) and is considered to have been established 
by the last quarter of the 19th century. Since then there have 
been changes in the criteria adapted to decide whether fleeces 
should be separated or kept together. The requirements of the 
Yorkshire (Bradford) wool processing industry have become 
progressively less important. As well, mill practices have 
changed. Whereas sorting fleeces and sections of fleeces 
in mills prior to scouring was a common practice it is now 
non-existent. This means the classer is usually the last person 
to see the greasy fleeces and carries the responsibility of 
ensuring that the wool is adequately prepared for processing. 
From 1975 to 1986, clip-preparation guidelines issued by the 
AWC (1986) described two methods of clip preparation to be 
followed, namely traditional clip preparation and objective 
clip preparation . 

Traditional clip preparation  

The aims of the wool classer changed with the advent of pre-
sale testing of wool. McMahon (1969) described the classer’s 
responsibility to ‘present to the buyer lines which, because 
of evenness in the important factors determining price, 
principally fineness and yield, are easy to appraise’. 

Classing according to these criteria is now referred to 
as traditional clip preparation. Lines were made for many 
reasons, including crimp, staple length, tenderness, yield and 
condition, colour and VM. Significant amounts of research 
over many years demonstrated that classers cannot rank 
separate fleeces on the basis of many of these properties, 
particularly fibre diameter or yield, as efficiently as was 
implied by the large number of lines traditionally created. 
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These lines increased marketing costs, particularly when 
small lots are interlotted or bulk-classed. There are usually 
relatively small differences between the lines produced and 
extra effort is required by wool buyers to match many small 
lots into consignments. 

Objective clip preparation  (OCP)

With the adoption of pre-sale testing, wool buyers no longer 
had to appraise sale lots for yield or mean fibre diameter. 
Instead it was possible to prepare lots that were less uniform 
visually for these properties when they were sold with test 
certificates. Only wool from sheep of similar breeding that 
have run together during the year prior to shearing could 
be classed by OCP and such wools had to be sold with test 
certificates. 

Current clip-preparation guidelines 

Since July 1987, wool classers applying to be on the wool 
classer register have had to hold an approved qualification. 
AWC, and now AWEX, can withdraw and prohibit from sale 
for export any wool that has not been classed by a registered 
classer. The Code of Practice (COP) for the preparation of 
Australian wool is an industry based document that describes 
the recommended practices and standards to which wool 
should be prepared. Its objectives are: to prepare uniform, 
consistent, reliable, predictable, low risk lines of wool suitable 
for the diverse needs of wool processing; present a product 
free of contamination; and a product correctly documented, 
described and packaged. 

The COP is reviewed every three years and is now a 
component of the AWEX Quality Wool System. The 1986-89 
guidelines (AWC, 1989b) differed from earlier ones in that 
they detailed the grower’s and classer’s responsibilities prior 
to and during shearing and classing. The 1989 guidelines 
contained tighter fibre diameter and VM interlotting matching 
tolerances for fine wool and VM-free wool.  The COP is 
available from AWEX offices (AWEX, 2009b). 

Wool offered for auction sale is audited by AWEX clip 
inspectors to determine lines of wool that fall below the 
minimum standard. Wool classers can be subject to corrective 
action processes. Registered wool classers that prepare lines 
at or above the COP standards apply their registered wool 
classer ID to the bales they have classed. 

Aims of clip preparation 

Clip preparation means preparing wool for sale in such 
a manner as to provide a textile fibre that processors may 
use with confidence and to maximise the net return to the 
woolgrower by paying careful attention to producing as 
few lines as possible from the clip, while maintaining an 
appropriate degree of uniformity within each line and 
eliminating contamination of the clip by removing stained 

and pigmented fibres and all foreign material. The impact of 
classing on wool line characteristics was reviewed by Cottle 
(1994).

Sheep management

The guidelines emphasise the importance of good management 
of the flock. Particular attention is given to sheep selection 
procedures that produce a clip uniform in fibre diameter, 
length, strength and colour. Procedures for culling sheep and 
maintaining a flock are also given. 

Preparing for shearing 

Sheep should be sufficiently free of urine-stained wool at the 
commencement of shearing that contamination of the wool 
will not occur subsequently. Dark and spotted sheep, as well 
as mixed breeds, lambs and weaners and other sheep not part 
of the mob, should be drafted separately.

Grower’s responsibilities 

The grower must provide a good clean work environment 
and together with the classer decide on adequate numbers of 
staff. Full information must be provided to the classer so that 
appropriate decisions

 
may be made. Other obligations include 

ensuring the wool is adequately packed and that the classer’s 
specification and any instructions are sent with the wool. 

Classer’s responsibilities 

The classer has to ensure each fleece is carefully skirted, to 
remove all stain and also all dags, skin pieces, fribs, sweats, 
crutchings, topknots, shanks and jowls. It may also be 
necessary to separate cast fleeces and to remove clumpy VM 
if the rest of the fleece is relatively free, cotted edges, hairy 
britch wool, necks (crows-nest or water stained) and backs 
(wasty and tender). Classers must also prevent contamination 
of lines by foreign objects, supervise shed staff and avoid the 
creation of unnecessary small lines. They also provide advice 
to the broker on lots from different mobs that are within 2 µm 
in diameter, 20 mm in length, 5% yield and 2% VM of one 
another and may be combined in lots.

Classing Merino clips 

Recommended wool lines are now different to those that 
were produced under OCP (Table 25.12). More lines are now 
described as AAAM as it is a well known brand and most 
wool properties are subsequently tested.

In the 2007-09 COP, broad lines (previously BBB), 
tender and short lines are all branded AAAM but the wool 
specification sheet must advise that they are not to be 
combined in lots with other fleece lines. Fibre diameter, 
staple strength and length are no longer required in the 
bale descriptions as they are tested. The sheep breed group 
is identified on all lines, including cast lines. AAA and AA 
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Table 25.12.  Recommended OCP lines in Merino, 
comeback and crossbred clips.

Description Contents

Merino fleece lines

AAAM Main bulk line containing a maximum of three 
adjacent qualities

BBB Coarse line containing any wool of the fourth quality 
number

AAM
WNS

Distinctly short fleeces (not normally required)
Weaners bulk line

Possible cast lines

FLC Tender wool (only very tender wool if the majority of 
fleeces are tender)

COL Unscourable coloured wool – including canary 
yellow, fleece rot, water stains or any other form of 
unscourable colour in fleeces

COT Cotted wool

DGY

DER

Doggy fleeces that exhibit a distinct lack of crimp 
definition
Dermatitis affected fleece

Comeback and crossbred fleece lines

AAACBK Main bulk line containing a maximum of three adjacent 
quality numbers if bulk 60s; if bulk 58s a maximum of 
two adjacent qualities; exclude distinctly short and cast 
fleeces

AAAFX Fine crossbred fleeces containing a maximum of two 
adjacent qualities; exclude as above

AAAMX Medium crossbred fleeces containing a maximum of two 
adjacent qualities; exclude as above

AAACX Coarse crossbred fleeces containing a maximum of 
two adjacent qualities; exclude as above

Possible cast lines

These are as for Merino wool except that each line is prefaced/suffixed 
by the appropriate quality number description – e.g. FXCOT

In each of the above cast lines a recommended maximum of three 
adjacent quality numbers were placed together to form a large line.

brands are required on most fleece lines (adult, weaner and 
lambs), but are optional on non-fleece lines (e.g. pieces and  
bellies) where classers have made multiple lines and want 
to identify them separately. Some classers use a number or 
character system (e.g. AAAM (1) or (B) = broad wool, or 
AAAM (2) or (T) for tender) in the wool book. Previously FLC 
was used to indicate tender wool (Teasdale and Cottle, 1991). 

Cast lines are placed in column 1 (sub categories within 
portions) and not column 3 (portions) of the bale brand 
description.  For example, STN (stain) is placed in column 1 
to encourage wool classers to keep the various types of stain 
apart to facilitate uniformity of lines, e.g. STN M PCS, STN 
M BLS. Bellies from wethers that are uncrutched with heavy 
pizzle stain should be described as STN M BLS. Whilst the 
making of two locks lines is not a common practice in many 
sheds, table locks may be branded AAAM LKS and board 
locks are branded either AAMLKS or MLKS. The main line 
of White Suffolk lambs wool are branded AAA DN LMS 

(with K added if medullation is visible). The 2010-12 COP 
uses a simplified, structured bale description system that 
adds four simple variables (columns) from left to right (Table 
25.13)

Wool from Dohne and SAMM breeds are eligible for 
the Merino dark and medullated fibre risk (DMFR) rating 
scheme. If sheep have run with shedding breeds while on a 
truck or in the same pens in sale yards a DMFR declaration 
needs to be made. Where possible all loose fibres should be 
removed/cleaned from trucks prior to loading sheep. There 
are two methods for correctly describing shedding breed 
wool: 1) if the fibre from a shedding breed or their crosses 
(e.g. Merino x White Dorper) is to be harvested and sold the 
bale must be described with an SB in the bale description i.e. 
AAASB, SBPCS, SBBLS, SBLKS. The use of Y or K is also 
to be applied on all wool where pigmented or medullated 
fibre is visible; 2) some selling agents may require the 
specific breed to be identified. In these cases branding the 
bale with the specific breed code is also acceptable, e.g. 
AAADO for Dorper, AAAWD: White Dorper, WD PCS: 
White Dorper pieces, AAA AW for Awassi. The use of Y or 
K is also applied on all wool where pigmented or medullated 
fibre is visible.

Classing comeback and crossbred sheep 

The recommended lines are similar to those produced under 
OCP for Merinos and are shown in Table 25.12.

Wool sampling and testing 

Wool samples are taken from sale lots to allow various 
objective tests to be carried out and for convenient appraisal 
of non-tested properties (see Figure 25.15). Two types of 
samples are taken. Core samples are obtained by pushing 
a tube with a sharpened tip through the bales. These 
samples are currently tested for yield, VM content and fibre 
diameter. They may also be tested for colour and resistance 
to compression. The results are then related to the bulk of 
wool from which the cores were taken. Full-length samples 
are taken by pushing a grab jaw into the side of the bales and 
withdrawing the wool. Grab samples are currently tested for 
staple length and strength. They also comprise the display 
sample appraised during sale. 

Regulations and test methods govern the sampling 
and testing of raw (greasy, scoured and carbonised) wool. 
Australian and New Zealand test methods developed by 
the TX12 (raw wool) and TX20 (textiles) Committees of 
Standards Australia have often been adopted by the IWTO for 
use in international wool trading. IWTO standards are covered 
in the IWTO Blue Book (Arbitration Agreement), Red Book 
(Specifications) and Regulations Book. Specifications include 
all test methods and draft test methods (DTMs) developed 
within IWTO Committees for the measurement of wool fibre, 
yarn and fabric properties. Full test methods provide the 
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objective, technical and scientific measurements required for 
issuing IWTO test certificates. The main difference between 
an IWTO Test Method and a DTM is that the latter has 
not yet demonstrated sufficient reproducibility to meet the 
technical standards for acceptable inter-laboratory variation. 
DTMs have no official status for commercial usage, unless 
agreed between contracting parties. They are the first formal 

approval stage in the development of IWTO Test Methods 
and usually remain at DTM status for at least 2 years to 
enable their application to be examined and commercial 
implications to be understood. A full Test Method may be 
downgraded to DTM status until its discovered weaknesses 
have been resolved. The current list of IWTO test methods 
and DTMs is given in Table 25.14.

Wool in bales 500 to 50 000 kg

core sampling grab sampling

750 to 1000 g 2 to 10 kg

subsampling

60 tufts

blending and subsampling

150 to 200 g

scouring

80 to 130 g

subsampling and testing

TAI (VM)
40 g

Ash
10 g

Alcohol ext
10 g

calculate
yield/VM

R to C
2 x 2.5 g

colour
2 x 5 g

airflow
2 x 2.5 g

length
strength POB

Certification

denotes IWTO or AS procedure
denotes AS procedure only

Figure 25.15.  Sampling and testing greasy wool. Subsamples of blended core samples are kept in case retesting is required. 
Source: Teasdale (1988).

Table 25.13.  Bale descriptions: Woolclassers (draft) code of practice 2010-2012. 

Source: AWEX (2009c).
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Table 25.14.  IWTO Specifications (Red Book - 2009). 

*IWTO-0: Introduction to IWTO Specifications. Procedures for 
the Development, Review, Progression or Relegation of IWTO Test 
Methods and Draft Test Methods

IWTO-2-96: Method for the Determination of the pH Value of a 
Water Extract of Wool

IWTO-3-86: Method of Test for the Acid Content of Wool

IWTO-6-98: Method of Test for the Determination of the Mean 
Diameter of Wool Fibres in Combed Sliver using the Airflow 
Apparatus

IWTO-7-00: Sub-sampling Staples from Grab Samples

IWTO-8-04: Method of Determining Fibre Diameter Distribution 
Parameters and Percentage of Medullated Fibres in Wool and other 
Animal Fibres by the Projection Microscope

IWTO-10-03: Method for the Determination of Dichloromethane 
Soluble Matter in Combed Wool and Commercially Scoured or 
Carbonised Wool

*IWTO-12-08: Measurement of the Mean and Distribution of Fibre 
Diameter Using the Sirolan-Laserscan Fibre Diameter Analyser

IWTO-17-04: Determination of Fibre Length and Distribution 
Parameters

IWTO-18-00: Method for the Determination of Evenness of Textile 
Strands using Capacitance Testing Equipment

*IWTO-19-03: Determination of Wool Base and Vegetable Matter 
Base of Core Samples of Raw Wool

IWTO-20-04: Method for the Determination of the Felting 
Properties of Loose Wool and Top

IWTO-26-04: Glossary of Terms Relating to Sampling

*IWTO-28-00: Determination by the Airflow Method of the Mean 
Fibre Diameter of Core Samples of Raw Wool

IWTO-29-03: Method for the Determination of the Dimensional 
Change induced by Free-Steam in Fabrics Containing Wool

*IWTO-30-07: Determination of Staple Length and Staple Strength

*IWTO-31-02: Calculation of IWTO Combined Certificates for 
Deliveries of Raw Wool

IWTO-32-82: Determination of the Bundle Strength of Wool Fibres

IWTO-33-98: Method for the Determination of Oven-Dry Mass and 
Calculated Invoice Mass of Scoured or Carbonised Wool

IWTO-34-98: Determination of Oven-Dry Mass, Calculated Invoice 
Mass and Calculated Merchantable Mass of Wool Tops

IWTO-35-03: Method for the Measurement of Colour of Sliver

*IWTO-38-99: Method of Grab Sampling Greasy Wool from Bales

IWTO-41-92: Determination of the Invoice Mass of Scoured or 
Carbonised Wool or Tops or Noils by Capacitance Method

IWTO-42-02: Crease Pressing Performance Test

*IWTO-47-08: Measurement of the Mean and Distribution of 
Fibre Diameter of Wool using an Optical Fibre Diameter Analyser 
(OFDA)

IWTO-49-99: Formability Test

IWTO-50-94: The Measurement of Dimensional Stability and 
Hygral Change in Woven Fabrics

IWTO-51-94: Measurement of the Stability of Surface Finish on 
Woven Wool Fabric (amended 1994)

IWTO-52-06: Conditioning Procedures for Testing Textiles

IWTO-55-99: Method of Automatic Counting and Classifying 
Cleanliness Faults in Tops Using the Optalyser Instrument

*IWTO-56-07: Method for the Measurement of Colour of Raw 
Wool

IWTO-57-98: Determination of Medullated Fibre Content of Wool 
and Mohair Samples by Opacity Measurements using an OFDA

IWTO-58-00: Scanning Electron Microscopic Analysis of 
Speciality Fibres and Sheep’s Wool and their Blends

DRAFT TEST METHODS

DTM-1-02: Method of Determining “Barbe” and “Hauteur” for 
Wool Fibres Using a Comb Sorter

DTM-4-00: Method of Test for Determining the Solubility of Wool 
in Alkali

DTM-5-97: Method of Determining Wool Fibre Length Distribution 
of Fibres from Yarns or Fabrics Using a Single Fibre Length 
Measuring Machine

DTM-9-97: Method of Test and Assessment for Proofness of Wool 
Fabrics against the Common (Webbing) Clothes Moth

DTM-11-99: Method of Test for the Solubility of Wool in Urea-
Bisulphite Solution

DTM-13-97: Counting of Coloured Fibres in Tops by the Balanced 
Illumination Method

DTM-14-97: Method of Test and Assessment for Proofness of Wool 
Fabrics against the Black Carpet Beetle

DTM-15-98: Method for the Colorimetric Determination of Cystine 
Plus Cysteine in Wool Hydrolysates

DTM-16-02: Method of Test for Wool Fibre Length using a WIRA 
Fibre Diagram Machine

DTM-21-99: Method for the Determination of the Alkali Content of 
Wool

DTM-22-02: Method for the Determination of the Weight per Unit 
Area of Woven Cloth

DTM-24-01: General and Specific Methods for the Determination 
of Cleanliness Faults in Combed Wool Slivers

DTM-37-02: Determination of Crimp of Yarn in Fabric Containing 
Wool

DTM-39-02: Determination of the Number of Threads per 
Centimetre in Woven Fabrics

DTM-40-02: Determination of the Abrasion Resistance of Wool and 
Blended Wool Fabrics using a Martindale Machine

DTM-43-98: Measurement of Solvent Extractables for Scoured 
Wool or Sliver Using Near Infrared Analysis

DTM-45-99: Determination of Cashmere Down Yield for Core 
Samples of Cashmere Fibre
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DTM-59-04: Method for the Determination of Chemical Residues 
on Greasy Wool

DTM-60-01: Method for the Measurement of Fibre End 
Characteristics in Wool Slivers as a Guide to Fabric Skin Comfort

DTM-61-01: Method for the Determination of Petroleum Ether 
Extractable Matter in Wool Yarns and Certain Wool Blends

DTM-62-05: Determination of Fibre Length, Length Distribution, 
Mean Fibre Diameter and Fibre Diameter Distribution of Wool Top 
& Slivers by the OFDA 4000

DTM-63-07: Determination of the Invoice Mass of Tops, Noils, 
Scoured or Carbonised Wools by the Malcam Microwave Method

*Main greasy wool standards 
Source: IWTO (2009).                  

The key standard is IWTO-0-01 which defines the process 
for developing test methods and includes: Appendix A which 
lists the methods which are the responsibility of each of 
the technical groups operating under the Technology and 
Standards Committee (Figure 25.16); Appendix B which 
describes how to present supporting data for a new method 
including the statistical analyses required; Appendix C which 
provides guidelines on drafting and presenting a Test Method; 
and Appendix D which describes statistical techniques to 
estimate precision (95% confidence) limits for IWTO Test 
Methods. 

Core sampling 

Sale by sample was introduced in 1973 following the Australian 
Objective Measurement Project (AOMP) initiated by the AWB 
in 1969 (AWC, 1973) and within 10 years over 95% of bales 
sold at auction were sold by sample (Figure 25.17). This involves 
core sampling and testing the lot for yield, VM content and fibre 
diameter and presenting these results together with a display 
sample of full-length wool for visual appraisal. It is not necessary 
for the sale to be in the store or centre where the bales are stored. 
Sale by separation, as this is known, allows for a reduction in the 
number of wool selling facilities. If other measurements, such 
as clean colour , fibre curvature and style, could be included and 
combined with a description of non-measurable properties (e.g. 
cottedness), the display sample could be omitted, resulting in 
(online) sale by description (Lunney, 1988). Sale by description 
was yet to become a commercial reality in 2009.

The first coring apparatus was developed by the USA Bureau 
of Customs. This was a power-driven rotating tube with a cutting 
edge of 10 mm diameter. It could not be used in locations where 
power was not available and heat generated by the rotating 
tube partially dried the cores out. In the 1950s various workers, 
including the CSIRO, designed coring equipment that could be 
manually driven into bales of wool. By the early 1960s hand 
coring equipment, with a satisfactory means of keeping tips 
sharp, was available. It was suitable for coring bales of wool of 
moderate densities, or higher-density bales with restraining bands 
removed. In the late 1960s CSIRO designed a hydraulically 

TECHNOLOGY & STANDARDS COMMITTEE
Executive: Chairman
                  DeputyChairman

Official National Delegates

Steering Committee
Executive Officers (2)
HQ Nominee
Group Chairs

IWTO-0
IWTO-26
IWTO-52

Technical Delegates
Plenary Assembly

and
Technical Forum
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Reports

Chemical
Reports

Raw Wool Group

IWTO-7
IWTO-12
IWTO-19
IWTO-20
IWTO-28
IWTO-30
IWTO-31
IWTO-33
IWTO-38
IWTO-56
IWTO-57
IWTO-58

DRAFT TM-45
DRAFT TM-59

IWTO-6
IWTO-8
IWTO-10
IWTO-17
IWTO-18
IWTO-32
IWTO-34
IWTO-35
IWTO-41
IWTO-47
IWTO-55

DRAFT TM-1
DRAFT TM-13
DRAFT TM-16
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DRAFT TM-43
DRAFT TM-60
DRAFT TM-61

Sliver Group

IWTO-2
IWTO-3
IWTO-29
IWTO-42
IWTO-49
IWTO-50
IWTO-51

DRAFT TM-4
DRAFT TM-5
DRAFT TM-9
DRAFT TM-11
DRAFT TM-14
DRAFT TM-15
DRAFT TM-21
DRAFT TM-22
DRAFT TM-37
DRAFT TM-39
DRAFT TM-40

Product Specification Group

IWTO-0: APPENDIX A
July 2004

Figure 25.16.   Working Group responsibilities for maintaining IWTO Test Methods. Source: IWTO (2009).
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driven core tube, capable of being used to sample over 100 bales 
per hour. This allowed the rapid growth in pre-sale testing that 
occurred in Australia in the 1970s. 

With the growing popularity of high-density bales of greasy 
wool (particularly jumbo bales), equipment was developed to core 
these bales, next to the high-density presses. Similar equipment 
was also developed in New Zealand to core sample high-density 
bales of scoured wool.

Principals of core sampling 

A number of general principles cover core sampling, as listed 
below. 

Every bale in the test lot is core sampled at the time of •	
weighing to ensure that no change in bale weight occurs 
between the operations of weighing and sampling. 
The weight of cores taken is sufficient to provide 5 •	
subsamples at least 150 g each - that is, 750 g in total. 
All bales in the test lot have similar dimensions and weights •	
to ensure representative samples are drawn. 
Sampling equipment and the number of cores taken per lot •	
produce a sampling precision of at least  ± 1% IWTO Clean 
Wool content (± 0.84% Wool Base) at a probability level 
of 0.95 (determined from the expected variation of yield 
between cores within a bale, and the number of bales in a lot; 
Russell and Cottle, 1993). Precision refers to the spread or 
variance of estimates, while accuracy refers to the difference 
between the ’true’ value and the mean estimate. 
Table 25.15 shows a core-sampling schedule for machine-•	
coring Australian wool (between-core standard deviation 
of IWTO Clean Wool Content of 2.0%), with 50 g of wool 
obtained per core. 

Table 25.15.  Example core samping schedule. 

Bales per lot Cores per bale Total expected core sample mass (g) 

1
2
3

4-5
6-7
8-15
16-40

16
8
6
4
3
2
1

800
800
900

800-1,000
900-950

800-1,500
800-2,000

Source: Teasdale (1988).

Precautions to be taken when coring include the following. 

Ensure sufficient penetration of the bale by the core •	
tube. The hand core tube only penetrates about half way 
through a bale, while machine core tubes must penetrate 
further than 93% of the bale length. More hand cores 
normally have to be taken and can only be obtained 
when bale density is 100-250 kg per m3. 
The point of penetration must be randomised over the •	
bale surface (but not nearer than 75 mm to the edges). 
Sample in the direction of •	 compression of the bale. 
Pack material must be removed from the penetration •	
area. 

Core testing 

Test house staff or accredited agents are responsible for 
labelling and packaging the core samples and ensuring the 
correct sampling schedule is used. The Australian Wool 
Surveillance Authority was established in 1988 by the 
National Association of Testing Authorities (NATA) to 
lead the surveillance of wool display, sampling and testing 
facilities throughout Australia. This was aimed at enhancing 
international confidence in Australia’s system of sampling, 
testing and showing greasy wool for export. Over 200 
organisations registered during 1989. Showfloor and sampling 
site registration under the 1991 AWC Act was divested to 
AWEX in July 1994. New arrangements were established 
by AWEX where they audited and registered showfloors, 
while AWTA Ltd. was subcontracted to audit sampling sites, 
including their own (Pattison, 1994).

Wool in the core sample has been cut by the coring tip, 
which limits the type of tests that may be carried out. 

Yield and vegetable matter 

The test method used for yield testing of raw wool is IWTO-19 
(Table 25.14). The procedures are used to determine the 
amount of clean, dry, impurity-free wool (Wool Base) and 
clean dry impurity-free VM (VM Base) in a core sample. 
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Figure 25.17.  The proportion of the Australian wool clip pre-sale tested 1971-1988. Source: AWC (1989a).
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Blending must include a minimum mass of 750 g of core 
sample, up to about 3 kg. At least two subsamples (each of 
150 to 200 g) are taken from the blended core sample and 
weighed (W

i
). The subscript i refers to the result for the ’ith’ 

subsample, where i = 1, 2 etc. The remainder is weighed 
and stored in case it is required for subsequent testing. Any 
change in weight due to loss of moisture is taken into account 
when relating test results to the wool lot. 

Each subsample is scoured to remove extraneous dirt, 
suint and grease. No wool fibre or VM should be lost in this 
step. Each subsample is dried and weighed (P

i
). A number 

of test specimens are taken from each dry subsample and 
weighed. A specimen of about 40 g is used for determination 
of VM content. It is immersed in boiling (10% W/V) sodium 
hydroxide and stirred for 3 minutes. The wool dissolves, 
leaving VM and other contaminants largely intact. These 
are collected on a sieve and dried, and the VM is divided 
into hard heads and twigs (which are less affected by caustic 
soda), burr, seed and shive (which loses most weight during 
dissolving). The masses of each type of VM are corrected for 
slight losses in the sodium hydroxide and any mineral matter 
present, to obtain the percentage of VM in the specimen (Vi). 
The correction factors for seed and shire, burr and hard heads 
are 1.4, 1.2 and 1.03 respectively. The total amount of alkali-
insoluble material (including pieces of skin and wool pack, 
with correction factors of 2.0 and 1.05 respectively) is also 
calculated and expressed as a percentage of the specimen 
weight (T

i
). 

Mineral matter (or ash content) is tested on a specimen of 
about 10 g, ashed at 750°C. At this temperature all volatile 
material (such as keratin) is driven off as gaseous material 
and only mineral matter remains. This is expressed as a 
percentage of the specimen weight (A

i
) and is typically less 

than 1%. 
Residual grease determination is conducted using the 

process of Near Infrared Reflectance Analysis (NIR). The 
predicted grease value for the sample of scoured and dried 
wool is obtained in about 5 seconds. For samples containing 
black fibres or more than 2% residual grease the traditional 
method of alcohol extraction has to be used on another 
specimen of about 10 g, which is washed in alcohol (ethanol) 
using a soxhlet apparatus (a standard piece of laboratory 
equipment that allows a reservoir of alcohol to be boiled). 
The vapour is condensed and drips into a container holding 
the specimen. As this fills it siphons off, flushing alcohol 
through the sample. The alcohol collects again in the reservoir 
and is recycled. After about 20 flushes the alcohol containing 
dissolved material (mainly wool wax) is removed and the 
alcohol evaporated. The remaining alcohol-extractable matter 
is then weighed and expressed as a percentage (E

i
) - usually 

less than 1%. 

Calculation of wool,VM and hard head bases 

The percentage of wool fibre present in the scoured subsample 
is calculated from 100-E

i
-A

i
-T

i
. This is multiplied by the 

scoured subsample weight (P
i
) and divided by the greasy 

subsample weight (W 
i
) to give the percentage of clean wool 

fibre in the greasy subsample, or the subsample wool base 
(B

i
).

B
i

 
= P

i
 (100-E

i
-A

i
-T

i
)/ W

i 
%

    
The wool base (WB) of the sample (and hence the lot) may be 
calculated by averaging the subsample results and correcting 
for any changes in the sample weight between coring (Wb) 
and subsampling (W). This is only done after a check for 
consistency of subsamples (Teasdale, 1988). All commercial 
yields are calculated from WB (Table 25.4). 

WB = 
 

∑
∑

Wi
BiWi

W
Wb — %    

 

Wb/W is commonly referred to as the blending correction 
factor. The vegetable matter base (VMB) and hard head base 
(H) of each subsample and the sample may be similarly 
calculated, using the equations given here. 

VMB = 
 

∑
∑

Wi
PiVi

W
Wb — %  

H =  
 

∑
∑

Wi
PiHi

W
Wb — % 

Components of variation 

Precision or confidence limits are calculated from components 
of variance, which include between-core or between-grab 
variation, within-laboratory variation and between-laboratory 
variation.

The sampling variance for yield in a wool sale lot= 

(B-N) s
b

2/NB + s
c
2/NK, 

where: 
B = number of bales in the lot, 
K = cores/bale,
N = no. bales sampled,
s

c
2 = between core (within bale) variance, 

s    
l
2 = between lab. variance

Thus if all bales are sampled s
b

2 = 0. Adding testing variance 
to sampling variance results in the following equation:
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where:
s

l
2 = between laboratory variance

s
s
2 = within laboratory (between subsample) variance, 

l = no. laboratories,
M = mass per core (g), 
n = no. subsamples tested, 
m = mass of subsamples (150-200g)

The s
s
2 coefficient can be simplified to 1/n, as K.N.M >>> n.m. 

Some values for s
s
2, s

    l
2 and s

c
2 are given in Table 25. 16.

Table 25.16.  Components of variance for yield.

Mean wool base (%) s
s
2 s

c
2 s

l
2

<45 0.386 4.12 0.86

45-55 0.163 3.07 0.34

>55 0.084 1.71 0.08

s
c
2 = between core (within bale) variance, s    

l
2 = between lab. 

variance, s
s
2 = within laboratory (between subsample) variance

Source: Russell and Cottle (1993).

Fibre diameter – mean and variance

This test is also carried out on the core sample and is usually 
integrated with the yield test. IWTO-28-00 describes the 
use of the airflow instrument, IWTO-12-03 the use of the 
Sirolan-Laserscan and IWTO-47-00 the use of the Optical 
Fibre Diameter Analyser (OFDA). The air flow method is 
being replaced by the latter two methods which also measure 
fibre diameter standard deviation (FDSD), coefficient of 
variation (FDCV) and comfort factor, i.e. the percentage of 
fibres less than 30µm. The choice of 30 µm is arbitrary as 
prickle is also affected by the length of protruding fibre ends, 
fabric construction and the relative sensitivity of the wearer’s 

skin (de Boos et al., 2002). Mean fibre diameter (MFD) can 
also be measured by the sonic tester, projection microscope, 
the laser-based fibre fineness distribution analyser  and the 
fibre image display and measurement equipment, forerunners 
respectively of the Laserscan and OFDA. 

Kozeny’s Law relates the flow of a fluid (air) through a porous 
sample (wool) to the change in pressure across the sample.

where  Q = f (Δ P/R) 
 Q = fluid flow
 ΔP = pressure change
 R = resistance of specimen

The resistance to flow is a function of the surface area of fibres 
present (R = f(d)), therefore, for a fixed pressure drop, Q = f(1/d). 
For the same mass, finer fibres have a greater surface area and 
hence offer greater resistance to flow. In practice the airflow is 
calibrated using tops with mean fibre diameters measured by 
projection microscope. The arrangement of the components of 
an airflow instrument is shown in Figure 25.18. 

The sampling, subsampling and scouring procedures are 
the same as those used for the yield test. Specimens of about 
10 g are taken from each scoured subsample and combined to 
form the laboratory sample. This is passed through a Shirley 
Analyser (Teasdale, 1988), which opens and mixes it and 
removes VM present. Several passes may be necessary for 
heavily contaminated wool. The carded sample is then dried 
before conditioning at 20°C and 65% relative humidity to 
achieve a standard regain or moisture content. Test specimens 
of 2.500 ± 0.004 g (constant pressure) or 1.500 ± 0.002 g 
(constant flow) are taken for measurement in the airflow 
instrument. The MFD of a consignment of wool made up of a 
number of different lots is not the weighted arithmetic mean 
but rather the weighted hyperbolic (harmonic) mean of the 

Figure 25.18.  Sonic and air flow fineness meters.
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lots. This is because in the same weight of wool there are 
more fibres in a finer lot. Further details of test methods and 
combining test results are given by Teasdale (1988). 

In the Laserscan, prepared 2mm fibre snippets floating 
in water (which replaced isopropanol/water) intersect a laser 
beam (Figure 25.19) which is directed at a measurement 
detector.  The detector produces an electrical signal that is 
proportional to the amount of light which reaches its surface.  
When a fibre snippet passes through the beam the electrical 
signal is reduced by an amount proportional to the projected 
area, and thus the diameter, of the fibre.  A series of algorithms 
is able to interpret fibre optic discriminator signals at very high 
speeds that discriminate between multiple fibres, incomplete 
fibres, non-fibre fragments and valid fibre snippets.  

The Laserscan can measure 1,000 snippets in about 1 
minute.  The individual measurements are collected in 1µm 
classes (compared to 2µm classes for the PM). Calibration 
uses the same eight Interwoollabs tops that are used for airflow 
and OFDA calibration.  The Fleecescan is a more portable 
Laserscan model that can be used in the shearing shed.

The OFDA100 uses image analysis to measure the 
diameter of fibre snippets.  Magnified images of fibre snippets 
are captured by a camera then processed by a computer. Snippets 
are sampled in a similar manner to Laserscan (i.e., minicore for 
raw wool and guillotine for top) with the addition of a spreading 
step in which the snippets are spread onto a hinged, 70mm x 
70mm microscope slide.  The motorised stage of the microscope 
traces out a predetermined Z pattern. A complete measurement 
cycle on a clean, conditioned sample takes less than 2 minutes.

Components of variation 

The 95% confidence limits or precision in any laboratory 
are calculated as 1.96x √(tota1 variance). The components 
of variance making up the total variance are estimated from 
an analysis of variance of the data. For example Cottle et al. 
(1996) estimated the total variance for OFDA measurements 
of midside samples as follows:

Total variance = δ2
lab

/n + δ2
subs

/np + δ2
minicores

/npm + δ2
slides

/
npms + δ2

fibres
/npmsf     

where the components of variance are: 

δ2
lab

 =between laboratory, 
δ2

subs
 =between subsamples, 

δ2
minicores

 = between minicores, 
δ2

slides 
= between slides, and 

δ2
fibres

 = between fibres, 
n = number of laboratories, 
p = subsamples/lab, 
m = minicores/subsample, 
s = slides/minicore, 
f = fibres/slide. 

If samples are always measured in the one laboratory, then δ2
lab

 
is zero, and the confidence limits of measurements are improved. 
The 95% confidence limits estimated for MFD on midside 
samples was ± 0.60µm on the OFDA, which was smaller than the 
reported confidence limits for wool cores of airflow (1.2 µm) and 
Laserscan measurements (1.0µm). The 95% confidence limit for 
OFDA measurements were ± 0.41µm for FDSD measurements 
and ± 1.73%.for FDCV measurements. 

The OFDA2000 is a modification of an OFDA100, which 
measures full length greasy or clean wool micro-staples 
rather than 2mm snippets.  It also provides an estimate of 
the fibre diameter profile of a staple.  The OFDA2000 is 
portable, and comes in a specially constructed case with 
its own PC (Figure 25.20).  OFDA2000 measurements 
can be performed while samples are being taken in a wool 
race or during shearing.  BSC Electronics also produce the 
OFDA4000 which measures the diameter, length and hauteur 
of fibres in aligned (sliver, top) form, the OFDA5000 which 
measures diameters below 1µm for microfibres, glass and 
ceramic fibres, the SIFAN which measures a 3D model of 
single fibres and the OFDA MFX for online measurement of 
diameter and opacity of monofilaments and wires. 

Figure 25.19.  A schematic diagram of the major components of  a Laserscan.  
Source: CSIRO Division of Textile and Fibre Technology.
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Figure 25.20. a)  An OFDA2000 and b) example screen.  
Source: OFDA (2008).

Baxter and Cottle (1997) reviewed studies of the linear 
regression equations derived for FDSD as a function of MFD 
and in their study of over 100,000 fleece tests found:  

FDSD = -1.07 + 0.25 x MFD.

The average predicted FDCV values in the fleece, sale lot 
and top were 19%, 22% and 22% respectively. Fleece 
measurements are usually performed on the most uniform 
part of the fleece (the midside sample), whereas sale lots 
include within and between fleece components of variance. 

There is no simple way of predicting comfort factor or 
its reverse, prickle factor, without taking into account both 
MFD and either FDSD or FDCV. Baxter and Cottle (1997) 
found that the z transform approach of Naylor et al. (1995), 
that assumes the shape of a fibre diameter distribution closely 
approximates normality, gave the most robust, precise 
prediction model for prickle factor.

Prickle Factor (%) = -4.2 + 17.3 x (1/z)    se = 1.0,  r2 = 0.94

where z (Gaussian score) = (30 - MFD) / FDSD

Resistance to compression 

This is an SAA standard method (AS 3535- 1988) but has not 
been adopted by the IWTO. It could be included in the testing 
system by taking two 2.5g specimens of the Shirley-analysed 
sample prepared for airflow measurement. The resistance 
to compression meter compresses the specimen to a given 
volume, and a force transducer then gives the resistance 

(in kilopascals). Alternatively the core bulk tester could be 
adapted to measure both bulk and resistance to compression 
(Figure 25.14). 

Clean colour 

The Commission Internationale de l’Eclairage (CIE) system 
for measurement allows colours to be represented by a 
mixture of three defined colours (notionally red, green and 
blue) and lends itself to instrumental measurement. The 
three derived CIE values are called tristimulus values X, Y 
and Z and are coordinates of colour sensation and form the 
foundation of the CIE colour space. The CIE system, like the 
human eye, derives a set of three signals from the spectral 
characteristics of the light source and the illuminated object, 
and the colour matching functions of the detector. The clean 
colour of raw wool generally only varies in lightness or Y 
value (the opposite is dullness or greyness) and yellowness 
or Y-Z value. Merino wool typically has Y-Z values less than 
4 (Thompson, 1987). 

The CIE tristimulus values are calculated by the spectral 
integration (i.e. multiplication and addition) of the following 
data on a wavelength-by-wavelength basis: 

CIE Illuminant D65 (daylight, colour temperature •	
6500K) with the spectral energy function E(λ)
An object’s spectrophotometric reflectance measurement •	
(R(λ))
CIE observer 10° (CIE, 1964 - for large objects) as •	
defined by the functions r(λ), g(λ) and b(λ).

Because each of the functions E, R, r, g and b is just a list of 
numbers (tabulated against wavelength), the task of obtaining 
X, Y and Z is a computational exercise. The formulae for the 
tristimulus values are as follows:

X = Σ E(λ).r(λ).R(λ)
Y = Σ E(λ).g(λ).R(λ)
Z = Σ E(λ).b(λ).R(λ)

where the summation sign Σ indicates that at each wavelength 
(over the visible spectrum range 400nm (violet) to 700nm 
(red) – (1 nanometer equals 10-9 meters) the appropriate 
values for E, colour matching function (r,g or b) and R are 
to be multiplied together, and the result to be summed over 
all wavelengths. Three numerical values are obtained. The 
calculation process is illustrated graphically in Figure 25.21.

The essential features of a colour measurement instrument 
are:

a standard light source •	
a prepared specimen is presented in a standard manner •	
to the instrument
detector(s) of the light reflected off the specimen•	
computer and/or electronics to convert detector signals •	
into X, Y and Z values and other colour parameters such 
as L*, a* and b*.

(a)

(b)
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Figure 25.21.  Calculation of the tristimulus values X, Y and 
Z from the illuminant spectral energy function E, an object’s 
spectral reflectance function R and the three functions r, g 
and b of the standard observer.  Source: Canesis (2008).

Dyers typically use the CIE 1976 L*a*b* (CIELAB) system 
to achieve specific colours in the end product. L*, a*, and 
b* are transformed (computed) from the X, Y, Z data, using 
the CIE 1976 equations. The CIELAB colour space can be 
visualised as a three dimensional space, where every colour 
can be uniquely located. The location of any colour in the 
space is determined by its three colour coordinates; L* 
(lightness), a* (red/green), and b* (yellow/blue). 

Two types of instruments are used to measure colour: 
spectrophotometers measure the colour of the sample at many 
wavelengths (then converted to X, Y and Z); while colorimeters 
are simpler and cheaper and only give results as X, Y and 
Z (or derivatives of these). The term “geometry” refers to 
the placement of a sample relative to the light source and 
measuring lens in a spectrophotometer. The IWTO standard 
for wool colour measurement (IWTO-56-03) specifies a 45/0 
geometry (Figure 25.22).

Light source To spectrometer
(observer) Specular reflection

SAMPLE

Figure 25.22.  45/0 spectrophotometer geometry.  
Source:  Canesis (2008).

Prior to measuring samples on a spectrophotometer, diagnostics 
including a drift test to check for read to read repeatability, 
a diagnostic tile test to ensure long term repeatability and 
calibration with a white tile are carried out regularly. The 
reference wool approach was replaced in 2002 by the use of 
standard ceramic tiles prompted by problems associated with 
the durability of reference wool and shifts in assigned colour 
results between different deliveries of reference wool (Lindsay, 
1996).  

To obtain consistent, meaningful results the specimen 
of wool presented for colour measurement should be in its 
cleanest, most homogeneous possible state. This result defines 
the ‘base colour’ of the wool. If scoured wool is tested without 
a further cleaning treatment then the results define the ‘as-is’ 
colour.  The difference between base and ‘as-is’ colour of the 
same sample (ΔY  = Y

base
 – Y

as-is
) provides a measure of the 

effectiveness of commercial scouring (along with residual 
grease content result). 

The IWTO-56-03 requirements are that greasy wool be 
cleaned of contaminants, well-blended and conditioned. Test 
houses have machines for preparing samples that are free of 
wool grease, suint, dirt, vegetable matter and other particulate 
contaminants. Samples are thoroughly blended, randomised 
(with respect to fibre orientation) and opened. Samples are 
usually agitated in hot water and detergent, hydroextracted 
and dried with opening of the clumps of fibre. The removal of 
particulate contaminants and the mixing of the fibres is done 
by a Shirley Analyser. Wool must be restrained behind a glass 
window to present a flat, uniform surface to the instrument. 
A wool cell or a piston in a cylindrical chamber is used to 
compress a wool specimen against a glass window to a constant 
density or constant pressure. The former requires a fixed mass 
of wool to be loaded whereas the latter requires a minimum 
mass of wool. Four measurements of each tristimulus values 
are obtained by using one test specimen, measuring each 
end, splitting the specimen and reassembling it to produce 
two new measurement faces and again measuring each face. 
Alternatively two test specimens can be used, measuring two 
faces on each.

Modern near infrared reflectance (NIR) instruments are also 
able to measure the colour of scoured wool (Hammersley and 
Townsend, 1993). Numerous wool samples which have been 
measured by the IWTO method and which span the range of 
Y and Y-Z values are required to calibrate the machines. Most 
New Zealand wool scours have NIR technology installed to 
measure on a bale-by-bale basis the moisture content, residual 
grease and colour of the wool leaving the scouring line.

Grab sampling (full-length wool) 

Prior to the introduction of pre-sale testing, reference samples 
of full-length wool were generally taken by wool buyers on an 
ad hoc basis. This was usually accomplished by cutting two 
slits at right angles to produce a flap, which was folded back to 
allow a hand drawn sample to be taken. 
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In the early 1970s the AOMP provided the resources to 
allow the development of a mechanical method for sampling 
full length wool from bales. This is essentially a hydraulically 
driven ram with a movable jaw on the leading end, which can 
be opened and closed around a sample of wool anywhere in 
the bale. As with core sampling, it is desirable to also obtain 
grab samples from high-density bales. Sale by additional 
measurement was introduced in 1985, with the additional 
objective measurements of staple length and staple strength.

Principles of grab sampling 

Grab sampling is carried out following IWTO-38-99. The 
requirements for satisfactory grab sampling are: 

Every bale in the sale lot is sampled. •	
The same number of grab samples is taken from every •	
bale in the sale lot using the same jaw. 
The sample comprises a similar mass from each bale in •	
the sale lot. 
A minimum of 20 grab samples is taken from the sale •	
lot. 
The slit should be limited in length and is positioned at •	
random over the side of the bale. 
Not more than two satisfactory grab samples are taken •	
from one slit. Grabs are taken alternately from shallow 
and deep positions. 

In practice, single grabs are usually 150-350g in weight and the 
total sample weight is about 2-8 kg. The grab sample is suitable 
for appraisal of many staple properties such as length, strength 
and cottedness. In sale by sample this sample is presented 
for appraisal together with core test results. The grab sample 
is subsampled following IWTO-7-00 to provide staples for 
measurement of staple length and strength. At least 60 staples 
are drawn from all portions of the sample including any second 
cuts that are drawn. Any extraneous material is removed from 
each staple and staples placed in a suitable tray so they can be 

conditioned and relaxed prior to measurement. In test houses a 
semi-automatic mechanical tuft sampler is used. 

Staple length and strength 

Staple length and staple strength are tested to predict top properties 
such as mean fibre length (hauteur) and processing performance, 
particularly the amount of noil removed (tear ratio = top/noil, or 
romaine% = noil/(top +noil)). A variety of developed methods 
(CSIRO Hand Tester, Agritest Tester, UNSW PERSEUS) have 
been superseded by the ATLAS (Automatic Testing for Length 
and Strength) machine for commercial testing (Figure 25.23).

Length instruments 

All staple length measurement methods require a satisfactory 
definition of the ends of the staple and an understanding of the 
effects the method may have on straightening or stretching the 
staple. A system was designed by CSIRO that carries each staple 
on a conveyor belt past light beams and this is incorporated 
into the ATLAS instrument (Figures 25.23). The procedure 
to be followed for staple length and strength is described in 
IWTO-30-02. Staples are relaxed in staple trays in standard 
conditions for at least 24 hours. This allows them to attain their 
natural length. The staples are emptied onto a conveyor belt so that 
they are carried consecutively past a bank of lights and detectors. 
When the shadow from a staple reduces the light received by one 
or more detectors by more than 50%, the meter starts recording 
the presence of a staple. When the light received by all detectors 
rises above 50% the meter finishes recording the staple presence. 
The length is obtained from the conveyor speed and the time the 
lights are obscured by the staple. Second cuts are recognised, 
while small pieces (such as burr) are not. 

Length/strength instruments 

After length measurement, the staples are carried into the 
strength zone (Figure 25.23). Each staple is gripped at the tip 

Figure 25.23. CSIRO ATLAS (Automatic Testing for Length and Strength) machine.
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and base by two jaws 12-14 mm thick, which are designed to 
grip without slipping. The minimum length of staple that may 
be tested is about 40 mm. As the staple is gripped at each end 
the jaws move apart extending it to rupture and measuring the 
maximum force required to break the staple. The force to break 
the staple is recorded in Newtons (N) (a suspended 1.0 kg mass 
exerts a force of 9.81 N). In order to calculate the strength of 
greasy wool staples on a standard basis, an estimate of staple 
thickness or linear density is needed. This is measured in kilotex 
(ktex) or g per m. Staple strength (N/ktex) is then calculated for 
each staple as the force to break the staple (N) /linear density of 
the staple (ktex). The broken parts drop onto balances and are 
weighed separately. The masses of the tip part and base part are 
adjusted for certified yield and VM. Linear density of the staple 
equals staple mass (g) x yield/length (mm). The relative masses 
of the broken staple parts are used to calculate the position of 
break. If tip mass/staple mass < 0.33 then it is a tip break; if base 
mass/staple mass < 0.33 then it is a base break; otherwise it is a 
middle break. This position is calculated for each staple. For a lot, 
the arithmetic means of staple length, strength and percentages of 
base, middle and tip breaks are presented on the test certificate. 

Components of variation 

In wool testing it is generally the wool itself, rather than 
instruments, that is responsible for most of the test variability. 
If a test was conducted on a single staple for length and 
strength the largest source of variation would be due to the 
staple selected. The total variance for average staple length 
and strength measurements is given by: 
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To reduce the test variance IWT0-30-02 stipulates N
staples

 = 
60, N

ops 
= 4 and N

inst
 = at least 2. Placing these values into 

the above equation produces the relevant components shown 
in Table 25.17. Most variation comes from the staples and 
grabs. The calculated test precision with these variances are 
±4.9 mm and ±5.5 N/ktex.

To calculate the total variance of a midside test you would 
substitute the value of 36 mm2 or 34 (N/ktex)2 for V

staples
 into 

the equation (Wang, 2006) and also set  v
grabs 

= 0.  An AWTA 
staple length and strength test on midsides is sampled by 1 
operator and 10 staples are measured in 1 laboratory on a 
single ATLAS instrument.

Table 25.17.  Variance components for a standard ATLAS 
test. 

Sources of variation Staple length
(mm) 2

Staple strength
(N/ktex) 2

Between staples 3.45 3.08

Between grabs 1.62 2.08

Between operators 0.82 0.14

Between laboratories 0.10 1.65

Between instruments 0.19 1.03

Total variance 6.17 7.98

Source: Thompson et al. (1986).

Combination tests

The wool industry has a procedure for calculating certifiable 
test and weight data for consignment deliveries from the actual 
test data for the component sale lots. Typically consignments 
consist of 500 bales, whereas the average sale lot size is 7-8 
bales. Thus a processing consignment may consist of about 
40-60 different sale lots. When the separate test results 
for each component are combined better test precision 
is obtained with increasing numbers of tested lots being 
combined. These calculations are covered in IWTO-31-02. 
Most countries allow a range of MFD in sale lots around the 
desired consignment mean of ± 0.1-2.0 µm, depending on the 
country. For example, Korea has much tighter ranges than 
Northern India.

Means

The following formulae are used for calculating the overall 
average of a consignment delivery:

Total net greasy mass (kg)   M = ∑
=
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Mean staple length (mm)  L = 
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Colour (Y, Y-Z) is more difficult to calculate and uses  the 
function: 

f(R) = exp  
R

R
2

)1(3.0 2−− , where R = reflectance

The radiance factors for each lot are calculated as follows:
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The Friele (1952) function is calculated for each lot for Y, Z
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The combined tristimulus values are calculated by back 
transformation

Y = 100* R(Y)
Z  = 107.4* R(Z)

Precision of consignments

The 95% confidence interval or limit (CL), or precision, of a 
combined test result is equal to ± 1.96 * √(variance). 

Wool Base

The variance of a consignment mean is 

s
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where s
i
2 = variance of the mean of each sale lot.

It can be shown that the precision of the consignment is better 
than that of the worst individual sale lot test’s precision.

Fibre diameter, staple length and strength

For similar lots that have D
i
  ~ D and B

i
 ~ B, the above 

equation for variance of the consignment mean can also be 
used. If they are dissimilar the equations are more complex 
(see IWTO 31-02).

 The variance of the mean of a particular parameter for 
a raw wool lot can be calculated by obtaining a number of 
independent samples and testing each sample. The variance, 
δ

i
2

, 
can then be calculated from the individual measurements. 

Alternately, the variance of the mean can be calculated by 
obtaining n sets of independent subsamples, and testing 
each set of samples separately (each set may be from a 
lot within a consignment). Each set may consist of say 10 
subsamples. From this data n independent estimates of δ

i
2
 
can 

be calculated. 

The variance of the mean, δ2
mean 

for the lot can then be 
estimated as δ2

i
/n.

The standard deviation of the mean, S
mean

  is therefore S
i
/√n.

The CL of the mean, CL
mean 

is
 
related to the CL of the 

individual subsample sets by CL
mean

 = CL
i
/√n.

The CL of a consignment, or precision of its measurement, 
increases as the number of tested sale lots increases, i.e. 
CL

mean
 decreases as n increases by the factors shown in Table 

25.18. Thus if a consignment is made up of 40 sale lots the 
CL of the combined test certificate is about 6 (1/0.16) times 
smaller than a single sale lot or consignment made up of one 
sale lot. This is because 40 test results are being combined by 
the appropriate weighted averaging procedures.

Table 25.18.  Reduction in confidence limit with increasing 
number of lots in a combined test.

Number of sale lots tested in consignment (n) 1/√n

1 1.00

2 0.71

3 0.58

5 0.45

10 0.32

20 0.22

40 0.16

60 0.13

100 0.10
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Wool marketing 

There are many participants in the traditional wool supply 
chain (Figure 25.24). This starts with: the growers who 
produce the wool, the wool brokers who act as selling 
agents for the growers at auction and perform a number of 
physical handling operations, AWEX who run the auctions 
sales and the test houses who provide wool measurements. 
Private buyers purchase directly from growers (without the 
involvement of a broker) and then trade the wool in their own 
right. Exporters buy wool at auction and supply customers 
overseas. Early stage processors perform the functions of 
scouring and topmaking that are specific to wool and prepare 
it for spinning and later stage processors who perform the 
functions of spinning, weaving, dyeing and garment making 
in order to produce garments for sale to consumers.  

In Australia about 85% of wool is sold by the grower at 
auction. At auction, traditional selling, as it is now known, 
was used extensively up until the mid 1970s. It involved the 
marshalling of a number of bales from each sale lot onto the 
show floor. These were then opened and buyers inspected 
the wool. For wools not accompanied by a test certificate, 2- 
10 bales must be shown - depending on the lot size, type of 
wool and whether the wool was bulk-classed. Less than 1% 
of wool offered at auction is now sold this way and these are 
generally specialty types such as superfines. This method of 
selling relies on subjective appraisal, so is more likely to lead 
to claims from topmakers and mills for poorly specified lots. 

Auction sales are held on 2-3 days per week over 
approximately 47 weeks per year and are managed by AWEX. 
About 400 lots/hour are sold with buyers or sellers able to 
re-negotiate any lot after it has been sold up until another 
10 lots have been sold. The central function of wool brokers 
is the sale of wool at auction. The two dominant Australian 
pastoral houses are now Elders and Landmark who together 
hold market share of slightly over 50%. Other full service 

brokers include Schute Bell and Arcadian. Smaller discount 
brokers include Western Wool, Jemalong Wool, Moses Wool, 
Goddard Wool Marketing, Lanoc Wool, Rodwells (Victoria), 
Quality Wool (South Australia) and Primaries (Western 
Australia).Unlike many of the smaller brokers Elders and 
Landmark both outsource their wool handling operations 
to Australian Wool Handlers (a company they jointly own).  
Wooltrade offers an electronic selling system that is used by 
most brokers but in small volumes.  

Most of the 15% of wool not sold at auction is sold by 
private treaty at an agreed price. Several offers from buyers 
may be sought and wool may even be sold on the sheep’s back. 
Most of the major private buyers are members of the Private 
Treaty Wool Merchants of Australia. Private buying used to 
be dominated by Michells in Adelaide, one of the largest 
topmaking companies using annually around 500,000 bales 
before moving their processing offshore in 2004. They are no 
longer prominent private buyers. Chargeurs also uses private 
buying, particularly for Riverina Wool Combers in southern 
New South Wales.  The two wool exporting companies Fox & 
Lillie and Lempriere also use private buying as an alternative 
means of sourcing wool to purchasing at auction.  Guidance 
tests are often used by buyers to help decide price, Payment 
for the wool is generally received much sooner than if sold at 
auction and savings on transport and commissions are made. 
Because of this a private buyer’s price of 90% of auction 
price is about the break-even point. A percentage of private 
treaty wool is resold at auction. 

Exporters may or may not own processing plant. Those that 
are also processing companies have their business dominated 
by the need to buy wool for their own use and supply their 
spinner customers with tops rather than greasy wool. They 
are typically larger companies such as Chargeurs, BWK-
Elders, Dewavrin and Modiano. Itochu, Graincorp and AWB 
Ltd are examples of exporters not involved in processing. 
Most wool exporters are members of the Australian Council 

Figure 25.24.  The wool supply chain. 
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of Wool Exporters and AWEX produces weekly information 
about individual exporters’ auction purchasing.

The Australian early stage processing industry was 
discussed in chapter 2. Later stage processors may be 
vertically integrated taking wool from early stage processing 
right through to retail in their own stores, e.g. Benetton and 
the Marzotto group, which owns a number of labels, such 
as Hugo Boss. An example of a company that is involved in 
only one process is Südwolle, a German family company 
with spinning mills in China, selling only white yarn in a 
mix of pure wool and wool blends.  

Wool marketing has changed little since the first 
Australian wool was sold in London in the 1820s. Buyers 
and sellers have met in the auction room and prices have 
been determined by open competition between bidders. 
There was a shift in auctioning wool from England to 
Australia in the late 1800s. The first selling centres were 
Sydney and Melbourne. The number gradually expanded to 
include Geelong, Brisbane, Hobart, and Launceston by the 
turn of the century. By the 1920s Perth, Albury and Ballarat 
were included, and centres such as Newcastle and Goulburn 
were only opened around 1940. Now the number of centres 
is being rationalized. With wool volumes continuing 
to decline some change is to be expected in the future, 
either by way of consolidation within the chain (mergers, 
acquisitions, etc.) or by way of a changed structure (more 
direct relationships and fewer participants in the chain). 

The traditional system evolved because individual growers 
are located throughout regional Australia and annually 
produce on average ~50 bales of wool each compared to 
single processing batches of ~500 bales that are mainly 
processed and finally consumed overseas, so wool has to be 
amalgamated and exported. Individual growers have difficulty 
ensuring their wool characteristics meet the tolerances 
required by processors (Cottle and Bowman, 1990) and with 
many wool types price discovery is difficult without access to 
extensive pipeline information.  The traditional supply chain 
overcomes all of these difficulties to a certain extent but there 
is a lack of communication between producers and users 
of wool. Wool takes a long time to pass through the chain 

and differentiating on the basis of brand or quality control is 
difficult, costs occur at every stage and prices can be volatile. 
Value is also added at every stage, particularly the later stages 
(Figure 25.25).

Direct systems 

Individuals and groups of growers and brokers have developed 
other marketing systems over the last 15-20 years in an 
attempt to overcome some of these problems and to increase 
returns and demand through the supply of superior products, 
brand name marketing and the formation of relationships with 
international customers. Despite the existence of forward 
selling and futures products, elimination of price risk by the 
setting of contract price is a common feature of alternate 
schemes. Over 30 grower-driven, cooperative wool selling 
schemes, mainly based on bloodline or location, existed in 
1997 (Hassall and Associates, 1997). Most have been short 
lived due to commercial pressures. 

The purpose of strategic alliances, collaborative marketing 
ventures and/or supply chain management is to develop joint 
sustainable competitive advantage and to extend individual 
and joint competencies (Table 25.19). 
The major brokers provide alternative marketing arrangements 
that are listed on their websites.  For example, in 2009 Elders 
provided an online global wool auction, organic and EU Eco 
sales, Bioclip ‘wool in-nets’ contracts and Elite wool sales. 
They also had supply arrangements with Woolaby, Saville 
Row, Quist and Denimwool jeans. 

In 2009 Landmark offered the Fibre Direct and Supply 
Arrangements systems. They also had supply arrangements 
for organic-accredited wool growers and low chemical residue 
complying crossbred wool that matches the requirements 
of the EU Eco label for environmentally sustainable wool, 
both in Australia and overseas.  This supply chain delivered 
premiums as well as feedback on the clip’s final destination 
and end use.

Fibre Direct is one of the best known alternative systems. 
Jim Maple-Brown and other Southern Tablelands growers 
established the Economic Wool Producers Company (EWP) 

Figure 25.25.  A typical value chain - men’s fine wool suiting for private label retail in the UK. Retailer’s own label: 20 
micron, 60/2nm, retail price A$366 per garment; each garment about 1 kg wool. Source: AWI (2004).
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Table 25.19.  Benefits of successful direct supply 
relationships.  

Characteristics Benefits

They are entered into 
freely

They must offer mutual 
benefits

The benefits occur over 
time

The partners remain 
substantially independent

Improved market access

Improved communications. Partnership 
invariably involve a greater degree 
of sharing of experience, market 
information, plans and knowledge

Higher profit margins through 
improvements in cost (collective 
identification of efficiencies) and 
value (better meeting the customer’s 
requirements)

Profit potential through assuming 
additional functions 

Risk reduction through improved market 
co ordination 

Improved bargaining power and the 
prospect of influencing prices 

Enables more precise market signals 
down the chain. These are required due 
to the fragmentation of demand and the 
increased demand for added value and 
convenience in products, especially food 

Facilitates traceability thus allowing 
safety and quality concerns to be 
addressed

Facilitates increased competition 
in markets that are globalised and 
deregulated 

Achieve organisational learning 

To gain external access to benefits or 
resources such as technology, market 
access, capital, production capacity, 
products and workforce 

Help shape the market 

Generate speed in reaching the market 

Generate synergies which may allow 
process rationalisation or system 
improvement 

Source: adapted from Faulkner (1995), O’Keeffe (1998) and Fearne 
(1998). 

in the 1970s to try to use objective measurement to improve 
wool marketing, however it struggled.  In 1993 Australian Wool 
Enhancers (AWE) took its place and aimed to deliver a clean 
product by: having all sheep crutched prior to shearing in order 
to reduce dark fibre levels; all urine stains removed and price 
premiums created through brand-name marketing. Costs were 
reduced by combining the quality control scheme with prediction 
of wool quality prior to shearing from midside testing of 5% of 
the flock 5-9 weeks prior to shearing, not skirting or classing in 
the traditional manner (fleece, bellies, pieces and locks combined 
from a mob unit), pressing and weighing wool on-farm and 
delivering direct to the spinner (SudWolle) or export terminal.  

Grower price estimates were based on their clip’s predicted 
top fibre diameter, romaine, hauteur and coefficient of variation 

of hauteur based on applying an in-house version of the TEAM-2 
formula to their midside test results. The price paid to the grower 
was calculated by working backwards from the value of the wool 
top and evaluating the relative contribution of each grower lot 
to that wool top. A commission of 5% was deducted from the 
grower price by AWE/Fibre Direct.

The company was later renamed Fibre Direct and annual 
turnover by the mid 1990’s was around 10,000 Merino bales 
in Australia. A small number of Corriedale consignments were 
also shipped in association with Pyne Gould Guinness in New 
Zealand. In 1998 the business was sold to Landmark (then 
Wesfarmers Dalgety). The business quickly grew to turnover 
~100,000 bales and achieved a higher profile but volumes have 
subsequently declined. Landmark engaged a firm of independent 
auditors to conduct spot checks on-farm, locks were no longer 
left in the lines, all wool was sent to warehouses for weighing 
and coring and some wool was sold to topmakers rather than 
being processed and sold to spinners.  Subsequently a new 
contract alternative called Supply Arrangements was introduced 
to accommodate a wider range of wool types.  Lower quality 
wools better suited to greasy sale such as very high VM content 
and low strength could have bellies removed and stain removal 
can be conducted on the board if required. 

Australian Wool Network expanded its operations to cover 
the whole of Australia from 2002-2007. The company has 
a number of leading international (mainly Italian) fine wool 
processors as shareholders and has developed a direct contracting 
alternative for fine/superfine wool producers, where the finest 
futures contract is 18 µm and low volumes are traded. The 
AWN contracts range from 6 - 36 months and are negotiated 
at a fixed price with specified quality characteristics based on 
previous clips. A schedule of price adjustments is given within 
the specified range and if the wool does not fall within that range 
the grower has to purchase acceptable wool to fill the contract. 
Annual renegotiation of price takes place for longer (2-3 year) 
contracts. From 2005 - 2007 no new contracts were negotiated, 
so the use of fixed price wool indicator contracts, wool minimum 
price facility, deferred price contracts as well as processor direct 
contracts were introduced. 

The Pooginook Wool Initiative was based around the genetics 
of the Pooginook Merino stud in the Riverina with links to wool 
processing companies. It evolved into the Natural Instinct Wool 
Company focusing on casual and corporate wear. Growers must 
have sheep that are bred from Pooginook rams for at least 5 years 
and meet quality assurance requirements for both sheep and wool 
to sell wool branded as Pooginook Bred through the auction or 
through direct marketing arrangements.  Growers receive group 
buying discounts on wool testing, wool packs and sheep tags and 
receive feedback from overseas customers and ongoing brand 
building through integrated marketing.  It is one of the leading 
grower marketing initiatives. 

Tasmanian Quality Wool Pty Ltd (TQW) was established in 
1994 to develop and administer a third party quality assurance 
programme, made up of Roberts, the main Tasmanian wool 
broker, private buyers, a processor, the Tasmanian Wool classers 
Association, the Tasmanian Farmers and Graziers Association 
and the Tasmanian Department of Primary Industry, Water 
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and Environment.  In 1997 a project team was established 
to develop a supply chain partnership involving TQW, the 
topmaker -Tasmanian Wool Company, the spinner -Zwickauer 
Kammgarn Spinnerei, the weaver -Deschamps Textil and 
several  garment makers/retailers such a Brax.  Eight stages of 
ownership of the wool were cut to three, a 20-24 month lead-
time from shearing to sale of garment was cut to 10 months and 
a premium in excess of 10% was obtained for the key partners. 
A forward contract for 3 years with Brax trouser company, 
equating to 400,000 pairs of trousers retailing at $200 each 
was executed and brand promotion focusing on Tasmanian 
trousers as a lifestyle, quality product was enacted.  Following 
this early success TQW tried to expand into the knitwear and 
corporate wear markets but lack of progress resulted in TQW 
being disbanded in 2006. 

Following this Roberts, in conjunction with The Merino 
Company (TMC), a Melbourne based company (Lempriere 
and Lillie families) introduced Roberts Wool Link. Its funding 
is backed by a major bank. This wool pool delivers stable and 
sustainable returns for its participants by securing long term 
marketing contracts with leading world retailers. Using forward 
supply commitments from the wool pool, the price can diverge 
from the auction spot market. The payment structure provides 
pool participants upfront payments and cash flow certainty. A 
delivery payment based on 80% of the pool entry value is paid 
28 days after the end of each delivery period into the pool. 
The balance of the pool return is paid at pool finalization, plus 
any premiums generated or applied throughout the year. There 
have been marketing contracts with major customers such 
as Nashan, Berwin and Berwin, Aigle, Asics, St. John Knits, 
Zignone, Marks & Spencer, Nike, Driza-Bone, Ubiq, Activ 
Teko, Instyle and Sanyo. The Merino Company wool pools 
also include Merino Advantage and X-bred Advantage 
(Victoria, New South Wales and Queensland), Prime (Western 
Australia), ZeroCO

2 
and Organic.

The New Zealand Merino Company is a joint venture 
wool services company with its shares held 65% by New 
Zealand’s Merino growers and 35% by Wrightson Ltd.. 
Strategic relationships exist with a range of key customers 
and about 40% of sales involve direct wool contracts aimed 
at fine/superfine wool growers. There are similarities with 
the Australian Wool Network. The grower commits to a fixed 
price and a range of acceptable qualities. If the delivery falls 
outside this range then the wool must be sold and replacement 
wool sourced for delivery to the contract.  The Company is 
also attempting to expand into Australia.

Price risk 

Wool price risk arises because supply-demand equations 
(e.g. wool demand = a + b

1
.wool price + b

2
.cotton price + 

b
3
.polyester price + b

4
.acrylic price + b

6
.US GDP + b

7
.Japan 

GDP + b
8
.US population + b

9
.EU population) are constantly 

changing due to the time taken for price signals to turn into 
changes in supply or demand. For example, by the time supply 
increases in response to higher prices, demand may have fallen 
again and there will be no need for the increased supply. 

Market support schemes were generally intended to 

maximise long term returns to growers. The most radical was 
total acquisition of the clip by a wool authority (e.g. South 
Africa, UK). Other options are to top up growers receipts 
when they fall below a certain level (USA) or intervening in 
the market when prices fall below minimum levels (Australia 
and New Zealand from 1971-1991). The Australian Wool 
Corporation (AWC) purchased wool into a stock pile when 
prices fell below minimum reserve prices set annually based 
on AWC’s assessment of the long-term supply and demand 
trends for wool. A flexible reserve also operated when short-
term market aberrations occurred. The aim was to sell when 
prices subsequently rose, thus generating a profit and stopping 
high prices stifling demand.  This was supported by a grower 
levy (4.25- 5%) imposed on the sale value of all shorn wool. 
The New Zealand Wool Board instead paid the difference 
between market and reserve prices and the wool still flowed 
to the trade, i.e. a financial, rather than physical, buffer. With 
hindsight, the AWC set the reserve price too high in the late 
1980’s. When the Russian market subsequently collapsed, the 
scheme collapsed, as production had been encouraged beyond 
demand and huge physical stocks had accumulated.  

There are various types of risk. After purchasing wool, a 
trading company is said to have a ‘long’ position and the price 
risk exposure is termed flat price risk.  If the trading company 
enters into a sale contract for future delivery without the 
physical commodity on hand the trader is ‘short’. A quality 
risk (or basis risk) occurs when a trader takes a long position 
in, say, fine wool and a short position in medium wool, hoping 
to profit from a change in differential prices. Time-spread risk 
occurs when long and short positions are taken with differing 
maturity or delivery dates. There is no flat price exposure 
but exposure to differential price changes between the two 
maturity dates.

Management of price risk can be done by using cash 
contracts, forward physical purchase and sale contracts, futures 
and options contracts (Mitchell, 2003). Wool producers and 
end-users typically use forward physical contracts and tailored 
‘over the counter’ futures if they manage price risk and once 
their positions have been established they are held until expiry. 
Cash contracts are the simple transfer of ownership of wool 
in exchange for cash and account for 90- 95% of first hand 
wool sales (Mitchell, 2003). If a trader has a long position the 
most efficient means of reducing price risk is to sell the wool. 
Market liquidity is high (there are a large number of buyers 
and sellers). 

A physical forward contract is for the future delivery of a 
specific grade of wool at a specified price. The buyer prepares 
a quote for both price and premiums/discounts for quality 
differences and producers have to accept within 12- 24 hours. 
For the trader it provides a way of taking a long position without 
having to own the wool. There is a risk of the contract not being 
honoured. In Australia, index based forward contracts such as 
the Landmark basis contract, Elders auction forward contract 
and Platinum Agribusiness wool indicator contract have also 
been developed to make forward selling easier and linked to 
the auction system.  Price is determined by an index made up 
of a base price and basis.  The former is set according to the 
AWEX wool price indicators up to 2-3 years ahead of shearing 
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plus or minus a premium or discount associated with market 
sentiment and delivery date. When the wool is delivered it is 
sold at auction and the difference between the average sale 
price at auction and the relevant AWEX quotation is termed 
the basis. The final price for the wool is the sum of the base 
price and the basis.

A futures contract is a legally binding agreement to buy or 
sell a specified amount of wool at a fixed price in the future. They 
can be sold over-the-counter (OTC) or exchange traded. OTC 
futures are traded privately by financial institutions such as banks. 
Contracts are settled against a future index or market quotation. 
They are more customized but less fluid so more difficult for 
traders to enter and exit positions.  Macquarie Bank (Macquarie 
Wool Futures) was the major operator from 1995-2004, when 
they sold this business to the Commonwealth Bank of Australia 
(CBA).  Bank futures contracts (or swaps) have 9 contracts based 
on 18-25 and 28 µm AWEX price guides, are cash settled, any 
quantity can be traded, any maturity date can be specified and 
the banks usually quote prices even when both a buyer and seller 
for a transaction are not arranged. Banks usually buy at prices 
around 10-15c/kg lower than the quoted price and sell around 
10-15c/kg higher. The bid/offer spread of 30-40c/kg covers the 
bank’s risk of finding the required buyer or seller and includes 
a profit margin. Rather than the use of margins to guarantee 
contract performance, banks use other forms of security. The 
volumes traded in the OTC market are about the same as the 
Sydney Futures Exchange (SFE) market (Mitchell, 2003).  

Exchange traded futures have the quantity and quality of the 
wool and the delivery date set in the contract.  Greasy futures have 
been listed on the SFE since the early 1960’s and were the first 
contract listed in Australia and used to trade in large volumes. The 
Australian Securities Exchange (ASX) includes the combined 
operations of the Australian Stock Exchange and SFE Corporation 
which merged in July 2006. As a result of the merger, in 2009 the 
SFE operated the 19 µm (cash settled), 21 µm (deliverable) and 
23 µm (cash settled) contracts, while the ASX operated the 19.5, 
21 and 22.6 µm China type (deliverable) contracts. Each contract 
is for 2,500 kg clean with deliverable tolerances listed on the 
Exchange website. On average about 50 lots are traded per day 
representing 5,000 bales per week which equates to 5-10% of the 
wool sold at auction, so the market plays a major role in price 
discovery. The Futures Exchange provides trading, secretarial 
and technical facilities for the efficient operation of the market, 
such as recording of transactions, handling documentation and 
guarding against market manipulation. 

The buyer-seller contract at an agreed price is with the 
Futures Exchange, one bought long and one sold short. If 
either wishes to exit prior to the maturity date they find another 
party via the Exchange to take over their position, the process 
of novation. Most contracts are closed out before maturity by 
taking the opposing position to that held and taking a futures 
profit or loss depending on price movements. If a position 
is not closed out prior to expiry it goes to delivery or cash 
settlement (the wool value is determined in the market at the 
time of expiry and all positions are automatically closed out at 
this price) so that futures prices converge with the underlying 
wool market. Less than 2% of futures contracts are settled by 
the delivery of wool, most are settled by novation. Margining 

involves participants having an account with the Exchange 
(through their broker) which must be kept above a minimum 
level or their position is closed out and neither the broker 
nor the Exchange suffer a loss. All trade is now conducted 
electronically and many brokers, e.g. Man Financial, offer 
direct internet access to the SFE trading system as well as 
personal phone order placement.

Futures contracts allow growers to take a short position. 
If the market price falls the grower has a cash profit to offset 
the decline in the value of his clip. If the price rises then their 
futures’ loss (buying future contracts back at a higher price) is 
offset by an increase in their clip’s value when sold. Positions 
can be taken up to 1 year ahead on the ASX and up to 1.25 
years ahead on the SFE. 

Options contracts give the buyer the right but not the 
obligation to acquire a futures contract in future. Upon payment 
of a premium, the option gives the right to have either a sold 
or a bought futures position at an agreed price. A put option 
gives the buyer a sold position while a bought futures position 
is a call option.  With CBA agricultural options, the purchaser 
can select the strike price, transaction amount (>2,500kg), 
expiration date, option style (European/American), exercise 
period and currency and these will affect the premium charged. 
The cash settlement amount for a Put is calculated as: transaction 
amount x (strike price – commodity reference price), while for 
a Call is:  transaction amount x (commodity reference price - 
strike price). If an exporter wants to protect against their wool 
stocks’ prices falling they would buy a put option and exercise 
the option if the market fell and the resulting futures contract 
would make a profit, whereas if the market rises the only loss 
is the option cost, or premium, as they would not exercise the 
option.  The further out the maturity date the higher the cost 
of the option. Options are useful when there is production and 
delivery uncertainty. Both Exchange and OTC markets have 
options contracts.  The relative low volume of wool futures 
contracts causes options premiums to be quite high which has 
deterred their use so far in Australia (Figure 25.26).  

Figure 25.26.  SFE greasy 21 µm wool options - settlement 
prices and traded volumes from October 2007-2009. Source. 
SFE (2009).
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Growers mainly use the simpler index based forward sales, 
followed by physical forward contracts and direct futures 
trading (which have margin calls). Options or physical 
contracts constructed using options are used least of all. The 
OTC products can be tailored to an individual micron and 
for a specific quantity and maturity so are as popular as SFE 
products. Wool traders and exporters are the largest users of 
Exchange traded and OTC derivatives as they seek to manage 
the risk associated with timing differences between purchase 
and sale and in order to offer index based forward contracts 
to producers. Processors and end users have not been large 
users of price risk management products other than their use 
of physical forward supply contracts.

  

Packaging and transport 

Packaging of wool has not changed much over the years. 
Wool was packed into bales and transported by camel, horse 
or bullock-drawn wagon and boat. Rail and motor vehicles 
were adopted as they became available. 

Wool packs were for many years made of jute and 
performed an adequate function of protecting wool during 
transport and providing a surface to carry identification. 
However, packs were often criticised because pieces of 
jute that separated and mixed with the wool had different 
dyeing characteristics from those of wool and this could lead 
to expensive repairs being required in finished fabrics. The 
packs were also relatively heavy, weighing several kilograms 
each. From the 1960s packs made of synthetic fibres (firstly 
polypropylene, then high-density polyethylene (HDPE) then 
low-draw-ratio HDPE) progressively became available. As 
these packs were refined the incidence of contamination 
decreased because they fibrillated less. However, these 
synthetics have dyeing properties even less like those of 
wool and when contamination did occur it was very serious 
for the processor. Other pack materials were investigated 
including woven nylon, woven paper and composite paper/
nylon packs. 

Australian wool growers are now required by AWEX to 
use new packs made of nylon. These have varied in price 

between $10-$19/pack over the last decade. Although 
contamination by nylon packs occurs, any large pieces 
are usually removed in the early stages of processing, and 
as nylon and wool have similar dyeing properties, at later 
stages, the nylon cannot be differentiated from the wool. 
AWEX publishes standards for minimum pack performance 
and is able to prohibit the import of substandard packs. All 
consignments of packs imported into Australia (all packs are 
currently imported from China, Thailand and Korea) must 
be sampled, tested and carry a certificate of compliance from 
AWEX before they enter the country. Nylon packs must be 
within 10mm tolerances of various dimension specifications 
and have minimum mechanical properties (breaking load, 
seam strength and extension, tearing strength, breaking 
load after UV exposure, surface friction, load extension, 
mean bending length and no adhesion of wool to anti-slip 
coating). 

The dimensions and weights of bales pressed on the 
farm have not changed much over the years. The major 
difference has been the widespread introduction of electric 
and hydraulic presses. Automatic self-pinning presses with 
in-built scales can be used to press bales very close to the 
maximum weight allowed (204 kg). Table 25.20 shows the 
typical dimensions of bales. 

Experiments involving collection of wool under vacuum 
in large containers for regional pressing and the use of 
modified cotton presses had not led to commercially viable 
packaging alternatives by 2010. 

Transport and dumping 

Usually wool is transported by road or rail from farm to the 
warehouse. Some wool is repacked (mainly bulk-classed 
wool), but generally it remains in its original form. After sale 
wool is often dumped (that is, pressed to a higher density, still 
in its original pack) for shipment to overseas mills. Examples 
of dumped-bale dimensions, densities and tonnage of wool 
that can be packed into a standard shipping container are given 
in Table 25.20. The introduction of containers has allowed 
significant freight savings to be achieved by increasing 

Table 25.20.  Wool packages. 

Shipping container load

Bale 
types

Approx. dimensions 
Height, width, depth 

(mm)

Volume 
(m3)

Average mass 
(kg)

Density 
(kg/m3)

No. of 
packages

Tonnes

Conventional 127, 75, 75 0.71 170 239 45 7.7

Normal density dumped 75, 83, 67 0.42 170 407 65 11.2

Medium density dumped 69, 83, 61 0.35 170 486 72 12.4

High density dumped 63, 82, 55 0.31 170 548 82 14.1

IWD 3 bale compactor 72, 152, 71 0.77 550 714 36 19.9

Johns Perry 3 bale compactor (no longer exists) 74, 160, 71 0.84 550 655 34 18.8

Jumbo 107, 117, 64 0.80 430 538 38 16.5

Source: Teasdale and Cottle (1991).
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the quantity of wool in each container. Some customers 
of Australian wool do not have mechanical bale handling 
equipment such as forklifts in their mills and will not accept 
bales, such as Jumbos, that cannot be moved by hand. Two-
bale and three-bale modules are usually acceptable as they 
may be broken into their original constituents and the bales 
moved separately. 

Warehousing 

Since the 1960s there has been a major change in warehousing 
practices, made possible largely by mechanical stacking 
machines and specialised forklift trucks, which can carry up 
to 12 bales and can rotate bales from the vertical to horizontal 
position. These machines were adapted to operate in multi-
level stores but the real benefits came with the construction 
of single-level stores with high roof clearances. The largest 
of these at Yennora in Sydney had ~26 ha under one roof 
but its future as a wool store is uncertain. Because of the 
advantages of single-level operation, where bales do not 
have to be moved between floors, few brokers now operate 
out of multi-storey stores. Labour levels fell to 20-50% of 
earlier requirements. This coincided with the introduction 
of sale by sample. The changed wool flow patterns in store 
allowed by this method of selling are well suited to single-
floor operations. 

Most costs incurred getting wool from the sheep’s back 
to the mill occur on farm (Table 25.21) and these costs are 
increasing at a faster rate than transport and warehousing /
sale costs (Figure 25.27).  

Future developments

Cost pressures to develop more efficient preparation, testing 
and marketing systems will continue. Improved efficiency 
may be achieved by: novel clip preparation procedures 
that reduce shed labour or removal of any practices that do 
not add value to, or reduce price penalties in, the final end 
products produced from farm clips; new methods of fleece 
harvesting that reduce the need for specialised labour, such 
as upright posture shearing platforms or new mechanical 
systems; bulk storage and transport systems; electronic sale 
by description and improved predictions of processing and 
end product performance; more direct supply arrangements 
with improved business intelligence systems; or improved 
price discovery and risk management systems. 

Continual improvements in the efficiency of the various 
activities occurring between the sheep’s back and mill will 
assist wool to be competitive with other textile fibres in 
addition to other on-farm (Chapters 8-20) and post-farm 
developments (Chapters 26-27).

Table 25.21.  Harvesting, marketing and distribution costs - 
Sheep’s back to mill, 2006-2007. 

Activity Cents/kg 
greasy

% of Total 
Cost

On Farm Fibre Measurement 0.48

Crutching 22.38

Shearing 77.81

Classing 13.96

Shedhands 24.51

Pressing 12.83

On Farm/Shearing Shed 151.97 61.0

Wool packs 6.31

Grower Storage 0.04

Transport to store 8.67

Insurance: sheep’s back to store 0.87

Packs/store transport 15.90 6.4

Warehousing 10.58

Broker’s commission  (net of wool tax) 6.41

Insurance: store fire 1.29

Core test certificate: pre-sale 3.82

Staple strength & length certificate: pre-sale 2.28

Interlotting  0.12

Rehandling  (Bulkclassing)  1.50

Warehousing/sale 26.00 10.4

Wool-tax levy 10.52

AWEX common service fee 0.26

Taxes 10.78 4.3

DIRECT COST TO WOOLGROWER 204.64 82.2

Buying costs 6.33

Post service charge  10.88

Buyer finance costs 4.30

Buyer storage costs 0.48

Buying costs 21.99 8.8

Shipment preparation  10.98

Sea freight   5.88

Insurance: marine & port to mill 0.50

Transport to mill 5.05

Shipping costs 22.41 9.0

COSTS TO MILLS 44.40 17.8

TOTAL (WOOLGROWER+MILL) 
COSTS: c/kg

249.05 100.0

Total costs, excluding taxes: c/kg 238.27

Average greasy wool value: c/kg 526.00

COST TO GROWERS (% of greasy wool value) 38.9

TOTAL COST (% of greasy wool value) 47.3

Source AWI (2007).
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Figure 25.27. Woolgrowers’ main cost components, 
1991-2007. Source: AWI (2007).
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Wool processing pipelines

The conversion of raw wool into consumer products involves 
a sequence of processing steps, which can be grouped into 
three main stages:

Scouring: removing contaminants from the fleece;1. 
2. Spinning: organising the clean fibres to form a yarn;
3. Fabric formation: manipulating the yarn(s) to create a 

fabric structure.

This sequence applies for almost all wool products, ie, those 
that involve the formation of woven, knitted or tufted fabrics. 
However, for non-woven products the second stage is omitted 
and the third stage involves the manipulation of fibres in the 
form of a web to produce a fabric.

This chapter outlines the steps involved in the conversion 
process from wool fibre to finished fabric. The precise path 
required depends on the intended end-product; for example, 
the production route for a woven worsted garment is quite 
different to that required for a tufted carpet. Even within a 
product group (eg, woven fabric, knitwear or carpet) there 
is a multiplicity of paths. Each path may be regarded as a 
‘pipeline’ where materials flow from one step to the next in 
the sequence.

Wool processing involves an integrated series of 
mechanical operations and wet treatments. For example, the 
organising of fibres to form a yarn and the manipulation of 

yarns to form a fabric require mechanical actions that are 
largely independent of the type of fibre being used. On the 
other hand, scouring, backwashing and chemical setting are 
important wet processes used only for wool.

Figure 26.1 shows the key steps and tasks in the conversion 
process. Fibre ‘organisation’ is the collective term for the 
various processes that transform a card web into a yarn, and 
the degree of organisation achievable depends on the yarn 
manufacturing route used. For example, the worsted system 
uses gilling to straighten and align fibres and combing to 
remove short fibres. Dyeing may be carried at any one of 
several different stages in the journey from fibre to fabric.

Wool scouring

Wool has a justified reputation as a clean, green, natural fibre. 
However, raw or ‘greasy’ wool contains natural and acquired 
impurities, the type and level depending on the breed of sheep, and 
the conditions under which the wool is grown. These impurities, 
which may be up to 40% by weight, must be removed before the 
wool can be used as a textile fibre. The main contaminants of 
wool fleece are woolgrease (a wax exuded from the sebaceous 
gland of the follicle), suint (potassium salts exuded from the sweat 
glands) and tiny particles of dirt acquired from the environment. 
While some solvent-based scouring plants have operated in the 
past, only aqueous scouring, which involves water and detergent, 
is used today (Halliday, 2002).

Figure 26.1. Key steps in the conversion of wool into products. Source: Wood (2010).
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Scouring is vitally important in enabling wool to attain 
its optimum performance in subsequent processing. The 
term ‘scouring’ is generally used for a process that removes 
these contaminants from raw wool, and includes all steps 
associated with the process – blending, opening, washing, 
drying, packaging – as well as the steps involved in ‘cleaning 
up’ the effluent produced. Because of the nature of the wool 
fibre and its propensity to felt when agitated in a wet state, 
wool scourers seek two opposing outcomes. They must 
deliver a product which is virtually free of contaminants 
while minimising the level of fibre entanglement. However, 
the cleaner the fibres become the more entangled they are 
likely to be after scouring. Both outcomes have significant 
effects downstream.

Developments in wool scouring technologies in Australia 
and New Zealand, where the most significant research work 
has been undertaken, have been reviewed by Christoe (1987) 
and Stewart and Jamieson (1987) respectively. 

Objectives of scouring

The principal objectives of wool scouring are to remove all 
wool contaminants at maximum efficiency, with efficient 
energy and labour utilisation and with minimum impact on 
the environment. 

Quality control objectives for the scoured product are to 
achieve:

Clean wool of consistently good colour, without causing •	
excessive entanglement 
A specified moisture regain (generally in the range •	
10-15%) by efficient drying
Acceptably low levels of residual grease and dirt•	
An appropriate wool pH level (for subsequent dyeing).•	

The factors that are important in achieving a clean, bright 
product are:

The state of the raw wool, especially freedom from •	
stains etc.
The degree of opening and cleaning given to the wool •	
before scouring
The number and type of bowls in the scouring line•	
The detergent and other chemicals used, and the levels •	
applied
Water quality•	
Immersion time in the bowls•	
Temperature of scouring bowls•	
Degree of mechanical action used•	
Efficiency of the squeeze presses.•	

As well as the high production washing and drying of wool, a 
wool scour also performs a number of other key functions:

•	 Blending greasy lots to form a processing consignment 
(ie, a scourment) according to instructions from the 
client

Opening the wool and removing as much dust and dirt as •	
possible by mechanical actions, both prior to, and after, 
scouring
Carrying out optional chemical treatments at the request •	
of the client, such as light bleaching with hydrogen 
peroxide solution
Transferring the residual heat from the effluent stream to •	
the incoming water, to reduce energy costs
Sampling the scoured wool for testing (ie, process •	
monitoring and test house certification)
Extraction of wool grease from the effluent stream by •	
centrifuging and heating
Treating and disposing of the water and sludge remaining •	
in the effluent so that they have negligible impact on the 
environment.

While the systems used for scouring coarse (i.e. carpet) wools 
and fine wools are, in general, very similar, the latter require 
more care because of (a) their higher felting propensity, and 
(b) the higher level of wool grease to be removed. Figure 26.2 
shows the layout of a typical modern plant for the scouring of 
coarse wools. Its essential features are:

computer-controlled feed hopper systems for assembling •	
the correct proportions of the various wool components 
to form a scouring batch (or scourment)
a •	 blending system which ensure that the wool reaching 
the scouring line is homogeneous
opening machines, before and after scouring, remove •	
dust and other particulate contaminants, and a decotter 
separates felted fleeces
a line of approximately six bowls (usually three for •	
scouring and three for rinsing)
a computer-controlled dryer for achieving optimum •	
moisture content
a high pressure baling machine for packaging the wool •	
in dense bales of around 400-500kg.

Core samples of wool are taken from each bale:

a) to enable the moisture content, residual grease content 
and colour to be continuously monitored, often using 
NIR (near infrared reflectance) technology (Ranford et 
al., 2007)

b) to be forwarded to a test house, which will provide 
certificated results (yield, colour, moisture, residual 
grease, etc.) for the scourment using IWTO test 
methods.

Full length samples of scoured wool may also be extracted 
during the baling operation for the Length After Carding 
Test. This is widely used in New Zealand for carpet wools, 
for predicting the fibre length of the wool after the most 
destructive process, i.e. carding (Wood et al., 1995).

The key processing unit in a modern wool scouring line is 
the hopper-bottomed bowl or ‘minibowl’ (Figure 26.3). The 
suction drum submerges the wool as it enters and the rakes 
move the wool gently across the bowl. The squeeze press 
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Figure 26.2. Layout of a modern plant for coarse wool scouring.  Source: Wools of New Zealand (1999).
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removes the liquor from the wool before it is transferred to the 
next bowl in the line. Depending on the level of scouring and 
rinsing required, the bowls may vary in length and contain 
from 1 – 4 hoppers. Throughputs of up to 5 tonnes per hour 
are possible with a 3m wide scouring line. The scouring bowls 
contain a non-ionic detergent to scour the wool at 60-65oC, 
followed by two cold rinse bowls and a final hot rinse before 
drying.

 
Scouring fine wools

Fine wools can be divided into two types:

1. fleece wools containing high levels of grease but 
relatively low levels of suint and dirt
oddments such as bellies and pieces, which are much 2. 
lower yielding types, with higher levels of suint and 
dirt.

To obtain maximum whiteness and cleanliness of these wools, 
multi-stage scouring systems have been developed. A two 
stage system (scouring + rinsing) is suitable for fleece wools. 
A three-stage system, which is designed for handling inferior 
(i.e. oddment) types, uses a combination of suint, scouring 
and rinsing bowls (Figure 26.4). Using a suint bowl with a 
temperature around 28oC, dirt and suint salts are removed 
while protecting the fibres from damage or entanglement. 

This is achieved by operating the suint bowl at a temperature 
below the emulsification point of woolgrease, to ensure that 
the woolgrease remains on the fibre until the first scouring 
bowl.

To further minimise fibre entanglement in fine wool 
scouring, bowls are available which are equipped with suction 
drums instead of rakes, to move the wool even more gently 
across the bowls.

It is common for fine wool scouring to be carried out in 
a plant which is integrated with a topmaking operation. This 
enables the topmaker to have more influence over the quality 
of the scoured product that is to be used.

Effluent treatment

The effluent from a 2m wide wool scour can have a pollution 
load comparable to that of a town with 30,000 people 
(Robinson, 1991). If untreated scour liquor is discharged 
onto land or into a waterway or the sea, the components of 
the liquor create a pollution problem. The main components 
of scour liquor are:

1. Suint, made up of mainly potassium salts, which are 
soluble in cold water

2. Woolgrease, an organic mixture, which can be divided 
into unoxidised and oxidised grease

3. Dirt, which can vary from fine clay particles to coarse grit.

Figure 26.3. Two-hopper minibowl. Source: Andar Holdings Ltd (2009).

Figure 26.4.  Scouring line for fine wools. Source: Andar Holdings Ltd (2009).
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Additional, minor components of scouring liquor are 
vegetable matter, faeces, wool fibre, and detergent. Different 
wools yield effluents with different ratios of components.

Woolgrease recovery is important because:

1. Without recovering woolgrease it is not possible to 
continuously scour wool in the same liquor and still 
produce scoured wool of good, uniform quality.

2. The recovery operation is profitable when done 
efficiently, although the supply and demand for 
woolgrease determine its selling price. Woolgrease has 
a wide range of commercial uses in its unrefined form 
and in its refined form (lanolin). These uses include 
cosmetics, pharmaceuticals and lubricants.

3. Pollution of waterways by contaminants such as 
woolgrease (wool wax) in raw wool is prohibited in 
many countries. Removing all the recoverable grease 
greatly reduces the pollution problem.

During aqueous scouring, woolgrease is emulsified by the 
detergent solution to form an oil-in-water emulsion, which 
consists of grease drops, detergent, suint, and suspended dirt. 
To recover the grease from the scouring liquor, the emulsion 
droplets are separated from the liquor, and the dispersed 
drops of grease reunite to form larger masses.

The main method of extracting woolgrease is by 
centrifuging the aqueous scouring liquor. This is carried out 
in a centrifuge that uses a high rotation speed to separate 
the scour effluent into a concentrated woolgrease emulsion 
(cream). This effluent treatment method is profitable, 
yields good quality woolgrease and continuously cleans the 
scouring liquor so that it can be returned to the scouring line 
as grey water. A third phase, which has a high concentration 
of dirt, is removed as sludge for disposal.  Depending on the 
quality of the woolgrease required, a two-stage or three-stage 
centrifuging system may be used. In the two-stage system, 
heating (thermal cracking) of the cream may be used to assist 
in the removal of the woolgrease.

Carbonising

Carbonising is a chemical process used to remove vegetable 
matter (VM) from heavily contaminated wool (Halliday, 
2002). The VM, which may be seeds, burrs, grass etc., is 
predominantly made up of cellulose, hemicellulose and 
lignin, whereas the wool is mostly protein. The carbonising 
process exploits the difference in the stability of proteins and 
cellulose to the effects of mineral acids. 

The most commonly used acid for carbonising wool is 
sulphuric acid. In its simplest form, carbonising follows a 
traditional wool scouring process and consists of acidification, 
drying, baking, mechanical crushing and dusting to remove 
the embrittled VM (i.e. carbon), neutralisation and final 
drying. This basic process of loose wool carbonising has 
remained essentially unaltered for many years.

Carbonising is primarily used for treating card waste, 
noils and high VM wools which are destined for subsequent 
processing via the woollen route. Almost no carbonising of 
wools for worsted yarn manufacture is carried out because 
of the degree of fibre damage occurring.  Where the VM 
content is < 2-3%, mechanical removal of the VM is usually 
adequate, with carding and combing in the worsted process 
being sufficient to produce a speck-free top. The machinery 
used in woollen processing generally cannot accommodate 
medium to high levels of VM. Low to medium levels of VM 
can be accommodated if the spun wool is to be processed 
into a fabric which will subsequently be carbonised ‘in the 
piece’.

The conventional technique of wool carbonising has the 
following basic steps:

Scouring of the raw wool with a non-ionic detergent1. 
Rinsing2. 
Immersion in a long bowl containing 5-7% (w/v) 3. 
sulphuric acid, 1-2 g/L detergent at 20-30oC
Double squeezing and/or continuous centrifuging prior 4. 
to drying
Drying at 60-805. oC to a low regain
Baking at 95-1206. oC to carbonise the VM
Pass through crushing rollers to crush the embrittled 7. 
VM
Convey to a rotating shaker/de-duster to remove the 8. 
charred VM dust
Pass through a neutralising bowl usually containing 9. 
sodium carbonate
Rinsing with a small addition of detergent10. 

11. Bleaching with hydrogen peroxide at approximately pH 
5 with formic acid
Final drying.12. 

The production rate through the process is usually low, 
typically 500-600 kg/h for a 1.2m-wide line. Sufficient time 
must elapse for the VM to absorb the acid from the bowl and 
for subsequent baking to embrittle the acidified cellulose.

In the woollen industry the decision to carbonise depends 
on the quantity and type of VM present and the final product 
for which the wool is destined. Some types of VM are easily 
removed in carding, e.g. Bathurst burr, whereas others, such 
as seed and shive, are more difficult to remove and can cause 
serious faults in a fabric. However, the point is reached where 
the amount of “easy to remove” VM becomes too high and 
attempts to remove it mechanically in carding can result in 
excessive fibre loss and breakage. So, in general, wools with 
< 7% VM in the form of burr may not be carbonised whilst 
wools with more than 2% VM as seed and shive will usually 
be carbonised.

Carbonising may also be carried out on woollen fabrics 
that are contaminated with vegetable matter.
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Wool yarn manufacture 

The woollen, worsted and semiworsted are the manufacturing 
routes mostly used for wool and wool blends (Hunter, 2002; 
Grosberg and Iype, 1999) . The route chosen, and the range of 
products that can be made, depends largely on the properties 
of the scoured wool, especially the fibre length, strength 
and mean diameter. Figure 25.2 shows the fibre diameter 
requirements for the various types of wool products.

For fine wools which are destined for high quality apparel 
products, the worsted system is the most widely used route. 
It is the most complex of the three main routes and there are 
strict technical requirements for the raw material to achieve 
yarn of acceptable quality. On the other hand, the woollen 
system, which is the common route for coarser wools, can 
accept a wide range of wool types of varying quality (and 
other staple fibres). The yarn produced on this system has 
quite different properties to a typical worsted yarn, but is 
well suited for use in carpets and heavier apparel. Between 
these two major routes is the semiworsted system, which is 
essentially a shortened version of the worsted route, produces 
a yarn that is intermediate in properties between worsted and 
woollen yarns.

The mechanical processing stage in the wool yarn pipeline 
commences with clean scoured wool and ends with the yarn 
ready for the manufacture of a fabric. There are common 
features in the three systems, such as lubrication of the blend, 
and the principles of the carding and spinning steps (see 
Figure 26.5).  The conversion of wool into yarn involves four 
main steps:

Fibre preparation: (a) the opening and subdividing the 1. 
clumps of wool, (b) applying a carding lubricant, and 
(c) thorough blending for homogeneity in the processing 
consignment.

2. Sliver or slubbing formation: (a) disentangling and 
mixing the fibres, (b) removing vegetable matter and 
(c) forming a continuous web, sliver or slubbing. These 
tasks are achieved by carding.
Preparing the carded sliver for spinning: (a) aligning 3. 
the fibres (parallelisation), (b) evening out the ribbon of 
fibres, (c) drafting and (d) the removal of short fibres, 
neps, vegetable matter and other contaminants. These 
tasks are achieved by gilling, combing and drawing and 
are not carried out in woollen processing.
Yarn formation: The fibres are organised into a thin 4. 
strand which is wound onto a package. The insertion of 
twist gives cohesion and strength to the yarn. This is the 
spinning step.

All processes must be carried out with maximum efficiency 
and with minimum cost, fibre damage and breakage, and fibre 
loss. Other operations that may also be carried out during 
wool yarn manufacture include: 

converting yarn into hank (or skein) form for wet •	
processing

•	 dyeing (as loose stock, sliver, top or yarn)
•	 backwashing (i.e. scouring) of sliver or top
•	 folding (or plying) of two or more singles yarns 
•	 winding onto a package and the automatic clearing of 

faults
yarn scouring, twist setting, insect resist treatments, etc. •	
(especially for carpets) 
shrink-resist treatment (on loose stock or sliver, especially •	
for apparel products).

The three processing routes have significant differences, 
especially in terms of (1) the types of wools that can be 
economically processed, (2) the number of steps required to 
produce a yarn, (3) the type of machinery at each step, (4) the 
properties of the yarns produced and (5) the end uses for the 
yarns (see Table 26.1).

Figure 25.3 ranks the various physical properties of wool 
in terms of their importance in the manufacture of apparel 
yarns using the woollen and worsted routes. 

Principles of carding  

Once the wool has been opened, blended and lubricated, 
it is ready for carding (Oxtoby, 1987; Lawrence, 2002). 
Irrespective of which route is used to produce a wool yarn, a 
card (or carding machine) plays an essential part. It gradually 
transforms the tufts of blended and lubricated wool into a web 
of fibres by working them between a series of closely spaced 
moving surfaces on rotating rollers. These rollers are covered 
with sharp, densely spaced, pointed wires, pins or teeth (the 
card clothing) which enable the fibres to be captured, teased 
and released, as required in the various carding actions.

Modern cards are fitted with two types of clothing (Figure 
26.6), (1) flexible wire (or fillet) where U-shaped staples of 
wire bent to a particular shape are inserted in a stiff laminated 
fabric, and (2) rigid metallic wire, a continuous steel strip 
punched out of a metal sheet and which has a ‘saw-tooth’ 
profile. Card clothing varies widely with respect to the 
spacing (density), profile (angles) and shape of the teeth, and 
the appropriate type of clothing to use depends on the type 
of roller, its position in the machine and the type of yarn to 
be produced. For processing wool, woollen cards tend to be 
mostly fitted with flexible wire (apart from the initial breast 
section) while worsted and semiworsted cards predominantly 
use rigid metallic wire.

Figure 26.6.   Types of card clothing. Source: Wood (2010).
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Figure 26.5. The three main routes for spinning a wool yarn. (The ‘dotted’ boxes indicate optional processes.)  Source: Wood (2010).
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Table 26.1. Features of the three wool processing routes.

Woollen Semiworsted Worsted

Wool requirements: Handles all wool types, but •	
more suitable for shorter wools 
rather than very long; VM 
should be not too high

Wools should be sound, staple •	
length 75-125mm, and with low 
vegetable matter content

Requires wools which for their •	
diameter are longer, better style 
and sounder

Usually a wide range •	
of components in blend 
(inhomogeneous)

Usually a limited range of •	
components in blend (quite 
homogenous)

Uses similar wools rather than a •	
mixture of types (homogeneous)

All fibre diameters used, from •	
very fine to very coarse

Mainly medium fineness wools •	
used:  27 - 35 µm

Mainly fine wools; less than 30 •	
µm, usually less than 24 µm

Can use reprocessed wools of •	
all types and qualities

Not suitable for short or •	
reprocessed wools

Reprocessed or carbonised •	
wools never used

Blend cost generally  lowest •	
because oddments and 
reprocessed fibres can be 
included
Highest level of processing •	
lubricant applied (up to 3%) 
unless ‘dry spinning’ is used 
(~0.8%) to avoid yarn scouring

Blend cost higher than •	
woollen (more higher quality 
components required)
Low level of  processing •	
lubricant applied (~0.3%) to 
avoid yarn scouring

Blend cost highest (only quality •	
fleeces used)

Low level of processing •	
lubricant applied (~1%)

Complexity of the 
processing system

The shortest route with fewest •	
steps; large woollen card has 
low production rate

A compact, high production •	
system; cheaper to operate than 
worsted system 

The most complex route; largest •	
number of steps; card similar to 
semi-worsted card

Card removes some VM via •	
Peralta rollers, but cannot 
tolerate high levels of vegetable 
matter

Limited ability to remove •	
vegetable matter and short 
fibres, mostly in carding via 
burr beater

Vegetable matter and short •	
fibres removed by combing; 
card removes some too via burr 
beater

Carding is very critical because •	
it sets the yarn count, controls 
yarn regularity, and is the final 
opportunity for blending

Carding is essential but less •	
critical because of substantial 
blending and drafting in 
subsequent steps (especially 
gilling)

Carding is essential but less •	
critical because of substantial 
blending and drafting in 
subsequent steps (especially 
gilling and combing)

Properties of yarn: Limited alignment of fibres, •	
many may be hooked or looped

Reasonable degree of  fibre •	
alignment and straightness

Fibre alignment very high, •	
giving the most even yarn

Yarn is quite hairy - many fibre •	
ends & loops protrude from 
surface

Fewer fibre ends and loops •	
protrude from surface (quite 
smooth)

Few fibre ends and loops •	
protrude, so least hairy (very 
smooth)

Yarn is bulky, soft and resilient•	 Medium bulk and resilience; •	
quite lean

Low bulk, and firm handle •	
(lean)

Tends to be weakest with •	
breaking strength of  3-5 g/tex 
(wool)

Typical breaking strength  5-7 •	
g/tex with wool

Tends to be strongest yarn; •	
breaking strength  7-9 g/tex 
(wool)

Requires at least 120 fibres in •	
yarn cross-section for efficient 
spinning

Require at least 90 fibres in •	
yarn cross-section for efficient 
spinning

Require at least 40 fibres in •	
yarn cross-section for efficient 
spinning

End product uses: Suitable for all purposes: •	
apparel, carpets, furnishings.

Carpets and knitwear mainly•	 High quality weaving and •	
knitting yarns for quality 
apparel

Yarn structure often not •	
apparent in finished fabric

Yarn structure may or may not •	
be clearly visible in fabric

Yarn structure is usually well-•	
defined in product

Source: Wood (2010).
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Referring to Figure 26.7, the path of the wool through the 
card is as follows:

The feed sheet transports it to the feed rollers, which •	
slowly deliver the clumps of wool to the lickerin. The 
teeth of the lickerin carry out the initial opening by 
converting the clumps into smaller tufts. Some fibres are 
broken at this stage, especially the weaker and longer 
fibres
Tufts of fibre from the lickerin are collected by the large •	
main cylinder, the swift, and they cycle on it a varying 
number of times before (a) they are captured by a worker 
roller, or (b) the fibres leave the machine (or go to the 
next stage) via the doffer roller
The workers, in conjunction with the swift, perform •	
the key opening and mixing functions of the card (the 
‘working’ action). At each worker the stream of fibres 
on the swift is separated, and those fibres captured by 
a worker are subsequently returned to the swift via its 
associated stripper roller. By a series of subdivisions 
which occurs at each working point the tufts of wool 
eventually become individual fibres. Some fibres are 
also broken during working actions
Fibres can become embedded in the teeth of the swift •	
clothing.  The long wire bristles on the fancy penetrate 
between the teeth and raise these fibres to the surface of 
the swift from where they are more easily captured and 
removed by the doffer.

The multiple paths of the fibres around a card provide a simple 
and highly effective method of fibre mixing. The swift can 
be regarded as a fibre highway and the workers as providing 
detours from this highway (Figure 26.8). A proportion of the 
fibre steam on the swift (say ~10%) will be captured by a 

The card has three main functions:

Open and disentangle the blend to bring it to a single 1. 
fibre state, and mix it thoroughly with minimal breakage 
of fibres or formation of neps
Remove impurities such as vegetable matter2. 
Deliver the carded fibre in an appropriate form to the next 3. 
stage of processing. This may be as a web (nonwovens 
manufacture), sliver (worsted and semiworsted yarn 
manufacture) or slubbing (woollen yarn manufacture).

It is important to minimise fibre breakage in carding, otherwise 
the short fibres produced may compromise subsequent 
processing performance (e.g. reduce yarn yields) and lead to 
unacceptably low yarn strength, thickness irregularities and 
other imperfections. This is a particular concern with wool, 
which has lower tensile strength than most man-made fibres.

The basic components of a card are shown in Figure 26.7.  
This diagram is a simplification and more closely represents 
one section of a multi-section commercial machine.  A full-
size carding machine usually comprises two or more of these 
units operating in tandem. A card consists of cylinders (of 
large diameter) and rollers (of smaller diameter), each with 
a unique name (lickerin, swift, worker, stripper, fancy, doffer 
etc.).  While only one worker/stripper pair is shown in Figure 
26.7, it is common to have 4 – 6 pairs of worker and strippers 
positioned around the circumference of a swift.

Certain card rollers rotate at high speeds (with surface 
speeds of several hundred metres per minute for the swifts), 
while others rotate relatively slowly (e.g. around 5 – 10 m per 
minute for the workers). As a result, the tufts of wool held on 
the clothing of a slow roller are subjected to a teasing action 
by the teeth of a fast roller as they pass by at a very close 
separation.

Figure 26.7. A simple carding machine, showing the locations of various fibre manipulation actions:                     
S – stripping, W – working, R – raising, D – doffing.  Source: Wood (2010).
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worker, temporarily diverted away from the highway, and 
eventually returned via the stripper to the fibre stream on the 
swift a few seconds later.

The doffer operates in a similar manner to a worker, by 
capturing a small proportion of the fibres presented to it by 
the swift. However, the captured fibres are not subsequently 
returned to the swift but are delivered by the doffer to the 
next stage of the carding machine instead.

The features specific to woollen, worsted and semiworsted 
cards are outlined in subsequent sections.

Woollen yarn manufacture 

The woollen system is the simplest, and most tolerant, of the 
three alternative routes for manufacturing wool and wool-
rich yarns (Hunter, 2002).  It can handle short and tender 
wools and therefore is mostly used to process blends with 
wool components which vary in quality, fibre length and fibre 
diameter. Most wool carpet yarn blends are processed on the 
woollen system. 

Woollen carding

The layout of a typical woollen card is shown in Figure 26.9. 

This machine may be up to 4 m wide and exceed 20 m 
in length. Most of the rollers are clothed with flexible wire. 
The wire thickness and teeth spacing of the roller clothing both 
become gradually finer through the machine in order to handle 
the fibres effectively as they become increasingly separated and 
individualised. A woollen card has typically 15-30 positions 
where a working action occurs and it has been estimated that a 
typical fibre passing through the card is subjected to this action 
100-300 times (Richards et al., 1984).

Rigid metallic wire clothing is mostly used for the carding 
of synthetic fibres and well-scoured coarse wools while fillet 
wire is more widely used for relatively greasy wools and fine 
wools. However there is a trend to fitting rigid metallic wire on 
scribbler sections for carding fine wools.

From the feed hopper the wool passes through the two 
carding sections, which are called the scribbler (or breaker card) 
and carder (or finisher card) respectively, where a thorough 
opening of the wool tufts and the separation and mixing of 
fibres gradually occurs. The advanced feed hopper control 
systems now available, based on weigh belts or volumetric 
feed mechanisms, ensure that the wool is delivered to the card 
at a constant, even rate.  The Peralta (or web purifier), located 
at the end of the scribbler section, is a pair of smooth hardened 
steel rollers which crush the vegetable matter embedded in 
the card web into fragments, making it much easier for the 
vegetable matter to fall from the wool flow. 

Figure 26.8. Fibre paths on a carding section. Source: Wood (2010).

Figure 26.9. A woollen card.  Source: Wood (2010).
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The intermediate feed is a device that conveys the sliver 
of fibres from the scribbler, delivering it in a cross-wise 
fashion (crosslapped) to the carder section. The cross-wise 
action ensures that the cylinders and rollers of the carder are 
uniformly loaded from side to side, promoting the formation 
of a fine, uniform web of fibres for the condenser. Finally, the 
condenser separates the card web into narrow strips which are 
then consolidated by the rubbing action of sets of aprons into 
thin, continuous strands of fibre called slubbing.  Up to 180 
ends of slubbing are wound onto spools, ready for spinning.

A woollen card is a larger and more complicated machine 
than a worsted card because (a) it must provide the final 
opportunity for fibre mixing to occur, and (b) its production 
rate largely sets the count (or thickness) of the yarn. Any 
thickness variations or irregularities in the slubbing, which 
may arise through irregular delivery of the wool to the card 
by the feed hopper or insufficient opening on the card, will 
persist through spinning. Variations in slubbing thickness 
will affect the quality of the finished yarn, in particular its 
evenness and strength. Therefore, in operating a woollen card, 
close attention is paid to the efficient and accurate operations 
of the feed hopper, the intermediate feed and the condenser.

Woollen spinning

The slubbing produced by the card is spun into yarn by 
applying twist to it. This step is most commonly carried out 
by a machine called a ring spinning frame, which consists of 
a set of typically several hundred spindles rotating at high 
speed (i.e. up to ~6,000 rpm). Ring spinning is easily the 
most popular method for the spinning of wool yarns because 
of its versatility in terms of fibre and yarn types that can be 
handled and the quality of the yarn it produces. 

Figure 26.10(a) shows one spindle unit of a woollen ring 
spinning frame.  It shows the passage of one end of slubbing 
from the spool, through the back and front rollers (which 
apply draft) to the yarn package on the spindle. At the spindle 
speeds used in ring spinning, the centrifugal force acting on 
the yarn makes it ‘balloon’ outwards and thereby increasing 
the tension on the yarn.  To avoid the likelihood of the yarn 
breaking, the balloon is collapsed by the grooved spindle top, 
or crown.

The yarn is guided onto a tube mounted on the spindle, 
the bobbin, by a small clip called a traveller, which cycles 
at high speed (up to around 40 m/s) around a metal ring. 

Figure 26.10.  Ring spinning frame spindles for (a) woollen spinning, (b) worsted spinning. Source: Wood (2010).

(a) (b)
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The ring rail (or lifter rail) oscillates slowly up and down to 
form a tidy, compact package of yarn (bobbin) on each tube. 
The ring spinning frames used in worsted and semiworsted 
spinning operate on the same principle, but drafting rollers 
and aprons (i.e. small belts to control the fibres in drafting) 
are fitted at each spindle position (Figure 26.10(b)).

Unlike worsted and semi-worsted spinning, the shorter 
blends used in the woollen system produce slubbings that are 
not suited to a significant amount of drafting. This is because 
strands of short, poorly-aligned fibres cannot be drafted as 
evenly as a highly uniform strand of longer, straighter fibres 
(e.g. gilled sliver, top or roving). Hence, the draft used on a 
woollen spinning frame is minimal (i.e. in the range 1.3:1 to 
1.5:1, compared with draft ratios of 20:1 – 30:1 in worsted 
spinning and up to 50:1 or more in semi-worsted spinning). 

A false twist device, which is positioned in the drafting 
zone close to the front rollers, inserts temporary twist in the 
fibre strand. This reduces yarn irregularity by preferentially 
drafting thick places with low twist. In spinning the twist 
generally runs into thinner places in the strand where it 
increases cohesion between the fibres so that drafting is 
impeded.

Other steps in the woollen system

In conventional woollen spinning a processing lubricant is 
sprayed as a mist onto the blended and opened wool before 
carding. The usual level of application is approximately 3% 
by weight of processing lubricant (as an emulsion with water). 
This rate is much higher than in worsted and semiworsted 
spinning where levels of around 1.0% and 0.3% respectively 
are common. Lubrication has three purposes:

To increase the moisture content of the wool fibres, making 1. 
them more extensible, hence more resistant to the stresses 
of carding, and producing electrostatic effects
To lower the friction (a) between fibres, and (b) between 2. 
fibres and the card teeth, thereby reducing fibre breakage 
in carding
To improve inter-fibre cohesion in the card web so that 3. 
fewer fibres are lost from the wool flow as droppings or 
fly.

To produce a clean yarn and to avoid downstream problems 
such as excessive soiling of a new carpet, the processing 
lubricant must be removed from the yarn in a wet process 
that is similar to wool scouring. A tape scour is widely used 
for scouring batches of woollen yarn in hank form. At the 
same time, for yarns destined for cut-pile carpets, one bowl 
may be added to the yarn scouring line to provide a setting 
treatment. This bowl will contain a solution of sodium 
metabisulphite, which modifies the sulphur crosslinks within 
the wool fibres. Setting a wool yarn by this chemical process 
(or alternatively by steaming it in an autoclave, or boiling in a 
dye vessel) stabilises the twist in the yarn. An effective setting 

treatment enables the tufts of yarn in a cut pile carpet to resist 
untwisting when subjected to either vigorous finishing or 
cleaning treatments or sustained foot traffic in use. Insect-
resist agents can also be applied to the wool by passing it 
through an extra bowl in a yarn scouring and setting line. The 
Wool Research Organisation of New Zealand (WRONZ)/
Andar Twistset process is a package-to-package system for 
continuously scouring and setting carpet yarn without the 
need to prepare hanks or to wind from the treated hanks onto 
cones. Simpson (2002) has reviewed the various chemical 
treatments that wool may undergo during manufacture into 
yarns and fabrics.

In ‘dry spinning’ on the woollen system a lower level of 
carding lubricant (i.e. < 1%) is applied in blending, obviating 
the need for the yarn to be scoured. However, for ease of 
processing, the atmospheric conditions must be more strictly 
controlled in dry spinning, especially the humidity. In 
addition, specially formulated carding lubricants are required. 
Continuous autoclave systems such as Superba TVP, which 
apply superheated steam under pressure, may be used to set 
dry-spun yarns instead of using a wet process.

To provide sufficient tensile strength, to improve the 
evenness of woollen spun yarns, and to reduce the tendency 
of a yarn to untwist, two or more singles yarns are usually 
twisted together to form a folded or plied yarn. While the ring 
twisting method, using machines similar to a ring spinning 
frame, has been traditionally used, two-for-one twisting 
machines are becoming more widely used because of the 
higher production rates possible. The principle of two-for-
one twisting is shown in Figure 26.11. The process begins 
with the yarn being transferred from a spinning package onto 
a cone. At the same time the yarn is cleared. The second step 
is assembly winding where the yarns from a pair of cones 
are wound as in parallel onto a single package. Finally, in 
two-for-one twisting the two parallel ends of yarn are drawn 
from a stationary assembly wound package, passed through 
a guide mounted on a rotating yarn, then through a hollow 
rotating spindle, a hollow eyelet and finally via take-up 
rollers to a yarn winding head.  This mechanism inserts two 
turns of twist in the yarn for every revolution of the spindle, 
hence the name two-for-one twisting.

The dyeing options for woollen spun yarn will be 
discussed later.

In the main, woollen spun yarns are used in woven, 
knitted and tufted products such as carpets, blankets, tweeds 
and heavier woven and knitted apparel.

Worsted yarn manufacture 

The worsted system has the most steps, and better-style, long, 
sound wools are required to ensure efficient processing, high 
spinning yields and acceptable yarn quality (Hunter, 2002).  
Finer wools are required to make a fine, flexible yarn and 
ultimately produce a light, soft-handling fabric. 
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Carding and preparer gilling

A worsted card is similar to the scribbler section of a woollen 
card, but the roller clothing fitted to the machine tends to be 
rigid metallic wire throughout. Another difference is that the 
web is removed as a thick continuous ribbon of fibre, called a 
sliver, and coiled into a can. 

The production rate of a worsted card has in the past 
usually been increased by increasing the width of the card 
rather than the speed of the machine. Consequently, over the 
past 25 years card widths have increased from 1.8 m to 2.5 m 
and finally to 3.5 m. The reason for this approach is that wool 
has been perceived as a weak fibre that would break if high 
swift speeds were used. The ‘standard’ operating conditions 
for worsted cards have traditionally been:

a swift surface speed of 600 - 800 m per minute (for a 1.5 •	
m diameter swift)
a production rate of approximately 110 kg/hr for a 2.5 m •	
wide card when processing merino wool, 160-200 kg/h 
for crossbred wool, 600 kg/hr for man made fibres.

However, research over the two decades in Australia by 
CSIRO and its industrial partners has shown that it is possible 
to substantially increase the swift speed of a worsted card 
without a significant increase in fibre breakage (Robinson, 
1999). In fact, higher card speeds, coupled with a lower 
density of fibres on the swift, can reduce fibre breakage, 

improve carding quality (i.e. fewer neps) and increase the top 
yield. The increase in production speed was achieved by:

increase in swift speed•	
increase in swift diameter•	
increase the number of carding points•	
optimising the speed ratios between different carding •	
rollers
improved vegetable matter removal•	
using a double doffer to maintain transfer efficiency at •	
higher swift speeds
efficient suction systems to keep the environment clean.•	

 
In the CSIRO experiments swift surface speeds of up to 
1,270 m per minute were reached on a 2.5 m width card. 
Production rates of up to 220 kg/h were attained with 22 
micron wool containing 6% vegetable matter. Worsted cards, 
based on the findings of this research, are now commercially 
available. Semiworsted cards have similar production rate 
characteristics to worsted cards.

The card sliver is passed through a series of gilling steps 
(3 passages through gillboxes) to straighten and align the 
fibres in a neat, parallel arrangement. The gilling mechanism 
is shown in Figure 26.12.  The sliver is drawn through a 
series of pinned bars (fallers) and this action removes and 
hooks and straightens the fibres. Different rotational speeds 
between the front and back rollers enable the sliver to be 
drafted, i.e. made thinner by an amount that depends on the 

Figure 26.11. The three stages in two-for-one twisting. Source: Wood (2010).
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ratio of the roller speeds (i.e. the draft ratio). By feeding a 
number of ends of sliver (generally around 10-12) in parallel 
to the gillbox, efficient fibre blending is achieved.

Autolevellers are often used to improve the evenness 
of slivers. These devices measure the thickness variations 
in a sliver as it enters a gillbox through the back rollers, 
and continuously alter the draft ratio in such a way that 
more draft is applied to the thicker sections of sliver than 
the thinner sections. Mechanical or electronic autoleveller 
devices correct for short, medium or long-term variations in 
card sliver entering the first gilling step in the worsted (and 
semiworsted) routes.

Combing

The gilled sliver is combed to remove short fibres (noils), 
neps (tiny clumps of fibre) and vegetable matter, then it is 
gilled again (twice) to restore the parallel fibre alignment 
and form a very uniform sliver called a top.  This completes 
topmaking (Harrowfield, 1987).

In combing (Figure 26.13) up to 32 ends of sliver enter 
the feed rollers of the comb in parallel and are restrained 
at the lower and upper nipper while the fringe of fibres is 
combed by the teeth of the cylinder to remove the noils (short 
fibres, generally less than 20-30mm), neps and vegetable 
matter fragments. The remaining (longer fibres) are then 
drawn off by the detaching rollers, which oscillate back and 
forth, and transferred to the apron where the sliver is re-
formed by overlaying successive drawn fibres. The combing 
cycle alternates between the combing and detaching phases. 
While combing improves the quality of the top, this benefit 
must be balanced against the inevitable reduction in yield 
that results from the removal of the noils. The noils can be 
recycled as a component in fine woollen blends. Topmakers 

use two terms to express the processing yields they achieve 
for a consignment:

Tear =  Weight of top produced  
 Weight of noil collected

Romaine (%) =  100 x Weight of noil  
 Weight of top + Weight of noil

While various types of comb have been used in the past (e.g. 
Noble, Lister and Holden), combing is now mostly carried out 
on the rectilinear comb. It is also called a Continental, French, 
Heilmann or Schlumberger comb.

There are major differences in the production rates of the 
various machines used in topmaking. A worsted card may 
have a throughput of 100-200 kg/hour, a gillbox 400 kg/hour 
and a comb 30-40 kg/hour. Therefore the mill must provide 
a balance between the various processes, by having the 
required number of machines operating, to avoid bottlenecks 
and to maximise productivity. 

Backwashing 

Backwashing is an aqueous process for wool slivers and 
tops which uses a detergent solution to remove unwanted 
impurities such as residual grease and dirt from the fibres. 
Typically 36 slivers are fed to a backwashing line, which 
usually consists of two scouring bowls, a rinse bowl and a 
suction drum dryer. Backwashing may precede or follow 
combing, but with the dominance of rectilinear combing 
(‘dry’ combing) the latter is mostly used today in order to 
reduce residual fatty matter and improve the appearance of 
the top. Gilling is usually carried out after backwashing to 
restore the fibre alignment.  A shrink-resist treatment such 

Figure 26.12. Gilling action (upper) and a faller (lower). Source: Wood (2010).
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as the chlorine-Hercosett process may be carried out by 
adding bowls to a backwashing line for the chlorination, 
antichlorination, resin application and softening steps, and 
including an additional dryer to cure the resin. 

Worsted spinning

Further gilling (4-6 passages) is carried out on the top at the 
commencement of worsted spinning and then it is drafted (or 
drawn) to form a thinner, highly uniform ribbon of fibres. 
This ribbon is called a roving. In spinning the roving is 
further drafted and then twisted and wound onto a package 
to make a singles yarn (Figure 26.10(b)).  Worsted spinning 
normally uses the ring spinning method, although a variety 
of other methods (cap, flyer, open-ended, warp and Sirospun) 
may be used, depending on the characteristics of the top, the 
nature of the yarn to be produced and the desired properties 
of the end product. Two singles yarns may be combined by 
twisting to produce a two-fold yarn for strength and abrasion 
resistance in weaving and knitting. However, the Sirospun 
system (see below) incorporates spinning and twisting into a 
single process and thus reduces manufacturing costs.

In its journey to becoming a worsted yarn, wool goes 
through a number of intermediate stages. A sliver or top may 
have 25,000 fibres or more in its cross-section, while a worsted 
yarn may have only 100 fibres or less. To achieve the required 
yarn fineness, a considerable reduction in the thickness of 
the fibre structure must occur, through successive draftings 
occurring at each stage after topmaking. The sequence of 
fibrous structures in the worsted system is:

scoured wool  →  card sliver →  gilled sliver  →   top  
→   roving  →   singles yarn  →   folded yarn

Efficient drafting requires a good fibre length; too many short 
fibres not held by either pair of rollers will travel through the 
drafting zone in bunches, resulting in an uneven yarn. For 
this reason, minimal drafting is used in the woollen system, 
while longer, sound fibres are required for the high drafts 
used in worsted and semiworsted spinning. 

Because of (i) the removal of short fibres in combing, (ii) 
the parallel arrangement of the fibres presented for spinning, 
and (iii) the high degree of twist imposed, it is possible to 
have as few as 40 fibres in the cross-section of a worsted yarn. 
Hence very fine, even, firm yarns with satisfactory strength 
for weaving and knitting can be spun via this route. 

For every kg of clean fibre that enters the worsted process, 
less than 850g emerges as yarn because of processing losses. 
About 100g is recoverable as noils (Chapter 25). 

Subsequent processes

Two-strand spinning systems such as Sirospun use a modified 
worsted spinning frame, which takes two ends of roving, 
separately drafts them and then twists them together as a two-
strand yarn. This involves just one step, thus eliminating a 
separate twisting step after spinning. On the other hand, the 
Solospun attachment at each spindle position on a worsted 
spinning frame enables a singles yarn to be spun with 
sufficient strength and abrasion resistance for the weaving 
of very light weight wool fabrics (Figure 26.14) (Prins et al., 
2001). The grooved Solospun roller achieves this by splitting 
the fibre ribbon as it emerges from the front drafting rollers 
and not allowing the twist to migrate up the strand from the 
spindle to reach the nip of the front rollers. This allows the 
substrands of fibres to twist and recombine in such a way as 

Figure 26.13. Combing actions: Circular combing phase (upper) and detaching phase (lower). Source: Wood (2010).
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to increase the cohesion and compactness of the yarn, as well 
as securely binding all fibres within the yarn. 

Winding (or re-winding) transfers yarn from the small 
spinning packages (called tubes or bobbins) onto larger 
packages on cones, a more suitable form for subsequent 
processes. The winding process also gives an opportunity 
for undesirable yarn faults (e.g. thick or thin places) to be 
removed by clearing. As the yarn is being wound, automatic 
clearing devices use optical or electrical sensors to detect a 
thickness fault. The yarn stops, the fault is cut out and the yarn 
re-joined by pneumatic splicing before winding proceeds. If 
a two-fold worsted yarn is required, two-for-one twisting is 
becoming increasingly used, incorporating the yarn winding 
and clearing steps too (Section 26.2).

Yarn is heat-set by steaming in an autoclave after spinning 
to reduce its tendency to snarl (i.e. twist on itself). Twist 
instability can give rise to problems in winding, and it may 
cause fabric distortions, especially in knitted fabric.

Worsted yarns are mostly used in quality woven apparel, 
hosiery and knitwear.

Semiworsted yarn manufacture  

World-wide, semiworsted processing machinery is mostly 
used to process synthetic staple fibres at high production 
rates, but wool is also quite widely processed by this route 
(Oxtoby, 1987; Hunter, 2002). The semiworsted system 
was developed to produce a smooth, even yarn with greater 
strength than in the woollen system, but without the expense 
of removing short fibres in a combing step. There is also no 
means of removing any neps introduced in carding. Because 
of the need for superior fibre length for the high drafts 
often used, sound wools of 100-120mm staple length (with 

a minimum length > 70mm) are required. There are fewer 
opportunities for the removal of contaminants in this route 
than in worsted processing, so wools used in semiworsted 
blends should be free of VM.

Wool is passed through a high-speed worsted-type card, 
gilled (usually 3 times) to straighten and align the fibres, and 
spun into yarn directly from a thin sliver using a draft ratio of 
40 or more. The level of processing lubricant applied before 
carding (typically 0.3%) is sufficiently low to eliminate the 
need for yarn scouring in this route.

Semiworsted wool yarns are intermediate in properties 
between those produced on the worsted and woollen 
systems. They are used mainly for manufacturing carpets, 
but are also used for upholstery fabrics and hand knitting 
yarns. Because of the higher fibre length and the amount of 
fibre straightening produced by the gilling step, semiworsted 
yarns tend to be less bulky than woollen yarns. Hence bulkier 
wools are sought for semiworsted blends if good fabric cover 
or a softer handle is required in products.

Fibre properties and worsted processing 
performance 

Irrespective of the yarn manufacturing route, the processing 
performance and the quality of the finished yarn will be 
influenced by the quality of the input wool (Lamb, 2000). 
However, the worsted route has the most demanding technical 
requirements for its raw material (see Figure 26.3).

The combed sliver properties and fibrous waste (noils) 
produced in topmaking are primarily determined by the 
greasy wool properties, with only limited scope for topmaker 
control.  The mean fibre diameter and the diameter distribution 
are determined by the wool that is purchased, except that the 

Figure 26.14. The Solospun attachment. Source: Wood (2010). 
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loss of a small amount of wool in processing will tend to 
result in an increase in mean fibre diameter of  ~0.3µm.  The 
length of fibres in the top (and the finished yarn) is related to 
the length of the input fibres. The mean fibre length is reduced 
somewhat by breakage in carding due to fibre entanglement, 
but on the other hand it is slightly improved by the removal 
of short fibres as noils in combing.  The fibre breakage and 
combing losses are related to the amount of entanglement 
introduced by scouring and to the fibre length, strength, and 
diameter, the position of break and vegetable matter content 
of the wool.  The fibre diameter distribution and along-fibre 
diameter profile also have significant effects while lower 
fibre curvature is associated with slightly better length and 
less waste.  

The topmaker can achieve longer fibre length and less 
waste by scouring more gently, by good lubrication and lower 
card loadings, and by using optimal settings in combing, but 
this is generally at the expense of production.  The art of 
topmaking is to assemble consignments from the available 
sale lots at the lowest blend cost while meeting the spinner’s 
yarn specifications without problems or surprises occurring 
in processing.  These specifications must include not only the 
fibre properties but require freedom from contamination and 
other faults. Contamination is the most common complaint 
from the processor.

For improved quality of yarn and spinning performance, 
the key wool top fibre quality attributes are, in order of 
importance, diameter, length, strength, diameter distribution 
and curvature.  Because of its impact on processing and 
on the characteristics of the end-products, the mean fibre 
diameter is overwhelmingly important.  Longer length in the 
top is preferred up to mean fibre lengths of at least 95mm, but 
the settings in drawing may need to be adjusted for optimal 
performance.  The fibre length distribution in the top has little 
effect but a wide distribution is generally associated with 
more fibre breakage in topmaking, shorter length (hauteur), 
and greater along-fibre diameter variation and thin-in-the-
middle profiles (Lamb, 2000).  For undyed wools the strength 
of the top is relatively constant and is only a little weaker if 
the staple strength is very low.  The diameter distribution has 
well established effects which can be accurately summarised 
by a 5% change in the coefficient of variation of diameter 
(CV

D
) being equivalent to a 1µm change in mean fibre 

diameter.  Fibre curvature is related to the crimp frequency of 
greasy wools and it appears that high curvature gives rise to 
marginally poorer performance (Lamb, 2000).  

A considerable number of industrial trials have been 
carried out by CSIRO in Australia to quantify the effects 
of the raw wool properties on the properties of the top. The 
so-called TEAM formulae, which have been derived from 
the results of these commercial processing trials, enable 
predicted values for Hauteur, Coefficient of Variation of 
Hauteur (CVH) and Romaine to be calculated. The latest 
versions of these formulae are presented in Chapter 25. 

Wool dyeing   

Wool is readily dyed by immersing the fibre in a heated, 
aqueous solution of dye for a specified period of time (Parton, 
2002). The dye molecules penetrate the fibre and become 
locked in place when fixation occurs during cold water 
rinsing, which is carried out at the end of the dyeing cycle.

In general, wool dyes are classified according to their 
chemical type and method of application.  The main classes 
of dyes currently used for the dyeing of wool fabrics are:

Acid dyes•	
Metal complex dyes (premetallised dyes)•	
Chrome dyes•	
Milling dyes•	
Reactive dyes.•	

These dye classes vary in their performance with respect to 
achieving brightness of shade, levelness and fastness, and 
they also vary in cost. However, the range of dyes available 
that are compatible with wool enables a wide palette of 
colours to be achieved in dyeing with good colour fastness 
properties. Depending on the type of dye used, the dyebath 
will frequently also contain auxiliaries such as acids, salts, 
levelling agents, anti-foaming agents, etc., to assist in 
achieving good dyeing results. A dyeing cycle typically 
starts with the water at 20 - 50oC with the addition of the 
dyeing auxiliaries.  The dyeing machine is run for about 10 
minutes after which time the pre-dissolved dye is added.  The 
dyebath temperature is then raised over a period of around 30 
minutes and held near the boil for 30-60 minutes, depending 
on the depth of shade required.  Finally, the dyed fibre, yarn 
or fabric is thoroughly rinsed in cold water to fix the dye and 
remove any residual dyestuff.

Dyeing may be carried out at several alternative stages of 
the manufacturing sequence (Marriott, 1992), as follows:

Loose stock dyeing

Wool is often dyed after scouring and before blending 
and carding as loose stock. The fibres are packed into a 
large perforated container which is loaded into the dyeing 
machine. The dye liquor is pumped through the ‘cake’ for a 
specific time to get the required level of dye uptake by the 
fibres. Periodic reversals in the direction of flow of the liquor 
promote an even dyeing throughout the cake.

This is usually the preferred method of dyeing when large 
batches of yarn of the same shade are to be produced. The 
blending that occurs downstream enables any variations in 
colour between individual dyeing batches to be eliminated. 

A disadvantage of loose stock dyeing of wool is the 
inevitable reduction in fibre strength, which can compromise 
spinning performance and yarn quality if the fibre damage is 
excessive. Loose stock dyeing is more common in the woollen 
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process, where the inevitable loss of fibre strength has less 
potential to cause problems downstream than in the worsted 
or semiworsted routes. Furthermore, loose stock dyeing 
requires a commitment to shade selection at an early stage in 
the manufacturing process, which reduces flexibility and may 
increase the delivery time for yarn dyed by this method.

Top dyeing

Worsted tops may be dyed in “ball” form (wound into a ~5kg 
package) or as a “bump” (in a coiled form of ~10kg). The 
tops are then processed through gilling, roving and worsted 
spinning to produce yarns either with solid colours with 
excellent levelness, or mixtures of well-blended colours.

Yarn dyeing

Where patterned carpets or fabrics are to be manufactured, 
yarn dyeing allows the production of larger batches of the 
most widely used colours and smaller lots of colours where 
only small amounts are required. Yarns can be dyed as (a) 
large hanks (or skeins) suspended in dye vats, or  (b) wound 
onto packages (e.g. cones) which are placed on perforated 
metal tubes to enable a radial flow of dye liquor through the 
yarn.

Hank dyeing is expensive in handling costs because the 
hanks have to be wound from packages and then re-wound on 
to packages after dyeing to be in a suitable form for the next 
manufacturing step. Although yarn dyeing is more expensive 
per kilogram than stock dyeing and is technically more 
demanding, the extra flexibility, and the freedom to hold 
stocks of undyed yarn until required make it a widely used 
method of dyeing. Yarn dyeing also enables more efficient 
spinning of undyed wool than stock dyed wool.

Space dyeing (or random yarn printing) is a method 
of continuous dyeing of yarns. A number of application 
techniques are used to apply the dye, e.g. dipping, spraying 
and printing. Dye application is followed by steam fixation, 
washing-off and drying. It is sometimes used in the carpet 
industry to introduce novel colour effects into plain and 
patterned products.

Piece dyeing

Colour can be added to a fabric or carpet so that a mill is 
able to hold an inventory of undyed cloth awaiting orders. 
This enables a much faster response time than, at the other 
extreme, stock dyeing. Various machines may be used for 
the piece dyeing of wool fabrics, including winches (becks), 
jigs, beam dyeing and jet dyeing machines. In some cases the 
fabric is dyed in rope form while in others the fabric is dyed 
while spread in open width.

Modern piece dyeing machinery and colour matching 
technology makes it possible to accurately dye to the same 

colour on a series of different pieces of cloth. However, wool 
is a natural fibre and the components may vary over time, 
resulting in minor variations in dye uptake. Hence the piece 
dyer must be as skilled and meticulous as the yarn dyer.

While piece dyeing gives economies of scale in terms of 
fabric (and carpet) production, it does limit the design to solid 
colours. Therefore, it is mostly used for volume production 
rather than short runs. Piece dyeing of carpets is more common 
with manufactured fibres, especially polyamide, than wool. 
The technical requirements for a wool carpet which is to be 
piece dyed are quite high, especially with respect to the need 
for superior retention of yarn twist for good tuft definition in 
the finished product.

Garment dyeing

This is a critical operation but it gives the manufacturer the 
opportunity to colour a product at the latest possible stage. 
This method is only used for knitwear, which is often sold as 
machine washable or hand washable. It requires dyes with a 
high level of wet fastness, but such dyes are generally not very 
level; ie, a uniform colour may not be achieved throughout 
the product.

Wool garments are dyed in paddle machines or rotary 
drum machines. These have a gentle mechanical action in 
moving the garments through the dye liquor so that shrinkage 
and felting is not introduced.

Fabric formation

After yarn manufacture the next step towards the end-product 
is fabric formation.  This will usually involve one of the 
following processes, depending on the type of product:

Weaving1. 
Knitting2. 
Tufting3. 

Another method of fabric formation, nonwovens, omits 
the spinning stage and goes directly from a card web to 
consolidating and stabilising the fabric. 

Russell et al. (2002) have reviewed the modern methods 
of weaving and knitting apparel fabrics from wool.

Weaving

The cross-section of a weaving loom is shown in Figure 
26.15.

Flat woven fabrics are constructed from two sets of 
threads that intersect at right angles. The threads that extend 
throughout the length of the fabric are termed warp threads 
and those which cross the width are termed weft threads.  To 
form a fabric, warp threads are raised or lowered by the heald 
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wires through the actions of their harnesses which are raised 
or lowered according to the required weaving pattern. The 
weft threads are inserted through the tunnel or shed formed 
by the warp threads. At the instant the shed closes before the 
next weft insertion, the last weft thread is pushed or ‘beaten 
up’ close to the previously inserted weft thread to consolidate 
the weave structure. 

The shuttle has been the traditional device for passing the 
weft threads through the shed, and this method is still used in 
some countries. However, in modern looms other methods of 
weft insertion such as metal rods (or rapiers), multi-gripper 
projectiles or air or water jets, are used instead. Worsted and 
woollen fabrics are mostly woven on rapier or projectile 
looms, while air-jet looms are increasingly popular because 
of their higher speeds (up to 850 picks per minute) and 
relative quietness. Water jets are not used with wool because 
the fibre absorbs moisture.

In a weaving cycle three basic motions occur in 
sequence:

Shedding – forming an opening between the warp 1. 
threads
Weft insertion – inserting weft threads through the warp 2. 
shed
Beat-up – compacting the weft threads to form a closer 3. 
structure

Two secondary motions, let-off and take-up, move the warp 
yarn and the fabric through the loom in a controlled way.

At each crossing of the yarns in the fabric there are only 
two possibilities; either the warp passes over the weft or under 
the weft. These alternatives provide opportunities for different 
patterns of interlacing to be produced. Each weave pattern 
produces a fabric of distinctive appearance and properties. 
In many modern looms, a simple pattern is introduced by a 
dobby mechanism.  This uses a programmable controller to 
control of the up and down motion of the heald frames, which 
in turn determines which warp threads are raised and which 
are lowered when a shed is formed. Alternatively, more 
sophisticated Jacquard mechanisms raise or lower individual 
warp threads according to the pattern requirements, thus 

providing almost unlimited design possibilities. Early 
Jacquard looms were controlled by pattern cards, but a 
modern loom uses a computer-driven electromagnetic control 
unit mounted on a platform above the loom. Figure 26.16 
shows a Jacquard loom with the cords (linked to the control 
unit above) that control the vertical movement of the warp 
threads. 

The warp threads are subjected to abrasive forces, while 
the weft threads must withstand reasonably high tensile 
forces in weaving.  Therefore, yarn quality is important 
to ensure good weaving efficiency and acceptable fabric 
quality. It is usual to use two-fold yarns and/or to apply a 
sizing compound such as starch to warp threads to improve 
their abrasion resistance. However, the Solospun attachment 
to a ring spinning frame produces a singles yarn with an 
acceptable level of abrasion resistance for the weaving of 
light-weight wool fabrics without sizing.

Various finishing processes after weaving may be used 
to remove surface fibre ends, raise fibres from the fabric 
surface, and give the fabric improved dimensional stability. 
The fabric is then ready for tailoring into garments. A woven 
fabric is characterised by a firm handle and a limited ability 
to stretch in the warp and weft directions. Worsted woven 
fabrics tend to be lighter, more expensive, smoother and 
durable than woven woollen fabrics of comparable weight 
and the typical end uses are suiting, uniforms and flannels. 
The weave structure remains visible after finishing. Woollen 
woven fabrics are mostly used for outerwear and blankets. 
For these fabrics, finishing treatments such as brushing, 
cropping or wet treatment are particularly important in giving 
the required appearance and handle. These treatments tend to 
obscure the weave structure in a finished woollen fabric.

As well as making apparel and upholstery fabrics, the 
weaving process is used to produce high quality wool and wool-
rich carpets, in particular the Axminster, Wilton and face-to-face 
types. While the methods of manufacturing these carpets differ 
significantly, they all require the formation of a woven base cloth. 
The pile yarns are integrated into the base cloth as it is woven to 
give a cut pile and/or a loop pile surface. Very complicated weave 
structures and intricate carpet designs are possible with modern 
carpet looms, but the typical production rates are considerably 

Figure 26.15. Key parts of a weaving loom. Source: Wood (2010).
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lower than in most carpet tufting machines. Wool carpet weaving 
is discussed further later in this chapter.

A significant amount of wool is still converted into 
traditional hand-made carpets and rugs by hand knotting. 
As a base fabric is woven from cotton or flax yarn, short 
lengths of yarn are fixed around the warp threads to form 
a cut pile which may be cropped, sculptured or chemically 
washed to produce the desired final appearance. This method 
of carpet making, which is widely used throughout Asia 
where labour costs are relatively low, has changed very little 
in one thousand years. The designs produced are generally 
characteristic of the region.

Knitting

Knitting is the main alternative to weaving for the production 
of wool apparel fabrics. It begins with the bending of the yarn 
into either weft or warp loops which are then intermeshed 
with other loops of the same open or closed configuration 
in either a horizontal or vertical direction. These directions 
correspond to the two basic forms of knitting technology 
– termed weft and warp knitting respectively. The various 
methods of machine knitting are shown in Figure 26.17.

Recent advances in knitting technologies have led to a diverse 
range of products being available, from high quality apparel to 
industrial textiles. The machine knitting industry can be divided 
into four main groups - fully fashioned, flat (or V-bed) knitting, 
circular knitting and warp knitting (which is seldom used for 
wool and will not be discussed here). The first three methods 
(and hand knitting) are all types of weft knitting.

Circular machines produce lengths of fabric in the form 
of a continuous tube and garments must be formed via the cut 
and sew route, which creates waste. This is the fastest method 
of weft knitting, but it is not widely used for wool knitwear 
because of material wastage (up to 25%) and perceived 
inferior quality. Single jersey circular knitting machines 
produce plain (i.e. single thickness) fabrics. Double jersey 
machines produce a tube of fabric twice as thick as a single 
jersey fabric. High rates of production, up to around 50mm 
of fabric per revolution, are possible when up to 108 ends of 
yarn are fed to the machine simultaneously. However such 
machines are less suitable for knitting delicate wool yarns.

A variation on the single jersey machine is the sliver 
knitting machine which is adapted to trap a tuft of staple fibre 
such as wool into each loop of a light weight single jersey 
fabric knitted from synthetic filament.  A pile (or nap) is 
formed on the reverse side of the base fabric and the resulting 
product is called a sliver knit (or knit pile) fabric. Modern, 
computer controlled machines, using coloured slivers, can 
create a wide range of attractive pile designs.

Fully fashioned (or shaped knitwear) machines and flat 
knitting machines are used to produce plain knitwear such 
as sweaters and cardigans with minimal waste. They knit 
shaped panels (front, back, sleeves etc.) and these are sewn 
together to form the garment. Whole garment (or complete 
garment) machines, which are the latest and most advanced 
type of V-bed knitting machine, produce an entire garment in 
one process without the need to sew pieces of fabric together. 
These machines eliminate seams and introduce major savings 
in labour costs.

Figure 26.16. Jacquard loom. Source: Wood (2010).
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In all methods of weft knitting loops made by each weft 
thread are formed across the width of the fabric by a row of 
needles. The weft thread is fed at right angles to the direction 
in which the fabric is produced.  Yarn feeding and loop 
formation occur at each needle in succession along the row of 
needles in a needle bed. The sequence in which a latch needle 
produces a knitted loop is shown in Figure 26.18.

The stitch previously formed is in the hook and the latch 1. 
is either open or closed
The needle is raised until the stitch passes behind the 2. 
latch on to the stem of the needle
The yarn which will form the next stitch is laid is captured 3. 
by the hook. The latch is now open
The needle is drawn back and the preceding stitch closes 4. 
the latch, allowing the hook to bring the new stitch 
through
The needle is ready to form the next stitch (as in step 1).5. 

Using this loop formation sequence and the four primary 
structures (jersey (or plain), rib, purl and interlock) as the 
basis, a wide range of knitted fabric structures can be produced. 
These structures have different appearance, thickness, weight, 
stability, and stretch/recovery characteristics.

Knitted fabrics are much more extensible in all directions 
than woven fabrics. They can be stretched easily, simply by 
distorting the shape of the individual loops. When a knitted 
garment is stretched it tends to return to its original size and 
shape as soon as the tension is released. It is possible to stretch 
a knitted wool garment to change its area by a considerable 
amount. On the other hand, it is not possible to increase the 
area of a piece of woven cloth very much by stretching it 
because elongation in one direction is accompanied by 
contraction in the perpendicular direction.

Figure 26.18. Formation of a knitted loop by a latch needle. 
Source: Wood (2010).

These differences in stretching behaviour explain the 
differences in the form-fitting capabilities of woven and 
knitted fabrics. Garments made from woven fabrics require 
accurate tailoring to provide a good fit to the shape of the 
body. However, they will generally retain their shape well 
in use and in cleaning. Knitted garments, on the other hand, 
allow a greater tolerance in size and shape and are more 
wrinkle resistant. Because of the greater stretch they allow, the 
wearer has more freedom of movement, particularly in close-
fitting garments. Their more porous construction, means that 
moisture permeability is higher with knitted fabrics, but they 
are not as effective as woven fabrics at providing insulation 
in windy conditions.

Knitwear can use worsted, semiworsted and woollen 
yarns. The first two types of yarn are mostly used for fine, 
machine-made knitwear, underwear and hosiery.  Woollen-
spun yarns tend to have a higher bulk and springy handle 

Figure 26.17. Methods of machine knitting. Source: Wood (2010).



640   E.J. Wood

International Sheep and Wool Handbook

than the other types, and thus are best suited to heavy, bulky 
garments which trap air and hence provide excellent warmth. 
For semiworsted yarns for knitwear, bulky wool types are 
included in the blend to compensate for the relatively lean, 
firm yarn normally produced via this route.

Nonwovens

Nonwoven fabrics utilise the ability of fibres to lock together 
in a strong, coherent structure. They avoid the need to (a) 
spin a yarn, and (b) weave a fabric, and hence provide a 
cheap processing route from fleece to fabric. Wool felts 
may be made from woven or woven-and-needled fabrics, or 
directly from a fibrous web produced by a card. The card 
web is overlayed to form a lofty batt, then needle punching 
intermingles the fibres between the layers of the batt to 
consolidate it into a stronger, denser structure. Most qualities 
of raw wool may be used, as well as recycled fibre such as 
combing waste (noils).

End uses for nonwovens made from wool include 
industrial products (e.g. gaskets, washers, filters), apparel 
(including hats), upholstery, curtains, floor coverings and 
insulation batts. Currently the use of nonwoven wool fabric 
in apparel is very limited, despite there being a number of 
good opportunities available.

Wool is also widely used as filling material for bed quilts, 
duvets, futons and underbody bedding as an alternative to 
featherdown and polyester. The wools for these uses require 
high bulk and good resilience, and with a fibre diameter in 
the range 28-35 µm. These characteristics are found in most 
Down-type fleece wools and higher bulk Perendale types.

Fabric finishing    

Wool fabric finishing is a sequence of processes which impart 
the desired properties to woollen and worsted fabrics in order 
to meet the end use requirements of consumers (Myers, 2002). 
Finishing processes employing aqueous based treatments 
(also known as wet finishing) are usually grouped together 
to minimise water consumption and to dry the fabric only 
once. Wet finishing treatments include scouring, crabbing, 
milling, shrinkproofing, bleaching and dyeing. The so-called 
dry finishing processes, which follow after drying, include 
conditioning, raising, shearing, pressing, decatising and 
steaming.

The four main objectives to be achieved in the finishing 
of wool fabrics are:

The removal, by scouring, of contaminants from the •	
fabric.  These contaminants may include lubricants and 
antistatic agents employed in yarn and fabric production, 
warp sizes and lubricants, machine oil stains, etc.  In 
some cases a woollen fabric may also contain vegetable 
matter, in which case carbonising may be used.

The development of the required appearance, handle, •	
softness, fullness, drape, etc. For example, raising lifts the 
fibres from the fabric structure to produce a furry surface 
or nap, while singeing or cropping removes the sections of 
fibres protruding from the fabric to create a smooth surface
The control of the dimensional stability of the fabric, •	
e.g. relaxation shrinkage, felting shrinkage, and hygral 
expansion. This is very important in the tailoring of 
garments to prevent seam puckering etc.
The application of functional finishes, •	 e.g. antistatic 
agents, flame-retardants, water-proofing agents, soil 
repellents, etc. These may be applied by pad mangles, 
sprays, coating rollers, blade applicators, screen printing 
or foam systems.

Table 26.2 gives examples of finishing sequences for worsted 
and woollen woven fabrics and knitted fabrics.

Table 26.2. Examples of finishing sequences for wool 
fabrics. 

Worsteds Woollens Knitteds

Inspection, burling 
and mending

Inspection, burling 
and mending

Inspection, burling 
and mending

Scouring Scouring Scouring

Carbonising (if 
necessary)

Crabbing Crabbing Crabbing

Milling Milling

Shrinkproofing Shrinkproofing

Bleaching Bleaching Bleaching

Dyeing Dyeing Dyeing

Hydroextraction Hydroextraction Hydroextraction

Back-rolling Back-rolling Back-rolling

Scutching Scutching Scutching

Drying Drying Drying

Conditioning Conditioning Conditioning

Raising Raising

Shearing/singeing Shearing/singeing Shearing/singeing

Pressing Pressing Pressing

Decatising Decatising Decatising

Steaming Steaming Steaming

Final inspection Final inspection Final inspection

Source: Pailthorpe (2007).

Carpet manufacture

Wool carpet making has a long history, both in traditional 
hand made carpets and rugs and through the subsequent 
mechanization of carpet making which began in the 17th 
century. Crawshaw (2002) provides a comprehensive 
coverage of the history of, and technological developments 
in, carpet manufacture to the present day. Figure 26.19 shows 
the various methods used to make carpets. 
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For wool and wool-rich carpets the most important 
manufacturing methods are hand made, tufted and the three 
weaving techniques. The Axminster methods are capable of 
making the most intricate coloured designs, but are limited to 
cut-pile constructions. The Brussels Wilton produces a dense, 
loop pile carpet while the Wire Wilton can produce either cut 
pile or cut/loop pile constructions, also with a high density 
pile. Face-to-face carpets are woven in sandwich form with 
two base fabrics linked by a common set of pile yarns. These 
yarns are sliced in weaving to produce two separate carpets 
which are mirror images of each other.

Tufting

Carpet weaving, which was once the principal method of 
carpet and rug making, was mentioned earlier. However, the 
tufting process, which arrived in the mid-twentieth century, 
is now the dominant method of making carpets world-wide, 
including wool and wool-rich products. A tufting machine 
resembles the action of a sewing machine, but has a line of 
1,000-2,000 needles mounted on a needle bar, which is driven 
by an eccentric shaft. Each needle has its own yarn supply, 
delivered from cones on a creel, or from a beam. 

The needles, which reciprocate up and down in unison, 
stitch lines of loops into a pre-woven (or spun-bonded) 
primary backing fabric. If the loops of yarn are left intact 
a loop-pile carpet is produced; alternatively, by cutting the 

loops as they are formed on a hook a cut-pile carpet is made 
(Figure 26.20). In a loop-pile tufting machine there are no 
knives, and the loop formation elements (loopers) point 
in the opposite direction to that of the hooks in cut-pile 
machines. Combinations of tufts and loops, and variations 
in their heights, are also used to create a wide range of pile 
textures.

To finish a tufted carpet, a secondary backing fabric (often 
woven jute) is attached to the reverse side of the primary 
backing fabric with a film of latex, which is then cured by 
heat to provide good adhesion. The laminated structure thus 
formed gives the carpet good dimensional stability and firmly 
anchors the tufts. 

Other finishing treatments which may be used for wool 
carpets (both woven and tufted) include:

Brushing and steaming of the pile to cause the tufts to expand •	
outwards and hence enhance the cover of the carpet 
Cropping (or shearing) of cut-pile •	 carpets once they have 
been backed, to produce a clean, even pile surface
Using systems of rollers to correct dimensional distortions •	
which are commonly referred to as bow and skew.

Patterned tufted carpets

Tufting (apart from the methods where single tufts are 
inserted) cannot compete with the carpet weaving techniques, 

Figure 26.19. Methods of carpet manufacture. Source: E.J. Wood (2010).
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especially Axminster, in producing complex pile designs. 
However, simple yet attractive tufted carpet designs can be 
created using patterning mechanisms that:

control the lateral movement of a single needle bar, or 1. 
two side-by-side needle bars (crossover tufting)
control the tensions applied to selected yarns by the feed 2. 
rollers to ‘bury’ loops in the pile (using increased tension) 
or bring them to the surface (with reduced tension) as the 
pattern requires, or
combine methods 1 and 2 to produce more elaborate 3. 
designs.

In modern tufting machines, yarn tension is usually controlled 
by sets of feed rollers driven by computer-controlled servo 
motors. Cam mechanisms and electric positioning drives 
are mostly used in crossover tufting. Computer-aided design 
software enables attractive designs to be created using these 
mechanisms.

Computer-controlled colour interchange systems for carpet 
tufting are also available.  These allow one of a set of colours 
of yarn to be selected for insertion at a particular point in the 
pattern. Coloured designs as complex as Axminster designs 
are possible and some machines have higher production rates 
than the Axminster process.

Single needle tufting using a hand-held gun is a 
manufacturing technique that is virtually dedicated to wool. 
This labour-intensive method is widely used by artists to 

produce individually designed rugs and wall hangings. Gun 
tufting may also be used to produce spectacular designs in 
rugs with heavy constructions for luxury locations. Carving 
of the pile may be carried out during finishing to accentuate 
the different areas of the design.

Carpet printing is another option for producing a patterned 
carpet from an undyed (greige) substrate, enabling a rapid 
response to a customer’s request. However this colouration 
method is not widely used with wool carpets largely because 
of the technical difficulties of dyeing wool in this way, and 
the down-market image that printed carpets tend to have.

Wool for carpets

Extensive research by the WRONZ has identified six 
measurable properties that are necessary, and sufficient, to 
enable the processing performance of a wool carpet yarn 
blend to be predicted (Carnaby et al., 1983-1989). These 
properties are summarized in Table 26.3. The table also 
shows the importance in processing and yarn quality of these 
properties.  It is evident that the rankings of the properties 
differ significantly between the woollen and semiworsted 
routes for carpet yarn manufacture, and also from the rankings 
for the woollen and worsted routes for apparel yarns (shown 
in Table 25.3).

The following comments support the rankings assigned 
in Table 26.3:

Figure 26.20. Cut-pile carpet tufting mechanism. Source: Wood (2010).
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For most •	 carpet wool blends fibre diameter is only of 
minor consequence in processing in contrast to apparel. 
The exceptions are the blends required for spinning 
fine semiworsted worsted yarns for face-to-face woven 
carpets
Of the two main routes for carpet yarns, the semiworsted •	
route has more stringent fibre length and strength 
requirements, but even the more tolerant woollen 
route has lower limits for length and strength to ensure 
acceptable processing performance and yarn quality. 
The length and strength characteristics of carpet wools 
are determined by the Length After Carding Test, which 
is performed on a sample of scoured wool (Wood et al., 
1995)

•	 Woollen spun yarns are inherently bulky, unless the yarn 
twist is high, while semiworsted yarns are relatively 
lean. When good pile cover is required with semiworsted 
yarns it is advisable to include higher bulk wools in the 
blend
There is a wide range of colour levels in carpet wools, •	
with discoloured types being suitable for dyeing only 
to darker shades. Therefore it is necessary to identify 
by measurement the wools whose colour is sufficiently 
good for light pastel shades

•	 Medullated fibres contribute a firm handle and resistance 
to compression to a carpet, and also modify the depth of 
shade that can be achieved when a wool blend is dyed. 
Wools with a high level of medullation are more widely 
used as components in woollen blends.

Wool and wool rich carpet blends are usually made up of 
wool components that are coarser than 30 µm, and generally 
range between 36 – 40 µm. Mostly woollen-spun yarns are 
used for wool carpets, but semiworsted yarns are also quite 
common in products where a lean, straight yarn is not a 
disadvantage. Worsted yarns are infrequently used, and only 
in the finest of carpet yarns used in face-to-face weaving. A 
typical wool carpet yarn blend will usually be a combination 
of three broad types:

Mainstream (or fleece) wools of superior quality, 1. 
especially with the respect to length, to give efficient 
processing and acceptable yarn quality

2. Filler wools, i.e. inferior (or locally-sourced) wools 
which may be short, discoloured and/or contaminated, 
included to minimise the cost of the blend
Specialty wools to contribute a desired property such 3. 
as bulk (through crimp) or a crisp handle (through 
medullation) to the carpet.

Table 26.4 shows typical proportions of these wool types in 
the various wool carpet constructions.

Table 26.4.  Composition of typical 100% wool carpet 
blends.
Yarn route Carpet type Component                  

Main-
stream

Filler   Specialty

Woollen Woven Axminster 30% 50% 20%

Tufted

Wilton 45% 35% 20%

Loop pile 30% 55% 15%

Cut pile 65% 20% 15%

High twist 45% 40% 15%

Semiworsted

Woven Face-to-face 80% - 20%

Tufted Loop pile 50% 40% 10%

Cut pile 60% 25% 15%

High twist 60% 35% 5%

Source:  Wools of New Zealand (1997).

Table 26.5 shows typical specifications for a range of wool 
carpet blends.

It is common to blend other fibres with wool for carpets, 
including:

a) 20% nylon fibre to enhance the abrasion resistance of the 
pile

b) ~ 10% low melting point polyester fibre to give enhanced 

Table 26.3.  Necessary and sufficient properties for fully specifying carpet wool blends.

Property Processing importance Units Test method

Woollen Semiworsted

Mean fibre diameter * ** Micron, µm IWTO-12

Fibre length after carding *** **** mm Barbe NZS 8719

Bulk ** *** cm3/g NZS 8716

Medullation content ** ** % fibres by number IWTO-57

Base colour **** **** X, Y, Z tristimulus values IWTO-56

Vegetable matter content ** *** % by weight IWTO-19

**** = most important *** = major importance ** = secondary importance * = minor importance
Source: Wood (2010).



644   E.J. Wood

International Sheep and Wool Handbook

appearance, and superior appearance retention in use
c) coloured effect materials (eg, dyed noils) to give a Berber 

or tweed effect
d) up to 50% polypropylene fibre to produce a cheaper 

carpet with wool-like features.

Future developments

A number of international trends are relevant to the future 
prospects for wool as a textile fibre. Current challenges for 
the wool industry include the following:

The unacceptably low prices that woolgrowers have •	
received for their clips in recent times have encouraged 
them to move away from sheep farming to other land 
uses. This trend has been especially strong in New 
Zealand. The reduced volumes of wool now available 
on international markets have not produced significant 
increases in wool prices, as might be expected from 
normal supply and demand pressures. The price premium 
that wool once enjoyed over its competitors such as 
nylon has virtually disappeared.
In the past there has been strong capability in post farm-•	
gate wool research, especially in Australia and New 
Zealand. The diminishing R&D effort on wool over 
the past few years is partly a consequence of reduced 
wool prices and volumes, and has led to less textile 
machinery being produced which is specific to wool 
(with the exception of wool scouring machinery). This 
is understandable when the tiny contribution that wool 
now makes to global textile production is considered. 
Therefore, adaptations of equipment or a process 
principally developed for man-made fibres are often 
required to make it suitable for handling wool, and in 
many cases the machines must be operated at lower 
production rates.
Textile expertise, both in machinery development and •	
textile manufacturing, is moving from the traditionally 
strong regions of Europe and North America to Asia, 
especially China. This trend has been accompanied by 
markets for textiles becoming more cost-focused than 

performance oriented. Modern consumers are less likely 
to select wool products, in line with world trends away 
from fibre choice. Factors such as performance, style, 
fashion and brand are now the drivers of their purchasing 
decisions.  However, countries such as Italy are able 
to support a high cost structure for wool garments by 
concentrating on top quality design and output, and thus 
achieve a price premium for these products.
The man-made fibre producers are able to ‘engineer’ •	
their fibres to closely match clients’ requirements. On the 
other hand, the options for modifying the characteristics 
of wool, and other natural fibres, to meet the textile 
market requirements, are relatively limited. Nevertheless, 
wool offers a range of natural characteristics that are 
appealing to the consumer, including moisture absorption 
and buffering, warmth and coolness, resilience, flame 
resistance and odour absorption, In addition, techniques 
have been developed to modify the lustre, crimp, colour 
stability, surface friction and resistance to insect attack 
by various chemical and physical treatments (Johnson 
et al, 2003).
There are few new, revolutionary manufacturing •	
techniques for wool products on the horizon. Work carried 
out by WRONZ/AgResearch and other organizations 
has demonstrated that nonwoven methods of fabric 
manufacture provide highly promising opportunities 
for innovation in apparel products which are attractive, 
stylish and perform well. Such products would compete 
well with conventionally-made garments, both on price 
and performance, but serious commercial interest in this 
method of manufacture has yet to be generated.
Wool is produced in a sustainable, environmentally-•	
responsible way, with low energy usage and minimal 
impact on the environment. This ‘clean, green’ image 
provides it with a definite marketing edge. However, at 
various stages in the wool textile manufacturing pipeline, 
chemical treatments and effluent disposal are required. 
These mean that wool is not immune from the steadily 
increasing pressures from environmental protection and 
consumer safety legislation in many countries.
Since the arrival of •	 Viyella, a wool/cotton fibre blend, in 
1893 the blending of wool with other natural and man-
made fibres has become a common practice to combine 

Table 26.5. Examples of objective blend specifications for carpets.

Carpet blend Diameter VM Colour Barbe Bulk Medullation 

(µm) (%) Y Y – Z (mm) (cm3/g) (%)

Woollen - tufted 36 0.3 60.0 5.0 78 21 8

Woollen - Berber 37 0.3 60.0 5.0 79 21 10

White Axminster 39 0.3 62.0 3.5 72 23 17

Yellow Axminster 36 0.5 57.0 8.1 67 23 17

Woollen Wilton 36 0.3 60.0 4.0 83 21 12

Semiworsted tufted 35 0.2 60.0 4.0 108 20 8

SW Face-to-face 33 0.2 60.0 4.0 105 20 5

Source:  Wools of New Zealand (1997).
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the complementary features of the components into a 
garment. Of particular note has been the recent growth 
in use in New Zealand of possum fibre with Merino wool 
to produce attractive, warm, light knitwear of superior 
quality. Other natural fibres widely used with wool in 
premium apparel include mohair, angora, rabbit hair and 
silk.
The emphasis in wool product marketing has moved from •	
quantity to quality (Kilduff, 2002). Product development 
has extended the applications of wool to a wide range 
of consumer products. Softer, lighter weight fabrics, 
innovative blends with other fibres and applications of 
new finishing techniques have enhanced the performance 
and widened the appeal of wool. 

Kilduff has reviewed the state of the global wool textile 
industry and future prospects for the industry, and has made 
two predictions:

1. In the industrialized countries, a fashion swing back to 
smarter apparel at work, as well as ageing populations 
and increasing consumer affluence will support a growth 
in demand for wool;

2. In developing countries, especially China and India, the 
growing middle class are looking for high grade products 
in apparel and furnishings, trends that are also positive 
for wool.

Wool demand in China is linked to its economic growth rate, 
which has been exceptionally strong over the past decade. 
Along with economic growth and rising incomes, Chinese 
consumers have become more demanding of quality and style, 
creating opportunities for wool products. This is particularly 
so for apparel because wool  represents luxury and status. 
However, outside the major urban and commercial areas, 
much of the China market remains price sensitive and basic 
in terms of fashion, style and quality. In volume terms, at the 
retail stage China accounted for over one sixth of all wool 
consumed globally in 2006.

References

Carnaby GA et al (1983-1989) Computer Blends I - V, 
WRONZ Communication Nos. C81, C82, C83, C95, C110 
WRONZ, Christchurch

Christoe JR  (1987) Developments in wool scouring – an 
Australian view. Wool Science Review 64 25-43

Crawshaw GH (2002) Carpet Manufacture WRONZ, 
Christchurch

Grosberg P and Iype C (1999) Outline of the technology of yarn 
production. In ‘Yarn Production – Theoretical Aspects’, pp 
1-33 The Textile Institute, Manchester

Halliday (2002) Woolscouring, carbonizing and effluent 
treatment In Wool: Science and Technology pp 21-59 Eds. 
Simpson WS and Crawshaw GH Woodhead Publishing 
Ltd, Cambridge

Harrowfield B (1987) Early-stage worsted processing – from 
scoured wool to top. Wool Science Review 64 44-80

Hunter L (2002) Mechanical processing for yarn production. 
In Wool: Science and Technology pp 160-214 Eds. 
Simpson WS and Crawshaw GH) Woodhead Publishing 
Ltd, Cambridge

Johnson NAG, Wood EJ, Ingham PE, McNeill SJ and 
McFarlane ID (2003) Wool as a Technical Fibre. Journal 
of The Textile Institute 94 26-41

Kilduff PDF (2002) Overview of global dynamics in the textile 
industry. In Wool: Science and Technology pp 333-359 Eds. 
Simpson WS and Crawshaw GH Woodhead Publishing 
Ltd, Cambridge

Lamb PR (2000) Impact of raw wool characteristics on 
later stage processing. Proceedings of Finewool 2000 
Symposium, CSIRO, Armidale

Lawrence CA (2002) Carding theory. In Fundamentals of Spun 
Yarn Technology pp 155-212  CRC Press, Baca Raton, 
Florida

Marriott FW (1992) Wool-dyeing machinery. In Wool Dyeing 
Ed. Lewis DM pp.137-175 Society of Dyers and Colourists, 
Bradford

Myers SA (2002) Finishing. In Wool: Science and Technology 
pp 314-332 Eds. Simpson WS and Crawshaw GH 
Woodhead Publishing Ltd, Cambridge

Pailthorpe M (2007) Principles of wool fabric finishing. In 
Wool 482/582 – Wool Processing course notes. University 
of New England, Armidale

Parton K (2002) Practical wool dyeing. In Wool: Science and 
Technology pp 237-257 Eds. Simpson WS and Crawshaw 
GH Woodhead Publishing Ltd, Cambridge

Prins MW, Lamb PR and Finn N (2001) Solospun – The long 
staple weavable singles yarn. Proceedings of the Textile 
Institute 81st World Conference, Melbourne

Oxtoby E (1987) Spun Yarn Technology Butterworth & Co, 
London

Ranford SL, Ellery MW, and Walls RJ (2007) Specification 
of wool products using visible and near infrared analysis 
systems. In Near Infrared Spectroscopy: Proceedings of 
12th International Conference. Eds Burling-Claridge RG, 
Holroyd SE and Sumner RMW. pp 480-485  New Zealand 
Near Infrared Spectroscopy Society Inc., Hamilton,

Richards RTD and Sykes AB (1984) Woollen Yarn Manufacture, 
The Textile Institute Manual of Textile Technology pp 37. 
The Textile Institute, Manchester

Robinson B, (1991) Effluent treatments for wool scour liquors 
IWS Technical Information Letter, pp 6. Report TIL/ET-8, 
Ilkley

Robinson G, (1999) High speed carding, Woolwise educational 
resources, CRC for Premium Quality Wool, Melbourne

Russell K, McDowell D, Ryder I and Smith C (2002) 
Manufacture of wool products In Wool: Science and 
Technology pp 258-289 Eds. Simpson WS and Crawshaw 
GH Woodhead Publishing Ltd, Cambridge

Simpson WS (2002) Chemical processes for enhanced 
appearance and performance In Wool: Science and 
Technology pp 215-236 Eds. Simpson WS and Crawshaw 



646   E.J. Wood

International Sheep and Wool Handbook

GH Woodhead Publishing Ltd, Cambridge
Stewart RG and Jamieson RG (1987) Raw wool scouring – a 

New Zealand perspective Wool Science Review 64 16-24
Wood EJ, Burling-Claridge GR, Ranford SL, Hammersley MJ, 

Edmunds AR and Thomas BL. (1995) Recent developments 
in the objective measurement of New Zealand wool. 
Proceedings of the International Wool Textile Research 
Conference 9 44-52

Wools of New Zealand (1997) The New Zealand Wool Industry 
Manual. Wools of New Zealand, Wellington

Wools of New Zealand (1999) Wool Scouring in New Zealand, 
Carpet Technical Information No. 1.4 Wools of New 
Zealand, Wellington

Websites

Andar: http://www.andar.co.nz/home
Australian Wool Innovation Ltd: www.wool.com
AWTA: http://www.awta.com.au/en/Home/Education/Image-

Libraries/Images-of-Wool/Wool-Processing/
CSIRO: http://www.csiro.au/science/Wool-Textiles.html
Meat and Wool New Zealand: http://www.meatnz.co.nz/
Michell: http://www.michellwool.com/go/our-products/

commission-wool-processing-at-michell
Wools of New Zealand: www.woolsnz.com



  The future of wool as an apparel fibre   647

International Sheep and Wool Handbook

27
P Swan
Paul G. Swan and Associates Pty. Ltd, Sydney, Australia
E-mail: pgsaapl@bigpond.com

the Future oF Wool aS an 
apparel FIbre

647

The future for wool as an apparel fibre using a conceptual 
model of the apparel wool industry as a shareholder-owned 
business entity is considered in this Chapter. Particular 
emphasis is placed on demand-side drivers of future viability 
of Australian wool, as drivers of enterprise efficiency and 
profitability are covered in Chapters 17-21.

The key elements of this discussion are that:

Because technology and know-how exist to increase •	
the cost efficiency of production of wool protein from 
grazing enterprises, and global production volumes are 
in decline, the long-term viability of the global enterprise 
rests largely with its ability to increase the consumer 
investment per kilogram of retailed apparel, per year of 
wear life.
Presently, income to the global wool apparel enterprise •	
is dominated by 8 affluent OECD countries plus China, 
characterised by high northern latitudes and cold winters.  
Prospective growth away from traditional markets is 
likely to be limited to high net worth individuals, by 
climatic and consumer behavioural patterns, and to 
specific forms of wool apparel more suited to all-year 
wear.
Consumers annually invest around US$82 billion in •	
wool apparel purchases, which corresponds to a unit 
investment of around US$195 per kilogram of wool 
apparel.  This figure provides a critical benchmark figure 
for the viability of wool apparel, and its long-term growth 
is critical for continued industry viability.  
Six major wool apparel product categories are defined, •	
and vary dramatically in their ability to generate retail 
sales income per kilogram of retailed product, per 
year of wear life. To increase consumer investment per 
retailed kg of wool apparel, the most efficient approach 
is to focus on key affluent consumer markets, and within 
these stimulate consumption of lightweight next-to-skin 
capable wool apparel (wovens and knits). Fortunately, 
this focus is consistent with consumer demographic and 
expenditure trends, fabric weight trends, and trends in 
volume demand within particular diameter categories.
Traditional forms of mass-market wool knitwear, such •	
as cardigans and heavy sweaters, are consistent with 
consumer preference shifts and with the goal to increase 
income per kilogram to the global wool enterprise.

The key technical, economic and perceptual challenges 
facing the apparel wool industry is production of sufficiently 
lightweight, soft-handling, next-to-skin suited products – 
capable of wear all-year round, and available in casual styles. 
The implications for Australian apparel wool growers of these 
challenges are profound, since they substantially resource 
global wool research, development and marketing efforts:

Australian apparel wool probably accounts for 70% of 
global consumer purchases of wool apparel, and sells at an 
average of around US$230 per retailed kilogram.

Future prospects for growth depend almost entirely on 
success in new apparel product development and marketing 
in two apparel product sectors - lightweight knits and wovens 
suited to all-year, next to skin wear by affluent consumers.

The key challenge for Australian wool growers is to 
efficiently and sustainably produce protein suited to high 
retail value/kg products for affluent consumers.  In effect, 
this means producing fibres with average diameter less than 
19 microns, with high staple strength.

The apparel wool industry as a business 
entity

The global apparel wool industry is a highly complex array 
of producers, producer nations, processors, retailers, and 
consumers in numerous countries.  The futures of the myriad 
of individual enterprises which make up the whole are to a 
large extent interdependent.  

The global wool industry can be conceptualised as a profit-
making global business enterprise (Figure 27.1), where:

Consumer expenditure on wool apparel provides the •	
primary source of income to the business
Cost of sales arise from the various commissions and •	
expenses deducted by those who convert the fibre from 
raw form to final retailed product, and includes research 
levies and license fees.
Suppliers of the raw wool receive income on a clean •	
weight basis, based on the processing potential and costs 
of the fibre.  At a gross level, this income represents 
the Gross Value of Production (GVP) of the production 
sector(s).  
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Consumer investment
($)

Grower receivals
($)

Processing fees, 
commissions etc

The global 
apparel wool 
enterprise

The global apparel 
wool ‘enterprise’

Figure 27.1. The global wool apparel enterprise concept.

Profit motive for this conceptual enterprise is critical as 
profitability ultimately determines its future viability, where 
participants in the enterprise are considered to be rational 
investors:

Consumers, almost all of whom will have the opportunity •	
for repeat purchases of wool apparel over their lifetime, 
have discernable purchase dispositions (investment 
drivers), and should enjoy a rewarding (profitable) wool 
apparel experience if they are expected to repeat it;
Retailers, whose viability depends on the combination •	
of stock turnover and retail price mark-up per square 
metre of retail floor space, also have the option to invest 
in and hence stock wool apparel among a wide array of 
possible product offerings.  Like end-product consumers, 
retailers ultimately need to profit from their wool apparel 
experience to continue to invest in wool stock.
Processors, who invest in the complex sequence of •	
operations which convert wool from raw form to retailed 
end-product, generate return on investment from kg of 
product sold, and have other investment options for their 
capital.
Wool growers are discretionary investors in the •	
production of apparel wool, and like retailers their 
viability ultimately depends on production volume and 
unit sale value per unit land area.   Like retailers, they 
exercise choice over the type of stock carried, and will 
continue to invest in apparel wool-producing stock if 
real returns are at acceptable risk levels, and where there 
is a basis for confidence in the future prospects of the 
global enterprise.

There are two critical price-related factors affecting this 
model, and in particular, the concept of return on investment 
for participant investors.   Firstly, raw wool production is 
an increasingly expensive pursuit, costing typically more 
than AU$7 per clean kilogram to produce (Holmes Sackett 
Associates: 2002, 2003, 2004, 2005, 2006, 2007) – this 

means that from a long-term profitability perspective, those 
investing in the production of apparel wool need to be able 
to constantly drive down the unit production costs relative to 
inflation, and/or produce forms of wool apparel fibre which 
generate sale prices exceeding production costs.  Secondly, 
compared to the price of the common alternative apparel 
fibres, wool is relatively expensive, e.g. 19 micron wool 
has been typically 4-7 times the cost of cotton, polyester or 
acrylic (Figure 27.2).
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Figure 27.2. Price relativities for apparel wool (19 and 23 
micrometres), Cotton (Cotlook A Index), Acrylic, and Polyester 
for the period July 2000 to April 2008.   Prices are expressed 
relative to the price of 19 micron wool.  Source: Woolmark 
(2008).

These two factors impact on the prospective return on 
investment for all participants, affecting input and waste 
costs for each stage of the wool apparel supply chain.  At 
retail level in particular, the relative expense of each kg of 
wholesale product has profound consequences for retail 
prices and retailer margins, given the dependency of retail 
mark-up on merchandise cost (Thomas et al., 1999). 

Sales income for the global apparel wool 
enterprise

Global estimates of the value of retail sales of wool 
apparel

There is no authoritative listing of consumer expenditure on 
retailed wool clothing, however estimates can be extrapolated 
from surveys of consumer expenditure (e.g. Euromonitor, or 
Datamonitor), and import/export data collected in OECD 
countries (Clothesource, 2006).  Using the latter, estimates 
of overall market size are summarised in Table 27.1. 

Consumers globally invest around US$1 trillion each 
year on apparel purchases (Table 27.1), which is superficially 
close to the IWTO estimate of $984 billion in 2002 (IWTO, 
2004), which does not identify which dollar denominated 
currency it is based upon.
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Among the ~ 200 individual countries the distribution of 
consumer expenditure on clothing is heavily skewed to a 5 
very large consumer economies, dominated by USA, Japan, 
Germany, Italy and UK (around 37% of global GDP and 60% 
of total clothing expenditure).  The next 5 countries account 
for an additional 31% of global GDP and 15% of clothing 
expenditure (China, France, Spain, Canada and Russia).  The 
following 15 countries account for another 14% of GDP and 

15% of clothing expenditure, so these 25 account for over 
90% of global clothing expenditure by consumers.

The subset of 9 countries with wool-specific data (Table 
27.1) represents 69% of global clothing expenditure, worth 
around US$75b.  In these 9 markets, wool apparel represents 
around 10% share of consumer expenditure on clothing, higher 
than the overall estimated average of 8% (82.3/1,033.5).   
These estimates of  average investment in wool apparel are 

Table 27.1. The 25 largest markets for consumer expenditure on clothing, and estimates of wool apparel expenditure, where 
available.  

Rank Country Contribution 
to Global GDP 

(PPP  basis, 
2005) (%) 1

Consumer 
expenditure on 
clothing (US$b, 

2004) 2

Share of 
global clothing 

expenditure (%) 2

Wool apparel 
spend (US$b, 

2004) 2

Share of 
country clothing 

expenditure
(%) 2

1 US 20.5% 279.6 27.1 26.4 9.4

2 Japan 6.6% 113.0 10.9 14.7 13.0

3 Germany 4.0% 75.8 7.3 4.5 5.9

4 Italy 2.8% 74.4 7.2 18.2 24.4

5 UK 3.3% 67.8 6.6 4.1 6.0

6 China 14.5% 46.0 4.5

7 France 3.1% 40.2 3.9 3.2 8.0

8 Spain 1.9% 27.7 2.7 2.7 9.7

9 Canada 1.8% 23.3 2.3 0.4 1.7

10 Russia 2.6% 22.0 2.1

11 Brazil 2.6% 16.9 1.6

12 India 6.2% 16.0 1.5

13 Netherlands 0.9% 14.5 1.4

14 South Korea 1.8% 12.6 1.2

15 Mexico 1.8% 11.1 1.1

16 Greece 0.4% 12.5 1.2

17 Australia 1.1% 11.7 1.1 0.5 4.3

18 Turkey 1.0% 10.9 1.1

19 Thailand 0.9% 9.9 1.0

20 Hong Kong 0.4% 8.9 0.9

21 Austria 0.5% 8.5 0.8

22 Indonesia 1.4% 7.6 0.7

23 Sweden 0.5% 7.6 0.7

24 Switzerland 0.4% 7.4 0.7

25 Taiwan 3 0.6% 5.7 0.6

Totals Top 5 37.0% 610.6 59.1 67.9 11.1

Top 10 68.0% 769.8 74.5 74.2 9.6

Wool-subset (9) 45.0% 713.5 69.0 74.7 10.5

Top 25 82.0% 931.6 90.1 81.2 8.7

All countries (global) 100.0% 1,033.5 100.0 82.3 8.0

Note: Gross domestic product data shown is on a purchasing power parity (ppp) basis.
Source: (1) United Nations Human Development Report (2007/2008), (2) Clothesource (2006) and (3) CIA World Factfile (2008). The latter 
was used for the estimate of Taiwan GDP, as Taiwan was excluded from UN Human Development Report (2007/2008).
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notable since wool represents around 1.9% of overall global 
fibre volume (IWTO, 2007) – suggesting that on average in  
wool apparel sells for around 4 - 5 times the price (per unit 
weight) of the major apparel fibres.

Outside these wealthy countries, most of which enjoy 
temperate climates and high levels of urbanisation, one 
might expect wool expenditure share to decrease.  Table 
27.1 provides estimates (italics) for all countries, despite the 
absence of solid data, by assuming wool captures 3% and 1% 
of clothing expenditure in the remaining 16 Top 25 countries 
and globally, respectively.  An estimate of US$82 b for the 
global apparel wool market is thus derived and is relatively 
insensitive to the assumed level of wool expenditure in 
countries outside the global top 25, since these contribute 
less than 10% to global clothing expenditure

Estimating the unit retail value of apparel wool

A critical indicator of income generation efficiency for the 
enterprise, and especially for fibre producers, is the income 
generated per kg of clean wool sold at retail.  IWTO/Woolmark 
estimates of global production of fine wool (Table 27.2) can 
be adjusted for fine wool processing losses (Table 27.3) as a 
start to deriving an estimate of the average retail value per 
clean kilogram of retailed wool apparel.

Total global clean fibre production represents all fibre 
diameter categories (Table 27.2), whereas apparel wool 
is usually less than 24.5 µm (excluding some traditional 
products, such as hand knits and Shetland knitwear).  

Around 29-37% of clean fibre is lost during processing 
with the Woollen system generally being more efficient 
(Table 27.3).  The worsted pipeline requires around 1.37 kg of 
clean fibre to manufacture a 1.0 kg suit/trouser combination.   
However, there is a lot of waste recycling in the processing 
sector, so losses occurring in garment making up, weaving or 
knitting, spinning, and combing operations are recycled back 
into the Woollen system as a woollen carding input.  This 
increases the overall efficiency of the enterprise beyond the 
levels applicable to the worsted-spun yarn sector.  

Assuming 10% net fibre loss in conversion from greasy 
wool to retailed garment and an average lag between on-farm 
wool production and retail sale of 12 months, an approximation 
to the retail value per clean kilogram of retailed product is 
provided by dividing the estimated consumer expenditure on 
wool apparel at retail in 2004 (US$82 billion, Table 27.1), 
by the production of ‘fine’ wool in 2003 (477 kt, Table 
27.2), adjusted for net processing losses (10%).  Using this 
approach, an estimate of the average annualised retail value 
of wool apparel per kg sold is around US$195/retailed kg 
(Table 27.4).

Table 27.4. Key financial indicators relating to income to 
the global wool apparel enterprise.

Key financial indicator Estimate

Gross value of annual retail sales US$82 b

Volume of apparel wool sold annually 422 m kgs

Retail value per retailed kg US$195

Table 27.2. Estimates of global clean wool production of various categories (units are tonnes).

Statistic Band 2003 2004 2005 2006

Total clean wool production (t) All 1,231,429 1,221,009 1,235,181 1,226,486

‘Fine’ Wool production (t) < 24.6 um 476,779 469,696 467,377 468,796

‘Medium’ Wool production (t) 24.6-32.5 um 265,599 260,453 260,425 262,735

‘Coarse’ Wool Production (t) >32.5 um 489,051 490,856 486,982 498,240

Source: IWTO (2007).

Table 27.3. Typical processing losses to retailed garment stage.

Stage Source Assumed fate of 
processing losses

Worsted system Woollen system

Fibre losses at each 
stage (%)

Mass of fibre at 
each stage

Fibre losses at each 
stage (%)

Mass of fibre at 
each stage

Clean input 1.37 1.29

Scouring 1 Discarded 0.5 1.36 1.5 1.27

Carding 1 Discarded 1.5 1.34 1.5 1.25

Combing 1 Recycled 0.5 1.34 1.25

Noilage 1 Recycled 8.0 1.24 1.25

Spinning 1 Recycled 2.0 1.21 3.0 1.21

Weaving or knitting 2 Recycled 5.0 1.16 5.0 1.16

Finishing 2 Recycled 5.0 1.10 5.0 1.10

Making up 2 Recycled 10.0 1.00 10.0 1.00

Source: (1) Teasdale (1995); (2) BTTG (1999ab).  Losses in scouring and carbonising have been aggregated at 1.5%.
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If wool production volumes are stable (Table 27.2), and there 
are environmental and economic constraints affecting annual 
farm production of wool fibre in this global enterprise, the 
critical driver for increased income to the global enterprise 
is to increase the retail value per retailed kilogram.  The 
profitability of the enterprise, given income levels, is a 
separate consideration and relates to the costs incurred in 
producing wool on-farm and converting it into retail apparel 
form.

Retail value per retailed kilogram for 
different wool apparel products

Wool production is not homogenous, and different fibre types 
suit different end-product types, most broadly apparel and 
non-apparel (Table 27.5; Chapter 26).  

Nearly 90% of the Australian clip is likely to be used for 
apparel purposes, if a proportion of hand knits are worn as 
apparel.  Table 27.6 presents the apparel sub-set of Table 27.5, 
adding the likely form of the products in each category.

The income earning capacity of these apparel 
classifications sold by the global enterprise needs to be 
considered.   Simplistically, the income earning capacity of a 
piece of pure wool clothing can be calculated as:

Retail value per 
clean kilogram =

retail price per unit

clean weight of wool per unit

For blends (not considered here) the relative contributions of 
each component fibre should be calculated.

Consumer expenditure patterns are affected by the 
durability of products they purchase – highly durable items 
do not need to be replaced as often.  The extent to which 
clothing purchases are fashion-driven versus necessity, and 
the availability of discretionary income for apparel purchases 
(e.g., can I afford to turn my wardrobe over constantly?)  
modify this effect.

Thus (1) must be adjusted for the wear life of the product 
to produce the annualised retail value per kilogram:

Annualised retail 
value per clean 

kg =

retail value
×

1

clean kilogramt wear life

   
Equation (2) suggests that the retail worth of each kg of wool 
apparel will be driven by:

•	 Price point (retail value per unit)
Fabric weight (the clean weight of wool per unit will •	
generally reflect fabric lineal density and fabric area per 
garment)
Wear life – shorter wear life reducing the interval •	
between product replacements, and hence prospect of 
repeat purchase.

There are substantial differences between the three broad 
categories of wool apparel categories, and between products 

Table 27.5. Percentage allocation of the Australian wool clip to various end use categories and fibre diameter bands.  

Diameter band 
(µm)

Apparel Non-apparel Totals

Knits Mens wovens Womens 
wovens

Others, incl. 
non-wovens

Carpet Hand knit 
yarns

<= 19.5 6 16.5 6 1.5 0 0 30

19.6 – 22.9 16 16.5 10.8 3.8 0 0 47.1

23.0 – 25.9 5.3 3.3 3.8 1.5 0 1.1 15

26 + 1.2 1.2 1.2 1.2 1.9 1.4 8.1

Totals 28.5 37.5 21.8 8 1.9 2.5 100.2

Source: Woolmark (2007).

Table 27.6. Classification of function and form for wool apparel, including indicative fabric weight (in grams per square 
metre).

Diameter band
(µm)

Likely function Yarn production system Knits
(form)

Wovens

<= 19.5 Baselayer Worsted t’shirt
(e.g.<180 gsm)

luxury suitings
(e.g. < 200 gsm)

19.6 – 22.9 Mid-outerlayer Woollen for knits, 
worsted for Wovens

Cardigans
(e.g. 400 gsm)

mass market suitings
(e.g. 250 gsm)

23.0 – 25.9 Outerlayer
Woollen for knits, 
worsted for Wovens

coarse jumpers
(e.g. 500 gsm)

durable traditional jackets
(e.g. 300 gsm)

26 + Outerlayer

(1)

(2)
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within the categories, for these ‘income generation’ concepts 
(Table 27.7).

It is notable that:

Traditional •	 knitwear is relatively inefficient at earning 
money for the global enterprise, generating around one-
sixth of the annualised income per retailed kilogram 
benchmark due to its comparatively low retail value per 
clean kilogram, and long wear life.  That is not to say that 
it could not generate unit retail sales income exceeding 
our US$195/retailed kg/yr benchmark – it would require 
an extremely high retail sales price per kilogram, far 
higher than is currently the norm.
By comparison, traditional wovens (•	 e.g. suits and 
trousers) are a more valuable form of retailed fibre, and 
in luxury form, the most valuable on an annualised basis.  
However, of the product types within this classification:

Durable jackets (•	 e.g., tweed) are by virtue of their 
wear life a poorer income generating prospect than 
the other woven classifications.
The traditional ‘core’ of the wool business – •	
mass-market suitings - falls below the $195/kg/yr 
benchmark.
Luxury wovens exceed the benchmark.•	

The emergent category of light •	 baselayer knits is far 
superior to traditional mid-outerlayer knitwear in income 
earning efficiency, and better on an annualised basis than 
mid-range suiting and jackets.  

Thus simplistically, if the global apparel wool enterprise 
had a choice of which product market segments to target in 
a market offensive, , then lightweight, high retail value per 
kg products such as luxury wovens or lightweight baselayer 
knits are suggested.  Alternatively, durable outerwear knits, 
such as the traditional ‘sweater’, cardigan, or Shetland/Aran-
style products, appear highly inefficient at earning retail 
income per kg of fibre produced on-farm.

It is misleading to consider the apparel wool industry 
as a singular entity – rather, the enterprise is composed of 
supply chains which produce apparel products of definable 
technical and functional attributes, and which are widely 
divergent in income earning capacity on a per kg of retailed 
fibre basis.  Table 27.8 outlines a proposed categorisation of 6 
wool apparel forms, and their major technical and functional 
features.

The evolving consumer of wool apparel

Where are the major consumers of wool apparel 
located?

Consumers globally invest around US$1 trillion each 
year on apparel purchases, and wool component of this  is 
heavily skewed to a small subset of 8 very wealthy nations 
who together, account for around 90% of all wool apparel 
expenditure (Table 27.1). 

Table 27.7. Relative income earning capacity for garment classifications.  

Product 
markets 

Type MFD 
(um) 

Indicative 
retail unit price

(US$)1

Wool wt per 
retailed unit

(kg) 

Avg. wear life
(yrs) 

Consumer spend 
US$/kg

Annualised 
consumer spend 

US$/kg

Traditional 
knitwear 

Outerlayer (e.g. Aran) 26+ $80 1 5+ $80 $16

Midlayer (e.g.V-neck sweater) 22+ $60 0.5 4 $120 $30

Traditional 
wovens 

Mass market suitings 19-22 $400 0.75 3 $533 $178

Coarse wovens 23+ $400 0.6 5 $667 $133

Luxury suitings 16-18 $1,000 0.6 3 $1,667 $556

Light baselayer 
knits

Singlets, t’shirts 17-19 $80 0.25 1.5 $320 $213

Source: (1) Values provided for indicative unit price at retail were derived from a survey of US and UK on-line retailers in September 2008, 
conducted by the author.  

Table 27.8. Proposed major product categories for the apparel wool industry.

Apparel Category Typical product Fabric weight 
(g/m2)

Typical fibre diam. 
(um)

Suitability to all-year 
round wear

Typical earnings/kg 
(US$/kg/yr)

Light baselayer knits T’shirt < 180 < 19 High >200

Mid-layer knits V-neck sweater 300-500 20-23 Low 30

Outerwear knits Shetland sweater >500 > 23 Very low < 20

Light luxury wovens Luxury suiting < 200 < 19 High > 500

Mass market suitings Mid-market suits 200-300 19-22 High >150

Coarse wovens Tweed jackets > 300 > 23 Moderate >100
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There are a number of unifying attributes in the ‘wealthy 8’, 
the subset of 8 of the top 10 clothing expenditure economies, 
which represent the most established and substantive apparel 
wool markets (Table 27.9).  

As a group the ‘wealthy 8’:

Are all large, wealthy economies - individually exceeding •	
US$1 trillion GDP (ppp) in 2006, and with solid long-
term GDP growth projections, even accounting for the 
economic turmoil in 2008-2009 which is expected to see 
all except Canada in recession in 2009 (IMF, 2008).  
Have high GDP per capita, low population growth rate •	
(avg. 0.4), and average estimated expenditure on clothing 
(ECEC) approaches US$900 per annum.
Have wealth highly concentrated among the wealthiest •	
10% (Decile 10 Wealth), although High Net Worth 
Individual (HNWI) wealth growth has been moderate in 
recent years.
Are located at a moderately high northerly latitude (avg. •	
46N), averaging midway between the Arctic Circle and 
the Tropic of Cancer – tending to cool/cold winters

A second sub-group, the major emerging economies of China, 
India and Russia, have a number of unifying attributes, but 
also important differences (Table 27.10).

These three countries are:

Also major economies, the 2•	 nd, 5th and 7th largest in 
the world, but unlike the ‘Wealthy 8’ have strong GDP 
growth prospects for the foreseeable future (avg. 9.3%).
Projected to experience doubling of GDP per capita over •	
the period 2006-2013, but values projected for 2013 are 
still less than one-third of ‘Wealthy 8’ values, and 2004 
ECEC was less than 3% of the ‘Wealthy 8’.

Northern hemisphere, and while Russia occupies high •	
Northern latitude, China and India are closer to the 
Equator, with the centre of the India landmass being below 
the Tropic of Cancer (hot/humid).  Smaller emergent 
‘tiger’ economies in Asia such as Malaysia, Singapore, 
Thailand, and the Philippines are all equatorial, compared 
to established wool markets.  The garment wear profile 
implication is replacement of the cold Autumn/Winter 
period with increasingly mild ‘cool’ season.
Wealth inequality approaches that of the ‘Wealthy 8’, yet •	
the number of HNWI’s has been growing much more 
rapidly within these 3 economies than in the ‘Wealthy 8’ 
– approaching 4-times as fast in 2007.

Overall, these economies show much potential for growth in 
clothing expenditure from a generally low base.  However, 
these prospects, especially in high retail income per retail kg 
segments, would appear to be limited by virtue of:

Low average GDP and apparel expenditure per capita by •	
Western standards, and; 
The climatic attributes may affect the potential for •	
traditional, heavy outerwear forms of wool apparel, 
especially heavy outerlayer knits.

However, average data can be misleading for these economies, 
as there appear to be substantial market growth opportunities 
among the relatively small but rapidly growing number 
of affluent individuals compared to the ‘Wealthy 8’ wool 
markets:

By 2008, China’s population of HNWI’s had grown to •	
become the fourth largest globally (Capgemini/Merrill 
Lynch, 2009), and by 2015 China is expected to consume 
29% of the world’s luxury good (KPMG, 2007)

Table 27.9. The ‘Wealthy 8’ – the well established substantial apparel wool consumer markets.

Country Latitude 1

(deg)
Population 2 Gross Domestic Product 3 Weath Inequality ECEC

Total Growth Total Growth Per capita Decile 10 
Wealth

HNWI /cap ‘04

2005 ‘05-‘15 2006 to 2013 2013 Growth All fibres

(m) (%) ($USb) (% pa) (US$) (%) 2 (%) 4 (US$) 5

USA 38N 300 0.9 13,178 3.4 53,574 29.9 3.7 933

Japan 36N 128 -0.1 4,094 3.2 45,162 21.7 884

Germany 51N 83 -0.1 2,671 2.9 41,482 22.1 3.5 917

Italy 43N 59 0.1 1,716 2.3 35,223 26.8 1,270

UK 54N 60 0.4 2,049 4.1 44,386 28.5 2.1 1,126

France 46N 61 0.4 1,970 3.5 40,971 25.1 659

Spain 40N 43 0.6 1,269 3.2 37,250 26.6 638

Canada 60N 32 0.9 1,203 4.1 47,412 24.8 10.4 721

Averages 46N 0.4 3.3 43,182 25.6 4.9 893

Source: (1) Latitude is taken at centre of land mass (Source, CIA World Factfile); (2) UN Human Development Report (2008); (3) 
International Monetary Fund, World Economic Outlook Update, November 2008; (4) Capgemini/Merrill Lynch – World Wealth Report 2008; 
(5) Clothesource (2006).
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From 2005-2025, the Indian middle class (household •	
income of US$23,530 – $117,650 in purchasing power 
parity terms) are projected to expand from 5% to 41% 
of the population, accounting for 59% of consumer 
spending power (McKinsey and Company, 2007).
Over the same period, wealthy Indian households •	
(income greater than US$117,650 on a purchasing power 
parity basis) are projected to grow from 1.2- 9.5 million 
households, or 2% of the population, and account for 
20% of consumer spending power.
The Asian luxury product market grew at a compound •	
annual growth rate of 17% over the 3 years from 
2004-2006, driven especially by ‘affordable luxury’ 
brands which are widely accessible (ALTAGAMMA, 
2007).

Thus substantial prospects for growth appear in wool apparel 
sales in these emergent markets, although constrained 
primarily to affluent consumers.  However, in the cases of 
India and China, climatic challenges may affect the ‘type’ 
of wool apparel suited to these markets, particularly with 
respect to thermal management.

What fabric attributes do consumers seek?

Consumers are dynamic – characterised by rapidly evolving 
preferences and expenditure patterns, and they are aggregated 
in regional markets which are also rapidly evolving (such as 
China and India).   Consumer market research of consumer 
attitudes to fabric attributes often record the responses to key 
words – e.g. assignment of relative importance in a purchase 
decision.  Using this approach, in 2006 a substantive survey 
of 22,000 consumers aged 16-64 in 10 key wool apparel 
markets (USA, UK, Germany, France, Italy, Japan, Australia, 
China, India, and Russia) was conducted in the Northern 
Hemisphere Autumn/Winter by Millward Brown Research 
on behalf of AWI.  18 drivers of fabric appeal were identified, 

and these were assessed for each of wool, cotton and synthetic 
fibres.

Figure 27.3 summarises the key results from this study, 
showing the overall average consumer rating (averaged across 
all countries and all fibres) of the 18 fabric attributes, and the 
relative performance of wool compared to the global average.  
With the exception of the fabric attribute ‘comfortable’ 
(an omnibus term to which all other attributes contribute), 
fabric attributes have been grouped into 4 categories based 
on perceived functional similarity.  These categories are 
‘Lifestyle fit’, Natural class’, ‘Perceived luxury’ and ‘Next 
to skin comfort’.

Relative to the averages for all fabrics, wool fabrics 
have some characteristic resonances with consumers – both 
positive and negative:

For ‘Lifestyle fit’, wool rates poorly compared to the •	
global average for all fibres – being assessed as being 
harder to care for, and less casual or capable of all season 
wear.
Wool performs better than average for the ‘Natural •	
class’ group of fabric attributes, with particularly strong 
associations with ‘Natural’ and ‘High quality’.
Wool performs better than average for the ‘Perceived •	
luxury’ group of fabric attributes.
For next to skin comfort, wool rates relatively poorly •	
compared to the average of all fibres – being particularly 
strongly associated with prickle and itch, and warmth.

Taken together, consumers rated wool apparel as being 
less comfortable to wear than the average of all fibres, 
which suggests that wool’s poor performance in ‘Lifestyle 
fit’ and ‘Next to skin comfort’ outweigh the other positive 
associations grouped under ‘Natural class’ and ‘Perceived 
luxury’.  Consideration of potential causality suggests that:

Since sensitivity to fabric-evoked prickle and itch is •	
increased by increased skin temperature and humidity 

Table 27.10. Emerging economies – China, India and Russia as apparel consumers.

Country Latitude1

(deg)
Population2 Gross Domestic Product3 Wealth Inequality ECEC

Total Growth Total Growth Per cap Decile 10 
Wealth

HNWI /cap ‘04

2005 05-15 2006 to 2013 2013 Growth All fibres

(m) (%) ($USb) (%) (US$) (%)2 (%)4 (US$)5

Emerging Asia

China 35N 1,313 0.6 6,123 10.3 10,022 34.9 20.3 35

India 20N 1,134 1.4 2,669 8.5 4,131 31.1 22.7 14

Emerging Europe

Russia 60N 144 -0.5 1,882 7.1 23,914 30.6 14.4 22

Averages 2,591 9.3 12,689 30.2 19.1 28

Source: (1) Latitude is taken at centre of land mass (Source, CIA World Factfile); (2) UN Human Development Report (2008); (3) 
International Monetary Fund, World Economic Outlook Update,  November 2008; (4) Capgemini/Merrill Lynch – World Wealth Report 
2008; (5) Clothesource (2006).
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(Garnsworthy et al., 1988, Wang et al., 2003), the 
positive association of ‘wool’ with ‘keeps you warm’ 
and against ‘light weight’ imply that wool fabric weight 
and thermal buffering ability may be contributing to 
perceived prickle and itch.  This poses challenges for 
wool as warm season wear in temperate climates, or in 
emergent consumer markets in the developing world 
(especially China and India).
The negative association of ‘wool’ with ‘available in •	
casual styles’, suitability ‘for all seasons’, and ‘light 
weight’, and the strong positive association with ‘keeps 
you warm’, may reflect consumer identification of 
‘wool’ with traditional wool apparel constructions – 
suits, jackets, and mid- and outer-layer knitwear.

Thus, the critical challenges to address for wool in order to 
lift overall appeal and build on positive associations evident 
as ‘Natural class’ and ‘Perceived luxury’ appear to be to 
ensure:

Availability in casual styles and fabric weights suited to •	
all year wear
Skin comfort, or alternatively freedom from prickle or •	
itch
Ease of care, for which there are a number of existing •	
fibre and fabric treatments.

In summary, wool has strengths as a natural, luxury fibre, but 
challenges in terms of next to skin comfort and lifestyle fit.

Future viability of wool apparel product 
categories

Having considered income to the wool apparel enterprise 
(27.2) and the evolving nature of the apparel consumer (27.3), 
the wool apparel product categories likely to be associated 
with a viable, profitable future can be identified by drawing 
together:

the structural and income earning ability of various wool •	
apparel categories summarised in Table 27.8.
the key fabric appeal drivers summarised in Figure •	
27.3.

The relative income earning ability (per unit retailed mass) 
and consistency with consumer appeal drivers for the 6 
apparel categories show that the two categories which most 
represent a desirable confluence of interests are lightweight 
luxury wovens and baselayer knits (Table 27.11).  The 
categories are ranked in order of suitability.  

The two categories least consistent with the interests of 
consumers or the global wool apparel enterprise are the mid-
layer and heavy outerwear knitwear, both traditional forms of 
wool associated with Autumn/Winter wear.

In an investment strategy sense, where investment 
resources are scarce, limited resources should be focused 
where returns are likely to be greatest (most retail $/kg, 
and most appealing to consumers), whilst maintaining a 
balanced portfolio of defensive (low risk) and offensive (high 
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Figure 27.3.  Consumer rating of drivers of fabric appeal, grouped into 4 categories based on functional similarities.  Global 
average percentage values are presented for all fabrics (blue lines) and for wool (red). Source: adapted from  AWI (2008).



656   P. Swan

International Sheep and Wool Handbook

risk) investments, and avoiding ‘duds’ (low retail $/kg, and 
unappealing to consumers).  Table 27.12 summarises this 
logical construct.

Table 27.12. Investment strategies relevant to various wool 
apparel product sectors.

Product sectors Logical global wool apparel enterprise 
strategy

Lightweight luxury wovens 
and baselayer knits 

Offensive  - foster new product 
development and provide marketing 
support

Mass market wovens and 
coarse woven  outerwear

Defensive - maintain wool’s already 
substantial footprint in this area.

Mid- to Outerlayer 
knitwear (e.g. cardigans)

Avoid - little or no possible return on 
investment.

Physical evidence of demand shifts

If consumer preferences and appeal drivers are associated 
with discretionary expenditure trends over time, then trends 
to lighter wool fabrics weights and to finer fibre diameter 
should occur.  Since achievement of lighter yarn and fabric 
weights and processing efficiency places pressure on yarn 
evenness, and tenacity, a general increase in processed fibre 
length relative to fibre diameter should occur, since at a 
given diameter and where appropriate processing settings 
are used, increased fibre length is associated with increased 
yarn tenacity, evenness and fewer ends down (Chapter 26).  
Available evidence suggests this has occurred (Fig. 27.4).
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Figure 27.4.  Trends in average woollen and worsted wool fabric 
weight in Italy from 1985 to 2003. Source: AWI (2004).

Average Italian woollen and worsted wool fabric weights 
declined at around 0.9% per annum over an 18 year period 

(Figure 27.4).  As a result, increased preferential demand for 
the sorts of wool fibres suited to manufacture of lightweight 
woollen and worsted fabrics  are expected – with consequent 
finer average fibre diameter, and increased processed fibre 
length relative to diameter.

A survey of wool top characteristics over time provides 
an insight into evolving spinner preferences. The three 
sequential Trials Evaluating Additional Measurements 
(TEAM) conducted over the 20 year period (1984-2004) 
show  processed fibre length:fibre diameter increased by 
around 24%, increasing from 2.9 mm per micron to 3.6 mm 
per micron (Figure 27.5; Chapter 25).  

Over the period, average fibre diameter has decreased by 
more than 2 microns, and average Hauteur has increased by 
7 mm.
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Figure 27.5.  Trends in processed fibre length relative to fibre 
diameter (Hauteur / mean diameter), using the consecutive 
TEAM trials as a basis. Source: AWC (1985, 1988); AWTA 
(2004).

From the extensive research conducted by CSIRO, SAWTRI 
and others over the previous 50 years, the staple strength is 
known to be a primary determinant of the amount of fibre 
breakage in carding, the length of combed fibres, and the 
amount of noil produced in combing (Chapter 26).  As a 
consequence, it is a determinant of processing efficiency 
and an important pre-sale measurement. For every 10 N/kt 
increase in staple strength, TEAM-2 Hauteur rises by 3.5 
mm, all else equal (Chapter 25).

Table 27.11. Suitability of wool apparel categories to the interests of the wool business enterprise.

Rank on 
suitability

Apparel Category Fabric weight 
(g/m2)

Typical fibre 
diam. (um)

Tendency to prickle 
and itch

Suitability to 
all year wear

Typical earnings/kg 
(US$/kg/yr)

1 Light luxury wovens < 200 < 19 Low High > 500

2 Light baselayer knits < 180 < 19 Low High >200

3 Mass market suitings 200-300 19-22 Moderate High >150

4 Coarse wovens > 300 > 23 High Moderate >100

5 Mid-layer knits 300-500 20-23 High Low 30

6 Outerwear knits >500 > 23 Very high Very low < 20
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It follows that as spinners increasingly require longer, 
more uniform tops in order to produce lighter, more even and 
higher tenacity yarns, wool buyers should increasingly seek 
relatively longer, higher strength greasy wool and increasing 
trade recognition and value should be placed on raw wool 
of high staple strength and low mid-break propensity, 
particularly for finer wools where the costs of wastes and 
noils are the greatest.  Obviously, the relative importance of 
these depends on the processing route taken and the weight 
of yarn and fabric produced.  

Table 27.13 Market sensitivities for staple strength and 
break location.

Textile 
structure

Markets most sensitive 
to staple strength  and 
break location

Markets least sensitive to 
staple strength and break 
location

Fabric Fine knitwear (< 200 
gsm) – esp baselayer; 
Woven fabrics (>1 50 
gsm); Ultra light wovens 
(<150 gsm)

Traditional coarse knitwear 
(outerwear) – mid-
outerlayers; Non-apparel, 
including carpets

Yarn Ring spun Woollen spun

Top Fibre length ~3-4 times 
the diameter

Fibre length ~1-2 times the 
diameter

Fibre Diameter 14-20 um Diameter > 22 um

The desirable growth markets for Merino fibre are those 
most sensitive to staple strength and break location – e.g., 
fine knitwear and lightweight woven structures, mostly made 
using ring-spun yarns, for which retaining a suitably long fibre 
length in top is critical (Table 27.13).  This suggests that the 
importance of staple strength and break location will remain 
large for the foreseeable future, often as important as fibre 
diameter (depending on the diameter:price differentials at the 
time).  Not surprisingly, as a general rule, staple strength is the 
second most important determinant of the price of clean wool 
– accounting for 25% or more of the explicable variation in 
wool price across all diameters (Australian Wool Innovation 
Limited, 2004).  For fine and superfine wool, recent seasons 
have seen staple strength and mid-break content account 
for a greater variation in the price of wool than mean fibre 
diameter (Chapter 25).

Figure 27.6 shows wool price sensitivity to change in 
staple strength, expressed as percentage change in clean wool 
price for each 1 N/kt change in staple strength from 40 N/kt. 
From Figure 27.6, it is evident  that the sensitivity of clean 
price to staple strength variation increases in a non-linear 
manner as fibre diameter decreases below 19 microns.

An Australian perspective

Australia’s perspective is unique in the sense of dominating 
apparel wool production, grower investment in wool research, 
development and promotion, and as owner of the global wool 
apparel brand – the Woolmark.
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Figure 27.6.  The sensitivity of the price of clean wool to 
variation in staple strength, for the 5 year period 2001/02 – 
2005/06. Source:  adapted from Woolcheque (2008).  

Production trends

Australia dominates global production of ‘fine’ (<24.5 um) 
apparel wool, producing around 60% of the global total, 
and around 95% of that less than 19.6 um.  By comparison, 
Australia is a relatively minor player in production of 24.6-
32.5 um wool (13%), and that coarser (0.3%) - (Figure 27.7; 
Chapter 2).   Accordingly, from a perspective of Australian 
preferentially capturing the benefits of improved demand for 
wool, the probability is greatest for the finest categories of 
wool (< 19.6 um).  

0

50

100

150

200

250

300

350

400

450

500

<19.6 19.6-24.5 24.6-32.5 >32.5

2006
production

(clean 
kilotons)

Fibre diameter categories (microns)

All others

United Kingdom

Uruguay

New Zealand

Argentina

South Africa

China

Australia

Figure 27.7.  Clean wool production from the major wool 
producing nations in 2006, for 4 fibre diameter categories. 
Source: Adapted from AWTA (2008); Woolmark (2008a).



658   P. Swan

International Sheep and Wool Handbook

Australia’s dominance of fine wool production appears 
unlikely to diminish, given recent wool production trends 
within Australia.  Since 1991, Australian wool production has 
halved in volume and assumed a strongly bimodal diameter 
distribution (Figure 27.8), such that the Australian wool clip 
is now effectively 2 largely distinct clips:

A large (~350 m kgs greasy) Merino and Merino-derived •	
wool clip (less than 24.5 microns), averaging around 
20.0 microns
A small (~40 m kgs greasy) non-Merino wool clip •	
(greater than 24.6 microns), averaging around 28.3 
microns.
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Figure 27.8.  Changes in the volume production of wool of 
various diameter categories in the Australian clip, over the 
15 year period from 1991/92 to 2006/07.  Note: To account 
for season-season variation in historical data, production 
volumes have been averaged across years for 1991/93 and 
2005/07.  Source: adapted from AWTA (2008). 

This change reflects dramatic reduction in the volume 
production of wool in the traditional ‘Medium’ and ‘Strong’ 

Merino types, and increase in the production of fine and 
ultrafine Merino types:

20-28 micron wool production has declined  by around •	
480 m kgs greasy since 1991/93
production of wool finer than 19.5 microns has increased •	
by around 75 m kgs greasy since 1991/93.  

If present trends continue in a linear manner, by 2010/11 the 
fine wool clip will average around 19.6 microns, around 2.6 
microns finer than the overall clip average diameter for the 
1991/93 period. This in turn will increase the importance of 
achieving high staple strength in Australian Merino clips.

Retail income earning capacity and retail 
benchmarks

Table 27.14 shows the annualised value of the various 
apparel product categories shown in Table 27.8 weighted 
by the proportional contribution of these categories to the 
volume of the Australian apparel wool clip (total of wool 
produced less than 24.5 um, Table 27.5).

One third of the Australian apparel wool clip volume 
finer than 19.6 um earns around 70% of the retail income 
potentially earned by each kg of Australian apparel wool 
each year, while 49% of the Australian apparel wool clip in 
the 19.6-23 um range component earns around 23% of the 
retail income, 18% of the clip coarser than 22.9 ums earns 
around 7% of the income and the average retail value of 
each kg of the Australian apparel wool clip is around $228/
kg/yr.

These differences arise from differences in the processing 
and value-adding potential in each of these broad categories 
of apparel wool.  

If this average annualised value of a retailed kg of 
Australian wool is used as a basis for estimating the retail 
value of the Australian apparel wool clip, the key financial 
indicators shown in Table 27.4 can be extended to represent 
the Australian clip (Table 27.15).

Table 27.14. The estimated contribution of each component of the Australian clip to the retail value of a kilogram of 
Australian wool.

Diameter band
(µm)

Knits Mens wovens Totals Contribution toward average value of each kilogram 
of Australian apparel wool

(%) (%) (%) Knits Mens 
wovens

Womens 
wovens

Total %

<= 19.5 6.8% 18.8% 32.5% $18.00 $104.40 $37.97 $160.59 70.4%

19.6 – 22.9 18.2% 18.8% 49.3% $5.47 $33.41 $12.15 $51.03 22.4%

23.0 – 25.9 6.0% 3.8% 14.1% $1.81 $5.01 $5.77 $12.59 5.5%

26 + 1.4% 1.4% 4.1% $0.22 $1.82 $1.82 $3.86 1.7%

Totals 32.5% 42.7% 100.0% $25.72 $144.65 $57.71 $228.07 100.0%

Source: adapted from Woolmark (2007).
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Table 27.15. Key financial indicators relating to Australia’s 
contribution to the income earned by the global apparel 
wool enterprise.

Key financial indicator Estimate

Gross value of annual retail sales US$82 b

Volume of apparel wool sold annually 422 m kgs

Global average retail value per retailed kg US$195

Volume of Australian apparel wool 293 m kgs

Average retail value per retailed kg of Australian wool US$228

Gross value of Australian apparel wool sales $US$58 b

Australian share of total retail wool apparel sales 70%

Australian apparel wool thus generates the great majority 
of global wool apparel retail sales value, and is generally 
associated with products of higher than average retail value 
per retailed kg.

Competitive considerations

Some key facts about Australia and its competitive strengths 
and weaknesses as an apparel fibre producer are that:

Around 88% of Australian sheep are Merino (Chapter 2),•	
Australia produces around 60% of the world’s wool finer •	
than 24.5 um, and around 95% of the wool finer than 19.5 
um (Chapter 2).
Australia’s clip is highly specified - more than 98% of •	
the Australian clip is extensive measured pre-sale for a 
wide array of fibre attributes important for apparel wool 
processing (Chapter 25).

From a perspective of stimulating preferential demand 
for Australian wool, one would therefore preferentially 
stimulate production and consumption of fine wool apparel – 
lightweight (luxury wovens and baselayer knits).  Investments 
focussed on mid-outer layer knitwear would arguably benefit 
other producer countries to a much greater extent, such as 
Argentina, China and Uruguay (Chapters 4 and 5).

 

Future developments

The key findings of this chapter are that:

Because technology and know-how exist to increase •	
the cost efficiency of production of wool protein from 
grazing enterprises, and global production volumes are 
in decline, the long-term viability of the global enterprise 
rests largely with on its ability to increase the consumer 
investment per kg of retailed apparel, per year of wear 
life.
Income to the global wool apparel enterprise is dominated •	
by 8 affluent OECD countries plus China, characterised 
by high northern latitudes and cold winters.  Prospective 

growth away from traditional markets is likely to be 
limited to high net worth individuals, by climatic and 
consumer behavioural patterns, and to specific forms of 
wool apparel more suited to all-year wear.
Consumers invest around US$82 billion per annum in •	
wool apparel purchases, which corresponds to a unit 
investment of around US$195 per kg of wool apparel.  
This figure provides a critical benchmark figure for the 
viability of wool apparel, and long-term growth is critical 
for continued industry viability.  
Six major wool apparel product categories are defined, •	
and vary dramatically in their ability to generate retail 
sales income per kg of retailed product, per year of wear 
life

In order to increase consumer investment per retailed kg 
of wool apparel, the most efficient approach is to focus on 
key affluent consumer markets, and within these stimulate 
consumption of lightweight next-to-skin capable wool 
apparel (wovens and knits).  Traditional forms of mass-market 
wool knitwear, such as cardigans and heavy sweaters, are 
inconsistent with long-term consumer preference shifts and 
economic imperatives.  Fortunately, such a shift is consistent 
with consumer demographic and expenditure trends, and 
explains historical trends in fabric weight, and demand for 
particular diameter categories.

The key technical, economic and perceptual challenges 
facing the apparel wool industry is thus production of 
sufficiently lightweight, soft-handling, next-to-skin suited 
products – capable of wear all-year round, and available in 
casual styles. 

The implications for Australia of these findings are 
profound, since Australian wool growers substantially 
resource wool research, development and marketing efforts:

Australian apparel wool probably accounts 70% of •	
global consumer investment in wool apparel, and sells 
at an average of around US$230 per retailed kg.  Future 
prospects for growth depend almost entirely on success 
in new apparel product development and marketing 
in two apparel product sectors - lightweight knits and 
wovens suited to all-year, next to skin wear by affluent 
consumers.
For Australian apparel wool growers, the key challenges •	
are to ensure that they are able to efficiently and 
sustainably produce protein suited to high retail value/kg 
products for affluent consumers.  In a technical nutshell, 
this means producing fibres of diameter < 19 um and of 
high staple strength. 
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Introduction

Skins were probably the first thing man used to make 
garments, and they are still used today. Leather can be used 
in protective clothing such as leather aprons and gloves, 
in practical insulative clothes for cold climates or for high 
fashion apparel. The skin can be tanned with the wool on 
or the wool removed and the pelt tanned to leather (Figure 
28.1). In general the best quality pelts will be made into 
nappa leather and lesser quality into suede or chamois 

28D Scobie
AgResearch Limited, Lincoln Research Centre, New Zealand
E-mail: scobie@agresearch.co.nz

SkInS

with a brushed surface to cover faults. The best quality 
woolskins will usually be made into rugs or double-face 
garment leathers, while those of lesser quality will be 
used for industrial products. Demand for almost all leather 
products, whether they are shoes, apparel or upholstery, are 
very dependent upon fashion. However, changing numbers of 
sheep in response to drought or to market forces for meat or 
wool can cause the supply of skins to vary with little regard 
to the demand for skins, leathers or fashion. As a result the 
value of skins can fluctuate dramatically. 

Figure 28.1. The most common routes that skin will pass through into major products. Source: D.R. Scobie and R.J. Walls.
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The basic structure of the skin brings with it some constraints 
and benefits to the leather (Figure 28.2). The elaborate 
mixture of blood vessels, erector pili muscles, fat, nerves, 
elastin and other tissues and organs such as the wool follicles, 
sebaceous and suint glands are to some extent irrelevant to 
leather production. By far the majority of the skin is made 
up of a fibrous protein called collagen. This protein matrix 
is flexible and extensible which allows the live animal 

to move. However, collagen is susceptible to microbial 
degradation and will also denature at around 66°C and 
form gelatin. Tanning is the process by which the collagen 
fibrils are bound together by strong cross-links that can then 
resist microbial degradation and temperatures up to 100°C. 
Tanned leather can also withstand physical stresses such as 
tension, abrasion and puncture whilst retaining some of the 
ability of the original skin to flex, stretch and move. Elastin 

Figure 28.2. The structure of raw sheep skin with respect to leather production. The network of collagen fibres shown in blue 
are cross-linked during the tanning process, the grain layer extending from the epidermis to the base of the wool follicles 
and the corium from the base of the wool follicles to the subcutaneous fat layer. The structures shown in red are removed by 
various treatments such as fellmongering and bating. Source: D.R. Scobie.
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is a less abundant protein found in skin which remains in 
the final leather (Deb Choudhury et al., 2006). This is very 
important to the flexibility and stretch of the raw skin and 
was also shown to be present in greater proportions in better 
quality leather. The original skin structure therefore affects 
performance of the final leather.

The original structure also affects the appearance of the 
leather. The grain-layer in leather extends from the lower 
surface of the epidermis to the base of the wool follicles, while 
the dermal layer below the level of the wool follicles is called 
the corium. The outermost layer of the dermis, adjacent to the 
epidermis, is referred to as the enamel layer and Edmonds et 
al. (2008) found that it is constructed of collagen VI. Once the 
wool and the epidermis have been removed, the surface gives 
the finished appearance to nappa leather. The grain of pig skin 
for example, exhibits elaborate patterns where the hair follicles 
occur, and even more pronounced is the grain pattern of the skin 
of Ostrich where the feathers have been removed (Engelbrecht 
et al., 2009). The grain pattern of most sheep leather is too 
fine to be seen. There is much variation within sheep leather, 
because of the wide variety of wool and hair types among 
breeds, between climatic regions, countries and continents. 
Greater numbers of wool follicles and fat cells in the dermis, as 
in Merino skin, break up the grain layer to such an extent that 
there can be much less collagen than in the skin of a hair sheep 
or goat. Skin thickness also varies with the particular example 
in Figure 28.2 being approximately 1.8mm thick.

The corium is constructed of interconnected collagen 
fibrils that are interwoven in three dimensions. The corium 
layer largely determines the strength of leather. Although the 
grain layer may constitute 50% of the thickness of the leather, 
it may contribute less than 25% of the strength. Processing 
steps that remove part of the corium can therefore compromise 
strength. Suede is very soft leather with a velvet or brushed 
appearance from abrasion of the grain layer. Abrasion can be 
used to cover skin faults, but since ovine leathers are already 
thin, leather strength may be compromised.

World production and trade

The number of pelts exported from a range of major sheep 
producing regions, continents and countries are compiled 
in Table 28.1. The countries with the greatest number of 
sheep generally produce the greatest number of pelts. The 
ultimate number is dependent on whether the flock is highly 
fecund, early maturing and slaughtered for lamb, or of low 
fecundity and maintained to older ages for wool production. 
Whether the sheep flock is growing or shrinking affects both 
short term and long term supply. The fact that skins can be 
preserved for extended periods also allows stockpiling such 
that production may not equate to exports in a given year.

It is important to recognise that when the skins of 
many species have been converted to leather, they can be 
substituted for the skin of other species for many products. 
Ovine (sheep) and caprine (goat) leathers are often grouped 

together as “light leathers” and goats significantly boost 
the production of leathers in this category (Table 28.1). 
Worldwide, between 500 and 570 million skins from sheep 
and lambs were produced, each year, from 1991 to 2006 
(FAO 2008). The annual value of light leathers from both 
sheep and goats fluctuated between $US1.6 and 2.5 billion 
over these years. Goat and kid skin numbers grew steadily 
from 240 to 388 million during this period. Goatskin is 
the source of more than half of the light leathers produced 
domestically in China, India, Pakistan, Nigeria, Kenya, 
Mexico and Korea. Oliveira et al. (2007) compared the 
mechanical properties of leather from sheep and goats 
and found some variation between breeds within species 
but no significant difference between the species for 
tensile strength or extensibility, although tear strength was 
greater for goats. Most importantly, the leathers from both 
species were acceptable for the products they are used to 
manufacture.

Although many bovine hides (cattle, buffalo and deer) 
are regarded as heavy leathers which are generally more 
suited to robust products such as shoe uppers and soles, 
these can be split to form light leathers. World production 
of bovine light leathers in 2006 was 1,300 million m², while 
only 433 million m² came from sheep and goats (FAO 
2008). Calf skins and deer skins in particular are often 
classified as light leather. Bovine hides are much larger per 
piece, and light leathers from deerskin can also be better 
suited to some products, particularly apparel because of 
the greater area of the skin from larger animals (Lange et 
al., 2002). Split bovine hides are particularly useful for 
upholstery. Long trouser legs and sleeves, or large panels 
for the back of a jacket or skirt are more easily made from 
larger deer leathers than small lamb leathers. Leather from 
deer skins shows less variation in bending and extension 
behaviour between leathers and between body positions 
within leathers compared with that from lambs (Lange 
et al., 1999, 2000, 2002). As with goatskin though, these 
mechanical parameters are sufficient to allow substitution 
among light leathers from different species.

Much detail is masked in Table 28.1. Australia and 
New Zealand produce a similar number of sheep and lamb 
skins. Large numbers of skins are converted to pickled pelts 
in New Zealand, because they originate from sheep that 
produce coarse wool of low value and high quality pelts 
for nappa leather. Australia produces fewer light leathers 
as most of the skins carry fine Merino wool which can be 
considerably more valuable than the pelt beneath it or more 
suited to woolskin production. In 2006, Australian sheep 
and lamb skin exports were worth around $US250 million, 
while New Zealand produced only $US72 million worth of 
raw and semi-processed skins and $US20 million worth of 
light leather (Chapters 2 and 3). Ironically, New Zealand 
imports sheep skins from Australia to suit a niche in woolly 
“lamb skin” rugs that are distributed through tourist outlets. 
Australian data suggests 68,000 skins were exported to New 
Zealand in 2007-08 (K. Stott, pers. comm.).
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Flaying

Skins are removed from the carcass as the first step in most 
slaughter systems. The carcass is exposed by making opening 
cuts down the inside of the legs and ventral midline. A 
combination of knife cuts and “punching” with a clenched fist 

were originally developed to remove the skin. In recent years 
modern slaughter plants have installed automated systems 
to remove the pelt (Figure 28.3), following initial opening 
by knife (Chapter 30). Gratacos et al. (1989) found that if 
the skin is not prepared properly, automated pelt-pullers can 
cause grain-strain or Butcher’s strain (Figure 28.4).

Table 28.1. Sheep and goat numbers (thousands) and the number of ovine and caprine skins (millions) in a number of 
countries and continents (in italics), and the area of light leather produced and traded.

Country/ 
Continent

Sheep Ovine
skins

Goats Caprine
skins

Total
flock

Light leather (million m²)

Produced Imported Exported

Australia 95,333 28.0 760 0.7 96,093 1.5 0.4 0.2

New Zealand 39,662 30.0 255 0.1 39,917 4.5 <0.1 3.8

South Africa 25,318 9.1 6,362 2.5 31,680 <0.1 0.2 0.2

North America 7,176 3.5 2,617 0.8 9,793 6.7 3.3 0.3

Former USSR 66,230 31.7 10,928 3.6 77,158 20.2 0.4 1.1

Latin America 82,195 21.1 37,654 9.8 119,849 15.3 4.4 3.5

Brazil 15,292 4.4 10,203 2.4 25,495 5.1 1.7 1.8

Peru 14,781 2.7 1,965 0.5 16,746 0.9 <0.1 0.7

Argentina 12,487 4.6 4,213 1.5 16,700 3.2 0.1 0.1

Mexico 7,167 2.4 8,958 2.5 16,125 2.1 2.2 0.3

Uruguay 11,119 1.8 19 <0.1 11,138 1.9 0.1 0.1

Africa 174,834 62.2 186,783 50.7 361,617 35.4 1.2 13.2

Nigeria 23,225 9.2 28,275 5.6 51,500 6.4 0.3 6.1

Ethiopia 18,901 7.0 15,530 5.8 34,431 3.7 3.3

Kenya 10,439 2.3 13,573 3.3 24,012 1.7 <0.1 0.8

Morocco 17,494 8.5 5,506 2.0 23,000 6.5 0.3 0.2

Algeria 17,838 11.0 3,365 1.4 21,203 6.9 0.1 1.4

Near East 187,573 81.3 104,761 34.8 292,334 76.3 7.9 20.6

Sudan 49,182 9.3 42,413 13.3 91,595 6.5 4.2

Iran 52,605 21.7 25,949 7.5 78,554 16.7 0.1 13.9

Turkey 25,508 17.2 6,792 2.9 32,300 41.8 7.4 1.3

Syria 15,643 10.4 1,006 0.3 16,649 4.2

Far East 293,762 219.3 477,839 273.4 771,601 212.4 63.6 54.6

China 180,162 179.4 209,997 166.8 390,159 133.6 46.0 17.8

India 61,924 19.9 125,278 47.7 187,202 43.8 6.0 14.7

Pakistan 27,220 10.2 60,280 22.3 87,500 17.4 5.0 14.3

Mongolia 12,812 4.1 12,688 3.0 25,500 2.0

Korea 1 0.1 619 1.0 620 1.7 3.7 2.2

Japan 11 <0.1 33 <0.1 44 0.4 1.4 0.1

Europe 121,936 84.9 15,564 11.3 137,500 60.5 84.1 52.0
UK 35,786 17.3 89 <0.1 35,875 3.0 4.1 4.7

Spain 22,870 20.9 2,828 1.4 25,698 11.1 10.3 7.7

Greece 8,984 9.1 5,609 5.9 14,593 4.0 0.6 1.0

France 9,135 5.6 1,238 0.9 10,373 4.3 3.8 4.1

Italy 7,938 7.0 959 0.3 8,897 26.8 50.7 27.6

Romania 7,506 6.1 683 0.6 8,189 1.3 2.6 0.7

Portugal 3,350 2.3 501 0.1 3,851 2.4 2.4 0.4

Germany 2,692 2.4 165 <0.1 2,857 1.9 2.7 1.3

Poland 310 <0.1 172 <0.1 482 0.9 1.2 0.1

Source: Adapted from FAO (2008).
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step in cooling the skins is often to immerse them in cold 
water, which also washes off blood and soil. If cooling is 
not achieved, bacterial action can degrade the skin, leaving a 
blotchy finish to the final leather. Where modern processing 
plants produce tens of thousands of skins per day, a number 
of rapid preservation techniques are used, including salting, 
refrigeration or freezing. Salted woolly skins are very 
durable, but can be heavy and bulky with around 1 kg of 
salt per skin. Certain bacteria can live on salted skins and 
to control these, additional agents may be applied with the 
sodium chloride, including zinc chloride, zinc oxide, boric 
acid, sodium fluoride, sodium metabisulphite or naphthalene, 
usually at around 1% by weight of salt.

Fellmongering

Fellmongering is the removal of hair from skins or hides, 
where the hair is generally a waste product. In the case of 
sheep skins, the wool can be more valuable than the pelt. 
This is particularly so with fine wool from Merino skins. A 
process of “sweating” was developed for sheep skins, which 
used microbial action in a controlled atmosphere to degrade 
the skin in order to recover as much wool as possible. The 
term “Mazamet process” was given to this method due to the 
enormous numbers of skins from wool producing countries 
that were exported to the Mazamet region of France to 
undergo this treatment. Hennessy (1982) reported that 105 
000 tonnes of dried skins were imported into France, and 84% 
of those were Australian in origin. Up to 4% more wool can be 
obtained using this process, because it dissolves skin material 
rather than keratin to release the wool fibres (Yates, 1968).

“Lime sulphide” is now more commonly used, where a 
mixture of lime and sodium sulphide are sprayed onto the 
flesh surface of the skin. The sulphide diffuses through the 
skin and reductively degrades the keratin in the wool follicle 
and leaves a particularly good grain surface on the leather 
after tanning. Where the lime sulphide chemicals come into 
contact with the wool at the edges of the pelt the wool is 
degraded and no longer useful. The formulation of the 
depilatory varies. The active ingredient is sodium sulphide 
and makes up around 15 - 20% of the mixture, with about 5% 
hydrated lime which reacts to form calcium hydrosulphide 
and caustic soda. The remainder consists of a thickener or 
filler such as potato starch, although additional lime may be 
used for thickening. Skins painted with this slurry are then 
paired flesh to flesh and stacked on other such pairs wool 
to wool and the stack left overnight. A faster result (2 to 3 
hours) can be attained by adding 3.5% sodium hydroxide, 
or an extremely fast result (45 minutes) can be achieved 
by using up to 28% sodium sulphide. The depilatory 
mixtures are prepared shortly before use, and the choice of 
formulation made by experienced fellmongers on the basis 
of the type of skin to be defleeced. Lambs have thinner skins 
and smaller follicles and require less concentrated solutions 
than adults with thick skins, and the pelts from Merinos, or 
those with good quality crossbred fleece are more carefully 

Figure 28.4. Grain strain on leather from a lamb.  
Source: R.J. Walls.

Figure 28.3. An automated pelt puller on a meat processing 
chain. Source: D.R. Scobie.

Preservation

Over a long history of use by man, a number of methods of 
preserving skins at intermediate steps in the path from flaying 
to leather have been developed. Perhaps the first and simplest 
method of preservation was air drying, where the skins 
were either stretched out or hung over a rail in the shade. 
This method prevails in some countries. However, skins may 
take weeks to dry and chemicals may be required to reduce 
insect or microbial damage. The Hide Beetle (Dermestes 
maculatus and D. lardaria) in particular, attacks dried skins 
and insecticides are often used to control these.

One of the most important steps is to rapidly reduce the 
temperature of the skin to prevent putrefaction. The first 
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dealt with than the pelts from recently shorn sheep. Spanish 
fellmongers use extremely fast depilation on the skins of hair 
sheep (Gordon, 1995), where destruction of the wool is of 
little consequence. Following the loosening steps, the wool is 
removed either by hand using the traditional method (Figure 
28.5) or machine (Figure 28.6).

Figure 28.5. Fellmongering a Merino pelt by the traditional 
method.  Source: S.R. Young.

Figure 28.6. An automated fellmongering machine. 
Source: D.R. Scobie.

A growing number of enzymatic methods are being 
developed to reduce the pollutants and hazards associated 
with lime sulphide depilation. The enzymes target the 
keratins of the wool fibre and the epidermis, but at present 
these methods are not favoured because they tend to damage 
the appearance of the grain layer (Edmonds et al., 2008). The 
“Acetate Method” was another process developed and used in 
Australia (Hennessy, 1982). This process was used on fresh 
skins, because it relied on the natural lysosomal enzymes in 
the skin. The skins were sprayed with an acetate solution and 
incubated at 35 - 38°C for 16 - 20 hours. However, given that 
most skins are exported dried or salted, which deactivates 
these enzymes, the acetate method is not frequently used.

Intermediate processing

Following the removal of the wool, the pelts are treated 
with more lime and sulphide. This process is simply called 
“liming” and increases the pH of the pelts, so that the collagen 
structure swells and unwanted proteins are expelled from 
the pelt. The pH is then lowered to around 8, by “deliming” 
with the addition of carbon dioxide and ammonium salts. 
The collagen structure shrinks again and expels water. These 
steps remove the alkali soluble constituents of the pelt. A 
process called “bating” is then used to remove the remaining 
non-collagen proteins and hair roots by degrading them with 
proteolytic enzymes.

Pickling

Pickling has a two-fold effect; preserving, as the term 
“pickling” suggests, and also preparing the collagen matrix to 
be infiltrated by tanning chemicals. Pelts are pickled by adding 
sulphuric acid which lowers the pH below 2. Salt is added 
to reduce swelling. Pickled pelts can be stored for extended 
periods and are in a particularly stable form for transport 
between countries. If pelts are used shortly after pickling, more 
acid and less salt are used, whereas those that are transported 
or stored for some time will be pickled with more salt. To 
compare with the preservation techniques of drying or salting 
listed above, pickled pelts are a particularly dense form in 
which to pack semi-processed skins, while salted woolly skins 
can be relatively bulky and heavy or dried skins can be affected 
by insects or microbial agents if not sufficiently dry.

Tanning

Tanning converts the fibrillar collagen proteins of the skin 
to a cross-linked matrix that resists putrefaction. A tanning 
agent is added to the acidic pickled pelts and then the pH 
of the solution is increased to around 4. The temperature is 
also increased to around 45oC and the tanning agent becomes 
fixed into the collagen structure. There are four main classes 
of tanning agents; chromium, vegetable, oil and synthetic 
tannins. Vegetable tannins are generally used to make very 
hard leathers such as shoe soles and are rarely used on light 
leathers. Oil tanning is the method used for making chamois, 
which is a very soft leather that can be wetted and dried and 
is used as polishing cloths for automobiles. Synthetic tanning 
agents are high molecular weight molecules that can be used to 
fill the collagen matrix and the grain layer to give rigidity to the 
leather, particularly when large amounts of other skin tissues 
have been removed from the collagen matrix. Chrome tanning 
has become the method of choice for many leathers because 
it is a highly industrialised process with a simple recipe and a 
consistent product. Vegetable or oil tanning require more skill, 
since both the raw skin material and the tanning agent can be 
biologically variable with more variable outcomes.
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Following tanning a variety of dyes, oils and other 
products can be added to the leather. A variety of buffing, 
embossing and polishing steps can be applied, depending on 
the end use of the leather.

Skin faults

A number of common faults occur in sheep and lamb skins 
processed for leather. Unfortunately, many of these are not 
obvious until after the wool has been removed. In some cases 
it would be wise to leave the wool on and tan them as wool 
skins as described below. Some of the faults described below 
are shown in Figures 28.7 to 28.11, and most are of leathers 
dyed black. Pelts with few or small faults will be dyed to 
lighter colours while those with more prominent faults are 
often dyed black. There is a reasonable demand for black 
leathers for protective wear for motor cycle riding and fashion 
garments but lighter colour leathers are more valuable.

Significant faults in fellmongered pelts from New Zealand 
farms are recorded in an annual survey published by the 
Leather and Shoe Research Association of New Zealand 
(Cooper, 2008). Some faults have self-explanatory names such 
as shearing scar, fly strike, dog bites, sunburn and inoculation 
scars. Less obvious names are cockle and whitespot.

Shearing scar

Not surprisingly, the more times a sheep is shorn, the more 
likely it is to exhibit shearing scars (Figure 28.7). Shearing 
scars affect more than 60% of adult sheep pelts in New Zealand 
(Cooper, 2008). The presence of shearing scar in lamb pelts 
varies throughout the year (Cooper 2008), being lowest in 
summer (2%) when most lambs slaughtered are new seasons 
lambs not shorn prior to slaughter and highest in winter (25%) 
when most lambs have been shorn. The season average of 
shearing scars on pickled lamb pelts in New Zealand declined 
from 25% in 1992 to around 10% in the late 90s (Cooper, 
2008). The proportion of skins damaged by shearing scars 
may also decline during years when the value of wool is low.

Biss and Hathaway (1996) showed that significantly 
lower carcass contamination was evident on shorn lambs 
compared with woolly lambs. With increasing trade in fresh 
chilled meat from New Zealand, carcass contamination has 
grown in importance to the point where many slaughter 
plants discount lambs with more than 50 mm staple length 
of wool. This is more important in older lambs and in wet 
and muddy seasons. Such price incentives on shorn lambs, 
to reduce microbial contamination of the carcass, encourage 
farmers to shear lambs prior to slaughter and the prevalence 
of shearing scar is increased.

Many other factors interact to affect the proportion of pelts 
with faults. Sheep with soft and wrinkly skins, like Merinos, 
are more likely to receive shearing cuts than crossbred sheep 
in Australia (Holst et al., 1997). Where the long wool of 
traditional Romney sheep necessitates shearing twice a year 

Figure 28.7. A shearing scar clearly showing the parallel 
marks from the shearing comb. Source: R.J. Walls.

in some New Zealand environments, composite breeds that 
grow less wool can be managed with less difficulty when 
shorn once a year. Since the 2000 season, a higher prevalence 
of shearing scar has also been observed in the North Island 
compared with the South Island, (Cooper, 2008) and this is 
largely due to the need to shear lambs in the North Island 
to control flystrike. Increasing shearing costs and more 
prevalent use of terminal sire breeds further reduces the 
number of lambs shorn before slaughter. In an effort to limit 
shearing scar, Scobie et al. (1998) examined the outcomes in 
pelt quality of shearing lambs one month before slaughter. 
Shearing scars aside, some faults such as cockle, whitespot, 
looseness or delamination increased, while others such as 
grain strain decreased. Scobie et al. (1998) concluded that 
trade-offs between grain strain, shearing scars and other 
faults could be considered, but one must recognise that animal 
health, ease of management and slaughter plant requirements 
will remain more important than pelt quality.

Ribby pelts

Wrinkles on the skin of sheep, particularly of Merinos and 
related breeds, are retained throughout processing to leather. 
In pelts and leathers, the wrinkles are referred to as “ribs” and 
the pelts carrying them are called “ribby” (Figure 28.8). The 
worst ribby pelts are actually referred to as “Merino” in the 
pelt trade to distinguish poor quality, which contrasts with 
the use of this term in fibre marketing. Occasionally, ribby 
leather can be used for decorative effect in leather garments 
and upholstery, but pattern matching is difficult. Interestingly, 
despite the fact that purebred Merinos are not common in 
New Zealand, ribbyness is a major problem, with 13% from 
sheep exhibiting ribbyness to some degree (Cooper, 2008). 
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Holst et al. (1997) identified ribby pelts in crossbred lambs in 
Australia which usually have some contribution from Merino 
genes. Since many Australian skins are processed to wool-on-
skins or fellmongered in export destinations, the proportion 
affected by ribbyness is difficult to estimate.

Figure 28.8. A ribby pelt showing skin wrinkles over the 
breech area of the leather. Source: R.J. Walls.

Scobie et al. (2005a) showed that rib score of fellmongered 
pelts was moderately heritable (h2 = 0.34), and that the most 
wrinkly sires gave the most ribby pelts in both their Merino 
or first-cross progeny. The wrinkles on lambs were readily 
judged at docking, lamb shearing, after fellmongery or as 
pickled pelts and could easily be used in selection and sire 
evaluations. It is unlikely that breeders will modify selection 
protocols for Merino sheep to suit pelt production. However, 
wrinkles are associated with reduced growth rates in lambs 
and reproduction in adults (Scobie et al., 2005a). Wrinkles 
are also correlated with reduced staple length, increased fibre 
diameter variation and decreased clean wool yield (Scobie 
et al., 2005b). The presence of wrinkles also makes sheep 
more susceptible to flystrike (James, 2006) and more difficult 
to shear (Scobie et al., 2005b). On balance it would seem 
logical to select against wrinkles for production reasons, but 
breeders seeking finer fibres and higher greasy fleece weights 
often persist with wrinkly sheep.

Whitespot

“Whitespot” is caused by infection of the skin by the 
bacterium Dermatophilus congolensis (Cooper and Passman, 
1993). The infection can be exaggerated by shearing, since 
the organism can be spread by shearing combs. In a pickled 
pelt whitespot appears as a dull spot which becomes more 
pronounced in the tanned leather, either darker or lighter 
depending on dyeing. This is an effect created by widening 
and distortion of wool follicles by colonies of the bacterium 

(Cooper and Passman, 1993). It is usually more common on 
lamb pelts (6%) than sheep pelts (1%) (Cooper and Passman, 
1993; Cooper, 2008). Whitespot is also more common in the 
North Island than the South Island of New Zealand. In the 
most recent seasons the problem has escalated from around 
6% to 16% of pelts affected in the North Island while it has 
remained between 1 to 2% in the South Island (Cooper, 
2008).

Cockle

Cockle is caused by an allergic reaction to lice (Bovicola 
ovis), where random spots occur across the leather (Heath 
et al., 1995). These can either manifest themselves as raised 
lumps or depressions depending on the stage of infection on 
the live animal and the point of observation in the tanning 
process post-slaughter (Figure 28.9). The lesions form 
localised areas of hardening which can either lead to physical 
damage during processing or they can affect the uptake of 
dye. Louse populations are known to be highest in winter, 
and the seasonally increased frequency of cockle (6 to 8%) 
is a consequence of this (Cooper, 2008). Annual average 
incidence of cockle has declined from 16% in 1992 to 2% in 
2000 and has maintained this low level since (Cooper, 2008). 
This suggests farmers have become better at controlling lice.

Figure 28.9. Cockle scars on nappa leather. 
Source: R.J. Walls.

Another related condition called “rib cockle” is caused by 
the sheep ked Melophagus ovinus, where the lesions occur 
in straight rows which reflects the habit of the ked travelling 
through the fleece (Everett et al., 1969). However dipping 
and shearing practices have essentially made the ked extinct 
from sheep flocks in Australia and New Zealand and the fault 
is rarely seen.
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Pinhole

Pinhole was thought to be associated with fine wool (Passman 
and Dalton, 1982) or due to the presence of kemp fibres 
(Gordon, 1995), but Scobie et al. (1997) demonstrated an 
association with loose wool bulk. Fibre crimp, and therefore 
bulk is caused by curved wool follicles, and it is likely that 
the curved wool fibres get caught in the collagen matrix and 
pull small pieces out during fellmongery (Figure 28.10). 
Campbell et al. (1997) found that pinhole was heritable (h² 
= 0.6) in Poll Dorset sired progeny from Border Leicester × 
Merino dams. These second cross lambs had large variations 
between sires, with 9 - 56 % of the pelts affected by pinhole 
(Campbell et al., 1996). This pelt trait could respond to 
selection based on progeny testing for pinhole or indirectly 
for selection on wool bulk measurements.

Figure 28.10. Pinhole in a lamb leather. Source: R.J. Walls.

Delamination

“Delamination”,  “double leather” or “double-hiding” occurs 
when the corium and the grain layer separate during tanning. 
Delamination has been attributed to the high density of wool 
follicles in Merinos (Tancous, 1986), or the presence of fat 
deposits in the raw skin of New Zealand crossbred sheep 
(Passman and Sumner, 1987) both of which are removed 
during processing. In either case, the weakness was thought 
to be caused by the removal of structures or tissues other than 
collagen. Eythórsdóttir (1999) challenged this, at least for 
Icelandic sheep, and alternatively suggested that a few genes may 
affect sheep skin in a similar manner to another characteristic 
known as the vertical fibre hide defect in bovine skin, and in 
particular of Hereford cattle where the trait is controlled by a 
single gene (Cundiff et al., 1987). Eythórsdóttir (1999) showed 

that double leather of the tanned skin was a heritable trait (h² = 
0.63) and that the delamination of the leather was genetically 
related to delamination scores from the salted raw skin (genetic 
correlation r² = 0.86 ± 0.04). This trait would also respond to 
selection given the estimated heritability.

Figure 28.11. Delamination in a double-face leather from an 
Icelandic lamb. Source: R.J. Walls.

Seed damage

Skins can be damaged and downgraded by the presence of 
seeds in the wool and the pelt. In the worst case, these can 
penetrate the carcass and lead to severe loss of value. The 
problematic species are barley grass (Hordeum spp.), spear 
grass (Austrostipa spp.), silver grass (Vulpia spp.) and crow 
foot (Erodium spp.) in Australia (Mason et al., 2008). Ripgut 
brome (Bromus diandra) has been identified as the major 
contributor to seed damage of Merino lambs in New Zealand 
(Tozer et al., 2008) while barley grass (Hordeum spp.), and 
storksbill (Erodium spp.) were also implicated in earlier work 
(Shugg and Vivian, 1973). Since these are largely annual 
grass species, pasture management strategies with chemical 
topping or grazing have been developed to control them. It 
can be difficult to achieve the desired botanical composition 
under extensive grazing conditions, because barley grass can 
be favoured by hard grazing and stock camps, while ripgut 
brome may thrive under lax grazing (Tozer et al., 2008) and 
both may occur in one paddock. The increase in the incidence 
of seedy pelts from around 11% in 1960 to 29% in 1972 in 
the South Island of New Zealand (Shugg and Vivian, 1973) 
appears to have reversed, dropping from 20% in 1992 to 3% 
in 2007 (Cooper, 2008). Seed damage in the North Island of 
New Zealand increased from 2% to 6% during both periods 
(Shugg and Vivian, 1973; Cooper, 2008) suggesting different 
influences on a much lower base level of incidence.

Shearing strategies have been shown to reduce seed 
damage and these can improve carcass weight and therefore 
the value of the lamb (Campbell et al., 1972; Warr and 
Thompson, 1976). Holst et al. (1996) found that shearing 
lambs could halve the number of lamb skins damaged by 
barley grass. Tozer et al. (2008) reduced the proportion of 



670   D. Scobie

International Sheep and Wool Handbook

carcasses damaged to 33% from 41% by shearing. Timing 
of shearing is very important with respect to value of the 
skin and wool, particularly for woolskins (Holst et al. 1996). 
Considering the series of decreasing staple lengths created by 
not shearing, cover comb, conventional comb or a biological 
defleecing agent, it appears that any form of shearing is 
advantageous (Holst et al., 1996; Mason et al., 2008; Tozer et 
al., 2008). Differences between the length of wool remaining 
after cover comb and conventional comb shearing were not 
significant (Holst et al., 1996), while a biological defleecing 
agent was significantly better than a conventional shearing 
comb (Mason et al., 2008).

Woolskins

Sheep or lambskins that are tanned with the wool on are referred 
to as wool-on skins or woolskins. Woolskin or wool-on-tanning 
is used to produce products like car seat covers, floor rugs, 
garments and footwear. The “Ugg boot” is a woolskin product 
which became popular in the 1950s and 1960s. “Double-face” 
skins are tanned with the wool on but clipped to 10 - 20 mm  
wool length, and the flesh side is given a soft suede finish 
which becomes the outside of the garment, sometimes called 
a “shearling”. The skins from Gotland Pelt sheep (Butler 
et al., 1993a), Swedish Peltsheep (Butler et al., 1993b) and 
Icelandic sheep (Eythorsdottir 1999) have long been used for 
the production of woolskins or double-face garment leathers 
(Figure 28.11). Adalsteinsson (1983) reviewed the inheritance 
of skin quality traits, colour patterns and also the ‘fur’ 
characteristics which signal the end use of the pelts of the North 
European breeds, but in the context of the present chapter these 
traits are regarded as wool characteristics. Although Ahlén and 
Danell (1993) referred to the fleece characteristics of Swedish 
Peltsheep, they reported traits such as colour, colour distribution, 
curl, hair quality and density which are all related to the pelt 
quality of slaughter age lambs. Clearly, garment leathers tanned 
with the wool on are like furs used in garments.

Skin prices are widely acknowledged in the Australian lamb 
industry, where a good deal of skins suit the woolskin niche due 
to the contribution of the Merino base flock. Gordon (1995) set 
out limits for Australian skins that might suit the woolskin niche 
and suggested a fibre diameter of 23 - 34 µm and a staple length 
of 25 - 50 mm. Holst et al. (1996) showed that it was possible 
to satisfy the staple length criteria, while also managing animal 
husbandry requirements for shearing lambs to reduce flystrike 
and grass seed infiltration of the wool and pelt. Undoubtedly 
animal health priorities prevail over skin values. 

A popular crossbred produced in Australia is a Poll Dorset 
sired lamb from a Border Leicester × Merino first cross ewe 
(Chapter 2). This cross brings with it the benefits of fibre crimp 
from the Poll Dorset and Merino, with softness from the low 
fibre diameter of Merino and fast growth rate from the maternal 
and terminal parents such that the pelts are large in area. 
Woolskins with high fibre density and crimp will resist a load, 
while those of lower density or less crimp tend to compress 
under a load. This principle is shown in Figure 28.12, where 

the steel ball is supported more by the skin with higher fibre 
density and crimp on the left. Both woolskins are useful, the 
more compressible product can be used for garments while the 
more resistant product can be used for rugs.

Figure 28.12. The woolskin with high fibre density and fibre 
crimp on the left has a greater resistance to a load than that 
on the right. Source: R.J. Walls.

Skins with very fine wool may felt during woolskin processing 
and are often fellmongered to recover the more valuable wool. 
This may also be the case for Merino skins with prominent 
wrinkles that detract from either the surface of the wool pile or 
the flesh side, but woolskin tanning can be used to cover lesser 
degrees of ribbyness or other faults. Holst et al. (1997) processed 
lamb skins to nappa leather or to woolskins. Depending on 
sire, 44 - 92 % of the nappa leathers were affected by pinhole, 
10 - 75% expressed grain strain, up to 67% were affected by 
ribbyness and up to 33% exhibited shearing scars. All these 
traits could be satisfactorily covered by tanning to woolskins. 
All the genotypes Holst et al. (1997) studied were indeed found 
to be acceptable when tanned with the wool on and clipped to 
25 mm. In New Zealand, Scobie et al. (1997) also showed that 
the best skins from Poll Dorset X Romney lambs for wool-
on tanning, were those with an average fibre diameter of 29 
µm and high wool bulk (26 cm³/g). Skins with 32 µm fibre 
diameter and similar wool bulk had a harsh handle less suited 
to garments or rugs, while lower wool bulk (22 cm³/g) resulted 
in less apparent cover and the wool pile did not stand up. Bulk 
or fibre curvature exacerbates the prevalence of pinhole so 
there is an optimum fibre diameter and bulk that could be used 
to discriminate skins for wool-on-tanning from those for nappa 
leather to improve the quality of both products from the raw 
skins available. Given the heritable nature of wrinkles, fibre 
diameter and bulk and the well characterised behaviour of 
these traits in cross breeding, it should be possible to breed for 
skins that suit this niche. A lack of price incentives for breeders 
to do so is common to many skin traits.
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Slink skin

An unfortunate consequence of the risky nature of parturition 
and inclement weather is that neonates perish in relatively 
large numbers (Chapter 10). Where sufficient dead lambs can 
be found, a slink skin industry has often evolved, which by 
nature of the production system is usually highly seasonal. 
New Zealand has advantages in that large numbers of lambs 
arrive in a short period of time across a small land mass, 
with very few predators or scavengers to ruin the skins. A 
relatively large export market has persisted in this product.

The appeal of slink is that it is soft and generally 
unblemished. The small size and variable nature of the quality 
of pelts from various breeds limits their use, causing pattern 
and colour matching problems. Gloves with the wool surface 
inside are well suited to the small area and thin skin of slink 
lamb. The wool surface of a typical New Zealand slink skin 
used for such products is shown in Figure 28.13.

Figure 28.13. A typical New Zealand slink lamb  
tanned and dyed. Source: R.J. Walls.

Perhaps the most valuable product in this category is the 
slink skin of the Karakul, called Astrakhan or Persian lamb 
(Figure 28.14). The skin of these lambs has a particularly 
attractive coat in the newborn with lustrous fibre and natural 
colours. In some cases the neonates are slaughtered for their 
skin. Karakul sheep are common throughout the Middle East, 
Africa and southern Asia. Greeff et al. (1991a,b) examined the 
pelt traits in neonatal Karakul which make them more or less 
desirable for the Persian Lamb market. Due to the nature of 
the product, suitability of the skin is not actually determined 
by the leather, but by hair quality and pattern which are scored 
subjectively, including the type of, and pattern of fibre across 
the pelt and staple curl morphologies. Persian lamb is thus a 
“fur” product like double-face woolskins.

Figure 28.14. Astrakhan or Persian lamb from a Karakul. 
Source: R.J. Walls.

Slipe wool

Once wool has been removed from the skin in the fellmongery, 
(Figure 28.15) it is referred to as “slipe” wool. The wool is first 
loosened from the skin with the aid of either a chemical or a 
microbiological depilatory and it will then “slip” off the skin with 
minimal force, and “slipe” is a derivation of the word slip.

Figure 28.15. Slipe wool emerging from a fellmongering 
machine and being sorted and graded. Source: D.R. Scobie.

International trade in slipe wool is not widely recorded, 
particularly where many raw woolly sheep skins are exported 
from some countries. In New Zealand however, around 26 
million kg of slipe wool was produced for the year ended 
June 2008 (Figure 28.16). Production varies between years 
(Figure 28.16), and usually makes up 11 -14% of total wool 
production in New Zealand. The long term decline is largely 
due to the reduction of the ewe flock in the wake of land use 
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changes. This trend is exacerbated by processors encouraging 
producers to shear lambs before slaughter in recent years and 
the use of terminal sire and composite breeds that grow less 
wool.
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Figure 28.16. Slipe wool production in New Zealand. 
Source: R. Davison (pers. comm.).

Slipe wool producers are associated with meat processors 
and can deliver large volumes of a consistent product which 
is relatively predictable in supply and type throughout the 
season. New Zealand yarn and carpet manufacturers are 
accustomed to the raw material and it is often used in on-
shore value adding in preference to the less predictable 
supply of shorn fleece wool from numerous producers. Slipe 
wool is used as a component of blended wool exports and 
less than 1.5 million kg was exported as slipe wool. A very 
limited number of destinations receive those exports and from 
2007 - 2008 these were China (78.1%), Canada (8.8%), the 
United Kingdom (6.3%), India (3.1%), South Africa (1.3%), 
Germany (1.2%), Uruguay (0.7 %) and Italy (0.6). There are 
differences in the type of wool in these consignments, with 
Italy seeking finer wool for example. It is also interesting to 
note that South Africa and Uruguay import slipe wool despite 
their own large domestic flocks (Chapters 4 and 5).

Wool fellmongered using the microbiological or 
“sweating” process is very similar to shorn fleece wool, with 
the exception that wetting and bacterial action generally 
reduces the suint content. Slipe wool is generally clean and 
high yielding, because the sheep may be washed before 
slaughter and subsequently the pelts are often washed during 
cooling and before the depilatory is applied. The washing 
removes soil, suint, some wax and as a result, slipe wool is 
also generally of very good colour. Slipe wool is more evenly 
harvested than shorn wool, which means there are no second 
cuts and it is therefore very consistent within length grades. 
Slipe wool from lambs is softer and finer, and often used in 
knitting yarns, while adult fleece is of greater diameter and is 
more suited to carpet blends.

There are some disadvantages with slipe wool which are 
overcome with specialised technology. The base of the fleece 
above the skin carries a degradation product called ‘scud’ 
which is a mixture of short pieces of fibre, fragments of wool 
roots, epidermis and remaining depilatory. Scud is relatively 
insoluble and is not removed by scouring but by a physical 

treatment called ‘dusting’. The pH of slipe wool is generally 
higher than that of shorn fleece wool due to the depilatory. 
Also, since many terminal-sired lambs are slaughtered, black 
fibre content can be high in some seasons and grades. In New 
Zealand, slipe wools are graded by a standard national system 
for length, fibre diameter, colour and style.

Recent and future developments

Globalisation

Globalisation of world trade is a driving force. Some large 
importers are listed in Table 28.1 and a significant proportion 
of the countries in each region process very little of their own 
production. Many of the countries that process light leathers 
also have clothing and footwear factories which produce 
mass exports for the Western world (Chapter 7). Italy and 
Spain are world renowned for leather production and from 
Table 28.1 they produce large amounts of light leather. Even 
though Spain has a large domestic sheep flock, much of their 
leather production is based on imported pelts. Italy imports 
large quantities of leather, and not shown in Table 28.1 is 
the apparel and footwear that are produced and then exported 
again. China and India have relatively large domestic 
production of pelts from their own flocks, but also import 
vast numbers of skins to turn into leathers to manufacture 
footwear and apparel for export. Turkey produces significant 
amounts of leather, some of which is tanned with the wool on 
to satisfy the demand for warm clothing in Eastern Europe.

Hennessy (1982) predicted that fellmongering within 
Australia was the future of the industry given the value of 
wool. However, in 1986 from a total of 19.5 million air-
dried or salted skins most were exported from Australia to 
France (8 million skins) and Spain (6.3 million) with the 
wool on (Teasdale 1991). Then Gordon (1995) predicted that 
woolskin tanning within Australia would dominate. Despite 
these predictions, China is now the export destination of most 
Australian skins (AWI, pers. comm.). Slightly more than 
28 million sheep skins were exported from Australia in the 
year ended June 2008, of these 23.5 million went to China 
and 3 million to Russia. Exports to Turkey (600,000), Japan 
(100,000) and Greece accounted for most of the remainder. 
Two thirds of New Zealand’s pelt exports for the same period 
also went to China, while South Korea was the next largest 
market (12%) followed by India (8%).

Environmental sustainability

The International Union of Leather Technologists and 
Chemists Societies recognises pollution as a major threat 
to leather production and manufacturing and a document 
recommending cleaner technologies is presented on their 
website (IULTCS, 2004). Much of this document focuses 
on the philosophy of reducing, reusing or recycling waste. 
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Processing of skins and leathers can result in relatively large 
quantities of environmental pollutants and may involve 
any of around 250 different chemicals. Lime and sulphide 
in large quantities can be pollutants, but these are also 
important ingredients in fertiliser so it is not hard to imagine 
uses for these by-products. For leathers from other species 
fellmongered fibre is a waste problem, but slipe wool is a 
valuable commodity and therefore a lesser problem for sheep 
skin. Chromium on the other hand is a very important concern 
to the leather industry. Tanning uses Chromium III which is 
less toxic than Chromium VI and since recycling can also 
reduce cost, initiatives to recycle chromium are economic. 
Not all the chromium is recovered however and the large 
volume of contaminated waste remains a cause for concern. 
Woolskin processing involves solvent extraction of fat and 
grease, the solvents are potential pollutants, and aqueous 
alternatives are being explored because they are potentially 
more sustainable. Salt is a major concern, particularly for 
inland processors who cannot dispose of salt to fresh water 
bodies. Around 1 kg of salt is used per skin, and since fresh 
salt is very cheap, recycling of salt is not economic, especially 
considering there is also a greater risk of contaminants and 
particularly halophilic microbes that damage skins through 
“red heat” when using recycled salt. Refrigeration, other 
preservatives or a return to the traditional technique of drying 
are genuine considerations for short term preservation of 
skins. Volatile products associated with leather processing 
are often offensive or noxious but these can be scrubbed 
from the environment by feeding them into the air intake of 
various heat sources used in processing.

Leather is particularly stable, with leather artefacts 
being found in archaeological sites such as the pyramids of 
Egypt. Cutting patterns from leathers during manufacturing 
can waste a considerable area of the original skin, and 
since finished leather is a durable product, the off-cuts can 
produce considerable volumes of waste which remain a 
concern (IULTCS, 2004). Vegetable tanned waste can be 
used as fertiliser, as can intermediate products such as 
pickled pelts, although they may require composting first. 
Making up garments and shoes is also labour intensive and 
manufacturing is often carried out in the third world, or 
in countries that have less stringent pollution controls and 
cheap labour. As a consequence there has been a consistent 
trend away from processing in developed countries towards 
processing in developing countries. It is possible that leather 
processing could return to the use of less toxic and older 
technologies such as sweating, and vegetable or oil tanning, 
but the quality and hydrothermal stability of such leathers is 
not sufficient for some modern uses. Indeed, much good work 
was accomplished at the CSIRO Leather Research Centre 
with these issues in mind, but with leather processing drifting 
offshore from Australia, the centre was closed in June 2005. 
There are also products in which leather fragments can be 
used such as ‘leather board’ or brick making, or breakdown 
products can be used as a coagulant in the rubber industry 
and a plasticiser in concrete.

Fashions

The extent to which fashion changes or wider market 
turmoil can affect volumes of leather goods can be seen 
from the dramatic change in imports to certain countries. 
For example, Korea produces large quantities of light leather 
from imported pelts with a very small domestic flock (Table 
28.1). This country imported 13 million m² of light leather 
in the early 1990s, which fell to 4 million m² in 1998, and 
reached 10 million m² in 2006 (FAO, 2008). Substitution of 
light leathers is evident, where bovine leather imports into 
Korea grew steadily from 21 to 50 million m² during the same 
period, although bovine leathers also contracted to 17 million 
m² in 1998. As previously noted, the supply of ovine leathers 
is determined by the demand and supply of sheep meat and 
wool, and the lack of connection between supply and demand 
for leather can cause dramatic fluctuations in price.

It is unlikely that demand for skins will ever affect the 
production of meat or wool, but the reverse is certainly 
evident. As outlined above, pelt numbers can change, but pelt 
quality also changes as a result of decisions based on meat 
and wool production. With the dramatic shift in the value 
of meat relative to wool it is likely that less wool producing 
genotypes will be farmed in favour of more meat breeds 
and indeed woolless breeds. The widespread adoption of 
the Damara and Dorper breeds in Australia, and a variety of 
exotic sheep breeds in New Zealand has changed the types of 
pelts available. In most traits the wool producing breeds like 
the Merino and Romney have lesser quality pelts, particularly 
compared to woolless sheep. Changing land use from sheep 
farming to dairying, and falling returns for lamb and wool 
in New Zealand has seen rapid reductions in the number of 
sheep (Chapter 3).

Summary

Complicated interactions between genotype, husbandry 
practices and demand for wool, meat and competing land 
uses can be seen to manifest themselves in sheep skin 
supply. Also, fashion dramatically affects the price of pelts 
since supply is relatively insensitive to demand. With global 
economic uncertainty, expensive fashion products such as 
leather garments and accessories are usually more difficult to 
sell. In the long term conditions may recover, but then again 
collagen or gelatine can be used for edible products such as 
sausage skins and it is possible that with population growth 
nearing predicted targets, the demand for food might become 
more pressing than for leather. Fat and grease recovery to 
form tallow may also be a realistic source of biofuel and 
methane production from waste is already used to produce 
energy in some tanneries.
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Introduction

Sheep meat markets demand a product that is safe, healthy 
and consistent in supply and quality.  Competition from other 
protein products is fierce.  Lamb has now positioned itself 
as a versatile, tender and flavoursome product that is well 
recognised on restaurant menus around the world.

In the past, most Australian lamb has been consumed 
domestically. Exports of Australian lamb have now risen to 
over 45% of production (Chapter 2) which has created more 
price stability in the market.

More than 70% of Australian mutton production (MLA, 
2005) is exported which has increased the value of surplus 
sheep sales which now make a significant contribution to the 
profitability of all sheep enterprises. 

Live sheep export is focused on the Middle Eastern 
markets with an increasing emphasis on animal welfare, 
product quality, younger sheep and market specifications. A 
small number of live sheep are exported for breeding to other 
sheep producing nations.

Recent developments in the marketing of sheep meat 
include:

Value based marketing systems that reward producers for •	
meeting target specifications.  The proportion of lambs 
sold direct to abattoirs has increased from 5% in 1990-91 
to approximately 50% in 2003-04 (MLA, 2004).
Payment systems are still predominantly based on •	 carcass 
weight and sometimes fat depth.  Genetic improvements 
in leanness and muscling have facilitated the likely 
implementation of systems to pay on saleable meat yield 
and value in the future.
Some producers now have clear relationships with •	
partners in the supply chain and a commitment to 
supplying a quality product to specifications. The need 
to accurately assess and describe the live animal and the 
carcass has become increasingly important to the success 
of these relationships.  Meat companies are developing 
their own recognised quality brands to differentiate their 
product in the market place.

•	 Quality assurance and trace-back systems minimise the 
risk of supplying a level of quality that does not meet 
customer requirements.

Lamb markets 

Meat consumption in Australia is high by international 
standards and traditionally most of its lamb production 
has been consumed domestically with a consumption of 
approximately 11kg per capita per annum (Jones, 2008). 
The domestic market is comprised of retail, supermarket and 
food service outlets.  Retail outlets are principally supplied 
by lamb in whole carcasses delivered from the processor. The 
distribution of lamb is often through a wholesale network 
which grade carcasses according to weight, fat and quality 
for delivery to the retailer’s specifications. The retailer 
further processes the carcass into retail cuts for sale to the 
consumer. Retailers are increasingly providing consumers 
with a far greater choice of lamb cuts to retain market share. 
This flexibility has been made possible due to the greater 
availability of heavier, leaner and better muscled carcasses. A 
recent trend in the domestic market has seen the supermarket 
chains prepare and package a range of retail cuts prior to 
transport to individual stores. 

Since 2000-01, retail price has climbed dramatically 
(Figure 29.1) due to rapid growth in lamb exports and drought 
constrained supply. 

The exports of Australian lamb have increased to 45% of 
production in 2007-08 from 30% in 1997-98. Export market 
growth has brought increased diversification of markets and 
greater price stability. This growth has been driven by the 
ability to consistently supply chilled high quality product 
throughout the year as many competitors have difficulty in 
maintaining continuity of supply. High value markets now 
require lamb to be processed into specified primal cuts, 
vacuum packaged, boxed and containerised for efficient 
transport. 
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Figure 29.1.  Domestic consumption and retail price of Australian lamb. Source: McRae (2009).

Source: ABS, ABARE, MLA forecasts
94 96 98 00 02 04 06 08f 10f 12f

0

50

100

150

200

250

300
'000 tonnes cwt

0

200

400

600

800

1000

1200

1400
A¢/kg retail weight

 consumption  retail price

f = forecast

The Northern American market has expanded rapidly to be 
Australia’s most important market destination (Table 29.1). 
In 2007-08 exports to the US market exceeded 41,000 tonnes 
(shipped weight) and this is expected to rise in the future 
(Anon, 2008). Prime cuts such as racks, loins and boneless 
legs are supplied to the US market. 

The EU and Japan are growing high value markets for 
Australian lamb.  Australia is the largest supplier of lamb to 
the Japanese market followed by New Zealand, these two 
countries supply 98.6% of lamb consumed in Japan (Wilson, 
2006). Consumption of lamb in Japan is low with only 
144grams per head consumed in 2005, however this represents 
a 31% increase in consumption from 2004 (Wilson, 2006). 

The Middle East and China are growing markets for lamb 
and sheep meat, predominantly for lower valued cuts. 

Australian lamb specifications

The preferred lamb weight and fat specifications (Figure 
29.2) are:

Domestic Trade Lambs •	 (17 -24 kg, GR fat 6-15 mm) are 
the most common specification. The supermarket share 
which is a narrower specification within the domestic 
lamb industry has been expanding. Second cross and 
first cross lambs are preferred. 
Supermarket  Trade Lambs•	  (19 - 24 kg, GR fat 8 -12 
mm) are preferred by more progressive retailers due to 
higher carcass yields with more versatility and range in 
available products. This market demands high value for 
money. The retailers expect to receive lamb with very 
good meat and fat colour and muscularity consistently 
throughout the year. 
Food Service•	  (20 -25 kg, GR fat 7 -15 mm, with 15 
mm the absolute maximum). Within the food service 
specification the lamb preferred by the high value food 
service operators, such as restaurants, is lean and high 
yielding with a narrow weight variation. A range of 2 
kg is preferred as consistent ‘serve size’ is extremely 
important at the top end of this market.  Processors and 
boning rooms now specialise in the supply of portion 
controlled cuts to meet these requirements.  

Table 29.1.  Australian lamb meat export destinations, 2009.  

Destination Shipped weight 
(tonnes)

Export
volume (%)

 Destination Export value 
(FOB-$000’s)

Export
value (%)

USA 38,329 23 USA 325,803 33

China 13,863 8 China 44,944 5

PNG 9,746 6 PNG 29,932 3

United Kingdom 9,3849 6 United Kingdom 61,943 6

Other EU 4,346 3 Other EU 39,093 4

Japan 8,338 5 Japan 60,917 6

Total Middle East 35,963 22 Total Middle East 179,567 18

South Africa 2,875 2 South Africa 4,039 0

Other 42,191 26 Other 230,874 24

Total 165,035 Total 977,112

Source: Tighe (2010).
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Figure 29.2.  Preferred market specifications for Australian lamb. Source: McLeod (2005). 

Other food service operators accept a wider range in 
specifications. They receive comparatively lower prices from 
their clients and are prepared to trim overfat carcasses. 

At the lower end of this market are the ‘pub and club’ 
suppliers who buy heavy lamb with more fat – they tend to 
sell whole legs and provide a product which is comparatively 
inexpensive. 

Many food service companies buy primal cuts of lamb 
(legs, rumps, loins, racks) instead of a full carcass. 

Heavy Export•	  (20 -28 kg, GR fat 6 -20 mm). This market 
is targeted for most of the “prime” lamb cuts such as 
racks, loins and boneless legs to the higher value markets 
of the USA, Japan and Europe.
Light Export•	  (10 -14 kg, GR fat up to 10mm).  The 
Middle East, particularly the UAE is the volume market 
and requires whole carcasses that are lean (fat scores 1 

and 2) and light (up to 35kg liveweight). Demand is price 
sensitive and supply driven; if producers have adequate 
feed supply they are unlikely to target this market. Lambs 
sold into these markets are generally Merino weaners. 
Other markets.•	  Underlying all of these market 
specifications are the non descriptive specifications of 
retailers and small goods manufacturers who specialise 
in using lamb which is not suitable for the above markets 
and is traded on price alone. 

   

Mutton markets and specifications

The supply of mutton is a function of flock structure and size, 
which is driven by wool and lamb prices. Australian mutton 
exports have increased to 74% of production (Table 29.2). 
Major destinations include the Middle East, Asia and North 

Table 29.2.  Australian mutton exports 2009. 
 Destination Shipped weight 

(tonnes)
Export

volume (%) 
 Destination Export value

(FOB-$000’s)
Export

value (%)
USA 10,800 8 USA 36,724 8

Total Middle East 51,956 39 Total Middle East 184,767 39

South Africa 4,439 3 South Africa 8,395 2

EU 5,369 4 EU 30,871 6

Taiwan 7,739 6 Taiwan 27,924 6

Malaysia 7,073 5 Malaysia 27,105 6

Singapore 7,285 5 Singapore 26,539 6

Japan 5,602 4 Japan 30,358 6

PNG 4,805 4 PNG 6,658 1

Other Markets 28,912 22 Other Markets 100,532 21

Total 133,980 Total 479,873

Source: Tighe (2010).
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America (Anon, 2008). Australian mutton supply is sensitive 
to price as an inexpensive protein source on the world market. 
Other major suppliers of mutton include New Zealand and 
China. 

Most export markets require mutton heavier than 20 kg 
carcass weight (White et al., 2001) and carcasses are treated 
as follows: 

Heavy export •	 carcasses are boned and boxed into primal 
cuts. Cuts from a single carcass may be exported to 
multiple destinations. 
Medium weight carcasses are broken ‘six-ways’ into •	
six segments derived from forequarter, saddle and legs. 
‘Six-way’ mutton is packed 1-1.5 carcasses per box and 
either chilled or frozen
Lighter carcasses below 20kg carcass weight are bagged •	
and frozen prior to export to lower value markets. 

The domestic market for mutton is declining with only 2.3kg 
of mutton consumed per capita (Wilson, 2005). The markets 
for mutton can be broken into three specifications.

Manufacturing •	 – these are generally processed 
smallgoods, pies, sausage rolls and dim sims. Lightweight 
carcasses (<20kg HSCW) are typically used in this 
market segment.  
Retail•	  – hoggets and mutton are often sold as half 
carcasses. Better quality mutton from heavier carcasses 
is sold in retail outlets as select cuts similar to those 
found in lamb.
Hotels, Restaurants & Institutions (HRI)•	  – price and 
perceived value determines the suitability of different 
mutton cuts used in this market. Less expensive cuts are 
used in Asian, Indian and Middle East style restaurants. 
The more expensive cuts are targeted toward table dining. 

Live export market

First reports of sheep exported from Australia were in 1845. 
By 1895, about 1,000 sheep annually were being exported 
from Western Australia to Singapore (Chapter 2). 

The modern live sheep trade began in 1945/46 with 
the shipment of more than 24,000 sheep to Singapore in 
temporarily converted vessels. 

The regular trade to the Middle East developed during 
the 1970s. At its peak in 1987 Saudi Arabia imported 3.5M 
head. The large number of expatriate workers and the major 
shift in affluence brought about by the oil industry are key 
contributors to demand.

Live animals are required for religious festivals and the 
lack of refrigeration limits the carcass trade. Much of the 
meat product from exported live sheep is processed and is 
sold through non refrigerated fresh meat (‘wet’) markets.

Detractors feel that the trade should be replaced by 
chilled or frozen meat forms. While it could be argued that 
this would ensure increased employment and flow-on effects 

in the meat processing industry, nationally it should also be 
realised that live export has actually supported the growth in 
demand for meat products from Australia. This unfortunately 
is a slow process due to religious and cultural beliefs in many 
importing countries (where the local slaughter of sheep is 
preferred) and because of the lack of refrigeration and storage 
infrastructure. 

A small number of live sheep are exported for breeding to 
other sheep producing nations (Chapter 2).

Live sheep export markets and 
specifications

A relatively small number of high genetic merit sheep are 
exported for breeding each year. Destinations include the 
Middle East, South America, China, Mexico, the Philippines 
and Indonesia.

The majority of live sheep exported are for human 
consumption in the Middle Eastern markets. These markets 
have an increasing emphasis on product quality and market 
specifications. Initially the demand for Australian sheep in the 
Middle East was for larger older animals as these represent 
the best value in terms of dollars per kg liveweight. 

As markets have matured, there has been an increasing 
emphasis on quality and meeting the Middle East preference 
for leaner animals. As a consequence, most countries now 
seek to import younger animals, although there remains a 
strong commercial emphasis on the cost per kg liveweight 
(O’Halloran, 2005).

Considerations for the supply of live sheep for export 
are:

The location of their nearest live sheep export port. •	
Transport costs to the port of $5 -$15 per head could 
negate any benefit over the mutton trade.
Market requirements such as preferred sex, breeds, live •	
weights and fat scores (Table 29.3).
Meeting other quality assurance specifications such •	
as entire male lambs or hoggets and scabby mouth 
vaccination.
Pre-conditioning animals to feedlot rations•	

Sourcing and transporting sheep

Sheep are sourced from producers either on-farm or at 
auction and are transported to export port holding facilities 
where they are drenched and tested for compliance with the 
importing country’s disease protocols. Some countries require 
scabby mouth vaccination as a purchasing requirement. This 
vaccination is carried out on farm prior to sale. 

The main Australian export ports are in WA (Fremantle 
and Geraldton), SA (Port Adelaide) and Victoria (Portland).
The majority of sheep originate from WA (73% in 2007), SA 
and  Victoria. NSW sheep are loaded in SA or Victoria and 



   Marketing of sheep and sheep meat   681

International Sheep and Wool Handbook

usually comprise less than 10% of the total (Anon, 2008). 
Over 100 livestock export voyages to the Middle East occur 
each year (carrying sheep, cattle or camels). 

While being held prior to shipping the sheep are introduced 
to a pelleted ration (usually for 3-7 days) similar to the ration they 
will eat on the voyage (which is usually less than three weeks).  

The ships that deliver the sheep are capable of holding 
up to 135,000 sheep in regulated pen sizes and sheep 
density with defined feeding, watering, air change, lighting 
and management. Sheep are drafted into pens according 
to sex, age, weight and size. These aspects are controlled 
by the Australian Maritime Safety Authority (AMSA) in 
consultation with industry, government and the RSPCA. 
Prevention of Cruelty to Animals legislation applies for each 
state from which vessels depart.

The trade is often criticised for the perceived level of 
mortalities in transit. The industry has committed itself 
to continued minimisation of losses. In 2008 the mortality 
levels for sheep were 0.84% (Livecorp, 2009), whereas the 
level had been 2.48% in 1996.

Live assessment

Assessment of lambs and sheep for sale

Accurate appraisal of the live animal assists the producer and 
agent to target specific markets. The traditional approach of 
visually assessing sheep as a mob or while they are running 
through the drafting race often results in drafts of lambs or 
sheep with a 5-8 kg carcass weight range and a wide variation 
in fat scores (C. Anderson, pers. comm.).

To successfully market even lots of sheep the assessor needs 
to be able to accurately estimate the carcass weight, fat score 
and skin quality. These skills can be improved by experience 
and regular abattoir feedback. To achieve this, it is necessary to 
weigh and fat score the live animal.

Estimating carcass weight

Estimated carcass weight is liveweight multiplied by an 
estimated dressing percentage, e.g. 48 kg x 47 %= 22.6 kg.

Liveweight can be accurately and quickly measured using 
a set of sheep weighing scales. Most people underestimate 
lamb weights by 10-25 % when simply guessing, especially 
when sheep have longer wool (NSW Lamb Development 
Team (1997).

Although Australian lambs have an average dressing 
percentage of around 45-48 %, they vary considerably, from 
as high as 54 % to as low as 40 % depending on a wide range 
of conditions.

Fat scoring sheep and lambs

Fat scoring is a skill that is best learnt by practice and fine 
tuned using abattoir feedback. It is also of great benefit in 
managing the flock when feeding and managing sheep and 
lambs (Chapter 17).

Fat scores are based on actual soft tissue depth at the GR 
site. The GR Site is 110 mm from the midline over the 12th rib. 
The best site to feel when assessing fatness is over the long ribs 
where the GR site is measured on the carcass in the abattoir. 
Fat scores vary from score 1 (leanest) to score 5 (fattest).

Table 29.3.  Destinations and specifications for live sheep. 
Country Weight Breed Age Sex

Middle East 50 – 60 kg Wethers Up to full mouth Castrated males

34 – 37 kg Merino lambs Lambs Castrated males

34 – 37 kg Crossbred lambs Lambs Castrated males

55 – 65 kg Rams Up to full mouth Males

36 – 40 kg Damara F1 ram lambs Lambs Males

Saudi Arabia 36 – 38 kg Any ram lamb with tail Lambs tooth Males

42 – 45 kg Ram hoggets/with tail Max 2 tooth Males

48 – 50 kg Rams Up to 4 tooth Males

35 – 40 kg Damara fat tail Up to 4 tooth Males

50 - 60 kg Wethers Up to 6 tooth Castrated males

Kuwait 52 – 62 kg Wethers Up to full mouth Castrated males

44 – 50 kg Young wethers 2,4,6 tooth Castrated males

Jordan 45 – 52 kg Wethers Up to 4 tooth Castrated males, sheep

Egypt 50 - 55 kg Merino wethers Lambs - Up to 4 tooth Castrated males 

Note: Health protocol requires Scabby Mouth vaccination program to Saudi Arabia.
Source: O’Halloran (2005).
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To reliably fat score the animal should be standing in a 
relaxed state, preferably in a race or liveweight scales. The 
sheep will not be bruised if assessed in the correct manner by 
gentle palpation with the fingertips and thumb. The assessor 
needs to part the wool and place fingers on the skin before 
feeling for fat cover over the ribs. A staple of wool between 
skin and assessors fingers can lead to errors of up to one fat 
score (or 5mm) in assessment. Generally, at the same weight 
ewe lambs will be fatter than wether lambs. 

Figure 29.4. Accurately estimating carcass weight by 
accurately assessing liveweight by the use of scales. 
Source: McLeod (2003).

Fatness 

Factors affecting dressing percentage include fatness, time 
off feed and water prior to live  assessment, skin weight, sex, 

breed, weaned or unweaned, carcass trim and feed conditions. 
The effects of some of these factors are shown in Tables 29.5 
and 29.6.

 
Table 29.5. Changes in dressing percentage with fat score, 
sex and weaning status. 

Fat 
score

Lambs Sheep

Unweaned Weaned Wethers Ewes
1 43% 41% 39% 38%
2 45% 43% 41% 40%
3 47% 45% 43% 42%
4 49% 47% 45% 44%
5 51% 49% 47% 46%

Source: McLeod (2005).

A second cross 3-score lamb that is weaned with a 50mm 
skin will have a dressing percentage of about 45% and for 
each change in fat score there will be a 2% change in dressing 
percentage (Table 29.5.). For wethers (generally Merino) the 
dressing percentage will be 2%, and for ewes 3%, less than 
weaned second cross lambs at the same fat score.

Table 29.6 Time off feed and water before live assessment. 
Time off feed and water Increase in dressing percentage 
0-3 hrs 0
4-5 hrs + 1%
6-8 hrs + 2%
9-12 hrs + 2.5-3%
13-24 hrs + 3.5-4.5%

Source: McLeod (2003).

Table 29.4. Fat score table. 
Fat score

Site   1   2    3   4      5

GR tissue depth (mm) 0-5 6-10 11-15 15-20 21 and over

Long ribs Individual ribs felt 
very easily.  Cannot 
feel any tissue over 
the ribs.

Individual ribs 
easily felt but some 
tissue present.

Individual ribs can 
still be felt.  Can 
feel more tissue 
over the rib.

Can only just feel 
ribs.  There is fluid 
movement of tissue.

Ribs can’t be felt. 
Tissue movement 
very fluid.

Source: White and Holst (1997).

 

Figure 29.3. GR Site Location. Source: O’Halloran et al. (1986a).
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Skin weight adjustment

The skin weight of lambs and mutton will vary according to 
wool length, the amount of water held by the wool, and skin 
area which is related to liveweight (Chapter 28). The dressing 
percentage allowance for wool length is approximately 1% for 
every 25mm of wool length change from the standard 50mm 
length used as a 45% dressing percentage guide (McLeod, 
2003). For example, if the wool length is 100mm then deduct 
2% from the dressing percentage, or if it is 25mm add 1% to 
estimated dressing percentage. 

A 75mm skin, when thoroughly saturated, can hold 1.5 to 
2.0kg of water. Alternatively, when it is damp (that is, just too 
wet for shearing) it will hold 0.2-0.5kg of water. As a result, 
the liveweight of an animal when assessed has to be adjusted 
to account for the conditions.

Sex

Wether lambs can dress out up to 2% more than ewe lambs 
due to the greater internal weight of the female reproductive 
tract which is removed at slaughter (Lee et al., 1990).

Breed

The breed can affect fat cover and muscling and hence, 
dressing percentage. Merino cross and Merino lambs tend to 
have lower dressing percentages than second cross lambs by 
about 1.5 -2.5 % (Fogarty et al., 1998).

Carcass trim

The level of carcass trim in abattoirs is influenced by the 
dressing procedure. Depending on the type of trim, dressing 
percentages vary significantly. The standard AUS-MEAT 
carcass trim requires the removal of kidneys, channel fat, cod 
fats and thick skirts (diaphragm), and is most commonly used 
by export abattoirs. The non-standard trim retains kidneys, 
channel fats, cod fats and thick skirts (diaphragm) in the 
carcass and therefore increases dressing percentage by up to 
4%. This latter type of trim is performed in some domestic 
plants. Variations in the above two methods occur with some 
plants removing kidneys and channel fats but not removing 
thick skirts (McLeod, 2003).  The dressing percentage guide 
lines are for an AUSMEAT standard trim, hot standard carcass 
weight (HSCW). 

Hot and cold weight

Some abattoirs prefer to use cold weights so when meeting 
specifications it is important to remember that cold weight 
(after chilling ) is 2-3% less than hot weight (immediately 
post slaughter and dressing). 

Seasonal variation

Fluctuation of up to + 3% can occur because of the seasonal 
effects on feed quality. When lambs are grazed on low quality 
roughage diets the dressing percentage will be lower due 
to slower rates of passage through the gut. On these diets, 
lambs and sheep will take longer to empty out, influencing 
the carcass weight relative to the liveweight (Anon, 2003). 

Marketing systems

Saleyard auctions

This is a fast, simple method of selling large numbers 
of sheep of varying descriptions and lot sizes. Sheep are 
penned in lots at a centralised saleyard. Pens are then sold 
one at a time by a livestock agent acting for the vendor 
on a percentage commission basis of the final sale price. 
Ownership is transferred at the fall of a hammer held by the 
agent conducting the sale. Vendors can register a reserve 
price but if sheep are not sold, the vendor is responsible for 
them and they are often transported back to the property of 
origin.

Market forces freely interact to arrive at price based on 
supply and demand of the buyers and vendors present. During 
periods of short supply, saleyards can provide unpredictably 
high prices but prices tend to be based on averaging over 
good or poor quality sheep and lambs. There is also little 
opportunity for negotiation or the exchange of information 
between buyer and seller. The National Livestock Reporting 
Service (NLRS) provides market reports for most of the 
major selling centres within Australia (MLA, 2009). There 
is however, an inherent degree of livestock handling and 
transport involved at the saleyards which has an adverse effect 
on eating quality through animal stress, bruising and carcass 
damage.  Carcass weight loss increases with time held off 
feed prior to slaughter mainly due to dehydration. Losses of 
3-4% of carcass weight often occur after 24 hours off feed, 
6-7% in 48 hours and 8 % after 72 hours (O’Halloran et al., 
1986b). 

Sales of restocker (non slaughter) sheep including 
ram sales are often conducted using the auction system. A 
variation of the auction system generally used for ram sales 
is the double hammer (A. Gates, pers. comm.). The ‘double 
hammer’ allows the winning bidder to choose one of the 
number of rams offered for sale within the pen or they can 
elect to purchase the whole pen. Another auction system used 
for the sale of rams is the ‘Helmsman Auction’. This selling 
method does not sell a pen at a time but has all lots open 
for bidding simultaneously until there are no further bids 
on any particular lot. The sale is open for a minimum of ten 
minutes, with a two minute extension applied when any bid 
is recorded within the last two minutes of the sale. In some 
sales the bidding interval can be shortened to fifteen seconds 
(Anon, 2009).
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Auction Plus

‘Auction Plus’, formerly known as ‘CALM’  (Computer 
Aided Livestock Marketing) also offers a Helmsman auction 
type system where buyers and sellers bid on previously 
assessed lambs or sheep via the internet (www.auctionsplus.
com.au). Sheep or lambs are sold on a $/head or c/kg basis at 
the choice of the vendor. An accredited assessor objectively 
describes the sheep or lambs whilst on-farm. The assessment 
sheet and photos are available to buyers who bid without 
physically seeing the stock. Upon sale transport is arranged 
between buyer and vendor and delivery usually occurs within 
a week. Carcass feedback is available in this system when the 
lambs are sold on a c/kg basis.

Paddock sales

Paddock sales are also a common method of marketing sheep 
and lambs where the prospective buyer inspects the sheep on 
farm. Ownership transfer occurs at the farm gate. Paddock 
sales have the following advantages:

sheep and lambs are assessed prior to them leaving the •	
property
sheep can be marketed on days other than sale days •	
opportunities exist to negotiate  price and more flexible •	
delivery arrangements 
sell large numbers of sheep and lambs without the extra •	
cost and stress involved in transport to saleyards.
The buyer is usually more able to take advantage of •	
transport efficiencies than the producer with larger trucks 
and more competitive transport rates.

The value of this system depends on the producer’s relationship 
with the agent and the buyers. Some buyers provide detailed 
feedback (McLeod, 2003).

Over the Hook (OTH) trading

Most processors will purchase lambs destined for slaughter 
over the hook, paying a cents per kg price for the carcass. 
The skins may be tendered on the vendor’s behalf. The 
advantage of this system is that each carcass is weighed and 
fat scored allowing the producer to be paid for what they 
produce.

Most domestic processors and wholesalers will provide a 
price over the phone so the producer knows what price will 
be received before lambs leave the property. Feedback on 
carcass quality, weight and fat specifications is also provided. 
A disadvantage of this system is that processors often do not 
pay premium prices to new producers until they know that 
they can deliver to specification.

Direct transport to the abattoirs keeps handling and stress 
on lambs to a minimum, reducing the risk of problems in 
carcass and eating quality. When selling lambs over the hook, 
ownership changes at the abattoir scales. Condemned lambs 
are rare but if they do occur, the producer will be not paid 
for them. 

Variations when selling lambs ‘over the hooks’ are:

OTH cents/kg (flat price with no penalties)•	
OTH grids (cents/kg penalties for outside of specification •	
for either weight or fatness)
Forward •	 contracts (usually based on price grids)

Figure 29.5  Example of an online auction sale of sheep. Source: AuctionsPlus (2009).
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OTH price grids provide a differentiation in price for lambs, 
based on carcass weight and fatness (Duddy et al., 2005).They 
show the value to the processor of each carcass according to 
the weight and fat specifications preferred by the processor or 
other end-user (Table 29.7). Some producers are discouraged 
by the lower price for missing the specifications even though 
the price for meeting specification is generally higher than 
other marketing methods (White, 1998). By developing good 
live lamb assessment skills it is possible to only send those 
lambs that meet the preferred specifications. Lambs that 
fall outside the specification can then be further fed or sold 
through other marketing methods.

Table 29.7. OTH Pricing Grid (sample only). 
Hot standard 
carcass weight

Fat score

1 2 3 4 5

18.1- 20 kg 2.50 3.00 3.00 3.00 2.50

20.1- 22 kg 2.50 3.25 3.25 3.25 2.50

22.1- 24 kg 2.50 3.50 3.50 3.25 2.50

24.1- 26 kg 2.50 3.50 3.50 3.25 2.50

26.1- 28 kg 2.50 3.50 3.50 3.25 2.50

28.1- 30 kg 2.50 3.20 3.20 3.25 2.50

30.1 + kg 2.50 3.20 3.20 3.20 2.50

Source: McLeod (2005).

Processors lose profit for each fat score outside their 
specification. The cost of trimming and the waste it creates 
can be considerable. A fat score 2 carcass can be about 7% 
more profitable than a 4 score carcass at the same weight 
(Hopkins and Kajons, 1993). For retailers this loss is generally 
doubled. The losses are channelled back to producers through 
lower prices paid.

For producers not involved in a direct marketing 
relationship with a processor or wholesaler it is still worth 
comparing returns from a number of processors. Direct 
comparison is difficult because many grids have different 
factors in their basis and differing allowed levels of trim.

The processor information needed is:

weight preference•	
fat score preference•	
price (cents/kg) and penalties for outside the specification •	
if selling on a grid

•	 carcass trim used, e.g. AUSMEAT trim hot standard 
carcass weight or fats-in for some domestic abattoirs 
hot or cold carcass weight basis•	
the level of ‘shrink’  (drying out of the carcass in the •	
chiller) is assumed if payment is made on cold weight. It 
is usual to assume 3% shrink however it will vary from 
2.5-3.5%
date and time of delivery (most abattoirs require stock to •	
be at the plant the day prior to slaughter)
transaction levy (at present producers have 2% deducted •	
from their payment to a maximum of $1.50 for lambs 
and 20c per head for sheep)

estimated skin value (producers need to be able to assess •	
skins for seed and length etc.)
transport cost to abattoir (normally producers will pay •	
delivery to abattoir)
payment terms (7-21 days, cheque or direct into a •	
producers account).

Forward contracts

To secure a supply of suitable lambs for the export markets 
some meat companies use forward pricing mechanisms 
(Johnson et al., 2003). These are often in the form of 
forward contracts that have benefits for both producers and 
processors.

Producers benefit by knowing what price they will receive 
for their lambs some months in advance. This enables them 
to exercise greater control over their risk and management. 
Processors benefit from a more consistent supply with 
less fluctuation in both purchase price and performance to 
specification.

Most forward contracts are traded on a Price Grid based 
on carcass value for lambs of various weights and fat scores.

Recent advances in supply chain 
management

More effective transfer of ownership occurs when the 
principles of supply chain management are applied (Boger 
et al., 2001). Supply chain management reliably rewards the 
additional effort required to produce and accurately assess 
lamb and sheep meat to market specifications. 

Producer marketing groups

Producer marketing groups are formed by specialist lamb 
producers who cooperate to provide lambs to a specification 
and price to an agreed supply management plan (Palmer, 
1996). This ensures that a higher level of conformance to 
specification is achieved by the supplier. The Pastoral Prime 
supply chain based in Central NSW has achieved up to 90% 
of lambs meeting carcass weight and fat specifications of 18-
22kg and two to three GR Fat score (White et al., 2002).

Involvement in supply chain alliance requires constantly 
monitoring lambs to make sure they will meet specifications. 
The success of an alliance often depends entirely on the skills 
of the assessor/coordinator – in many cases an accredited 
agent. Producer groups usually attempt to establish an 
alliance with an end-user providing consistent supply to a 
specification in return for an agreed price. Advantages of 
supply chain alliances include:

price premiums for meeting specifications set by end-•	
users
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a forum for mutual learning•	
better knowledge of customer requirements•	
ability to form a mutually advantageous alliance with an •	
end user
ability to negotiate and supply forward prices•	

Several recent examples of lamb supply chains are Pastoral 
Prime (White, 1998), Crystal Spring (Duddy et al., 2005a,b), 
WA Q Lamb, Alliance Group Limited, Rissington (Taylor, 
2007) and Tender Plus which is detailed in the case study 
below. 

Tender Plus: A case study

Tender Plus Alliance

Tender Plus is a meat manufacturer; that is a specialist supplier 
of beef, lamb, veal, pork, game meats and smallgoods. It 
provides customised portion-ready products for major hotel 
chains, restaurants and airlines. The company is dedicated 
to high quality product and has advanced quality-assurance 
programs in all areas of its business. It has established 
relationships with major suppliers for price stability and 
consistency of supply. This required the development of a 
supply alliance for lamb to ensure the companies quality 
assurance guarantees could be fulfilled. 

Previously Tender Plus processed 600 lambs weekly 
and purchased them from a variety of sources based on 
price. Tender Plus found it difficult to compete with the 
supermarkets and the large processors when sourcing lamb 
from traditional marketing methods (saleyards) in northern 
NSW due to lower economies of scale. This resulted in wide 
variations in the consistency of the product and its price. The 
variation provided the stimulus to establish relationships to 
source quality lamb. The success of the supply relationship 
has allowed Tender Plus to develop further export markets 
and increase weekly throughput to 1,800 lambs. 

Tender Plus currently has over 120 different lamb cuts 
which are exported to the countries of Japan, China, Korea, 
South East Asia, Papua New Guinea, USA and Canada. 
The alliance has offices in Japan, Korea and China. It 
began operations in 1986, in the humble surroundings of 
an old sausage factory on the Gold Coast, with 5-8 butchers 
(Johnson, 2002).

 After the establishment of the alliance, tours of the 
processing plant and the Tender Plus facility were introduced. 
These were instigated to give the producers and potential 
buyers a better understanding of the supply chain. The tours 
have been a major success factor in the development of the 
relationship with suppliers and Japanese clientele. They 
provide a reinforcement of goodwill, cement relationships 
within the supply chain. In addition to these outcomes, they 
also provide education in lamb preparation and the type of 
quality control essential in the export market.

Skills in live assessment and lamb finishing have been 
important acquisitions for the suppliers. The use of improved 

genetics has been essential to maximising the proportion of 
lambs meeting specifications. The benefits from this supply 
chain have not been one sided. Tender Plus have learnt more 
about lamb production, saleable meat yield and rewarding 
producers for success. The use of payment grids (Table 
29.7) provides clear signals to the producer with incentives 
and discounts for meeting specification. Tender Plus allows 
suppliers flexibility by continually modifying price grids 
to suit different product specifications, seasons and market 
situations (Johnson, 2002).

The producers have moved from an environment which is 
price oriented to a more sustainable business paradigm. Long 
term budgeting, risk management and creating relationships 
have become the keys to the producer’s future. Tender Plus 
has moved from price orientated supply to satisfying customer 
and consumer needs. 

Owing to continuous interaction with their international 
customers Tender Plus is constantly developing new 
products. These innovations have been a key to new market 
development and increasing demand throughout Asia. To 
improve the supply chain communication the international 
retailers are given tours of the processing facilities and key 
suppliers. The tours have proved to be very beneficial, with 
exports continually on the rise. The tours give the retailers 
hands on experience with the traceback and quality assurance 
across the lamb supply chain. They are able to see first hand 
lamb production and processing  to satisfy any food safety 
issues that may arise. Tender Plus’s Export Manager, Barry 
Knock believed that tours assisted enormously:-

“bringing the buyers down to gain an understanding 
of the Australian industry certainly helps…….. It’s a 
quality issue and with foot and mouth, BSE and all 
those types of things, they are looking for food safety 
and a supply chain all the way through that guarantees 
that food safety (Johnson, 2002)” 

The Tender Plus alliance provides a good case study for 
successful supply chain management in the lamb industry. 
Given a declining world sheep population and growing global 
demand for protein, efficient supply chain management is 
becoming increasingly important. 

Carcass feedback and traceability      

Feedback sheets are provided by abattoirs after the stock has 
been processed and include information on:

The number of lambs processed•	
Carcass weight•	
Carcass fat (GR)•	
Muscle grade (if recorded)•	
Price for each lamb (if recorded)•	
Skin price and value for the lot•	
Animal health status- condemnations, evidence of •	
various diseases
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Details on lambs that have not met the processor’s •	
specification, e.g. seed contamination.

This information is valuable to producers to monitor their live 
assessment skills and product quality and for the processors 
to be able to trace livestock to the last property of provenance 
via the property identification code (PIC). 

Video Image Analysis VIAscan

VIAscan sheep carcass description system automatically 
records a video image of each carcass at the end of the 
slaughter chain to predict its lean meat yield (Hopkins et al., 
2002). A VIAscan based payment system has the capacity 
to identify carcasses outside the processor’s specification for 
fat levels and conformation. 

Lean meat yield is an estimation of the proportion of 
saleable lean meat that can be extracted from each carcass. 
The information on individual carcasses is presented as a 
percentage with some New Zealand processors providing 
a breakup of yield from forequarter, loin and hindquarter 
(Behrent, 2006). Individual meat processors calibrate the 
VIAscan algorithms to reflect the suite of cuts likely to be 
made for their specific markets (Hopkins et al., 2004). The 
predicted yield for these cuts then determines the carcass 
value received by the producer. 

VIAscan feedback (Figure 29.7) is therefore valuable 
for producers to manipulate their genetic and nutritional 
management. Saleable meat value can be improved by 
selecting sires with higher eye muscle depth breeding values 
(McLeod et al., 2007a). This will produce progeny with a 
greater proportion of carcass lean in the higher valued loin 
(McLeod et al., 2007b).

Figure 29.6 Feedback sheet for an individual lamb showing traceability to breeder (eartag PIC) and vendor (NVD PIC). 
Source: McLeod et al., (2009).

Figure 29.7 Example section of a VIAscan feedback sheet Source: M.Behrent, (unpubl. data).
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Quality assurance systems for sheep meat

It is important to the long term sustainability of markets for 
sheep meat products that they are of consistent quality and 
free of chemical residues, disease and other contamination. 
Some of the factors that have an impact on quality can be 
controlled by producers but many others are influenced by 
downstream activities in the transport, processing, retailing 
and food preparation sectors of the supply chain. 

Consumers of sheep meat products internationally have 
become more demanding and the industry is attempting to 
meet or exceed customer expectations (Clare et al., 2002). 
These programs allow traceback of meat products to the 
last property to satisfy export customers that the production 
and processing system is adhering to an agreed standard by 
documentation at critical control points.

Australian sheep meat producers can participate in 
the national quality assurance scheme called Livestock 
Production Assurance (LPA) which is a basic scheme that was 
developed by MLA and now run by AUS-MEAT. Producers 
participate in the program by adhering to the National Vendor 
Declaration (NVD) system (White, 2006). 

The National Livestock Identification Scheme (NLIS) also 
requires all sheep and lambs be ear tagged with an approved 
NLIS tag prior to leaving the property and be accompanied 
by a recognised sheep movement document such as a NVD 
to provide a form of traceback to the property of origin.

Meat Standards Australia (MSA) for sheep meat is 
another industry program that all sectors of the supply chain 
can participate in to minimise the risk of failure to comply 
with customer’s expectations (AWI, 2009). MSA product is 
identifiable at the retail level with a quality trademark.

Figure 29.8 MSA label. Source: MLA (2009).

The supply requirements for sheep meat for MSA (Pethick, 
2005) are:

Minimum 2 weeks off shears•	
Minimum GR tissue depth of 6 mm and minimum Hot •	
Standard Carcass weight of 18.0 kg
Total time off feed prior to slaughter not greater than 48 •	
hours including on farm curfew, transport and lairage.
Minimum of 2 weeks at the consignment property before •	
dispatch

Recommended minimum •	 growth rate prior to slaughter 
of 100g/day for crossbreds and 150 g/day for Merino 
lambs and sheep
Direct to abattoir marketing of lambs is the preferred •	
option
Merino lambs are not accepted through the saleyards. •	
Merinos require more careful pre-slaughter management 
than other breeds to reduce the effects associated with 
stress.
Crossbred lambs (defined as less than or equal to 50% •	
Merino) are accepted through the saleyards.

Other quality assurance issues that need to be addressed when 
marketing sheep and lambs include: grass seeds, disease, faecal 
staining, spray markers and vaccination scars.

Grass seeds can pierce the skin of sheep and lodge in the 
muscle. Lamb and mutton products contaminated by grass seed 
are unsaleable on the export market, which results in heavy 
trimming of carcasses at the abattoir. Where possible, sheep 
and lambs identified for sale should not be grazed in paddocks 
with grass seed. Shearing in the month prior to seed set helps 
to reduce carcass contamination by seed.

The major causes of lamb and mutton condemnation and 
trimming due to sheep disease includes cheesy gland (caseous 
lymphadenitis), sheep measles (cysticercus ovis), arthritis, 
pleurisy and pneumonia. Carcass trimming occurs to pass 
animal health inspection regulations. 

Sheep destined for slaughter should be free of faeces and 
stain however crutching over the tail reduces skin value and 
should be avoided. Crutching should be done at least four days 
before consignment to avoid pre slaughter stress. Sheep with 
unhealed or infected wounds are not acceptable for slaughter.

Spray markers and raddles should be used on the wig or 
nose of sheep for pre-slaughter identification.  Markers should 
not be applied in the middle of the back as skin processors use 
lower temperatures than wool scourers, leaving traces of the 
mark on the skin.

Sheep or lambs should be vaccinated behind the ear so 
possible blemishes can be easily trimmed from the pelt or the 
carcass.  Vaccinations along the back, shoulder or inside the 
hind leg are not recommended as these are high value parts of 
the carcass and skin. External parasites such as lice, flystrike, 
fleece rot and dermatitis reduce skin value.

Processors also keep records of producers supplying lines 
of sheep and lambs with dog bites, bruising, diseases, faecal 
and grass seed contamination. Some buyers factor in a price 
reduction of up to 15% to sheep and lambs from unknown and 
unreliable sources to cover possible losses due to these issues.

It is important that export slaughter intervals and 
withholding periods are observed when marketing sheep or 
lambs. Export slaughter intervals (ESI) are often longer than 
withholding periods (WHP). The ESI is the minimum time 
interval that should elapse between the last treatment of an 
animal and slaughter for export. The WHP for meat is the 
minimum period that must elapse between the last treatment of 
an animal and slaughter for human consumption in Australia. 
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The latest ESI’s and WHP’s can be downloaded from the 
Australian Pesticides and Veterinary Medicines Authority 
website. 

Corrective action is required in a quality assurance 
program when the procedures put in place by the manager 
are not achieving the target. It is the skill of the manager to 
identify the critical control points by monitoring, recording 
and consequently implementing appropriate corrective action 
when required.

National Livestock  Reporting Service (NLRS)

Australian livestock market information is obtained by NLRS 
for key auction and direct markets around Australia. Sheep 
and lamb prices are publicly reported for the main market 
specifications in addition to slaughter statistics, wholesale 
prices and skin prices. This service is funded by Meat and 
Livestock Australia (MLA, 2009).

References

Anon (2003) On Farm - Live Assessment and Yard Book pp8 
MLA, Sydney 

Anon (2009) Malleetech. Helmsman Auction. http://www.
malleetech.com/helmsman.html (accessed 5 August 2009)

AuctionsPlus (2009) http://www.auctionsplus.com.au/ (accessed 
11 August 2009)

AWI (Australian Wool Innovation) (2009) Making More From 
Sheep, http://www.makingmorefromsheep.com.au/market-
focussed-lamb-and-sheepmeat-production/tool_3.5.htm 
(accessed 29 July 2009)

Boger S, Hobbs JE and Kerr WA (2001) Supply chain 
relationships in the polish Pork sector: case study. Supply 
Chain Management: An International Journal 6 74-82

Clare BG, Reid JI and Shadbolt NM (2002)  Supply Base 
Relationships in the New Zealand Meat Industry: A Case 
Study. Proc IAMA Fifth International Conference on Chain 
and Network Managemnet in Agribusiness and the Food 
Industry, pp 465-484 Wageningen, Netherlands

Duddy G, McLeod B and Sullivan J (2005a) Crystal Spring – 
Crystal Clear and Consistent Agribusiness Sheep Updates 
Proceedings pp 69-70 Department of Agriculture & Food, 
Western Australia, Perth

Duddy G, McLeod B and Sullivan J (2005b) Crystal Spring – 
Crystal Clear and Consistent Proceedings from the Annual 
Wool & Sheepmeat Services conference pp 87-93 NSW 
Department of Primary Industries, Orange

Fogarty NM, Hopkins DL and Holst PJ (1998) Lamb 
Production from Diverse Genotypes: Final Report, NSW 
Agriculture, Orange Agdex 436/32

Hopkins DL, Safari E, Thompson JM and Smit CR (2004) 
Video Image Analysis in the Australian meat industry – 
Precision and accuracy of predicting lean meat yield in 
lamb carcasses. Meat Science 67 269-274

Hopkins D, Safari E and Fogarty NM (2002) Conformation 

assessment of lamb carcasses and measurement using 
VIAscan. Animal Production Australia 24 97-100

Hopkins D and Kajons A (1993) Processing and retailing of 
large, lean lambs. Project report DAN. 071. MRC, Sydney

Johnson S, McLeod B and Vaina V (2003) Supply Chain 
Management in the Prime Lamb Industry Tender Plus®: 
A Success Story. Proceedings from the International Farm 
Management Congress pp 550-557 Curtin University, 
Perth

Johnson S (2002) Success Factors for Strategic Partnering 
in the Prime Lamb Industry. Master of Applied Science 
(Agriculture) Charles Sturt University, Wagga

Jones K and Weeks P (2008) Australian sheep industry 
projections – 2008 mid year update, MLA, Sydney  

Lee GJ, Harris DC,  Ferguson BD and Jelbart RA (1990) 
Growth and carcass fatness of ewe, wether, ram and 
cryptorchid crossbred lambs reared at pasture. Australian 
Journal of Experimental Agriculture 30 743-747

Livecorp (2009) Year in review 2009 http://www.livecorp.com.
au/PublicFiles/Publications/2009reduced.pdf (accessed 29 
July 2009)

McLeod BM (2003) Comparing lamb marketing methods. 
NSW Agriculture, Agfact A3.8.6 1st edition, Orange, 
Australia

McLeod BM (2005) Chapter 6 Wool 412/512 Sheep Production 
School of Environmental and Rural Science, University of 
New England, Armidale

McLeod BM, O’Halloran WJ and Wright D (2009) Trialling 
the use of touchscreen technology to record NLIS sheep and 
goats eartag PICS against the correct carcass at Peel Valley 
Exporters (PVE), Tamworth. Project 1.8.2 Supplementary 
report, Sheep CRC, Armidale

McLeod BM, White AK, O’Halloran WJ and Nielsen SG 
(2007a) Selection of flock rams for eye muscle depth will 
improve lamb boning room profitability of their progeny. 
Proceedings of Association for the Advancement of Animal 
Breeding and Genetics 17 207-210

McLeod BM, White AK, O’Halloran WJ and Nielsen SG 
(2007b) Predicting the boning room value of lamb carcasses 
from selected indicator cuts. Proceedings of International 
Congress of Meat Science and Technology 53 139-140

McRae T, Jones K and Weeks P (2009) Australian cattle and 
sheep industry projections, pp 38 MLA, Sydney

MLA (Meat and Livestock Australia) (2004) Australian Lab 
04.3 - Primb Lamb Industry pp 6-8 MLA, Sydney

MLA (2005) Australia’s Sheep Meat Industry – Fast Facts pp 
1-2 MLA, Sydney

MLA (2009a) Meat Standards Australia http://www.
mla.com.au/TopicHierarchy/IndustryPrograms/ 
MeatStandardsAustralia/MSA+lamb+and+sheepmeat.htm 
(accessed 27 July 2009)

MLA (2009b) National Livestock Reporting  Service http://
www.mla.com.au/TopicHierarchy/MarketInformation/
NLRS/default.htm (accessed 28 July 2009)

NSW Lamb Development Team (1997) Producing and Marketing 
Lambs to Specifications in NSW. Agdex 431/12 p23 NSW 
Agriculture, Orange,  



690   B.M. McLeod et al.

International Sheep and Wool Handbook

O’Halloran WJ (2005) Chapter 6. Sheep Production. School 
of Environmental and Rural Science, University of New 
England Armidale 

O’Halloran WJ, Thompson JM, McNeil D, May TJ and 
Jackson-Hope NJ (1986a) The effect of pre-slaughter 
fasting on live weight, carcass weight and fat loss in prime 
lambs. Proceedings of the Sheep and Wool Seminar and 
Refresher Course  Armidale

O’Halloran, WJ, Thompson JM, McNeil D, May TJ and 
Jackson-Hope NJ (1986b) The effect of pre-slaughter 
fasting on live weight, carcass weight and fat loss in prime 
lambs. Wool Technology and Sheep Breeding 34 12-16

Palmer CM (1996) Building effective alliances in the meat 
supply chain. Supply Chain Management 1 1-9 

Pethick DW (2005) Pathway specifications for Meat Standards 
Australia Lamb and Sheepmeats. Agribusiness Sheep 
Updates Proceedings, Perth

Taylor M (2007) Rissington takes next step on supply. http://
www.country-wide.co.nz/article/8793.html (accessed 4 
August 2009)

Tighe K (2010) Australian sheep industry projections, pp 
11-19 MLA, Sydney

White AK (1998) Pastoral Prime branded lamb alliance. 
Project 182. Final report to Meat and Livestock Australia, 
Sydney

White AK (2006) Chapter 16. Sheep Meat Production and 
Marketing School of Environmental and Rural Science, 
University of New England, Armidale 

White AK and Holst PJ (1997) Supplementation Guide – 
Sheep. Agnote SW/105 NSW Agriculture, Orange

White AK, Stanley DF and Safari E (2002) Using carcass 
databases to improve performances of lamb marketing 
alliances. Animal Production Australia 24 368

White AK, Shands CG, Casburn G and Murray G (2001) 
Making the Most of Mutton. p 2 MLA, Sydney

Wilson L (2005) Market Briefs – The Japanese Mutton Market, 
MLA Market Information, September MLA, Sydney

Wilson L (2006) Market Briefs – Lamb boom continues in 
Japan MLA Market Information, March, pp 2-9 MLA, 
Sydney 

Websites

Alliance Group Limited: www.alliance.co.nz/RP.jasc?Page= 
Home

AuctionsPlus: www.auctionsplus.com.au
AUS-MEAT: www.ausmeat.com.au/
Australian Bureau of Agricultural and Resource Economics 

(ABARE): www.abareconomics.com
Australian Bureau of Statistics: www.abs.gov.au
Australian Pesticides and Veterinary Medicine Authority: 

www.apvma.gov.au/residues/ESI.shtml
Livestock Production Assurance: www.mla.com.au/Topic 

Hierarchy/IndustryPrograms/LivestockQuality Systems/
LivestockProductionAssurance/

National Livestock Identification System: www.mla.com.
au/TopicHierarchy/IndustryPrograms/NationalLivestock 
IdentificationSystem/default.htm

Rissington: www.rissington.com/nz/about_nz_beef_and_lamb
WA Q Lamb: www.waqlamb.com.au



   Processing of sheep and sheep meats   691

International Sheep and Wool Handbook

30
DL Hopkins
Centre for Sheep Meat Development, Industry & Investment NSW (Primary Industries), Cowra
E-mail: David.Hopkins@industry.nsw.gov.au

proCeSSIng oF Sheep and 
Sheep meatS

691

Pre-slaughter handling and lairage

Sheep and lambs pass through a series of phases on their way 
from a farm to an abattoir, but these phases depend on how the 
animals are sold.  Commonly the phases would include 1) farm 
curfew, 2) transport, 3) saleyards and 4) transport.  However some 
animals are sold direct to abattoirs and thus avoid the saleyard 
and dual transport phases.  All slaughter animals spend time in 
lairage. 

The purpose of farm curfew is to prepare livestock for 
transport and specifically to reduce the volume of material in the 
gastrointestinal tract and the urinary bladder prior to transport.  
During these phases the animals are exposed to various stimuli 
which Ferguson and Warner, (2008) have outlined;

Handling and increased human contact,1. 
Transport,2. 
Novel/unfamiliar environments,3. 
Food and water deprivation,4. 
Changes in social structure,5. 
Variation in climatic conditions6. 

Dehydration

The stimuli listed by Ferguson and Warner (2008) can 
collectively and separately have a negative effect on carcass and 
meat quality.  For example Thompson et al., (1987) showed that 
feed deprivation for 24, 48, 72 and 96 h resulted in a 3.5, 5.9, 
7.3 and 7.9% loss in carcass weight and data presented by Jacob 
et al. (2006c) indicated that 50% of lambs slaughtered in two 
Australian abattoirs in two different states were dehydrated.  In 
this case dehydration was indicated by measurement of urine 
specific gravity (USG).  The use of USG relies on the basic 
physiological principal that animals conserve water in response 
to water deprivation by increasing their urine concentration.  To 
maintain circulating blood volume, water moves from muscle 
tissue into the blood and reduces the water content of muscle 
(see Fig 30.1) and after 24 hours of water deprivation the effect is 
more pronounced.  The estimated cost to the Australian industry 
in 2006 based on the data from Jacob et al. (2006a; 2006c) was $5 
m per annum (Hopkins et al., 2006b).  The study of Jacob et al. 
(2006c) revealed there was a high incidence of dehydration in the 
spring in Western Australia which was attributed to the turn-off 

of sucker lambs, indicating they are more susceptible than carry 
over lambs.  Sucker lambs are not as familiar with drinking from 
troughs given they obtain sufficient water from their milk intake.  
The highest  USG levels did not necessarily occur during the 
summer, when ambient air temperatures were highest.  Overall 
Victorian lambs had higher rates of dehydration (60% of lambs 
with a USG > 1.045) compared with Western Australian lambs 
at 48%.  Codes of Practice for animal welfare for saleyards, 
transport and abattoirs all have specific recommendations for 
supplying water to lambs (Anonymous, 2004).  However, even 
when these practices are adhered to, dehydration can occur if 
lambs fail to drink water in lairage yards.  
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Figure 30.1. Therelationship between urine specific gravity and 
dry matter content of muscle. Source: adapted  from Jacob et al. 
(2006a). 

If adult sheep arrive at abattoir lairage and they are already 
dehydrated, after 72 hours USG can decrease indicative of 
water consumption, whereas if hydrated on arrival extended 
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lairage (72 h) can lead to dehydration (Toohey et al., 2006a).  
However in this latter case there was no effect on the water 
content of muscle.  It is apparent that methods to encourage 
sheep and particularly lambs to drink in abattoir lairage are 
required.

Apart from the reduction in carcass weight, dehydration 
may also have an impact on meat quality by causing meat to 
be darker in colour (Jacob et al., 2006a) and less attractive to 
consumers.  Dehydration can cause stress and stress is known 
to have a significant impact on meat colour and shelf life.  
Cortisol released from the adrenal glands during stress has a 
diuretic effect (increases water loss by the kidneys) and may 
simultaneously depress water intake.  It has, however been shown 
that dehydration does not cause a decline in meat eating quality 
(Jacob et al., 2006b) which is consistent with the minimal impact 
on eating quality of sheep meat for animals held in lairage for 
up to 48 hours (Jacob et al., 2005) confirming earlier work of 
Kirton et al., (1968) who showed no detrimental effect of lairage 
(water only) for 48 h compared to 24 h on the sensory scores of 
meat from the hind leg of lambs.  However in a study with adult 
sheep held in lairage at an abattoir, Toohey and Hopkins, (2006a) 
showed that there was a significant interaction between lairage 
time and electrical stimulation, such that unstimulated meat was 
tougher from animals held in lairage for 2 days compared to 
those held for 1 day of lairage, with no effect in stimulated meat.  
This highlights that best practice will be the use of short lairage 
times.

Stress effects

Animals faced with stressful situations will have an altered 
metabolism dependent on the type of stress (Ferguson and 
Warner, 2008), and this can lead to significant depletion of muscle 
glycogen (Warriss, 1990) and if the level falls to 45-57 mmol/kg 
then a “normal” ultimate pH will not be reached when the animal 
is slaughtered (Tarrant, 1989).  This will lead to reduced keeping 
quality (Egan and Shay, 1988), increases in toughness (Silva et 
al., 1999), potentially darker meat (Hopkins and Fogarty, 1998) 
and a reduction in water-holding capacity.

Some interesting survey data of lamb consignments 
presented by Jacob et al. (2005b) showed that muscle glycogen 
concentration in the semitendinosus muscle was negatively 
correlated with curfew time on farm and since this muscle is 
classed as glycolytic this indicates a level of stress in these 
lambs pre-slaughter.  Four of eleven consignments had muscle 
glycogen levels below the critical threshold, but grain fed lambs 
had higher levels than pasture fed lambs (Jacob et al., 2005b) 
and this reflects the positive linear relationship between muscle 
glycogen concentration and metabolisable energy intake (Pethick 
and Rowe, 1996).  There was no evidence that stress associated 
with weaning reduced glycogen levels from the study of Jacob et 
al., (2005b) and in fact the evidence from the results of Hopkins 
et al., (2007b) is that sucker lambs achieve very acceptable 
pH levels.  Merino lambs have been shown to produce higher 
pH levels than crossbred lambs (Hopkins and Fogarty, 1998; 
Gardner et al., 1999; Hopkins et al., 2007b) because they may be 

more susceptible to stress pre-slaughter and have a greater loss 
of glycogen. 

Interestingly a significant reduction in glycogen pre-
slaughter is not always observed in Merinos and the heritability 
for glycogen level is moderate indicating that there is potential 
to genetically select for this trait (Ponnampalam et al., 2008). 
Merino lambs slaughtered under a low stress system did not have 
reduced glycogen levels (Gardner et al., 1999).  Thus to produce 
high quality sheep meat nutritional management pre-slaughter is 
important and long lairage periods should be avoided and these 
factors are particularly important for Merino lambs.  With respect 
to eating quality a series of recommendations on pre-slaughter 
handling and treatment were provided by Young et al. (2005) 
and a summary of recommendations derived from across the 
literature and adapted from Hopkins et al. (1996) are given in 
Table 30.1.

Management pre-slaughter

A number of different dietary supplements have been investigated 
with the objective of reducing the effects of stress pre-slaughter 
in ruminants, but only a few studies have been conducted in 
sheep.  Published work on the usefulness of magnesium which 
is shown to depress neuromuscular stimulation (Hubbard, 1973) 
is inconclusive with work in New Zealand showing no effect on 
muscle glycogen (Lowe et al., 2002), whereas Australian work 
has shown a reduction in the loss of glycogen from specific 
muscles in Merino lambs, but not all muscles (Gardner et al., 
2001).  It also appears from the results of Gardner et al. (2001) 
that the form in which magnesium is fed impacts on the response 
and although they did not measure glycogen Apple et al., (2000) 
found that a particular form of magnesium when fed for 95 days 
actually increased toughness.  Such extended supplementation 
would be unviable and short periods of supplementation are the 
most likely to give a response.

In recent years there has been extensive work undertaken in 
Australia on the usefulness of feeding electrolytes pre-slaughter 
with much of the focus on re-hydration of transported sheep 
and lambs.  Toohey et al. (2006a) reported on two experiments 
which examined the response in adult wether Merinos when 
offered a commercial electrolyte mixture in lairage and found 
the electrolyte did not have any practical worthwhile effect on 
meat quality or lessen dehydration as indicated by USG.  Jacob 
and Davidson (2006) in a similar experiment using the same 
commercial electrolyte at the same dosage rate showed that there 
was no difference in the consumption rate of fluids between 
treatments.  It would also appear that the glucose content of this 
electrolyte did not entice sheep to consume more as reported in 
cattle (e.g. Schaefer et al., 1990). 

Pearce et al. (2004) reported that sheep which had grazed 
saltbush (Atriplex spp.) produced a higher volume of urine with 
a low USG and osmolarity as well as having a higher muscle 
fluid content in comparison to sheep grazing pasture/stubble. 
Although there was no difference in hot carcass weight of the 
saltbush compared with control fed sheep these results suggested 
that saltbush ingestion may delay the onset of dehydration prior to 
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slaughter. Saltbush contains 15-30% salt (Beadle et al., 1957) and 
up to 30 g betaine/kg DM (Storey et al., 1977) and since betaine 
acts as a osmolyte in plants it was suggested that the combined 
action of these two compounds could reduce dehydration when 
fed on farm prior to consignment to an abattoir (Pearce et al., 
2008).  Although Pearce et al. (2008) did not find any practical 
benefit from feeding salt they did propose that lambs fed high 
levels of salt prior to lairage would have higher fluid levels 
initially, but after 48h in lairage the level of dehydration was 
similar to lambs not fed salt prior to lairage.  Lambs fed high salt 
prior to lairage may well encourage non treated lambs to drink 
through a learned behaviour.  Unfortunately feeding betaine 
conferred no advantage in terms of water retention in muscles. 

A practical yet important method for reducing pre-slaughter 
stress is the use of animal handling facilities and principles that 
account for animal behaviour (Chapter 21).  Grandin (1993) 
and Barton Gade (2004) provide a good overview of the critical 
considerations to reduce pre-slaughter stress and improve animal 
welfare.  For example circular yard design facilitates movement 
of sheep as it recognises the natural herding and running habits 
of sheep.  Sheep and lambs will not move into a race that 
‘appears’ to be a dead end (Hopkins et al., 1996) and solid sides 
on races leading to the stunning area of an abattoir should be 
used (Grandin, 1993) as shown in Figure 30.2.  Gateways should 
be wide with no protruding fittings and loading ramps should 
have non-slip bases and inclines of less than 1 in 3 (20°).  Further 
recommendations are given in Table 30.1.

Slaughter process

The most common method of restraining sheep and lambs for 
stunning is the V-restrainer (Figure 30.3). Regulations require 
that animals be humanely killed, i.e. stunned with either a captive 
bolt or electrically, which means they are rendered insensible to 
pain (Grandin, 1993) and are unconscious before being bled. 

Figure 30.2. Ramp with closed sides leading to the slaughter 
point. Source: D.L. Hopkins

Figure 30.3. A lamb in a V-restrainer. Source: D.L. Hopkins.

Table 30.1. Recommendations to ensure the production of high quality lamb meat. 

Activity Desirable Undesirable

Transportation/
purchasing

Direct to works. Mixing of entire lambs with other lambs.

Minimal trucking/transport operators who understand 
meat quality.

Mixing of unfamiliar lambs.

Empty out lambs before trucking from the farm to either 
an abattoir or saleyard.  Keep lambs off feed and water 
for minimum periods.

Use of biting dogs/lifting lambs by wool.

Use of value based marketing techniques e.g. “Over-the- 
hooks” trading.

Purchase of lean lambs through the sale yard system.

Rest during transit if transported for long distances (i.e. 
trip longer than 36 hours)

Water deprivation for longer than 36 hours.

Holding Adequate fresh water for all lambs and feed to lambs 
which will be held for more than 24 hours.

Poor water supply. 

Rest suckers before slaughter/no “tailgate” slaughter. Dirty trucks and yards.

Provision of shade.

Slaughter Well designed lairage that accounts for lamb behaviour. Excessive use of dogs and unnecessary use of noisy devices.
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Stunning

The most common type of stunning of sheep and lambs is 
electrical as shown on Figure 30.4 with an example of an air 
driven stunner shown in Figure 30.3.  During stunning the animal 
becomes rigid as neurotransmitters are released (Cook et al., 
1996) within the brain leading to an epileptic like seizure and the 
stunner must have sufficient current through the brain to induce 
the seizure (grand mal).  

Following an effective electric stun there are three phases:

A tonic phase characterised by rigidity•	
A clonic phase characterised by paddling or involuntary •	
kicking
A recovery phase during which normal rhythmic breathing •	
starts again (this phase will not normally occur during 
normal abattoir procedures).

If kicking occurs immediately after stunning this indicates that 
the stun was probably not totally effective.  However physical 
movement cannot be relied upon to conclusively indicate the 
effectiveness of the stun (lack of eye reflexes is a good test).  
Most commonly the stun is delivered to the head (Figure 30.4) 
although there are head to back stunners which result in cardiac 
arrest and inactivation of the spinal nervous system.  For these 
reasons a head to back stunner is a safer alternative because it 
leads to minimal animal movement.  Using this system sticking 
must be undertaken to ensure proper bleeding (thoracic stick - 
severing the vena cava and the aorta).  Electrode placement is 
critical to ensure cardiac arrest and the heart must be spanned.  
To ensure proper electrical contact the application sites can be 
wetted; this also lessens skin burns.  

Figure 30.4. Application of a head stun to a sheep. 
Source: E.S. Toohey.

Head to back stunners do reduce blood splash (Devine et al., 
1982) because of a reduction in blood pressure, but this type of 

stunning is not acceptable for a Halal (Moslem) slaughter.  The 
Halal slaughter process requires the first penetration of the body 
to be the slaughter man’s knife and he must be specially trained 
and accredited.  A prayer is said for each animal.  For a kosher 
(Jewish) slaughter the animals must be fully conscious and the 
throat must be cut with one, rapid continuous motion. More detail 
on these methods is given by Shragge and Price (2004).

In a head only stun the current passes through the brain and 
the animal will recover unless exsanguination occurs with a 
period of insensibility from 35-45 seconds (Lambooiji, 2004).  
Exsanguination should occur before reflex kicking begins and 
the sooner after stunning the better to reduce blood splash.  A 
single cut severing the carotid arteries, jugular veins, trachea and 
oesophagus must be executed for Halal slaughter in conjunction 
with head only stunning.  Settings for head only stunning are 
given in Table 30.2.  Most commonly an alternating current at 
a frequency of 50 Hz with a sinusoidal waveform is used for 
stunning, but much higher frequencies up to 1,800 Hz have been 
used (Lambooiji, 2004).

Table 30.2. Specifications for head only stunning.

Amperage Voltage Stun time Time to 
sticking

> 0.5 (lambs)
> 1.0 (sheep)

> 200 (depends on 
amount of wool)

1 sec Within 10 secs

Source: adapted from Hopkins et al. (1996).

Blood splash (ecchymosis) and speckle (petechial haemorrhages) 
can both be observed in stunned carcaseses.  Blood splash is 
the escape of blood from blood vessels into muscle tissue and 
these haemorrhages appear as dark red spots (see Figure 30.5).  
The exact cause is not known, although it appears to arise from 
high blood pressure and possibly weak blood vessels, but is not 
common in lambs.  

Figure 30.5. Lamb loin showing extensive blood splash evidenced 
as dark spots Source: D.L. Hopkins.

Pre-slaughter stress may predispose lambs to blood splash 
by elevating blood pressure and it is known that ineffective 
stunning can also lead to higher blood pressure.  Gregory (2005) 
suggested that with electrical stunning blood vessels experience 
severe external pressure due to muscle contractions and so it is 
also probable that stunning itself can cause the blood pressure 
problem (Lambooiji, 2004).  Hot weather has been shown to also 
increase the incidence.  

Speckle is the rupture of blood vessels between the skin 
and the carcass and thus occurs in subcutaneous fat.  This can 
arise when animals are exposed to long stun times or when 
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bleeding is poor and seems to be extenuated by inverted dressing 
systems.  Stunning equipment should be checked to ensure that 
it is delivering the appropriate current or voltage according to the 
guidelines given above and those provided by the manufacturer.  
Decarbonising of the electrodes regularly with a wire brush will 
help to ensure good contact with the head of the animal.

Immobilisation

The application of high frequency currents (2,000 Hz, 400 volts 
with a pulse width of 0.15 ms) has been shown extremely affective 
at reducing animal movement immediately after exsanguination.  
An example of this system is shown in Figure 30.6 with other 
systems applied to carcasses once on the chain.  This reduces 
the risk of knife injuries due to reflex movements.  The evidence 
indicates that this application does not have any detrimental effect 
on meat quality, particularly pH (Toohey and Hopkins, 2007), 
thus enabling other electrical inputs further down the slaughter 
chain to be applied to either enhance bleeding or the rate of pH 
decline.  Such immobilisation enables abattoir workers to safely 
begin processing sheep bodies (within 30 s) of exsanguination.

Figure 30.6. Immobilisation unit used immediately post 
exsanguination and before the carcasses are placed on the chain.  
Source: E.S. Toohey.

Pelt removal and dressing

Most high throughput slaughter chains now use the inverted 
dressing system developed in New Zealand (see Figure 30.7).  
The cost of processing and hygiene considerations have driven 
this change as the system requires less slaughter men with a 40% 
reduction in labour for the same number of units (Devine and 
Gilbert, 2004) and reduces bacterial contamination (e.g carcasses 
with a surface count of bacteria above 104/cm2 reduce from 11% 
to 1%).

This system is based on pelt removal from the neck region 
and front legs first, with the carcass hung from the front legs.  
Automated (robotic) procedures for various sections of the 
dressing procedure have been developed in New Zealand (Templar 

and Wichman, 1997).  An example is the Y-cutting system, which 
handles the neck and foreleg section of the carcass.  The Y-cutting 
system is comprised of a cutting device (knife based on 2 blades), 
a sensor system, an insertion device (insertion occurs at the hocks 
and the knife moves down the leg toward the vee of the neck) and 
a programmable robot.  This region is also a major site of carcass 
contamination so robotics offer potential to limit the bacterial 
load on the carcass as the cutting head is sterilised between each 
animal. 

Figure 30.7. Suspended sheep carcass showing the Y-cut.
Source: E.S. Toohey.

As shown in Figure 30.8 robotics can also be used to cut the 
brisket on an inverted chain, reducing labor and sources of 
contamination.

Figure 30.8. Inverted chain showing a robotic brisket cutter. 
Source: Peel Valley Exporters Tamworth (2008).

Subsequent removal of the pelt from the middle of the back is 
usually performed manually with removal from the lower back 
and leg region by a puller (one example is given by Devine and 
Gilbert, 2004).  Also, incorporated into this system is semi-
automated head skinning and automatic front and rear hock 
removal.

The first phase of pelt removal is shown in Figure 30.8 where 
the pelt has been removed from the neck/forequarter region.  
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The inverted system may increase the incidence of speckle and 
appears to increase the amount of “grain strain” - this is the 
cracking of the grain layer in skins and occurs in those areas of 
the skin where the pulling force is parallel to lines of tension.  The 
flank area is the most easily damaged.  The system also results 
in a higher rate of carcass downgrading than a traditional system 
where the carcasses stay suspended from the hindlegs during 
processing.

The quality of dressing has a significant impact on the final 
value of skins and particular attention needs to be paid to knife 
cuts during pelt removal.  Cuts reduce the value of the resultant 
leather, make the skins unusable as rugs and often cause the skin 
to tear during tanning. Flay marks are less obvious but result in 
thin, weak areas.

Electronic bleeding

With normal processing procedures, the expected yield of blood 
from a lamb carcass weighing 18 kg will be approximately 1.5 kg 
(Blackmore and Delany, 1988).  A large proportion of this blood 
will be released in the first two minutes post sticking.  A study by 
Hopkins et al. (2006c) found that the application of a current of 
600 mA, with a pulse width of 0.5 milliseconds and a frequency 
of 10Hz could increase the amount of blood collected soon after 
death by 30% and at 14Hz it could be increased by 11%.  If the 
electrical current at 10 Hz was combined with a thoracic stick 
then the increase in collectable blood was 62% within 2 mins of 
death.  With the widespread use of the inverted dressing system 
for sheep it is now possible to include a thoracic stick for the 
bleeding of sheep as a means of increasing the amount of blood 
captured in the bleeding area.  A thoracic stick is achieved by a 
longitudinal incision which severs the major blood vessels in the 
vicinity of the heart.  

As part of the development of new electrical technology in 
Australia a commercial system to increase the collection of blood 
was produced.  The system of electrodes is shown in Figure 30.7 
with the current administered through the front legs.  In this case 
the electrical parameters were 15 Hz, 550 peak volts, constant 
current of 800 mA, pulse width 0.5 milliseconds applied for 20 
secs (Toohey et al., 2008a).  

Clearly for those abattoirs that sell blood meal there are 
improved profits to be realised from applying this approach.  
Additionally however, every gram of blood collected in the 
bleeding area reduces the amount of blood potentially present 
on the floor beneath the processing chain reducing what is an 
economic and environmental problem as it is hosed away as part 
of the overall floor cleaning program.  Because this increases the 
Biological Oxygen Demand of the effluent, it is desirable that as 
much blood as possible be released into a defined bleeding area.  
The combination of a thoracic stick and electric current at 10 Hz 
would, based on the data presented by Hopkins et al. (2006c), 
potentially reduce the waste water in a 5,000 per day abattoir 
by 540kg.  Furthermore, it could be expected that it would also 
reduce the amount of water required to hose the blood away.  

Evisceration

After pelt and hock removal, evisceration presents the major 
labour requirement of the lamb slaughtering system.  Both 
brisket splitting (see Figure 30.8) and belly opening have been 
mechanised for current inverted systems.  An automated brisket 
cutter and an automated eviscerator have also been developed.  
This has shown significant potential to reduce the labour 
requirement (up to 9 labour units/chain).  Some of this is due 
to elimination of double handling of the viscera products during 
activities such as separation and trimming.

Meat inspection

Ante-mortem (before death) inspection is usually carried out in 
the lairage on the morning of slaughter. The inspector looks for 
symptoms of any disease that could transmit disease to humans 
or other animals and render the meat unfit for consumption. The 
qualifications of such inspectors vary between countries and 
within countries depending on the local regulations.  No animals 
appearing to suffer from such a disease should be slaughtered for 
human consumption.  Regulations vary according to country (e.g 
for Australia, see Anon, 2007a).

During slaughter after the removal of the skin both the 
gastrointestinal tract and internal organs and the carcass are 
inspected for signs of disease (e.g. worms, jaundice, arthritis, 
pneumonia) and the contamination of carcasses is also assessed.  
If bruising or lesions are detected on the carcass they will be 
trimmed.  In some cases samples of tissue are taken for detection 
of chemical residues with maximum residue levels applying to 
specific chemicals.

A major consideration is the reduction of bacterial 
contamination and good hygiene systems are required to limit 
the transfer of bacteria from the skin, faeces and humans to the 
carcass.  The bacteria of concern for fresh meat are Salmonella 
spp., E. Coli and Campylobacter (Sofos, 2008) and it has been 
shown that Campylobacter is the most common food-borne 
pathogen of humans in a number of countries (Vanselow et al., 
2007).  Although feed withdrawal may reduce the load in the 
gastrointestinal tract and the bladder there is some evidence that 
it may actually increase the levels of bacteria such as E. Coli 
based on work in cattle (Gregory et al., 2000). 

A logical and systematic approach to reducing contamination 
is important and this involves the identification of hazards, 
establishing the level of risk, identifying points where control 
can be implemented, selection of control options and monitoring 
the control.  This approach is termed ‘Hazard Analysis Critical 
Control Points’ (HACCP).  Shearing before slaughter does not 
appear to be an effective method for reducing contamination 
(Sheridan, 1998).  Several control options exist to reduce 
contamination levels: 1) hot water ≥80°C must be used to 
decontaminate knives and viscera inspection systems, 2) trimming 
visible contamination, 3) steam vacuuming (Figure 30.9) and 4) 
washing with water (Koutsoumanis and Sofos, 2004).  Hot water 
washes are more effective at reducing bacterial load (Sheridan, 
1998).
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Figure 30.9. Steam vacuuming system to remove visible 
contamination from the hindlegs. Source: Peel Valley Exporters 
Tamworth (2008).

Carcass measurement

Methods of measurement

There is no international carcass grading or measurement system 
for sheep and lamb carcasses, but for those systems that do exist 
they are either based on subjective assessments of fat cover and 
conformation or objective measures taken on the carcass.  In the 
European Union the former approach is taken (de Boer, 1992) 
and this uses 5 conformation classes (EUROP) with E being the 
best conformed and P the least.  There are also 5 fat classes (1-5) 
with 5 being the fattest and within classes 3 and 4 subdivisions 
into high and low levels.  In New Zealand there are 3 export 
classes (A = devoid of external fat, Y = low fat and P = medium 
fat).  Excessive fat is trimmed and this gives rise to 3 other classes 
(Anon, 2003).  Superimposed over this are 4 carcass weight 
grades and within some combinations there is further grading 
for muscling in response to the introduction of the Texel breed 
(Waldron et al., 1992).

The New Zealand system bases the fat classes on the 
measurement of GR tissue depth.  This is the total tissue depth over 
the 12th rib, 11 cm from the midline of the carcass.  In Australia 
the measurement of GR has also been adopted and this can be 
measured with a specially designed knife or the AUS-MEAT 
sheep probe (Figure 30.10).  The sheep probe has been found

Figure 30.10. Measurement of GR on the chain with the AUS-
MEAT sheep probe. Source: D.L. Hopkins.

capable of measuring GR within 2 mm of actual values in 90% 
of carcasses operating at a chain speed of up to 9 carcasses per 
minute (Hopkins et al., 1995a).  The probe has a sharp blade, 
which cuts through the tissue, until it lodges on the rib bone and 
the depth is measured by displacement. Although other sites on 
the carcass may give better predictions of composition or meat 
yield (Hopkins et al., 2007a) the difficulty of measuring them 
negates their value.

There has been some development of alternative systems to 
measure carcasses at chain speed and work by Stanford et al. 
(1998) confirmed that a video image based system had potential 
to replace existing systems used in Canada which were designed 
to predict yield and which relied upon a human.  This followed 
work in the UK by Horgan et al. (1995) on a non-commercial 
video imaging system which suggested that this technology had 
the potential for predicting commercially important features 
of lamb carcasses.  A commercial system (VIAScan®) was 
developed in Australia that could predict lean meat yield more 
accurately than a system based on carcass weight and GR 
(Hopkins et al., 2004), but it could not measure GR with the same 
accuracy as the AUS-MEAT sheep probe.  VIAScan technology 
was used in 2 Australian abattoirs and several in New Zealand by 
2009, but the cost has prevented wider adoption.  Dorsal images 
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are interrogated by a computer program which uses prediction 
models to provide estimates of traits like lean meat yield.

The commercial development of VIAScan® has provided 
the potential for an objective assessment of features such as 
conformation and fat cover, but also allows prediction of primal 
weights which has been utilised to streamline boning room 
operations. The system records dimensional measures, areas and 
colour measures and the installation on the chain is shown in 
(Figure 30.11).  Other technologies such as impedance (Hegarty 
et al., 1998) and electromagnetic scanning (Wishmeyer et al., 
1996) have been investigated, but not applied commercially for 
measurement of sheep and lamb carcasses on-line.  There is 
some interest in applying fast speed CT scanning to carcasses, 
but this is in early stages of investigation and currently processing 
speeds are not fast enough for on-line application Kongsro et al. 
(2008). 

Figure 30.11. The video camera is located in the semi enclosed 
compartment and a stationary black back drop (left of photo) is 
used for contrasting the carcass.   
Source: D.L. Hopkins.

Recently, however in Australia, the concept of tracking specific 
cuts through a boning room and collecting data on those cuts 
has been under investigation, with the aid of electronic tracking 
systems.  The concept is based on the fact that the VIAScan® 
system only predicts lean meat yield with approximately 
55% accuracy and previous work by Kempster et al. (1986) 
suggested that predictive accuracy could be improved by the 
use of subjective estimates of subcutaneous carcass fat either 

on a 5 point scale or in percentage terms in combination with 
fat and muscle depth measures.  In fact the evidence indicates 
that use of the weight of muscle and subcutaneous fat from the 
loin cut can lift the level of accuracy to 76% (Hopkins, 2008).  
Workable systems to capture this type of data in commercial 
boning rooms remain a challenge.

Application of measures

Collection of carcass data can be used to streamline processing, 
specifically boning, provide feedback to livestock buyers and 
be used as the basis of payment to producers.  In Australia to 
aid this process a carcass ticketing system was developed.  
Carcass weight and fat score (or GR in millimetres) information 
is captured electronically and this is printed on the ticket with 
kill date, lot number and chiller destination information (Figure 
30.12).  This information is then summarised on feedback sheets 
that show average carcass weight and fat score for each lot which 
can be sent back to producers.  

The carcass ticket provides processors, wholesalers and 
retailers with information that can be used to;

Provide an estimate of the yield of saleable meat•	

Indicate the level of trimming required•	

Determine the post-mortem age of the carcass•	

Determine the sex and dentition (if printed)•	

Operators such as wholesalers who purchase sight unseen can 
also use the ticket to verify that their purchases from a processor 
are according to their specifications.

Chilling, freezing & boning

Chilling regulations vary between countries, but the purpose of 
chilling is generic – reduction in body temperature to prevent 
undesirable bacterial growth so as to protect human health.  
Manipulation of chilling regimes and holding temperatures is 
undertaken to maximise shelf life in terms of colour display and 
bacterial growth.  Aerobic Pseudomonas species are the dominant 
bacteria responsible for spoilage at chill temperatures (Newton 
and Gill, 1980-81). Pseudomonas utilise glucose in preference to 
other substrates and then degrade amino acids.  

Chilling

Chilling is the process of cooling meat while the meat remains 
above its freezing temperature.  The temperature of the cooling 
medium (air or water, for instance) doesn’t matter and the lower 
the temperature the slower is bacterial growth and the chemical 
reactions that take place post-mortem.  Chilling serves to transfer 
heat from carcasses and offal to other objects.  Of the mechanisms 
of heat transfer the refrigeration process involves combinations of 
conduction and convection and Lovatt (2004) provides a detailed 
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description of the importance of these factors for chilling.  To 
chill carcasses the temperature must be lower than the surface 
temperature and forced convection (from fans) carries heat away 
from the surface more quickly which is replaced by internal 
heat through conduction until the temperature of the carcass 
equilibrates with the surrounding temperature. 

Carcass surfaces dry as they chill and humidity and air flow 
both influence drying.  Drying is an important part of microbial 
control (Bell et al., 1988), but it also results in weight loss from 
carcasses.  Rapid chilling in the early part of the chill cycle gives 
good microbial control and low weight loss.  This can however 
produce tough meat through “cold shortening” and also dry the 
surface degrading the appearance.  Also, if chillers are pre-cooled 
before they are loaded; to aid rapid chilling, condensation will 
form on overhead structures.  Commonly much water is sprayed 
onto the carcass during dressing to satisfy regulations, but this 
does not remove bacteria and instead spreads them over the 
carcass.  Minimising the use of water will limit bacterial spoilage 
and help to reduce condensation in chillers.  

Chilling requirements for sheep and lamb carcasses in 
Australia are given below (Anon 2007a), but these vary according 
to country.  There are separate conditions for hot boning of 
carcasses.

All carcasses must be placed under refrigeration within 2 •	
hours of stunning.

Surface temperatures of carcasses, sides and quarters shall •	
be reduced to 7°C within 24 hours of stunning.

A range of chiller temperatures for sheep carcasses applied 
commercially from –2°C to 8°C has been reported, with more 
variation within export abattoirs (Hopkins, 1993).  Some works 
use several different chilling programs.  Export works producing 
a chilled product were characteristically using temperatures 
below 2°C for export product (Hopkins, 1993).  If product was 
to be boned for the local market, higher temperatures were used.  
Abattoirs operating chillers at <1°C could be expected to produce 
some “cold shortened” carcasses, although this would minimise 
moisture loss which is less for fatter carcasses.  The disadvantages 
of rapid chilling conflict with the need for good microbial control 
therefore chilling conditions must be controlled to make sure that 

the major health objectives are achieved while weight loss and 
damage to meat quality is minimised.  

There is no single set of optimum chilling conditions but the 
following points were outlined by Hopkins et al. (1996);

Air movement in the chiller should be uniform.  Ideally the •	
air velocity over carcasses should be about 0.5 to 1 m/s in 
the early part of chilling, but the air velocity can be reduced 
to 0.2 m/s in the later stages for storage of chilled lamb. The 
air velocity off the face of the evaporators should be no more 
than 4 m/s.

Carcasses must be spaced in the chiller so that there is air •	
movement over all surfaces.  Touching surfaces cool slowly 
and do not dry.  They provide ideal conditions for microbial 
growth.

At the start of loading a chiller, the chiller air temperature •	
(and chiller surfaces) should be at or above the temperature 
that can be maintained during loading.  Typically the air 
temperature during loading is 5–10°C.  If the chiller is 
pre-cooled below 5oC and the air temperature rises during 
loading, condensation will occur.

Chilling conditions vary depending on what temperature is •	
required in what time.  Fast chilling rates are needed if, for 
example a load-out temperature of 7oC must be achieved 
within 12 hours of slaughter.  

Chilled •	 lamb carcasses for export are required to reach colder 
temperatures and will often be chilled in a chiller set at -1 to 
0°C.  For meat chilled in cartons the heat transfer is different 
and the thermal resistance of the packaging and trapped air 
increase the time required to lower the meat’s temperature.  
For this reason cartooned meat should be stored in chillers 
operating at lower temperatures. 

The hottest part of a carcass during chilling is in the deep leg 
near the head of the femur bone.  The temperature at this point 
can be measured by inserting a probe through the ventral surface 
of the leg.  The tip of the probe should strike the femur bone 

Abattoir identification
Sequential body number

Operators number

Lot number

Date of slaughter Category of stock
(in this case lamb) Weight

class
Fat depth
(GR mm)

Fat score

Figure 30.12. A carcass ticket showing the type of information which is recorded.  Source: D.L. Hopkins.
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close to the acetabulum.  This will give consistent measurement 
of the deep leg temperature.  This approach is used by some 
processors who have such temperature probes linked to the 
chill cycle so that the cycle responds to the cooling profile of 
carcaseses.  The measurement of surface temperature for use in 
guiding chill cycles wouldn’t be recommended given it is subject 
to wide fluctuations in response to the loading of chillers with hot 
carcasses (Hopkins, 2002).

Freezing

To freeze meat requires the removal of heat so the water content 
of meat can be frozen (i.e. turned into ice) and this involves 
nucleation and growth of the ice crystals (Devine et al., 1996).  
Meat does not freeze until its surface temperature drops to the 
initial freezing temperature of the meat and the latent heat must 
be removed.  Once nuclei form, ice crystals start growing by 
accumulation of molecules at the solid/liquid interface and this 
process works from the outside inwards.  A pattern of freezing is 
shown in Figure 30.13 and this shows that the time for complete 
freezing can be determined if the centre temperature is measured.  
At -7°C 80% of the water is frozen (Devine et al., 1996).
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Figure 30.13. A typical temperature profile at the thermal centre 
of meat during freezing.  Source: S.J. Lovatt (2008).

The size of ice crystals depends on the rate of freezing, with fast 
freezing resulting in small ice crystals, but long periods of cold 
storage will allow ice crystals to grow larger.  Large ice crystals 
can cause rupture of muscle cells and this can lead to increased 
drip loss on thawing and also physical degradation of muscle 
structure, but there appears to be an interaction with the storage 
temperature as to the extent of this effect (Ngapo et al., 1999).

Plate freezing will freeze carton meat much faster than air 
based systems, as long as product thickness is 100mm or less 
(Lovatt, 2004).  Plate freezers are based on product (in this case 
meat) being pressed between hollow metal plates that contain 
circulating refrigerant, but are not suitable for irregular shaped 
products in which case air-blast freezing is required.

Boning

Boning can be carried out before any significant cooling of the 
carcass occurs (hot boning) or after chiller cooling in Australia 
when the temperature has reached < 7°C on the surface.  There 
is a growing trend for carcasses to be broken into primals and 
in some cases retail ready cuts at the place of processing.  This 
reduces transportation costs and means waste fat and bone can be 
used more effectively by rendering on site as opposed to being 
collected from retail outlets.  

Hot boning

There are many economic benefits for using hot boning which 
include; increased meat yield, energy savings, chiller space 
minimisation, reduced labour and time (McPhail, 1995). 
However there are also disadvantages including; initial costs, 
changes in cut shape, marketing of product (Pisula and Tyburcy, 
1996), increased risk of shortening thus leading to toughening 
(Devine et al., 2004), and the increased risk of bacterial problems 
(Spooncer, 1993). The increased risk of shortening in muscles 
can be minimised by the use of electrical stimulation.  Electrical 
stimulation accelerates the onset of rigor mortis and reduces cold-
induced shortening (Hwang et al., 2003).  Additionally bacterial 
growth in hot boned meat can be controlled by a combination of 
drying and cooling of the carcass (Spooncer, 1993). 

There is limited literature available on the eating quality of 
hot boned sheep meat.  A report by Toohey and Hopkins (2006b) 
showed that a large proportion (86.5 %) of the hot boned sheep 
meat sampled in their study had an overall liking score below 
55 and a tenderness score below 50, which indicated a critically 
low consumer compliance rate of only 13.5%.  Further work has 
indicated that ageing hot boned meat can significantly improve 
eating quality (Toohey et al., 2008b) and that stretching hot 
boned sheep meat before freezing can reduce toughness by a 
large amount (Toohey et al., 2008c).

Cold boning

Cold boning is currently the preferred method for lamb because 
of the adverse effects on eating quality of hot boning without 
other forms of intervention.  Detailed research and development 
particularly in New Zealand has lead to the production of a loin 
boner and a backbone (chine) and feather bone remover, both 
of which are now used commercially.  The loin boner produces 
boneless loins and the chine and feather machine removes the 
vertebrae and spinous processes from a pair of racks.  More 
recently a shoulder fleecing machine and a rack-frenching 
machine have been developed.  The shoulder fleecer removes the 
neck and trunk vertebrae and the ribs from the five-rib forequarter 
and the rack frenching machine removes intercostal meat.  These 
machines increase the amount of meat taken from the carcass, 
produce a more consistent product and potentially save labour.  The 
latest developments in this area include the use of 3-D scanning 
technology and dual-energy X-ray absorptiometry to accurately 
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determine cutting lines for the production of accurately sized and 
weighted cuts using automated boning machines (Clarke, 2000).

With a diversity of markets there is a diverse range of cuts 
that can be produced.  Research has shown that use of over fat 
carcasses costs money through reduced boning room yields and 
increased preparation costs.  Profits can be lifted by up to 8% 
by using a fat score 2 carcass compared to a fat score 4 carcass, 
irrespective of the type of cuts prepared, through an increase in 
the yield of saleable meat.  A reduction in preparation time of up 
to 4 minutes per carcass has been found for fat score 2 carcaseses 
compared to fat score 4 carcaseses representing a significant 
saving in boning time (Hopkins et al., 1995b).  

When comparing the returns from an 18 kg and a 24 kg 
carcass, both fat score 2, the heavier carcass generates a 25% 
increase in profitability – more so with boneless cuts.  Larger 
carcasses are cheaper to process (on a cents/kg basis) and offer 
the potential to reduce boning costs.

Processing methods & technology to 
enhance quality

The processing of meat can impact on the visual and 
technological characteristics such as meat colour and keeping 
quality respectively, but also the organoleptic traits tenderness 
and flavour.  Flavour, juiciness and tenderness influence the 
palatability of meat. Among these traits, tenderness is ranked as 
most important for beef meat (Thompson, 2002), but has lesser 
influence in sheep meat (Thompson et al., 2005).  

Stress and nutrition level can impact on pH levels (section 
30.1) and this in turn can impact on meat colour.  Normal pH 
levels (5.4-5.5) should be the target and there is nothing that can be 
done after death to alter this level in fresh meat.  Colour however 
can be improved by the application of electronic bleeding (section 
30.2) with an increase in lightness and redness (Hopkins et al., 
2006c) and there is anecdotal evidence that such bleeding also 
removes more blood from organs. ‘Bloom’, the fresh appearance 
of carcasses, can be maintained for much longer than normal 
by spraying the surface of the carcass with dilute emulsions of 
edible wax. This also reduces weight loss when carcasses are 
cooled and stored chilled.  Weight loss in untreated lamb sides 
can be 3.7% over 7 days at 1°C; for treated sides this figure drops 
to about 2%.

Post mortem effects on tenderness are largely related to the 
extent of contraction of unrestrained muscles after slaughter, the 
pH of the meat (influenced by stress), and the degree and method 
of cooking.  The toughness of connective tissue is not affected 
by pre- and immediate post-slaughter handling techniques, 
but is influenced by factors such as age.  By comparison, the 
contribution of the contractile component to the final tenderness 
of a muscle is influenced primarily by pre- and post- slaughter 
handling techniques.  The tenderness of different muscles varies 
significantly.

The processes affecting meat tenderness starts at slaughter 
and the endogenous enzymes responsible for proteolysis and thus 
tenderisation are active throughout the rigor process.  While this 
proteolysis is taking place, significant tenderness changes are not 

evident until most of the muscle fibres are in rigor (Devine and 
Graafhuis, 1995).  The development of rigor and the shortening 
of fibres would be expected to counter early proteolysis so that 
the expected peak in shear force is eventually negated by the 
cumulative post-rigor proteolysis.  Once this reverses the rise 
in toughness resulting from rigor contractures the process of 
tenderisation occurs.  Under cooling conditions, those fibres at 
elevated temperatures will enter rigor early and will experience, 
initially faster tenderisation (Graafhuis et al., 1992).  

Electrical stimulation

Electrical stimulation of muscle from slaughtered animals hastens 
the process of rigor mortis.  It does this by causing muscles to 
undergo work via anaerobic glycolysis resulting in an initial pH 
fall followed by a change in the rate of pH fall, a response that is 
influenced by the level of muscle glycogen (Daly et al., 2006).  
Thus tenderness measured at the completion of rigor mortis 
(the earliest possible time) will be substantially different for 
electrically stimulated muscles than for non-stimulated muscles, 
due to a difference in the rate of rigor development. 

The combined effect is that the muscles enter rigor mortis 
before the muscle temperature falls to values producing “cold 
shortening” and toughening.  A rule of thumb in the prevention 
of “cold shortening” is to maintain the muscle temperature above 
10°C until pH falls below 6.0.  The classical studies of Locker 
and Hagyard (1963) showed minimal shortening at close to 15°C 
and this correlated with minimal meat toughness indicating that 
this should be an ideal temperature for rigor mortis to occur.  

The incorporation of a practical electrical stimulation system 
into the slaughtering process was first used in New Zealand and 
then Australia to avoid toughness resulting from cold shortening.  
While electrical stimulation ensures that cold shortening is 
avoided, ageing also starts at a higher temperature and is 
consequently more rapid.  However, there is some evidence that 
there are other mechanisms involved in tenderisation, such as 
fibre disruption and modification of the enzyme systems, but most 
importantly stimulation alters the pH/temperature relationship of 
meat entering rigor.  Hwang et al., (2003) reviewed mechanisms 
involved in the stimulation of muscle.  Stimulation is now widely 
used in many other countries with a variety of parameters (Devine 
et al., 2004). 

In New Zealand electrical stimulation was originally used to 
accelerate rigor mortis before the meat was frozen in both sheep 
and cattle, but now it is more widely used to improve quality.  
For sheep and lambs the New Zealand system had the following 
electrical parameters, 1,130 V peak at 14.3 alternating pulses 
per second applied for 90 s, within 30 min of slaughter.  This 
type of system although very effective at lowering muscle pH 
(Hopkins and Toohey, 2006) was not easily retro-installed in 
abattoirs.  Adoption of this technology in the Australian sheep 
meat processing industry was minimal and mostly associated 
with the use of hot boning (Toohey and Hopkins, 2006b) and this 
suggested that new approaches to stimulation were required. 

Traditionally high voltage stimulation (HVS) systems used 
on sheep carcaseses have applied a fixed voltage averaged across 
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all carcasses being stimulated (Devine et al., 2004).  Rubbing bars 
have been used to apply high voltage stimulation to carcasses at 
the completion of the dressing procedure (Morton et al., 1999; 
Hopkins and Toohey, 2006), but this process poses concerns for 
work safety, gives an average electrocution effect and is expensive, 
although it can significantly reduce toughness in sheep meat (e.g. 
Hopkins and Toohey, 2006).  For a new approach developed in 
Australia each carcass is stimulated individually using segmented 
electrodes to ensure that each segment only contacts one carcass 
at a time.  This allows computer-controlled electronics to give a 
precise, but adjustable electrical input to each carcass to match 
the requirements of a particular carcass type while maintaining 
the delivery of a pre-determined level of current.  In effect a 
feedback system which detects the level of resistance is used.  
This approach also reduces the installation costs with respect to 
occupational health and safety.  This is because the power levels 
and pulse widths used eliminate the need for isolation of the unit, 
which is a requirement of high voltage systems and these levels 
comply with occupational health and safety regulations according 
to the Australian Standard 60479-2002 (Anon., 2002).

The results of Shaw et al. (2005) clearly showed that the new 
approach to stimulation did achieve comparable results to a HVS 
system with the production of lamb meat with a similar tenderness 
and eating quality level.  There was a clear improvement over 
meat which was not subjected to any form of stimulation as 
shown in Table 30.3.  

Table 30.3. Mean tenderness and overall liking sensory scores 
for 2-day-aged loins. 

Trait Control New stimulation 
system

Old stimulation 
system (HVS)

Tenderness 65.2a 74.6b 76.0b

Overall liking 65.6a 72.1b 72.4b

Means followed by the same letter in a row are not significantly 
different (P =0.05) .
Source: adapted from Shaw et al. (2005).

Optimisation of this approach has occurred and the system has 
been designed so that either a pre-dressing (Toohey et al., 2008d) 
or a post-dressing (Pearce et al., 2006b) application of the current 
can be applied as shown in Figures 30.14 and 30.15 respectively.  
This provides greater flexibility with respect to installation of the 
unit in existing abattoirs.  The pre-dressing system, which uses 
different electrodes to the post-dressing system, can significantly 
increase the rate of pH decline (Toohey et al., 2008d).  In 
this study the predicted temperature at pH 6.0 for stimulated 
carcasses was 24.8°C and for non-stimulated carcasses 13.9°C 
and this translated into much tougher meat for the non-stimulated 
carcasses, demonstrating the benefit of stimulation.

The post-dressing system has been shown to achieve 
similar results to the pre-dressing system and in one 
experiment Pearce et al. (2006b) reported that the best 
combination of parameters was a current of 1,000 mA, with a 
pulse width of 2.5 ms at 15Hz with a current of 400 mA being 
much less effective.  If the frequency was altered across the 
electrodes this could further increase the rate of pH fall using 
a 6 electrode stimulation unit set at 1,000 mA, a pulse width 
of 2.5 ms and frequency set at 10, 15, 25, 10, 15 and 25 Hz 
(Pearce et al., 2006ab). 

Figure 30.14. Photo showing a pre-dressing electrical stimulation 
unit with the current administered through the skin on back legs.  
Source: D.L. Hopkins.

Figure 30.15. Photo showing a post-dressing electrical 
stimulation unit – the separate electrodes can be seen separated 
by the white insulator and only one carcass is in contact with any 
one electrode at any one time. Source: D.L. Hopkins.

Conditioning

An alternative approach to manipulating the onset of rigor mortis 
is to hold carcasses at elevated temperatures for the first stage 
of the chilling process (high temperature conditioning).  Dani et 
al. (1982) showed that holding carcasses at 14-15ºC for the first 
7 hours of chilling and then at 3-4ºC reduced shear force from 
42 N to 37 N compared with carcasses chilled at 3-4 ºC. This 
differential chilling method is used by a number of processors 
which operate computer controlled chillers and temperature 
probes can be inserted into carcasses to control the chillers using 
set temperature thresholds.  Such systems do require good carcass 
hygiene given the increased risk of bacterial contamination at the 
higher temperatures.  
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In New Zealand the conditioning approach was adopted 
as part of the Accelerated Conditioning and Ageing (AC & A) 
system which, compared to temperature conditioning, reduced 
the number of hours (from a minimum of 16 to 8) that carcasses 
had to be held at elevated temperatures.  It is thus much more 
feasible for processors to apply, although for the domestic market 
where retailers demand fresh meat, the process is less applicable 
because of the time delay involved and the need to chill meat to 
prescribed temperatures before load out.

There are some critical points for the NZ AC&A system and 
the Lamb Tenderness Program;

-  The time from sticking to electrical stimulation (ES) had to 
be less than 30 min.

-  The ES unit had to comply with the set specifications (as 
outlined above).

-  The carcasses had to be held at 6ºC for 8 hours.
-  The time for the deep leg temperature to reach -4ºC under 

freezing could not be less than 12 hours.

This program operated at all export plants and was audited based 
on set shear force standards (Cassidy, 1990).  Non complying 
product could not be exported.  In more recent years plants have 
adopted their own testing regimes for tenderness to provide 
assurances that their processing system ensures product quality 
and satisfies product compliance.

Tender stretching

Hanging carcaseses by the pelvis or H-bone as shown in Figure 
30.16 prevents important muscles shortening even if carcasses 
are frozen rapidly (Bouton et al., 1973).  This can significantly 
improve tenderness.  If the back legs of lamb carcasses are 
weighted then the shortening of the muscles can be reduced 
further this can significantly improve loin tenderness (Table 
30.4). By comparison there was no improvement in tenderness 
from additional stretching of the topside, which is likely due to 
the fact that sarcomere length was not significantly increased.

Table 30.4. Mean shear force and sarcomere length  for 
semimembranosus (topside) and longissimus (loin) muscles 
sampled from carcasses hung differently. 

Muscle
hanging 
method

Topside Loin

Shear 
force (N)

Sarcomere 
length (µm)

Shear force 
(N)

Sarcomere 
length (µm)

Achilles hung 67.6a 1.85a 64.5a 1.87a

Tenderstretched 38.2b 2.31b 51.9b 1.96a

Tenderstretched/
weighted

43.1b 2.53b 41.1c 2.15b

Values followed by the same superscript in a column (a, b, c) are not 
significantly different (P = 0.05).   
Source: adapted from Hopkins et al. (2000a).

It has been suggested that pelvic hanging and chilling at 0°–1°C 
is the preferred procedure, as this ensures tender meat, reduces 
carcass weight loss and minimises bacterial growth (Bouton et 
al., 1973). 

Figure 30.16. Photo showing a lamb carcasses hanging 
from the pelvis and one hung by the Achilles tendon.   
Source: D.L. Hopkins.

Criticisms of pelvic hanging include the altered shape of the 
hind leg and some cuts of meat, and an (alleged) greater space 
requirement for carcasses.  However the altered shape of the 
hind leg makes it easier to carve and the space requirement is 
reduced if the hind legs of the pelvic hung carcasses are tied 
back to the tail with strings.  This is impractical however for 
large lots of lambs, but is a logical approach for processors 
wishing to market a high value product.

Ageing

Ageing is the prolonged storage of meat at temperatures above 
freezing.  There is good evidence that specific myofibrillar 
muscle proteins are degraded during the post mortem ageing 
period (Bandman and Zdanis, 1988) and these lead to substantial 
reductions in tensile strength of muscle fibres and thus toughness.  
There are a number of reviews which summarise the biochemical 
changes which occur in meat during the post mortem period 
(Koohmaraie, 1996; Ouali et al., 2006; Hopkins and Geesink, 
2009) and it is contended that the calpains are the main group of 
proteolytic enzymes responsible for the changes (Hopkins and 
Geesink, 2009).  

The rate of ageing varies with temperature and time.  At 
low temperatures, such as 0°C, a longer time is required for an 
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equivalent effect and ageing will be less effective.  If muscles 
are badly “cold shortened” they will be so tough that, even after 
ageing for 3–7 days, consumers would still consider the meat 
unacceptable.  The effect of time is illustrated in Figure 30.17 
for carcasses chilled at 2°C and then meat held at the same 
temperature.  After 5 days the shear force values were more 
than 40% lower than at 1 day.  Meat from electrically stimulated 
carcasses reached Australian consumer optimum levels for 
tenderness of 30 N (Hopkins et al., 2006a) at 5 days of ageing, 
whereas the un-stimulated meat took approximately 10 days to 
reach the same level.  Most benefit from ageing occurs within the 
first 5 days of slaughter.  Ageing enables processors and retailers 
to increase consumer satisfaction.
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Figure 30.17. Effect of electrical stimulation and ageing on 
tenderness.  Source: adapted from Pearce et al. (2009).

Steps to enhance tenderness 

Avoid rapid •	 chilling of non-stimulated carcasses.

Condition carcasses before •	 chilling - under Australian 
conditions for fresh/chilled product this could only be 
adopted by holding carcasses at 7°C for 1-2 hours before 
full chilling. 

Electrically stimulate carcasses - offers the simplest approach •	
to ensuring tenderness while not comprising public health 
safety and keeping quality.

Tenderstretch carcasses.•	

Monitor product for tenderness (either by use of the shear •	
test or by an in-house panel) and chillers for effective 
operating temperatures.

Age meat before consumption.•	

Vacuum packing

The shelf-life of lamb cuts can be extended up to 6-8 weeks by 
vacuum packing (South, 1995).  In a vacuum pack, there is not 
enough oxygen to support the growth of normal spoilage bacteria.  
Other bacteria can grow on meat in vacuum packs but they do not 
spoil the meat as quickly as the bacteria that grow in air.  However 
the shelf-life of vacuum-packed chilled meat is very sensitive to 

how the meat is prepared and packed and the storage temperature 
with lower temperatures being preferred (e.g. 0°C).  

Cutting boards are a major factor in the spread of bacteria 
during boning particularly when carcass contamination is 
at low to moderate levels.  To limit the spread of bacteria it is 
recommended that badly scored cutting boards should not be 
used because they are difficult to clean and if meat is heavily 
contaminated (from ageing or frequent handling) there will be 
a benefit from changing boards regularly (Widders et al., 1995) 
(recommended at 1 hourly intervals).  Boards should be scrubbed 
and cleaned with hot water and a solution of 0.1% hypochlorite. 

Shelf-life is also sensitive to the pH of the meat.  If the pH 
of the meat is above 5.8 bacteria that cause greening of the meat 
can grow in the vacuum pack and cause early spoilage (Egan and 
Shay, 1988).  Meat pH can be measured with a pH meter and 
only meat with a pH less than 5.8 should be vacuum packed if a 
shelf-life of more than 4 weeks is required.  

After several weeks storage vacuum packed lamb may not 
match the appearance of fresh lamb when it is removed from 
the vacuum pack.  In particular, the fat surface may be slightly 
discoloured or stained from weep in the pack.  It is important 
that carcasses with white fat are used to source cuts for vacuum 
packing when the markets are discerning about fat colour so that 
after ageing the colour will be acceptable.  The other consideration 
is the stability of the meat colour and in this area modification of 
the atmosphere by the use of carbon dioxide is advantageous.  
This process is called modified atmosphere packaging (MAP).  
Whole primals can be stored under MAP and increasingly major 
retailers are using this approach to aid tenderisation and supply.  
Shelf-life can also be extended by treating carcasses or cuts with 
acetic acid.  The acetic acid treatment involves dipping cuts or 
carcasses into 1.5% acetic acid solution at 55°C or 3% acetic acid 
at 25°C for 10 seconds (3% acetic acid is about the same strength 
as vinegar).  The meat should be drained for a short time and 
vacuum packed as normal.  Acetic acid treatment can extend the 
normal shelf-life of vacuum packed lamb by 3 weeks.

There is a range of modified atmospheres that can be used 
for packaged lamb carcasses or cuts.  The packing systems use 
an oxygen impermeable film similar to the film used for vacuum 
packing.  The packs are filled with a gas mixture at the time of 
packing.  The required volume of gas is up to 3 times the volume 
of the meat.  For a long shelf-life (12 weeks) pure carbon dioxide 
should be used and the residual oxygen in the pack must be less 
than 0.2% and the storage temperature 0oC.

A gas mixture of 80% oxygen and 20% carbon dioxide can 
be used to give meat a bright and attractive colour in retail display.  
Lamb packed in this gas mixture has a shelf-life of 7-10 days at 
0-2°C.  Another version of modified atmosphere packing is retail 
ready cuts in a master pack.  In this style of packing, retail cuts 
are packed in oxygen permeable film such as polyethylene, and 
the packs are placed in a master pack of oxygen impermeable 
film.  The master pack is flushed with carbon dioxide.  The 
carbon dioxide helps preserve the meat during distribution and 
storage, and when the master pack is opened, the meat in the 
individual retail packs will bloom to bright red colour, ready for 
display.  McMillin (2008) provides a comprehensive review of 
this area and a summary of the major packing types is given in 
Table 30-5.
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Tips for extending keeping quality

Minimise water usage during slaughter.•	

Reject high pH meat.•	

Minimise handling of the meat. •	

Store cuts at 0•	 °C.

Grading sheep meat for eating quality

The adoption of systems to give consumers eating quality 
guaranteed sheep meat has been limited around the world.  In 
New Zealand a “Lamb quality Mark’ program was launched  
(Frazer, 1997) in response to survey studies which showed an 
unacceptable proportion of lamb exceeded the shear force 
threshold set as part of the AC&A program. The objective was 
to ensure processors complied with the AC&A guidelines which 
included measurement of samples for shear force at least twice a 
year to ensure compliance.  Chilling guidelines were also set and 
this program was shown to result in a reduction in the proportion 
of tough lamb reaching the retail level (Anon., 2000).  This 
approach was not based on using consumers as the arbitrators of 
quality, which was the approach when the Australian sheep meat 
eating quality (SMEQ) program was developed.  This program 
followed after the Meat Standards Australia (MSA) program 
developed in Australia for beef.

The eating quality of sheep-meat can be considered as a 
function of the production, processing, value-adding and cooking 
methods used to prepare the product for consumption by the 
consumer (Thompson et al., 2005).  As a part of the SMEQ 
program critical control points were identified and the impact 
of these on eating quality was quantified.  With respect to the 
processing phase of the supply chain the most important finding 
was that there was an ‘ideal” rate of pH fall and that a target of 
18-25°C at pH 6.0 would give superior eating quality for the 
short aged domestic market compared to slower or faster rates 
of pH fall (Thompson et al., 2005).  This outcome was generally 
consistent with the early studies of Locker and Hagyard (1963) 
which showed minimal shortening at close to 15°C. 

A summary of the recommendations from the SMEQ 
program are given in Table 30.6.  The principles from the SMEQ 
program have been incorporated into the specifications for MSA 
sheep meat, but the program has had limited adoption at the retail 
level.  Despite this there has been a significant increase in the use 
of new electrical stimulation technology with more than 70% of 
the throughput of sheep and lambs on a tonnage basis per year 
in Australia in 2008 subjected to stimulation (Hopkins et al., 
2008).  

The ranking of different cuts for eating quality based on a 
roast cooking method according to the age of the sheep from 
which the cut was taken is shown in Figure 30.18.  This clearly 
shows that the cuts from the middle of the carcass (rack and 
shortloin) provide the best eating quality where overall liking is 
a composite of tenderness, flavour and juiciness.  Of the cuts the 
topside has the lowest eating quality and based on these results 
is not recommended for roasting or indeed for grilling when 
taken from the younger sheep and is not even given a grade when 
taken from older sheep.  The data also clearly shows the lower 
eating quality of meat from older sheep, but does illustrate that 
some cuts from older sheep can reach acceptable levels for eating 
quality (eg. Rack and shortloin).  
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Nutritive composition per kg of dry matter
Feedstuff ME 

(MJ)
RDP
(g)

UDP
(g)

Fibre 
(g)

Ca
(g)

P
(g)

Mg
(g)

Na
(g)

Cl
(g)

DM
(%)

ROOTS
Carrots
Mangels
Potatoes
Sugarbeet
Swedes
Turnips

12.8
12.3
12.7
13.7
12.5
11.2

50
40
3

28
72
59

12
10
9
7

18
14

108
58
38
48

100
111

3.7
1.9
0.5
7.5
5.3
6.4

3.2
1.9
2.4
1.1
3.5
2.1

1.7
1.9
1.3
3.0

-
2.2

10.0
6.6
0.6
1.9
0.5

10.5

5.0
12.3
2.8
0.4

-
-

13
12
21
23
12
9

LEAVES OF ROOT CROPS
Carrot leaves
Mangel Leaves
Potato haulms
Sugarbeet tops
Turnip leaves

7.9
9.0
6.5
9.9
9.2

86
102
33
62
91

37
444
14
27
39

133
145
270
100
125

19.4
-
-

23.2
29.2

1.9
-
-

2.0
5.1

-
-
-

10.7
9.2

-
-
-

5.4
-

-
-
-
-
-

18
11
23
16
12

OTHER GREEN FOODS
Cabbage
Capeweed
Desmodium
Kale
Mustard
Paspalum
Rape

10.6
9.6
6.3

11.0
7.7
7.6
9.5

76
29
59
78
55
54

101

32
12
25
34
23
23
43

170
-

480
190
335
329
250

6.4
-
-

16.1
-

1.6
6.9

3.5
-
-

6.3
-

2.0
10.4

2.1
-
-

4.1
-
-

5.4

2.5
-
-

6.1
-

1.0
5.0

-
-
-
-
-
-
-

9
-
-

15
17
44
14

GROWING CEREALS
Barley

tillering
boot stage
flowering
dough stage
mature

Maize
Millet
Oats

tillering
flowering

Rye (fl*)
Wheat

tillering
flowering

9.5
9.8
9.4
9.5
9.0
8.8
7.9

10.0
9.8
9.5

9.0
8.5

82
33
36
31
31
36
38

97
38
62

114
36

35
14
15
13
13
16
16

42
16
26

49
16

230
250
280
300
350
289
315

320
360
322

230
270

6.5
3.3
2.7
2.0
1.8
4.3
3.2

3.1
2.0
3.9

3.5
1.6

4.2
2.4
1.9
1.6
1.5
2.3
1.9

4.3
1.5
3.2

3.3
1.5

3.5
2.5
2.1
1.8
1.6
2.9
1.8

2.7
1.9

-

2.4
1.6

6.5
7.1
5.0
4.0
3.6
0.3

-

10.7
12.0

-

7.7
0.9

20.0
18.7
12.5
9.9
8.2
1.9

-

17.6
13.8

-

12.3
7.3

21
23
25
27
30
19
13

23
25
23

26
28

GRASSES
Cocksfoot

immature
early fl
mid fl
full fl

10.6
10.6
10.1
9.1

122
109
66
54

53
46
28
23

278
287
330
340

5.8
-
-
-

5.5
-
-
-

1.0
-
-
-

-
-
-
-

0.8
-
-
-

15
20
23
28

a
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Feedstuff ME 
(MJ)

RDP
(g)

UDP
(g)

Fibre 
(g)

Ca
(g)

P
(g)

Mg
(g)

Na
(g)

Cl
(g)

DM
(%)

Demeter fescue
flowering
2 wk post fl

Grass dominant pasture
immature
pre fl
flowering
post fl
senescent

Phalaris
immature
dough stage
ripe seed

Ryegrass – perennial
immature
early fl
mid fl
full fl

Ryegrass – Wimmera
immature
mid fl
full fl

Barley grass
immature

Forage sorghum ST6 sudax
450 mm high
900 mm high
1350 mm high

Forage sorghum saccaline
450 mm high
900 mm high
1350 mm high

Forage sorghum magic
450 mm high
900 mm high
1350 mm high

8.0
8.0

11.0
10.6
10.0
7.0
5.0

10.3
9.5
7.3

10.7
11.0
9.9
9.8

11.6
8.7
6.6

12.2

8.9
9.2
9.0

9.4
9.4
9.3

9.1
9.1
9.1

20
9

160
144
110
70
25

133
83
42

139
97
83
61

106
52
42

194

180
177
59

74
55
49

170
57
58

9
4

69
62
49
30
10

57
36
18

60
42
35
26

45
23
18

22

35
33
25

32
23
21

30
25
25

290
-

130
140
150
270
300

-
360
390

220
280
290
300

313
-

370

192

-
-
-

-
300

-

-
-
-

6.1
-

7.3
7.3
7.2
7.0
5.0

2.4
-

2.7

6.2
3.3

-
-

7.6
-

4.9

-

-
-
-

-
2.0

-

-
-
-

4.2
-

3.2
3.2
3.1
3.0
2.0

2.9
-

0.4

3.4
-
-
-

3.0
-

0.8

-

-
-
-

-
2.0

-

-
-
-

3.7
-

3.4
3.4
3.2
3.0
1.8

2.9
-

1.7

-
1.2

-
-

3.1
-

1.3

-

-
-
-

-
-
-

-
-
-

-
-

4.4
4.4
4.1
4.0
1.6

7.8
-

2.4

-
-
-
-

-
-
-

-

-
-
-

-
-
-

-
-
-

-
-

5.4
5.4
5.2
5.0
2.0

-
-
-

-
-
-
-

-
-
-

-

-
-
-

-
-
-

-
-
-

-
-

20
22
23
25
72

13
57

-

-
-
-
-

20
34

-

-

14
16
17

14
16
17

17
19
20

GREEN LEGUMES
Field beans (fl*)
Berseem
Bokhara clover (fl)
Crimson clover (fl)
Red clover (fl)
Subterrannean clover

pre fl
mid fl
late fl

White clover
young, immature
early fl
mid fl
mature

Clover dominant pasture
immature
flowering
senescent

Lucerne
young, immature
pre fl
full fl

9.2
9.8
8.3
9.5
9.2

11.4
10.6
7.8

12.4
11.9
11.5
9.1

11.0
10.0
4.0

10.2
9.4
8.2

107
105
199
80
92

135
150
64

113
140
76
80

120
105
40

142
107
84

46
45
43
34
40

58
64
28

49
60
45
35

50
45
17

60
46
36

220
170
280
337
274

190
300
376

180
240
300
320

-
-
-

220
280
300

14.4
-
-
-

10.1

7.9
-
-

11.8
-
-
-

-
-
-

16.4
13.6
16.1

2.7
-
-
-

2.7

2.3
-
-

3.4
-
-
-

-
-
-

3.4
3.8
4.4

-
-
-
-

5.1

1.6
-
-

4.6
-
-
-

-
-
-

4.5
3.6
3.5

-
-
-
-

2.0

-
-
-

-
-
-
-

-
-
-

1.3
1.9
1.6

-
-
-
-
-

-
-
-

-
-
-
-

-
-
-

-
-
-

15
10
20
19
19

14
16
20

16
18
22
25

20
23
70

15
22
24
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Feedstuff ME 
(MJ)

RDP
(g)

UDP
(g)

Fibre 
(g)

Ca
(g)

P
(g)

Mg
(g)

Na
(g)

Cl
(g)

DM
(%)

Lupins (fl)
Medic dominant pasture

immature
Peas (fl)
Beans (fl)
Sainfoin

early fl
full fl

Vetches (fl)

9.1

11.0
8.5
9.2

10.3
8.4
8.3

110

150
98
88

100
81
86

48

64
42
15

43
35
37

280

-
350
220

210
240
290

11.0

-
-
-

-
-
-

1.0

-
-
-

-
-
-

5.1

-
-
-

-
-
-

-
-
-

-
-
-

-

-
-
-

-
-
-

15

20
17
15

23
25
18

SILAGE
Grass

good quality
poor quality

Maize

9.5
8.0

10.8

156
160
48

4
2
-

300
330
230

-
-

2.7

-
-

2.0

-
-

2.8

-
-

0.1

-
-
-

20
20
20

HAY
Grass

very poor
poor quality
medium quality
good quality
very good

Grass dominant/clover
medium quality 
good quality

Legume
Red clover

very poor 
poor quality
good quality
very good

Lucerne
full fl
half fl
before fl

Medic pasture
Peas (fl)
Vetches (fl)
Clover dominant/grass

good quality

Cereal
Barley dough
Buckwheat
Millet
Oaten

cut at fl
milk stage
ripe seed

Rye (pre fl)
Wheaten

cut at fl
dough stage
ripe seed

7.0
7.5
8.4
9.0

10.0

9.0
10.0

6.9
7.8
8.9
9.6

7.7
8.2
8.5

11.0
9.0
8.1

9.0

8.8
8.2
8.3

9.0
8.3
8.1
9.5

8.0
7.7
7.4

27
31
28
40
63

50
63

54
92

113
129

89
117
95
80
72
83

66

38
51
49

48
27
19
60

34
21
22

11
14
12
17
27

22
27

23
39
48
55

38
50
39
35
31
35

28

16
22
22

20
11
8

25

15
9
9

340
370
330
320
290

310
270

390
340
290
266

350
320
300

-
340
306

300

290
365
340

300
320
370
330

270
290
330

-
-

6.2
6.5

-

-
-

-
-
-
-

12.8
13.5
21.2

-
-
-

-

2.1
-

3.3

-
2.6

-
-

1.7
-

1.6

-
-

3.4
3.7

-

-
-

-
-
-
-

2.0
2.2
3.0

-
-
-

-

3.0
-

1.9

-
2.4

-
-

2.1
-

0.3

-
-
-
-
-

-
-

-
-
-
-

3.1
2.9
2.6

-
-
-

-

1.9
-

1.4

-
7.5

-
-

1.4
-

0.5

-
-
-
-
-

-
-

-
-
-
-

1.4
1.4
2.2

-
-
-

-

1.4
-

1.0

-
1.7

-
-

-
-

0.6

-
-
-
-
-

-
-

-
-
-
-

-
-

3.4
-
-
-

-

-
-

1.3

-
5.2

-
-

-
-
-

90
90
90
90
90

90
90

90
90
90
90

90
90
90
90
90
90

90

90
90
90

90
90
90
90

90
90
90

STRAWS AND HUSKS
Cereals
Barley straw 

husks
Bean straw (inc pods)
Linseed chaff

5.8
5.7
7.4
5.0

17
10
22
18

2
0
2
1

500
350
500
460

3.6
-

18.7
-

0.8
-

1.5
-

1.8
-
-
-

6.7
-
-
-

14.3
-
-
-

90
90
90
90
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Feedstuff ME 
(MJ)

RDP
(g)

UDP
(g)

Fibre 
(g)

Ca
(g)

P
(g)

Mg
(g)

Na
(g)

Cl
(g)

DM
(%)

Maize straw 
cobs

Millet chaff, husks
Oat straw

husks
Rice husks
Rye straw

husks
Triticale straw
Wheat straw

husks

Legumes
Lucerne straw 

defoliated
non defoliated

Lupin straw
Pea straw

Others
Almond 

husks
shells

Sunflower husks
* fl = flowering

7.3
7.4
5.2
6.8
5.5
2.0
6.2
5.8
5.0
6.0
5.9

4.2
5.9
5.0
6.5

6.6
4.0
7.9

18
12
20
16
13
2
7

11
14
18
16

21
60
24
26

29
7

11

2
1
2
2
1
0
0
1
4
1
1

2
7
3
3

7
2
3

460
450
460
500
300
475
430
515
586
500
320

350
300
550
410

280
-

540

-
1.2

-
2.6
1.0
0.9

-
-

1.6
1.8
1.0

-
-

4.0
9.9

2.3
-
-

-
0.4

-
0.7
1.1
0.8

-
-

0.6
0.7
1.0

-
-

0.3
0.7

1.1
-
-

-
0.7

-
1.8

-
-
-
-

0.5
1.3
1.5

-
-

2.9
2.0

-
-
-

-
-
-

4.2
0.3

-
-
-

0.2
1.7
1.1

-
-

6.7
4.1

-
-
-

-
-
-

17.6
-
-
-
-
-

7.5
2.6

-
-

4.2
5.3

-
-
-

90
90
90
90
90
90
90
90
90
90
90

90
90
90
90

90
90
90

GRAINS AND SEEDS
Cereals
Barley
Dhurra
Maize
Millet
Oats
Rye
Sorghum
Triticale
Wheat

Legumes
Carob beans
Field beans
Soya beans
Lupins
Peas
Vetches

Oil seeds
Cotton seeds
Peanuts
Linseed
Rape seed
Safflower seeds
Sunflower seeds

13.7
12.8
14.2
11.3
11.5
14.0
13.4
14.0
14.0

13.0
12.8
14.9
13.2
13.4
13.6

15.0
21.1
19.3
21.0
13.0
16.6

103
57
64
74
83
88
70
86

106

38
177
232
173
180
185

133
204
166
138
128
110

18
14
16
18
27
22
18
22
24

16
87

100
180
69
80

57
54
42
34
31
28

53
41
24
93

140
22
28
35
26

75
100
60

140
80
69

200
28
59
63

400
350

0.8
-

0.2
0.6
0.7
0.7
0.2
0.5
0.4

-
1.5
2.3
2.2
0.9

-

1.5
3.7
2.6
4.1
1.9
1.8

3.7
-

3.5
3.5
3.9
3.6
3.0
3.5
3.6

-
6.3
6.9
3.9
4.0

-

7.3
3.9
6.4
6.2
3.4
5.6

1.3
-

2.3
2.0
1.9
1.4

-
-

1.3

-
1.9
2.6
2.7
2.2

-

3.5
-

4.6
3.8
2.0

-

0.1
-

0.0
-

0.5
0.3
0.0

-
0.3

-
0.6
0.1
0.6
0.6

-

-
-

1.1
0.5
0.2

-

2.0
-

0.4
-

1.2
0.3
0.9

-
1.2

-
0.4

-
0.5
1.1

-

-
-

0.5
0.7
1.3

-

90
90
90
90
90
90
90
90
90

85
90
90
90
90
90

90
90
90
90
90
90

OIL CAKES AND MEALS
Cotton seeds 

(mechanical extract)
Peanut cake
Linseed meal 

(mechanical extract)
(solvent extract)

10.3
11.4

13.0
11.9
12.7

147
229

212
278
54

37
60

53
70
14

279
260

100
100
338

2.0
2.1

4.1
3.1

-

10.9
9.7

8.9
7.4

-

6.0
3.9

6.0
5.2

-

0.4
0.2

1.2
1.0

-

0.4
0.2

1.2
1.0

-

90
90

90
90
90
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Feedstuff ME 
(MJ)

RDP
(g)

UDP
(g)

Fibre 
(g)

Ca
(g)

P
(g)

Mg
(g)

Na
(g)

Cl
(g)

DM
(%)

Olive cake
Rape seed cake
Safflower seed 

(mechanical extract)
(solvent extract)

Soybean cake meal (solvent extract)
Sunflower seeds 

(mechanical extract)
(solvent extract)

11.4
10.7

10.8
13.3
12.3

12.0
10.5

257
156

300
360
603

240
260

58
40

76
90
90

60
65

130
376

165
60
60

210
200

5.4
4.1

6.0
3.3
4.3

5.8
4.4

10.4
6.6

8.0
8.1
9.8

9.6
9.1

5.3
2.3

4.4
3.1
3.2

5.2
5.2

0.1
0.4

0.1
0.5
0.0

0.3
0.1

-
-

-
-

0.1

-
-

90
90

90
90
90

90
90

FEEDSTUFFS OF ANIMAL ORIGIN

Blood meal
Egg meal
Fish meal, 50%CP
Fish meal, 65%CP
Meat meal, 40%CP
Meat meal, 50%CP
Meat meal, 55%CP
Whey – sweet (liquid)

13.2
18.5
13.1
12.9
11.5
11.9
12.6
14.0

424
313
337
372
218
254
275
101

424
138
225
247
146
169
183
25

0
0
0

11
37
20
41
0

2.7
2.0

56.1
41.7

147.0
112.3
102.0
26.1

2.4
8.3

35.9
27.6
67.5
47.3
55.6
11.7

0.4
-

4.8
2.4
2.8
2.2
1.9
2.4

9.3
5.0
9.0
8.1
5.8
6.8
6.1

13.3

-
-
-

6.6
-
-

4.7
-

90
95
90
90
90
90
90
7

BY PRODUCTS
Barley

bran
pollard
brewers grain

Sorghum
distillers grain

Maize bran
Oat bran
Orange skins
Rye bran
Sugarcane molasses
Wheat bran

pollard

12.3
13.5
10.0

10.6
12.5
8.8

12.0
11.2
12.6
10.1 
12.3

70
60

160

113
50
36
24

115
19

100
100

14
15
8

3
12
9
6

28
5

25
25

120
23

240

358
132
242
230
59

-
120
96

-
-

2.9

-
1.7
0.8
7.1
0.8

11.0
2.0
1.7

-
-

5.4

-
6.3
3.2
2.0
7.1
1.0

11.9
8.2

-
-

1.5

-
0.9
1.3
3.5
2.6
4.0
8.8
5.8

-
-

2.8

-
0.2
0.2
0.3

-
0.3
0.2
0.2

-
-

1.3

-
-
-
-
-
-
-
-

90
90
22

25
90
90
20
88
75
90
90

MISCELLANEOUS
Cotton hull waste
Grape marc
Poultry litter (straw)
Poultry droppings
Sawdust (pine)
Sheep nuts
Barley malt

5.6
4.0
8.0
7.0
1.5
9.0

13.4

8
26

114
156

-
45
81

2
7

29
39

-
12
2

911
-

260
76

745
290
56

-
-

37.0
100.0

1.1
-
-

-
-

14.0
20.0
0.1

-
-

-
-

6.0
5.4

-
-
-

-
-
-

3.8
-
-
-

-
-

5.0
8.1

-
-
-

93
85
80
80
90
90
90

MINERAL SOURCES
Urea
Ground limestone
Stock lime
Rock phosphate  (low in fluorine)
Dicalcium phosphate 

(low in fluorine)
Bone flour
Di-ammonium phosphate
Ammonium sulfate
Magnesium sulfate
Salt

0
0
0
0
0

0
0
0
0
0

2300
0
0
0
0

0
1217
1060

0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0

Sulfur
Sulfur

0
350
540
320
220

285
0
=
=
0

0
0
0

164
160

130
270
242
130

0

0
0
0
0
0

0
0
0

98
0

0
0
0
0
0

0
0
0
0

397

0
0
0
0
0

0
0
0
0

607

100
100
100
100
100

100
100
100
100
100

* fl = flowering

Values for rumen degradable protein (RDP) and undegraded dietary protein (UDP) are based on digestible crude protein rather than total crude 
protein. Digestible crude protein coefficients have been derived from MAFF (1975) supplemented with values determined using the technique 
described by Hughes (1986). The partitioning of digestible crude protein into RDP and UDP has been carried out using the recommendations 
contained in ARC (1980), supplemented with values obtained using the techniques described by Hughes (1986). The principle sources of 
information used were Perkins (1916), Cochrane (1975), MAFF (1975) and Leche et al. (1982). (See Chapter 13 for these references).

The values given are average values and the actual composition of any given feed sample can vary widely from these. Therefore, where 
available, actual analyses should be used in preference to these suggested values.
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Example wool enterprise
3000 Merino self replacing flock with seven age groups with wethers and cull ewe lambs sold at 10 months, ewe/ram ratio 
of 45:1, lambs marked at 87% of ewes (18 months and older). Stocking rate of 3.5 ewes per ha. Dry sheep equivalent of 1.86. 
Annual rainfall of 500mm. 

Merino Ewe Enterprise 

Stocking rate 3.5 Ewes/ha     

Kgs greasy Kgs Price

Wool income Number per hd Total $/kg Total $

1 yo ewe lambs 536 1.8 938 8.00 7505.41

2 yo ewe hoggets 526 3.0 1577 7.50 11825.75

3 yo ewes 515 4.0 2060 7.00 14422.16

4 yo ewes 505 4.2 2120 7.00 14840.41

5 yo ewes 495 4.3 2127 6.50 13826.31

6 yo ewes 485 4.2 2036 6.50 13234.68

7 yo ewes 475 4.0 1900 6.00 11402.18  

Sub Total 3536 12759 87056.91 87056.91

Livestock income Number $/head Total $

Sale of cull ewes 466 25.00 11639.73

Sale of cull rams 13 50.00 649.62

Sale of wether lambs 1076 72.00 77498.55

Sale of ewe lambs 540   67.00 36197.95  

Sub Total 2095 125985.84 125985.84

Total Income (A)      213042.75

Variable expenses Number Item Treatment $/item Total $

Lamb marking 2153 hd 1.00 2152.74

Lamb tags 2153 hd 0.34 731.93

Vaccine 6 in 1 all 5222 hd 1 0.35 1827.63

Vaccine 6 in 1 lambs 2153 hd 1 0.35 753.46

Fly prevention 5222 hd 2 0.15 1566.54

Drench ewes 3000 hd 3 0.20 600.00

Drench rams 69 hd 3 0.30 20.71

Drench lambs 2153 hd 3 0.15 322.91

Preg scan 1999 hd 1.00 1999.32

Shearing ewes 3000 hd 4.20 12600.00

Shearing rams 69 hd 8.40 580.01

Shearing lambs 536 hd 4.20 2251.62
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Crutching ewes 3000 hd 1.05 3150.00

Crutching rams 69 hd 2.10 145.00

Crutching lambs 2153 hd 1.05 2260.37

Wool packs 71 pack 15.00 1063.24

Purchase rams 14 hd 950.00 13654.67

Transport culls 479 hd 0.90 430.72

Transport lambs 1617 hd 1.10 1778.30

Transport wool 71 bale 15.00 1063.24

Selling cost wool 87057 income 0.07 6093.98

Selling costs livestock 125986 income 0.07 8819.01

Supplementary feed 8 tonne 300.00 2400.00  

Total variable expenses (B)    66265.41 66265.41

Gross Margin (A-B)    $ 146777.34

Gross margin (3000 ewes) 48.93 per breeding ewe

Gross margin (919 ha) 159.65 per ha

Gross margin (5460 dse) 26.88 per dse

Gross margin (4597 mm/100 × ha) 31.93 per 100 mm rainfall per ha

Example lamb enterprise
1000 first cross ewes with 7 age groups, second cross lambs sold at 9 months, ewe/ram ratio of 45:1, lambs marked at 130% of 
ewes (18 months and older). Stocking rate of 5 ewes/ha. Dry sheep equivalent of 2.11.  Annual rainfall of 1000mm. 

2nd Cross Lamb Enterprise Jan-10

Stocking rate 5 Ewes/ha     

Kgs greasy Kgs Price

Wool income Number per hd Total $/kg Total $

0.5 yo lambs 1224 1.0 1224 4.00 4896.20

2 yo ewe hoggets 200 2.3 460 3.50 1610.00

3 yo ewes 196 2.5 490 3.50 1715.00

4 yo ewes 192 2.6 499 3.50 1747.93

5 yo ewes 188 2.7 508 3.50 1778.85

6 yo ewes 184 2.6 480 3.10 1486.86

7 yo ewes 181 2.4 434 3.00 1301.65  

Sub Total 2366 4095 14536.48 14536.48

Livestock income Number $/head Total $

Sale of cull ewes 177 30.00 5315.05

Sale of cull rams 6 75.00 455.07

Sale of wether lambs 612 110.00 67322.70

Sale of ewe lambs 612   105.00 64262.58  

Sub Total 1407 137355.39 137355.39

Total Income (A)      151891.87

Variable expenses Number Item Treatment $/item Total $

Lamb marking 1224 hd 1.00 1224.05

Lamb tags 1224 hd 0.34 416.18

Vaccine 6 in 1 all 2398 hd 1 0.35 839.26

Vaccine 6 in 1 lambs 1224 hd 1 0.35 428.42
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Fly prevention 2398 hd 2 0.15 719.36

Drench ewes 1142 hd 3 0.20 228.32

Drench rams 32 hd 3 0.30 9.67

Drench lambs 1224 hd 3 0.15 183.61

Preg scan 761 hd 1.00 760.79

Shearing ewes 1142 hd 4.20 4794.62

Shearing rams 32 hd 8.40 270.87

Shearing lambs 1224 hd 4.00 4896.20

Crutching ewes 2815 hd 1.05 2955.30

Crutching rams 32 hd 2.10 67.72

Crutching lambs 1224 hd 1.05 1285.25

Wool packs 23 pack 12.00 273.01

Purchase rams 7 hd 800.00 5369.97

Purchase ewes 200 hd 95.00 19000.00

Transport culls 183 hd 0.90 164.91

Transport lambs 1224 hd 1.10 1346.45

Transport wool 23 bale 10.00 227.51

Selling cost wool 14536 income 0.07 1017.55

Selling costs livestock 137355 income 0.07 9614.88

Supplementary feed 12 tonne 330.00 3960.00  

Total variable expenses (B)    60053.90 60053.90

Gross Margin (A-B)    $ 91837.97

Gross margin (1142 ewes) 80.45 per breeding ewe

Gross margin (200 ha) 459.19 per ha

Gross margin (2409 dse) 38.13 per dse

Gross margin (2000 mm/100 × ha) 45.92 per 100 mm rainfall per ha

Gross margin software is available from http://www.sheepcrc.org.au/industry-tools-and-information/software/gross-margin-
model.php (accessed 23 December 2009).
Source: adapted from data supplied by T. Farrell.
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2004
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Source: adapted from Elders market reports http://sheep-cattle.elders.com.au/business-tools/market-reports (accessed 22 
December 2009).
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Australian average - Over-the-hooks lamb prices 1998-2009
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Australian weighted average sheep (mutton) and over-the-hooks sheep prices 
2001-2009
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Source: adapted from MLA data accessed from http://marketdata.mla.com.au/ (accessed 23 December 2009).
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1) Australia 

Refer to Chapter 25, Figure 25.9: AWEX-ID 

2) New Zealand

CATEGORY CODE STYLE CODE
MERINO
Speciality A Superior Spinners

0 1
Combing F Best TM Good TM Ave TM Ord/Poor TM
-Bodywool 1 2 3 4
Clothing F Sup/Good Good Average Ord/Poor
-Bodywool 1 2 3 4
Open Cotts O Good Average Ord/Poor

2 3 4

CATEGORY CODE STYLE CODE
HALFBRED
Speciality A Superior

0
Spinners

1
Combing
-Bodywool

F Best TM
1

Good TM
2

Ave TM
3

Ord TM
4

Poor TM
5

Clothing
-Bodywool

F Sup/Good
1

Good
2

Average
3

Ordinary
4

Poor
5

Open Cotts O Good
2

Average
3

Ord/Poor
4

CATEGORY CODE STYLE CODE
CROSSBRED F A/BB BB/B B B Minus B/C C
-Bodywool 0 1 2 3 4 5
Open Cotts O B B/C C

2 4 5
CATEGORY CODE STYLE CODE
ALL BREEDS Sup/Good Good/Ave Average Ave/Poor Poor Disc

0 1 2 3 4 5
Cotts Soft G    
Cotts Hard H    
Lambs Bodywool L     
Lambs Bls & Pcs M     
Necks N    
Pieces P     
Bellies B     
2nd Pcs & Lox S   
Crutchings K     
Eye Clips E   
Dead V   
Black X  
Brands T  
Dag D   
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3) Uruguay 

Fleeces 
(Lana Vellón)

A Fleeces (VA or Vellón 
A) Main bulk line of 
skirted fleeces with 
uniform quality (length 
and strength visually 
appraised, good colour)

B Fleeces (VB or Vellón 
B) Fleeces with minimal 
faults such as distinctly 
short fleeces, unscourable 
colour 

I Fleeces (VI or Vellón 
Inferior) Fleeces with 
severe faults such as 
unscourable coloured 
wool, tender wool, cotted 
wool 

(VL or Vellón con lunar)
Fleeces from animals 
with spots and dark  fibres 
on body

Oddments 
(Subproductos) 

Pieces (P or Pedazos) 
Includes best parts of 
skirted fleeces (with good 
staple length) and best 
parts of belly wool

Bellies (BGA or Barriga) 
Includes skirted wool 
with higher VM content, 
shorter staples 

Stains (PQ or Puntas 
Quemadas) Urine-stained 
removed wool during 
crutching 

Locks (G or Garreo) 
Includes wool from legs 
and  second cuts

Wool from lambs, hoggets and mature sheep (ewes and wethers) is kept separate. Wool pricing is generally based on an assumed 90:10 
fleece:oddments ratio with a single price paid for all wool. A premium of 2 cents/kg greasy is paid (by agreement of all parties) for wool with a 
Secretariado Uruguayo de la Lana (SUL) blue tag certifying the standard of clip preparation and 4 cents/kg for a SUL green label tag. The green 
tag is applied by almost 90 accredited contractors –shearers and wool handlers- who take responsibility for a higher standard of clip preparation 
and packaging (in 200 kg bales). In 2007 about 40% of the Uruguayan clip had green label accreditation with further increases expected (E. 
Pesce, pers. comm.).

Most wool is harvested following the code of practice developed by SUL and named “Acondicionamiento de lanas”. The Tally-Hi shearing 
method had reached 90% adoption in 2009 and 75% of fleeces are skirted, removing bellies and stains. Registered Classers and Stencil holders 
are registered with the Classer Registration Advisory Industry Group and their work is monitored.

4) South Africa 

The South African Wool trade started using Australian AWEX types in 2007. Before this, the principles of the trade type descriptions were 
similar to AWEX and are shown below. 

 
Examples: MF275 19.6 76%, described a batch of Merino (M) fleece wool (F) of good topmaking style, with long (75mm), fine (19.6 µm) 
and high yielding wool. WR460 23.8 62%, described a batch of white, non-Merino (W) backs wool (R) of inferior topmaking style, medium 
length (60mm), strong (23.8 µm) with relatively good clean yield (62%).  This wool could be produced by crosses with Merinos, or by a 
white-woolled breed such as the Dormer, Ile de France or Merino Landsheep (Chapter 5). 



   Appendix D   731

International Sheep and Wool Handbook

5) China

Refer to Chapter 6, Table 6.7: National Wool Grading Standards.

6) Europe 

A meeting minute of the European Union (EU) group for agriculture became a Parliament resolution in 1996 (European Commission SG/B/5, 
Bulletin EU 4-1996, ECSC-EC-EAEC, Brussels-Luxembourg) to put a uniform system in place for trading European wool. At the meeting of 
the European Fine Fibre Network in Villaviciosa, Spain in 1997 it was decided to form the group “Fine Wool Producers of Europe” with aims 
that included standardising quality specifications for fine wools produced across Europe (EFFN News, Issue 2, December 1997). 

However little had been achieved by 2009, probably due to the low industrial use of European wool, so wool classification remains non-
uniform across Europe. In France, wool is graded by using the name of the breed (Merino d’Arles, or Lacaunes) and type of sheep (plein air, 
farm, et.). The British system of grading uses criteria such as colour, length and strength to grade fleeces into types. Wool grades range from 
short, fine Downland wool to the coarser Hill and Mountain breeds. 

Portugal has an elaborate system (EFFN Issue 4, November 1998), using grading classes below:

AA
Extra - Merino Extra 19 - 22 µm

Fino - Merino Fino 21 - 23 µm

A Corrente - Merino Corrente 22 – 25 µm

B

Primas - Primas 25 - 29 µm

Primas - X Médio 29 - 32 µm

Cruzados - X Médio 28 - 30 µm

Cruzados - X Comum 30 - 35 µm

Cruzados - X Lustroso 28 - 36 µm

D 
Merinos Defaults (E, F, C) DM

Cruzados Defaults (P, X) DX

Aninhos (Lamb) Lamb wool (1st shearing)

Peças (Pieces) Belly and head wool

Until the early 1990s countries of the former Eastern block (Poland, Romania, Bulgaria) were using national standards to classify wool 
into four types, namely fine, semi-fine, semi-coarse and coarse, according to mean fibre diameter (the limits varied within 0.5 µm between 
countries: <23, 23.5 to 28, 28.5 to 31 and >31.5 µm) and each type was subjectively classified into 3 quality classes: first, second or third 
(wastes) according to the level of contaminants. The standards are not in place anymore and grading is by breed (Merino, Romney, etc.) and 
subjectively evaluated quality class only. 
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AAAM Best style Merino wool. Long, sound and of good 
colour. 

Acetabulum Section of the pelvic bone into which the femur 
attaches.

Accuracy A measure of the closeness of a test result to the true 
value (different from precision). 

Acidosis  A pathological condition resulting from accumulation 
of acid or depletion of the alkaline reserve in the blood and 
body tissues. The normal rumen fluid pH of 7.0 can fall 
as low as 5.5 to 6.5 in moderate acidosis, 5 to 6 in acute 
engorgement, and 4 to 5 in the peracute disease.

Ad-libitum Animals eating as much feed as they want.
Aetiology The cause of a disease.
Aged Sheep past their most economic period of productive 

life, i.e. about 5 years old. 
Agistment Leasing the grazing rights of a paddock. 
Airflow An instrument used to measure the average fibre 

diameter of wool. A known weight of wool is compressed 
into a known volume and subjected to an air current of 
constant pressure. The resistance to the air moving through 
the cylinder is related to the diameter of the fibres. 

Airjet loom A loom that uses an air jet instead of a shuttle to 
propel pre-cut lengths of weft across the shed. 

Allele Genes that occupy the same location on homologous 
chromosomes that affect the same trait in a different or 
alternative manner.

Allelopathic Suppression of growth of one plant species by 
another species due to the release of toxic substances.

Almeter An electronic machine used for calculating the fibre 
length distribution in wool slivers. A sample is placed 
in a slide, which moves at constant speed through a 
measuring condenser. The electrical capacitance recorded 
is proportional to the mass of the draw of fibres situated in 
the condenser. 

Altiplano (Spanish for high plain) is an area of inland drainage 
lying in central South America occupying parts of Chile, 
Argentina, Bolivia, Peru and Ecuador. Its height averages 
about 3,300m and the climate is cool and semi-arid to 
arid. 

Alum Potassium aluminium sulfate, a mordant. 
Antiluteolytic Neutralises the action of luteolytic hormones.
Anaerobic Low oxygen conditions
Apparel wool All wool, except carpet and pulled wools, used 

in clothing. 
Apposition The act of putting of things in juxtaposition, or 

side by side. The prefix ‘juxta-’ comes from the Latin 

preposition meaning near, nearby or close. Apposition is 
thus synonymous in this sense with juxtaposition.

Appraisal Estimate of the value-determining characteristics 
of a parcel of wool based on subjective judgment but 
sometimes assisted by objective measurements.

Appraisement Estimated value of a given lot of wool.  
Aquajet loom A loom using a jet of water instead of a shuttle 

(see airjet).
Artificial rearing Removal of lambs from ewes soon after 

birth and rearing with milk replacers
‘As is’ colour Colour of scoured wool tested without any 

additional cleaning.
ATLAS (Automatic Tester for Length and Strength). This 

machine automatically measures staples with a length of 
about 40 mm or above. 

Attenuate To reduce the thickness (linear density) of a sliver, 
top or roving by roller drafting (or drawing).

Autocrine Of, relating to, promoted by, or being a substance 
secreted by a cell and acting on surface receptors of the 
same cell.

Axminster carpet Type of woven carpet.
Backs Wool skirted from the back section of a fleece. 
Backwashing The washing of wool sliver before or after 

gilling and/or combing.
Bacterial stain Bacteria present on the skin of sheep multiply 

under conditions of warmth and moisture. These bacteria 
leave a green, brown, bright red, pink and bluish green 
residue in the fleece, which should be removed. 

Bale A package of wool in standard wool pack suitable for 
shipment. The minimum weight for greasy wool is 120 kg 
for all types except lamb’s wool, which is 91 kg. Maximum 
weight is 204 kg. Minimum weight for scoured wool is 
68 kg. 

Bar bale A bale containing more than one description of 
graded wool. 

Barb A black kelpie sheep dog. 
Barbe Specifies the mean length of fibres in a sliver or top. It 

is a weight-biased distribution. 
Base 

The permanently closed end of a wool bale on which 1. 
baling pressure is applied. 
The end of the staple shorn from the skin of the 2. 
sheep. 

Base colour Inherent colour of greasy wool after the removal 
of residual contaminants.
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Basil Sheepskin tanned with vegetable tannins. 
Beat up To push the weft threads to each other during weaving; 

usually achieved by means of a reed. 
Belly Wool shorn from the belly of sheep, packed separately 

from the fleece wool at shearing. 
Bending length The length of fabric that, when extended over 

an edge, will bend under its own weight. 
Berber carpet Type of carpet, normally tufted, with a long cut 

pile (~1 cm) made with a coarse yarn.
Bias Constant or systematic difference between a true value 

and corresponding test results.
Big lot Four bales or more of one description from the one 

owner. 
Billiard cloth Cloth made from the finest woollen spun Merino 

wool specially finished to give a perfectly level surface.
Bin Receptacle for holding loose wool prior to pressing in 

either a shearing shed or wool store.
Binning Broker service for the disposal of small or mixed lots 

of wool. Each grower’s wool is classed and weighed to bins 
with similar types from other growers to make saleable 
lines.

Blades Sheep hand shears.
Blends Intimate mixtures of different fibres in a yarn or 

fabric. 
Blend The processing batch, a combination of many grower 

lots, entering the yarn manufacturing route.
Blending Combining and mixing wools to produce a 

homogenous batch for processing.
Blocky Square tipped staples.
Blowfly strike Infestation of skin (or other tissues) by blowfly 

larvae. Specific types of blowflies are attracted to sheep, 
laying eggs in warm, moist (often urine- or faecal-stained) 
wool that hatch into larvae known as maggots. Strike-
affected wool should be removed and kept separate with 
other stained wool.

Bobbin Spool for holding spun thread.
Body condition scoring An estimate of the condition of 

muscling and fat development based on feeling the level of 
muscling and fat deposition over and around the vertebrae 
in the loin region.

Botany Wool of 60s quality or above. Originally referred to 
early exports of Australian Merino wool from Botany Bay. 
Also applied to fine worsteds.

Bow-yangs Straps or string worn under the shearer’s knees 
around the trousers.

Boxed When different mobs of sheep are mixed. 
Bradford Main wool-manufacturing centre in Yorkshire, 

England. 
Braid wool Coarse lustre wool. An American grade.
Branding Placing a registered brand on sheep for ownership 

purposes. 
Bread and butter wool Common wool type for a locality.
Break A marked thinning of all or a proportion of the fibre 

population, producing distinct weaknesses in one part of 
the staple. It is caused by a sudden change of pasture, lack 
of feed or water, sickness, bad lambing or faulty dipping. 

Breeding objective The future vision of how a breeder wants 
to genetically change the flock.

Breeding value Indicate the value of an animal for a specific 
trait for breeding purposes.

Brisket Sheep’s chest region between front legs. 
Broad Wools with a coarse fibre diameter for their quality 

number, or for their type. 
Broken The best wool of the skirtings having the characteristics 

of fleece wool. Now outdated. 
Broken mouth A sheep in which some of the incisor teeth 

have fallen out or become badly worn and irregular, usually 
as the result of old age or grazing on hard country. 

Brightness Tristimulus CIE Y value.
Britch or breech The back portion of the sheep down the hind 

legs and buttocks. 
British breeds Breeds emanating from Britain. Term generally 

applied to those breeds with a longer fleece such as Lincoln, 
Leicester and Romney. Also called long-wool breeds.

Broomie NZ term for person who sweeps the shearing board 
clean during shearing. Also called a sweepo. Rouseabout 
or rousie is the Australian term for a (shearing) shed hand.

Bulk 
The ability of loose wool, wool cores and yarn to 1. 
fill a space. Measured as the volume of a standard 
mass compressed with a fixed force measured as 
cm3/g. Some consider a bulky yarn to have a softer 
handle than a lean yarn. Related to, but different from 
resistance to compression.
The main portion of a sale lot.2. 

Bulk classing A pooling method of classing small lots of wool 
from many growers into large even lines that are sold under 
the broker’s brand. 

Bulky A well nourished wool of substance, length and 
density. 

Burdizzo A castrating instrument. 
Burling Removal of vegetable matter from cloth.
Burry A term applied to wool containing certain seed pods, 

mainly of the Medicago species. 
Bush or charcoal stain Discolouration of wool with charcoal 

from bushfires or burns. Commonly called log stain in NZ.
Butt A package of greasy wool in a standard wool pack 

weighing less than 120 kg, or in the case of lamb’s wool 
less than 91 kg.  

Byproducts Feed ingredients from sources that are normally 
waste products from other industries.

C3/C4 Acronyms that describe the two major photosynthetic 
pathways in which the first product in the photosynthetic 
process is a molecule with either 3 or 4 carbon atoms. The 
C3 pathway is typical of temperate, winter growing species 
while tropical, summer growing species typically display 
the C4 pathway.

CAMAL system The Cornell University alternate month 
accelerated lambing system. Ewes lamb six times in three 
years but this is very difficult to manage.

Canary stain A bright yellow stain in the fleece, which is not 
removed by normal scouring processes. 

Cap End of a wool bale on which baling pressure is applied, 
normally closed by pinned flaps.

Capped Bales from which the cap has been removed, 
according to regulations, to facilitate close inspection on 
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the show floor under traditional selling methods which are 
now rarely practicised. 

Carbo (or carbonising) types Very burry wools, usually 
short, from which the vegetable fault cannot economically 
be removed by mechanical methods. 

Carbonising The removal of high levels of vegetable matter 
from wool by mechanical actions after treatment in a mild 
acid solution.

Card clothing Bed of short bent wires in a carding machine.
Card sliver Continuous strand of opened and loosely 

assembled scoured wool fibres and vegetable matter.
Carding After wool is scoured and dried it is fed into a carding 

machine containing rollers covered with closely set fine 
pins or points, which opens up the wool into an even layer, 
removing as much burr and seed as possible, and draws 
the fibres parallel to each other to form a single continuous 
strand of fibres called a ‘sliver’. 

Carding wool Wool suitable for use as raw material for the 
woollen system of yarn production in which wools are 
carded and not combed. Carding types are usually wools 
of less than 38 mm in staple length. 

Carpet wools Very strong or coarse wools, generally hairy 
or medullated, quality numbers usually from 36s to 50s, 
used mainly in the manufacture of carpets (30-40 µm 
diameter).

Caruncular Of, or relating to the uterine caruncle: fleshy 
masses on the wall of the uterus of pregnant ruminants.

Cashmere The fine downy wool obtained from the Cashmere 
goat. 

Cast for age (CFA) A reject old sheep that is past its prime for 
a particular set of conditions. 

Cast fleeces Inferior fleeces of a clip - tender, cotted, etc. 
Casting Where a sheep is lying on its back or side and unable 

to regain its feet without assistance.
Castrate (mark) To remove the testes of a male. 
Catcher/holder Labourer used to catch and hold lambs for 

marking. 
Catching pen Pen adjacent to a shearing stand in which a 

shearer catches sheep for shearing.
Chamois Leather tanned with oils usually from fish or other 

marine animals.
Character Subjectively assessed characteristic of greasy wool 

related to crimp and staple definition. Wool with good 
character has an even and well-defined staple crimp. 

Chenopod (shrub) species belonging to the Family 
Chenopodiaceae, e.g., saltbushes and bluebushes.

Chimera An individual, organ, or part consisting of tissues of 
diverse genetic constitution. 

Chine Backbone of animal.
Chute Ramp from the porthole in a shearing shed taking sheep 

to a lower level.
CIDR Controlled internal drug-releaser device used 

for continuously dosing ewes with progesterone for 
synchronized breeding, e.g., artificial insemination. 

CIE Ganz index Whiteness formulae developed by Ernst 
Ganz that can be used with colorimetric data evaluated 
for standard illuminant D65 and both CIE1931 2º and CIE 
1964 10º observers.

Circular knitting A length of fabric is produced in tubular 
form. Garments are made by cutting panels of the required 
shape and sewing them together.

Classing Sheep-classing is the process of culling and selection 
applied to a flock of sheep. Wool-classing is the grading of 
fleeces according to fibre diameter, yield, vegetable fault 
and length. 

Clean colour The colour of wool after scouring. Clean colour 
is measured in terms of brightness and yellowness, both of 
which can affect dyeing potential. 

Clean on floor (COF) Price of a lot of greasy wool on the 
auction floor expressed on a clean wool basis after 
adjustment for yield.

Clean wool Scoured wool.
Clearing Removing imperfections from a yarn, usually by an 

automatic device that rejoins the cut ends.
Clip Quantity of shorn wool from a defined area, locality, farm 

or group of sheep.
Cloning The process where identical copies of animals are 

produced.
Clothing The metallic teeth covering the surface of card 

rollers.
Clothing wool Superior Merino wools under 38 mm. Clothing 

only applies to sound fine, dense, elastic, soft types with 
good felting properties. 

Coarse Opposite of fine. Usually synonymous with strong. 
May be applied within a type of wool or across a range of 
wool types. If applied across all wool types it encompasses 
wool from sheep that do not contain any Merino blood 
where the mean fibre diameter of the adult fleece is coarser 
than 32.5 µm.

Cobbler A rough, wrinkled or difficult shearing sheep. 
Cockle 

A defect in a pelt, usually caused by keds. 1. 
The wrinkled appearance of a fabric caused by non-2. 
uniform shrinkage.

Coefficient of variation (C.V.) (%) A statistical term for the 
amount of variation within a set of measurements; it is 
expressed as a percentage of the mean value. The higher 
the value the more variation about the mean.

Colorimeter An instrument used to measure the clean colour 
of wool. A colorimeter measures the light reflected from the 
sample, from which the values for brightness (expressed as 
either L* or Y) and yellowness (expressed as either b* or 
Y-Z) are derived. 

Colostrum The first milk produced by the ewe which is rich 
in antibodies.

Colourfast Ability of a dye to remain unchanged when a fabric 
is washed or ironed or exposed to sun, perspiration or other 
fading agents. 

Comb (shearing) Stationary unit of a shearing handpiece 
which enters and holds the wool as it is cut by the 
reciprocating cutter. The thickness of the comb influences 
the length and hence insulative capacity of the remaining 
wool stubble. Standard combs are up to 3 mm in thickness. 
Winter (initially called cover) combs are up to 7 mm thick. 
Snow combs are up to 9 mm thick and are difficult to use 
so are rarely used.
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Combing A process performed (usually by rectilinear comb) 
after carding and gilling to remove most of the short fibres 
(noil), neps and foreign matter, leaving the longer fibres 
lying parallel to the direction of the sliver. This product 
after two more gillings is called top. 

Combing wool Wool having a staple not less than 38 mm from 
Merinos and 74 mm from crossbreds. Merino combing 
wools are classified in the following groups: 

Full warp – A well grown, sound, bulky, dense wool 1. 
showing good character and regular length of 90 mm 
for 64s, 60s and 58s. 
Half warp - All the characteristics of a full warp, 2. 
without its length. 
Weft - Thinly grown of medium to short combing 3. 
length but suitable for combing on all machines. 
French combing - Irregular to short length (not 4. 
exceeding 64 mm) which is suitable for combing on 
Continental combs. 
Shafty topmakers - Good length but carrying some 5. 
fault. 
Inferior top-makers - Short, shabby, earthy unsound 6. 
wools without style. 
Preparing wools - Sound 180-190 mm and greater. 7. 
British longwools and British longwool x Merino 
crossbreds. They are prepared for combing on the 
preparer. 

Comeback Fine crossbred wool usually produced by sheep 
with at least 75% Merino blood.

Comfort factor Percentage of fibres finer than 30 micron in 
a sample.

Commercial yield Any of the yields, calculated from the 
Wool Base, Vegetable Matter Base and Hard Heads and 
Twigs Base (see yield).

Compensatory growth Resumption of a normal growth 
pattern when feed intake is increased after a period of 
restricted feeding.

Conceptus A fertilized egg, embryo, or foetus.
Condenser The last section of a woollen card. It divides a 

broad thin web of fibres into narrow strips, which are then 
consolidated by rubbing into thin continuous strands called 
slubbings.

Condition 
A qualitative expression of the amount of yolk and 1. 
other impurities present in the raw wool. Usually 
refers to the natural wool grease content, but may also 
include dust or vegetable fault. 
Moisture content of scoured wool, tops or yarn.2. 
Degree of fatness of a sheep. 3. 

Conditioning – as applied to a landscape, the process by 
which response to subsequent events is determined 
(e.g. overgrazing resulting in reduced ground cover 
will predispose the landscape to erosion under intense 
rainfall). 

Confidence limits Used to express the precision of a measure. 
They are usually expressed at the 95% level. For example, 
if the mean measured staple length of a lot is 100 mm and 
the confidence limit for the measure is ±5 mm, then 95% 

of the time the confidence interval around an estimate of 
the mean will include the ‘true’ mean length of the lot. 
The 95% confidence limits are determined by 1.96 × the 
standard error of the mean. 

Coning  Winding yarn onto a package (cone).
Consignment A delivery batch of purchased wool lots that 

will be processed together, typically 500 bales.
Containment area A fenced area of land for the containment 

and management of sheep or cattle on full feed rations.  
Prevents environmental degradation during drought or 
allows paddock feed to establish after the break of the 
season.

Contralateral On the opposite side.
Conventional bale A bale (0.75m x 0.75m x 1.25m) of 

undumped wool weighing 110-204kg.
Cords Farmer’s term for vas deferens and blood vessels that 

supplies the testicle. 
Core sample The sample extracted from a bale of wool by 

inserting a sharpened hollow tube (18 mm diameter) the 
length of the bale. Sub-samples of the composite core 
sample are used for wool testing. 

Core testing Consists of testing core samples for yield, fibre 
diameter and vegetable matter. 

Cortex Central region of a wool fibre consisting of long 
spindle-shaped cells.

Cost and freight (C & F) Interest charges for finance and the 
costs of buying, shipping and transport. No allowance is 
made for insurance.

Cost, insurance and freight (C.I.F.) Interest charges for 
finance and the costs of buying, shipping, transport and 
insurance.

Cotted or matted Wool that has become partially felted or 
matted while on the sheep’s back. 

Count 
The numbers traditionally used to express the spinning 1. 
capacity of wool such as 58s, which implies that under 
ideal processing conditions it is possible to spin 58 
hanks of yarn, each 560 yards long, from one pound 
of combed top. 
The mass per unit length of a slubbing, yarn, sliver or 2. 
top – measured in tex or kilotex. 

Count-out pen Pen adjacent to a shearing stand into which 
sheep are released after shearing to be counted.

Course Horizontal row of loops in knitted fabric. 
Cow tail Coarse, hairy, tippy wool, usually from stronger 

crossbred types. 
Crimp The waviness of a fibre, expressed numerically as the 

number of crimps per unit of length; generally the higher 
the number per unit length the finer is the fibre diameter. 

Crimp definition Degree of alignment of the crimp waves 
within a staple.

Criollo sheep Breed developed in the highlands of Bolivia, 
Colombia, Ecuador, Guatemala, Mexico, Peru and 
Venezuela. The ancestor is believed to be the Spanish 
coarse-woolled Churro. The present day breed is a small to 
medium-sized animal producing a small quantity of carpet 
wool. They are typically white, black or pied.
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Cropping  
A fabric or carpet finishing process that trims fibres 1. 
protruding from the cloth or pile to produce a smooth, 
even surface. 
Cultivation and harvesting of plants for food or other 2. 
use.

Crossbred Sheep possessing the blood of two or more breeds, 
one of which is usually Merino in Australia. In New Zealand 
can be applied to purebred sheep, particularly Romneys.

Crossbreeding The mating of sires from one breed with dams 
from another breed.

Crossbred wool  Coarse (or strong) wool, commonly used 
in carpets and generally coarser than around 32 microns. 
Often obtained from Romney sheep and breeds derived 
from this breed.

Crutching The act of shearing wool from the breech area and 
hind legs to prevent soiling of the wool by dung or urine. 

Cryptorchid A male sheep that has either one (unilateral) 
or two (bilateral) testicles retained in the abdominal 
cavity. They are commonly sterile, but exhibit all other 
characteristics of a fertile (entire) male. 

Culls The rejected sheep from a flock. 
Cuticle Surface layer of wool and hair fibres consisting of flat, 

overlapping scales.
Cut-out The end or finish of a flock of sheep or completion 

of shearing. 
Cutter Reciprocating unit of a shearing handpiece which cuts 

the wool against the stationary comb.
Dagging Removal of wool from the posterior of sheep which 

is coated with faeces.
Dags Coating of manure that may adhere to wool in the breech 

area of a sheep. 
Dam The maternal parent - usually used with stud ewes. 
Dead wool Wool plucked, from a dead sheep. May contain 

cellular debris from the skin known as scud.
Density Compactness in a fleece. The close proximity of fibre 

growth on a given surface of skin. 
Depth of staple The length of staple on the body of the 

sheep. 
Detergent The chemical agent (a surfactant) added to a scouring 

bowl to remove the wax from the wool and emulsify it.
Development The capacity of the Merino for growing more 

skin than is required to cover the body smoothly, with 
production of folds or wrinkles. 

Devil’s grip A serious defect in conformation, appearing as a 
depression immediately behind the withers and associated 
with short, yolk-stained wool of poor character. The 
condition sometimes extends down behind the shoulder 
blades and even right around the girth. 

Differential frictional effect It is easier to rub fibres with scales 
(wool) towards the tip than towards the root of the fibre. 

Dingy Wool lacking brightness, possibly the result of excessive 
yolk, unfavourable environment, or the presence of external 
parasites. 

Dipping Application of chemicals in large volumes of solution 
to sheep, generally for lice treatment. Plunge dipping by 
immersion, shower dipping by spray.

Display sample The grab sample taken from a single lot when 
it is placed in a display box.

DKK1 An inhibitor of Wnt signaling.
DNA Deoxyribonucleic acid.
Dobbin Trolley for carrying loose wool in a wool store or mill. 

Also called a skep.
Dobby Mechanism for selecting warp threads to be raised in 

order to create a pattern in a woven fabric. 
Docking Removal of the tail of young lambs. See marking. 
Doffer The final roller in a carding section which removes 

fibres from the swift and delivers them to the next stage.
Doggy wool Has a hard, run-out appearance in which the 

natural crimp is deformed and irregular or lost altogether. 
Usually, doggy fleeces carry excess condition and are more 
common in aged sheep. 

Dominance The phenomenon where one gene expresses itself 
over another gene at the same locus.

Double knit Fabric knitted on a weft knitting machine with 
two beds of needles; also called double jersey. 

Double coat A fleece type with a coarse outer coat (fibres 
growing from primary follicles) and a fine inner coat (fibres 
growing from secondary follicles).

Double fleece A fleece of wool that has missed a shearing 
(usually 2 years’ growth). Also called overgrown.

Double stud The term applied to the ‘purest’ and ‘best’ of stud 
rams. 

Doublings The number of ends of slivers or rovings fed into a 
machine for drafting into a single end. 

Down breeds Breeds such as the Dorset, Texel, Suffolk, 
Hampshire and Southdown that are used as terminal sires 
to generate fast maturing lambs for slaughter. Derived from 
the small heath sheep from the downlands of England. 

Down-type wool Short, highly crimped wool derived from 
crossing downs breeds with long wool breeds.

Draft 
Drawing out fibres so that there are fewer in the cross-1. 
section of the yarn. Reducing the linear density of a 
sliver, top or roving, e.g. by the action of two pairs of 
rollers rotating at different speeds (roller drafting) 
Separation of different groups of sheep formerly 2. 
running in one mob. Carried out with drafting gates at 
the end of a narrow race.

Draft ratio In roller drafting, the ratio of the front roller speed 
to the back roller speed.

Drenching Oral administration of a liquid, usually an 
anthelmintic. ‘To give a drench’.

Droving/driving Walking animals in a mob from one place 
to another. 

Drummer NZ term for the slowest shearer who shears at the 
bottom of the board furthest away from the wool table.

Dry combing Combing wool without the addition of oil to 
reduce friction.

Dry ewe A ewe that is not rearing a lamb. 
Dry Matter Intake (DMI) All the nutrients contained in the 

dry portion of the feed consumed by animals. 
Dry sheep equivalent (DSE) A rating used to describe the 

feeding requirements of different classes of stock, relative 
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to one non-lactating (dry) mature sheep in Australia.  
The standard is not uniformly defined between or within 
countries. In NSW, a DSE is defined as a 3 year-old, 45 
kg wether fed at maintenance (7 MJ of ME), whereas NZ, 
US and UK use stock unit systems. In NZ a stock unit is 
based on a 55kg ewe, with a wether rated at 0.7 SU, while 
in South America a unit is a beef cow.

Dry spinning Woollen yarn manufacture using a sufficiently 
low level of carding lubricant to eliminate the need for yarn 
scouring.

Dumped wool A package of wool compressed tightly (over 500 
kg/m3) for shipment and held by metal bands or wires. 

Dye bath Solution of dye, often with other additives such as 
salt, detergent, acid etc. 

Dyeing The permanent colouration of a fibre (in the form of 
loose stock, sliver, yarn or fabric), by immersing it in a 
heated solution of dye for a specific time.

Dyslipidemia A condition marked by abnormal concentrations 
of lipids or lipoproteins in the blood.

Dysuria Difficult or painful urination.
Ear mark A shape or shapes cut out of the ear in a designated 

place to denote legal ownership or age of the sheep. In 
New South Wales ewes are marked in the right (off) ear 
and males in the left (near) ear. 

Ear mark description Examples of the shape of an ear mark 
are: slash, punch hole, vee, w, notch, half ha’penny. 

Ear marking pliers A tool for administering ear marks. 
Ear position Described as front, back, tip or butt. 
Early weaning Removal of lambs from ewes earlier than 

normal at 4-6 weeks of age.
EBV Estimated Breeding Value.
Elastrator applicator A tool for applying rings. 
Elastrator rings Special rubber bands applied to the tail or 

purse. 
Endocrine Secreting internally; producing secretions that are 

distributed in the body by way of the bloodstream.
Ends

Individual threads or warp.1. 
NZ term for short staples within a fleece.2. 

Enterprise costs All operating (running, variable, direct) 
costs, varying with the size of the enterprise, that can be 
allocated to that enterprise.

Epigenetic Relating to, being, or involving a modification in 
gene expression that is independent of the DNA sequence 
of a gene.

E-sheep technology Use of radio frequency eartags and 
sensors for automatic data capture.

Ewe A female sheep. 
Expert Australian term for a person employed to maintain 

equipment in a shearing shed, such as grinding gear for 
combs and cutters. In smaller sheds (< 8 stands) these 
duties are usually combined with classing, bookkeeping 
and overseeing. In NZ handpieces are looked after by their 
owners, the shearers.

Exsanguination Draining of blood from the body.
Exudate  A discharge from the body, usually moisture.
Eye clips Wool removed from the side of the face at crutching 

which, though soft, often contains a high proportion of 
kemps.

Facial eczema Extreme photosensitivity caused by ingestion 
of a fungal toxin.

Fadge Package of wool in a wool pack that weighs less than 
100 kg.

Faecal Near Infrared Spectroscopy (FNIRS) Near infrared 
(NIR) spectroscopy applied to the analysis of faeces to 
predict attributes of the diet of herbivores such as crude 
protein and fibre contents, proportions of plant species and 
morphological components, diet digestibility and voluntary 
DM intake.

Fallers The set of pinned bars in a gill box that straighten and 
align the fibres in a sliver

Fancy The card roller with long wire teeth that raises fibres 
embedded in the clothing of the swift roller, thus enabling 
more efficient removal of carded fibres by the doffer 
roller.

Fastness Ability to resist loss of fabric colour, which may 
occur by fading, dye bleeding or rubbing. 

Fatty wool Fleece wool containing an exceptional amount of 
grease. 

Faulty wool Examples are: cotted or matted, doggy, fatty, 
’steely’, lumpy wool, tender and excess vegetable fault. 

Fecundity Ability to produce multiple offspring.
Feed formulation Process of quantifying the amounts of feed 

ingredients that need to be put together, to form a single 
uniform mixture (diet) for animals that supplies all of their 
nutrient requirements.

Feedlot A designated, fenced area of land for production 
feeding of sheep or cattle.

Fellmonger Person who removes the wool from sheep skins 
and tans or otherwise treats pelts.

Fellmongered wool Wool removed from sheep-skins by 
sweating or chemical processes.

Felt Fabric made of wool matted under controlled conditions.
Fertility Ability to conceive. 
Fibre curvature Degree of bending (crimping) along fibres. 

Strongly related to wool bulk. It is expressed in degrees 
per mm.

Fibre diameter The thickness of individual wool fibres. 
Average fibre diameter of any sale lot is by far the most 
important characteristic in terms of processing value. It is 
expressed in micrometres (or microns) - one-millionth of 
a metre.

Fibre diameter/microns Fibre diameter is now assessed on 
the basis of measured microns; formerly it was assessed on 
expected spinning performance (see quality number). 

Fillet Flexible wire clothing on a card comprising wire teeth 
mounted in a foundation of laminated fabric and rubber.

Finishing The sequence of wet and dry processes which give 
the required stability, appearance and performance to a 
fabric.

Fixing Making the dye stay in the fabric by steaming then 
drying the printed material. 

Flannel back NZ term for cotted, second shear, fleece wool.
Flannel wool fabric of plain or twill weave made from worsted 
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or woollen yarn and milled during manufacture. 
Flat bed (or V-bed) Knitting machine with straight lines of 

needles that are capable of producing shaped panels that 
are sewn together to form a garment.

Fleece Wool grown by a sheep. Specifically the portion from 
the body region left after the oddments have been removed 
by skirting.

Fleece rot Inflammation of a sheep’s skin caused by bacteria. 
Fleece-rot occurs under conditions of warmth and moisture 
and causes a serous exudate containing various pigments 
(especially yellow) to accumulate in the wool. Fleeces 
lightly affected with fleece rot need no special treatment; 
fleeces grossly affected should be treated as ’off type’ 
fleeces. 

Flock
Group of sheep of similar breeding.1. 
Waste produced during the cropping (finishing) 2. 
operation.

Flock ewe Not a stud animal. 
Flock ram A ram used for mating with flock ewes. 
Flushing The practice of increasing nutrient intake and body 

condition prior to and during mating. Its purpose is to 
increase the rate of ovulation and, hence, lambing rate. 

Fly strike (or struck) see blowfly strike. 
FNF Free or nearly free (< 1%) of vegetable fault. 
Folds Excessive skin in all regions of the body, but the term is 

usually confined to the larger structures of folded skin on 
the front of a Merino sheep. 

Folding (twisting or plying) Combining two or more singles 
yarns using twist, to form a folded or plyed yarn.

Follicle Tubular depression in the skin from which a hair or 
wool fibre grows.

Footrot Bacterial infection of the hoof that impedes mobility.
Foster mother A ewe that is rearing a lamb other than her 

own. 
Found Rate of pay in the Australian Pastoral Industries Award 

that is based on the worker being provided with food and 
accommodation. 

Four-tooth A sheep about 2 years of age, with 4 permanent 
incisor teeth.

Free on board (FOB) Price of goods including cost of 
transport to, and loading onto, a ship or plane.

Free or nearly free (FNF) Wool that is free or nearly free 
from vegetable fault. 

French combing A term applied to wool suitable for combing 
on continental-type machinery. Describes wools 38-50 mm 
in staple length. 

Fribs Second cuts, pencil locks, or small pieces of wool 
clinging to the fleece. 

Frosty face A defect, sometimes occurring in Merino sheep, 
which consists of chalky, harsh, white hairs covering the 
face. 

Full mouth A sheep that has all its permanent incisor teeth 
fully developed. 

Full wool Ten to 13 months growth of wool.
Fulling Pounding woollen fabrics in soapy water to felt some 

of the fibres together to give the fabric a fuller handle. 

Gare Straight, coarse glossy fibres that grow continuously. 
Garnetting Recovering wool fibres from rags by tearing then 

up between toothed rollers moving in opposite directions.
Gene transfer Where genes from one individual/organism are 

transferred to another individual.
Genetic correlation The relationship between the genes of 

two different traits.
Genotype The genetic composition of an organism.
Gestation Period of pregnancy; average across sheep breeds is 

about 147 days (5 months - 5 days). 
Gigalitre 109 litres.
Gill box A drafting machine using in worsted and semiworsted 

processing, in which the motion of the fibres is in part 
controlled by pins fixed on moving bars (fallers).

Gilling (pin drafting) In the worsted system, three gilling 
operations are normally carried out prior to combing and 
two gilling operations after combing. Carded slivers are 
blended together and the direction of feed alternated to 
make the final sliver suitably uniform for worsted spinning. 
The direction of the fibres relative to one another in a 
sliver is controlled by pins. This action improves the fibre 
alignment and parallelisation in the sliver.

Gluconeogenesis Synthesis of glucose from other substrates, 
such as amino and fatty acids.

Goitrogens Naturally-occurring substances that can interfere 
with function of the thyroid gland.  Many goitrogens are 
members of the brassica family, e.g., mustard, kale, turnips, 
rapeseed. Others sources include soy, pine nuts, millet and 
peanuts.

Grab sample A sample of greasy wool taken at random 
positions, from every bale in a sale lot. The composite 
grab sample is used for display purposes on the show floor. 
The wool buyers inspect it and in conjunction with the test 
certificate place a value on the wool. If staple length and 
strength measurements are requested, it is sub-sampled by 
the Mechanical Tuft Sampler. 

Grain screenings Combination of materials obtained in the 
process of cleaning grain, such as light or broken grain 
seeds, weed seeds, hulls, chaff, joints, straw, elevator dust 
and floor sweepings.

Grease Wax component extruded from the sebaceous gland of 
the wool follicles.

Greasy wool Wool from the sheep’s back or sheepskins which 
has not been processed.

Green feed Fresh green grass or other material cut and 
brought to the animal in Australia, or fed where is in New 
Zealand.

Green skin Undried skin from a farm or abbattoir.
Grind Sharpening of combs and cutters on a revolving abrasive 

wheel.
Gross income Total income including allowance for inventory 

changes.
Gross margin Gross income minus enterprise costs.
Groundwater recharge Refers to water from the soil surface 

moving down the soil profile to the groundwater table. 
This can occur from rainfall or irrigation and can result 
in the elevation of the water table leading to groundwater 
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discharge lower down the catchment. This manifests as 
salinisation.

GrowBulk sheep NZ sheep breed developed by selective 
breeding of Poll Dorset and Texel rams crossed with 
Romney ewes. 

Gummy An aged sheep that has lost its incisor teeth. 
Gun Fast shearer of outstanding ability.
Gut Flexible drive shaft of shearing machine which is encased 

in a down tube.
Hairy fibres A term applied to coarse, straight, usually chalky 

fibres. In the Merino they are more commonly observed in 
the breech region and on the folds of the neck. 

Halfbred sheep
NZ term for the first cross of two breeds.1. 
NZ fixed breed derived by crossing Lincolns and 2. 
English Leicesters with Merino sheep.  

Half-warp Sound fine wools shorter than warp length (~50-75 
mm).

Halo hairs Long coarse fibres which stand out from the birth 
coat of some lambs. Generally shed within two months of 
birth. Also called mother hair.

Handle The degree of softness of wool to the touch. 
Handpiece Hand held portion of a shearing machine.
Hank (or skein) 560 yards of worsted yarn. The number of 

these that together weigh one pound specifies the count 
or fineness of the yarn (see fibre diameter). The yarn is in 
coiled form, produced from a package of yarn by hanking.

Hard-edge fibres Percentage of fibres in a blend that are stiffer 
than the rest; tend to make the wool feel prickly. 

Hauteur The mean fibre length of a sliver or top, measured in 
millimeters. It is a length, not weight-biased distribution. As 
determined by the Almeter, it is used for the specification 
and trading of wool tops. 

Hay Plant material that is cut and dried for later feeding to 
livestock.

Healds (or heddles) The wires in frames suspended in a loom 
to control the raising and lowering of the warp threads.

Hemiovariectomized  Ewe with one ovary surgically removed. 
Heritability The relationship between the phenotype and the 

breeding value.
Heterosis Hybrid vigour.
HNWI High net worth individual.
Hock Joint of the hind legs above the cannon bone. 
Hocky A term used to describe a sheep with its hocks inclined 

inwards; sometimes referred to as ‘cow hocked’. 
Hogget A young sheep of either sex from about 9 until 18 

months of age (two-tooth). The hogget stage follows on 
the weaner stage. 

Hormone The secretion of a ductless gland, which when 
circulating in the body activates some other organ. 

Hunger fine Wool that is unnaturally fine, due to poor nutrition 
over an extended period. 

Hybrid vigour Where crossbred progeny perform better than 
the average of the purebred parents.

Hypoglycaemia Blood glucose below the normal level. In 
pregnant ewes, hypoglycaemia commonly occurs when 
the metabolic precursors of glucose derived from the diet 

and body tissue reserves fail to meet the requirements of 
the ewe and foetus.

Hypoxic A deficiency of oxygen reaching the tissues of the 
body.

Ideal Spanish term for the Polwarth.
Inbreeding The mating of animals with common ancestors.
Insensible Moisture constantly being lost.
Instar A development stage of insects between each moult 

before sexual maturity is reached.
Interbreeding The mating of sires and dams of the same 

genotype.
Interlock Type of double knit structure that resists 

unravelling.
Interlotting Grouping of star lots of similar wool, usually 

from different clips, in order to make bigger lots. 
Intermediate feed  Device for conveying the sliver from the 

first (scribbler) section of a woollen card, to the second 
(carder) section.

Ipsilateral On the same side.
IWTO International Wool Textile Organisation. 
IWTO Combined Certificate A certificate resulting from the 

mathematical combination of IWTO Test Certificates from 
different sale lots making up a consignment

Jacquard Computer-controlled mechanism for selecting warp 
threads to be raised in order to create a pattern in a woven 
fabric. 

Jersey Another name for knitted fabric.
Jetting Application of chemicals under pressure, for lice or 

blowfly prevention or treatment, to the fleece of sheep. 
JIVET Juvenile in vitro embryo transfer.
Joining (tupping) The placing of rams and ewes chosen for 

mating in a common area. 
Jowl A pendulous cheek extending under the jaw. 
Ked An external sheep parasite which inhabits the fleece and 

sucks blood from the animal.
Kemp A hard, brittle, opaque, coarse, short, medullated fibre 

found on the fleece of some sheep. It is shed after growing 
for a limited time, and frequently lies loose in the fleece. 

Keratin The protein substance forming the wool fibre, 
consisting of low-sulfur proteins, high-sulfur proteins and 
high-glycine, tyrosine proteins. 

Ki67  Protein (also known as MKI67) marker for proliferating 
cells.

Kilopascal (kPa) Equal to 1000 Pa. The pascal (Newton per 
m2) is the unit of pressure in the SI system. 

Kilotex (ktex) The unit of measurement for linear density (or 
thickness), in g per m. The thickness of staples is used in 
the calculation of staple strength. A staple of 100 mm in 
length with a clean weight of 0.1 g has a pencil ’thickness’ 
of 1 kilotex. Typical staples range from 1 to 5 ktex. 

Knitting The formation of a fabric by the intermeshing of 
loops of yarn using needles.

Lactation The process of milk secretion from the mammary 
gland (udder).

Lairage Period of time where the animals are given access to 
water, but not feed, for hygiene reasons prior to slaughter 
at the abattoir.  
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Lamb A young sheep still with its mother (sucker lamb) or up 
to 5 months. 

Lamb drop A group of lambs born in the same season. 
Lamb marking The act of ear marking, tailing and castrating 

lambs. 
Lambing The process of a ewe or a flock of ewes giving 

birth. 
Landrace South African term for domesticated animals 

adapted to the environment. They often develop with 
minimal human intervention and usually possess more 
diverse genotypes than conventional breeds.

Lanolin An extract from the yolk, used in ointments, etc. 
Large lot Four bales of one type of wool (fleece, pieces, or 

bellies) from the one owner. 
Laserscan  A sophisticated instrument for measuring the mean 

fibre diameter, fibre diameter distribution and curvature 
of wool fibre snippets. It operates by detecting shadows 
produced by the snippets as they are carried through a laser 
beam.

Lead A group of sheep that breaks from the mob - usually 
leading the whole mob in that direction. 

Length After Carding A test conducted on scoured wool to 
establish the fibre length characteristics of the wool once it 
has been carded.

Lick block A concentrated source of supplementary nitrogen, 
energy and/or minerals (e.g. sulphur, calcium, phosphorus, 
sodium chloride, trace elements) for grazing livestock. 
Stock consume the nutritional supplement by licking the 
block. Lick blocks are favoured for their convenience but 
supplement intake can vary widely between individual 
animals.

Lightfast Ability of dye to resist fading by sunlight. 
Liming Chemical method of de-woolling sheep skins using 

sodium sulphide and slaked lime to loosen the wool within 
the skin. Also called painting.

Line A series of bales containing similar wool. A line of wool 
for sale may comprise bales from one or more owners 
aggregated by the wool broker. 

Linear density The mass of clean fibre per unit length of a 
staple at standard conditions.

Listeriosis Disease caused by Listeria monocytogenes, a gram 
positive bacteria that infects the brain and central nervous 
system.  In sheep it is also called circling disease and 
may also cause abortion at 12 weeks or later and retained 
placentae.

Locks ‘Second cuts’ and small portions of wool from the lower 
parts of the legs and edges of the fleece, greasy staples, 
from under forearms, inside the flank and from the crutch. 
They are found on the shearing board (board locks) or 
under the wool table (table locks). 

Locky Wool that is open, with thin-bodied staples. A trade 
term applied to skirtings that contain an excess of locks. 

Locus A place or location of genes on the chromosomes. 
Loci Multiple locations.
Loin Lower section of the back situated immediately in front 

of the hip joint. The region of the short or floating ribs. 
Loom A frame on which cloth is woven by interlacing a set 

of parallel threads (the warp) with another set of parallel 
threads (the weft).

Loose stock Wool without structure, e.g., scoured wool.
Lot One or more bales containing similar wool offered for 

sale. Lines of wool are designated by a lot number for 
convenience when selling. 

Lubricating Applying a processing oil (in a water emulsion) 
to wool prior to carding, to assist processing.

Luminal epithelium Epithelium of the cavity of a tubular 
organ. 

Lustre The brilliant, glossy appearance of the wool.
Lustre mutant Merino sheep lacking any sign of wrinkle 

development and producing highly lustrous wool, lacking 
crimp, yellow in colour, much finer than it appears and 
with a very high felting capacity. 

Macrocylic lactones Avermectins and milbemycins are products, 
or chemical derivatives of soil microorganisms belonging 
to the genus Streptomyces. The avermectins currently in 
commercial use are ivermectin, abamectin, doramectin, 
eprinomectin and selamectin. Commercially available 
milbemycins are milbemycin oxime and moxidectin.

Maiden ewe A ewe that has not been served by a ram. 
Commonly applied to ewes that have not had their first 
lamb. 

Maintenance ration Sufficient to maintain the sheep’s 
liveweight.

Man-made fibres All textile fibres that do not occur naturally, 
particularly regenerated groups of fibres. 

Marking knife Clamp and hook knife designed for lamb 
marking. 

Masseters The thick rectangular muscle in the cheek that 
functions to close the jaw. It is one of four muscles used 
in mastication.

Mastitis  Bacterial infection of the mammary gland causing 
reduced milk production.

Mating The act of copulation between males and females. 
Mean Average. It is derived by dividing the sum of the 

individual values of a measurement by the number of 
individual tests. 

Mechanical tuft sampler (MTS) An automatic device 
developed by AWTA Ltd to randomly select 66 ’tufts’ of 
staples from the grab sample. At the testing laboratory a 
single staple is drawn from each tuft and measured for 
length and strength. 

Median – the value having 50% of a set of numbers above and 
50 % below. 

Medullated Coarse wool fibres with a continuous or 
discontinuous hollow central core of collapsed cells 
forming a medulla. 

Metabolisable energy (ME) Food energy available to the 
sheep after accounting for losses in the faeces, urine and 
methane. 

Metrology Science of measurement. In the wool industry 
often applied to fibre testing (wool metrology). 

Micrometre A unit of measurement for average fibre diameter 
(µm). The unit micrometre is equal to one-millionth (10-6) 
of a metre. 
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Micron Abbreviated name for micrometre. 
Microtopography Small scale (up to several metres) variation 

in topography.
Midside sample Shorn wool sample of about 30g taken from 

the midside that is representative of the fleece.
Milling Wet process to consolidate the mass of fibres in a wool 

fabric.
Minibowl A hopper-bottomed bowl used in series in a scouring 

line to scour and rinse the wool. It has rakes to gently move 
the wool and squeeze rollers to remove water from the 
wool before it is transferred to the next bowl.

Mismothered A ewe and lamb that separate and do not 
reunite. 

MJ ME/kg DM The energy requirements of ruminants and 
the energy value of feeds are usually expressed using a 
system based on metabolisable energy (ME) per kg of dry 
matter (DM).  This is expressed in shorthand as M/D or 
‘M over D’.

Mob Group of sheep that have been or are grazing together 
since shearing.

Moccasin Shearer’s footwear. Made either of sacking, felt or 
leather.

Mode  The most frequently occurring value in a set of 
numbers.

MOET Multiple ovulation and embryo transfer.
Mohair Fibre of the Angora goat.
Moit Light vegetable matter contamination, usually leaves and 

bark. Also called shive in NZ.
Molly Wool that contains vegetable matter other than seed or 

burr, such as fern, bark, straw, etc. 
Molybdenum A metallic element (Mo). Unlike other heavy 

metals, its compounds are of low toxicity. 
Monkey’s eyebrows Unravelled burr medic.
Mordant Metal salt used for fixing dyes. 
Mother hair Long, coarse, harsh chalky kemps that sometimes 

occur on newborn lambs. They are shed and sometimes 
replaced by normal wool fibres in the same follicle. 

Mothering up A ewe and lamb that form a bond that enables 
them to reunite after a temporary separation. 

Mule spinning Spinning process combining the three 
intermittent actions of drafting, twisting and winding. 

Mulesing An operation performed on the wrinkled breech of 
a sheep, which involves removal of two crescent-shaped 
pieces of skin. 

Mungo Wool fibres used in remanufacture, consisting of 
fibres recovered from felted cuttings, clippings or scraps of 
woollens and hard twisted worsteds. 

Mushy Wool that is lacking character, open, badly weathered, 
and very wasty or noily. 

Muster To round up all the sheep in a paddock into one mob. 
Mycotic dermatitis Fungal infection of the skin of sheep 

resulting in patches of wool being matted into hard lumps 
with exudation from the skin.

Myiasis Invasion of living tissues by larvae of flies. 
Myometrial quiescence The state of the myometrium of being 

quiescent. 
Myopathy Disease of the muscles. 

Nappa  Leather tanned with chromium salts from unsplit 
sheep, lamb, goat or kid skins.

Neck wool NZ term for matted collar of wool from around the 
neck of a sheep.

Necropsy Postmortem examination.
Needle Part of the knitting machine over which the loops are 

formed. 
Neps (slubs) Small ’balls’ (or aggregations) of entangled 

fibres, which are created during processing. These are 
mostly removed from the top during combing. Slubs refer 
to neps over 2 mm in size. 

Net (fleece retention) Lightweight elastic net fitted to sheep 
when their fleece is harvested by the Bioclip method so as 
to retain the fleece against the body until the fleece can be 
removed completely.

Net income Gross income minus enterprise and overhead costs.
Neutral detergent fibre (NDF) A solution of neutral detergent 

is used to separate feed into two fractions. The NDF portion 
represents the less digestible portion consisting of plant cell 
walls, including lignin, cellulose and hemi-cellulose.

Newton (N) The SI unit of force. The force exerted by a l kg 
weight equals 9-8 Newtons (N). The force applied when 
subjectively appraising staple strength by the ’flick test’ is 
about 30 Newtons (N). 

Newtons/kilotex See staple strength. 
NIRA Near Infrared Reflectance Analysis. A spectroscopic 

method used for routinely measuring the grease and 
moisture content and colour of scoured wool.

Noble comb A circular comb used in the Bradford system of 
making worsted yarn. Limited to longer wools than the 
Schlumberger is capable of handling, but is now obsolete. 
The wool is combed with oil. 

Noil The short fibre removed in the combing operation. It is a 
mixture of short and broken fibres, neps, and small particles 
of vegetable. Noil is used as a component in blends in the 
woollen system.

Non-wovens Fabric made directly from fibre by construction 
methods other than knitting or weaving. Various methods 
are used to produce and consolidate a nonwoven fabric, 
including carding, cross lapping and needle punching for 
wool fabrics.

Nutritional status Use of blood indicators including the 
‘glucose test’ of beta-hydroxy-butyrate to measure status 
in pregnant ewes.

Nylon A widely used synthetic polyamide fibre, with great 
strength, elasticity and durability.

Objective measurement Denotes measurement of fibre 
properties rather than their visual or subjective appraisal. 

Oddments Lambs, locks, crutchings, stains, dead wool, black 
wool and so on. In Australia they are usually displayed on a 
separate show floor and sold in a separate auction room.

OFDA (Optical Fibre Diameter Analyser) An instrument 
for measuring the mean fibre diameter and the fibre 
diameter distribution of wool snippets using an automated 
microscope equipped with a video camera. Fibre curvature 
and medullation content can also be measured.

Oil combed Addition of up to 2% oil during combing to reduce 
friction and fibre breakage.
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Open Fleece or wool lacking density.
Opening  Dividing clumps of wool into smaller tufts by 

mechanical action, prior to scouring or carding.
Operator allowance A cost allocated for the owner/operator’s 

own labour. Set each year in relation to national figures.
Operating profit (return) Net farm income minus operator 

allowance.
Organoleptic Stimulus of the sensory organs by traits like 

tenderness or flavour. 
Overfat Where animals destined for slaughter have laid down 

more fat than is acceptable to the consumer.
Overgrown Wool with more than the normal 12 months’ 

growth.
Over head gear Overhead shafting in a shearing shed which is 

driven by one large motor to provide power for individual 
shearing units.

Overhead costs Fixed (indirect) costs not easily allocated to 
individual farm enterprises.

Overshot (Brachygnathia) A condition in which the incisors 
protrude over the top dental pad. 

Ovulation An egg cell(s) being secreted by the ovaries.
Oxytocin Milk letdown hormone.
Painting Chemical method of de-woolling sheep skins using 

sodium sulphide and slaked lime to loosen the wool within 
the skin. Also called liming.

Paperfelt Specialty type of full length crossbred wool used 
as an absorbent on conveyer belts in the paper making 
industry. Traditionally the wool must be sound, FNF and 
good to super in style.

Paracrine Of, relating to, promoted by, or being a substance 
secreted by a cell and acting on adjacent cells.

Parathyroid Endocrine glands, usually located close to and 
behind the thyroid gland, that secrete parathyroid hormone, 
which functions to maintain normal serum calcium and 
phosphate concentrations.

Parturition Birth. 
Pasterns Joints between fetlocks and hooves. 
Pastoral Industry Award The award covering the shearing 

industry in all Australian states except Queensland, which 
is governed by the Queensland Shearing Industry Award. It 
provides terms and conditions including rates of pay, hours of 
work and general conditions for shearers, crutchers, wiggers, 
ringers, shedhands, wool-pressers and cooks. 

Pasture Lands growing plant species that are used for the 
production of domestic livestock. They usually receive 
periodic renovation and/or cultural treatments, such as 
tillage, fertilization, mowing and weed control.

Pellets A diet consisting of small kernels of compressed feed 
formulated to be fed in feedlots or as a supplement when 
stock are being fed on lower quality paddock feed.

Pelt Sheepskin with little or no wool on it. 
Pencil staple Wool with a thin staple.
Pen stain Term in NZ for green excreta contamination on wool 

caused by close contact with daggy or defecating sheep. 
Causes fading problems in dyed wool products because of 
the instability of the green chlorophyll pigment present in 
the faeces.

Pen-up Filling the catching pen with sheep.
Peralta rollers (web purifier) A pair of high pressure, smooth 

steel rollers on a woollen card. They crush vegetable matter 
into tiny fragments, making their removal much easier.

Permethrins Common synthetic chemical, widely used as 
an insecticide, acaricide and insect repellent. It belongs to 
the family of synthetic chemicals called pyrethroids and 
functions as a neurotoxin, affecting neuron membranes by 
prolonging sodium channel activation.

Phenotype The observable characteristics of an animal.
Pie pieces Pieces of skin with wool adhering, which have been 

cut from skins during the process of fellmongering. 
Pieces Skirtings from a fleece of wool, inferior to ‘broken’ but 

not containing ‘necks’, ‘bellies’, ‘stains’ or ‘locks’. 
Pigment Areas of blackness and brownness in the skin or 

fleece due to the presence of melanin within the associated 
cells.

Pile Tufts of yarn in a carpet.
Pizzle The area adjacent to the exterior sheath of the penis. 
Pizzle rot Bacterial infection of penis in wethers and rams. 

Also called balanoposthitis, enzootic posthitis or ulcerative 
posthitis.

Placentitis Inflammation of the placenta; causes abortion or 
retention of the placenta.

Placental insufficiency Complication of pregnancy in which 
the placenta cannot bring enough oxygen and nutrients to 
the foetus growing in the womb.

Plain Wool in which the waves or crimps are scarcely 
discernible. 

Plain-bodied Sheep that have relatively few body wrinkles. 
Plant succession Process of progression from less complex to 

more complex vegetation communities.  
Plucked Wool removed from the carcasses of dead sheep as 

soon as the fibres become loose in the skin. A superior 
grade of ’dead’ wool. 

Plunket method Use of lamb weighing before and after 
suckling to measure milk production.

Ply yarn Composite yarn made by twisting a number of single 
yarns together. 

Poddy Australian term for a lamb that has lost its mother - 
stunted in growth.

Polioencephalomalacia (PEM) Softening of the grey matter 
of the brain and/or brainstem. An important neurologic 
disease of ruminants that denotes a lesion with certain 
gross and microscopic features that, although commonly 
associated with inadequate thiamine (vitamin B1), is not 
specific for a particular aetiology or pathogenesis. 

Poll (sheep) Sheep genetically without horns. 
Portion controlled cuts Measured portions of meat that are cut 

to an individual serving size from a primal or sub-primal 
cut that guarantees the amount served is what was specified. 
Examples include steaks, chops, fillets and medallions.

Position of break (POB) The location of the weakest part 
of the staple. Calculated as percentage values to indicate 
whether the staple broke in the tip, middle or base region. 
The percentage of staples that break in these regions is 
reported in wool sale catalogues. 
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PP Board (Pastures Protection Board) Australian government 
body founded to protect grasslands from overgrazing but 
whose regulatory functions also include registration of ear 
marks and brands. 

Precision The repeatability in a set of measurements, often 
expressed in terms of confidence limits. 

Prefecture The formal levels of government in China are 
National/Provincial/County/Township. However, in 
many provinces there is another sub-provincial level of 
administration commonly referred to as the prefecture. 

Pre-lamb shearing Shearing ewes within four months of 
lambing.

Preparing A preliminary process of combing, which replaces 
the worsted card with crossbred wools exceeding about 
180 mm in length. 

Prepotency The power of an individual to impress its own 
characteristics or likeness upon its progeny.

Presser Person in a shearing shed who packs the wool into 
bales in a wool press.

Pressing Compressing loose wool into bales in either a 
shearing shed or wool store.

Primal Major section of a carcase e.g., hindleg.   
Primary follicle Wool follicle with an attached sudoriferous 

(sweat) gland, sebaceous gland and a small arrector pili 
muscle.

Primiparous Of, relating to, or being a primipara: bearing 
young for the first time.

Projectile loom Weaving loom with small free-flying projectile 
that grips the end of a pre-cut weft thread and carries it 
across the shed. 

Projection microscope Measures fibre diameter and fibre 
diameter variability. It projects magnified (x 500) images 
of the fibres onto a screen with a graduated scale. It is a 
slow, tedious and hence expensive procedure. 

Puller Person in a fellmongery who pulls and sorts the wool 
from treated sheep skins.

Pulpy kidney (PK) Common term for the disease 
enterotoxaemia caused by certain species of bacteria in the 
genus Clostridia. 

Purebred A recognised breed kept pure for many 
generations. 

Purse Farmer’s term for scrotum. 
Quality number Estimated spinning capacity. The quality 

number is an indication of the visual estimate of fibre 
diameter. 

Quantitative trait loci (QTL) A place on the chromosome 
where animals differ in the DNA that they carry that affects 
a trait.

Quarterbred wool NZ term for wool judged to be from sheep 
containing between five and seven eighths Merino blood 
and between three and one eighths longwool blood.

Ram An uncastrated (entire) male sheep. 
Raw wool Wool fibre containing variable amounts of vegetable 

matter, grease, sweat and dust.  Includes greasy wool, scoured 
or carbonized wool, scoured skin wools and slipe wools.

Rayon Man-made fibres that are regenerated from cellulose. 
Viscose rayon is the most common type.

Reclassing The regrading of indifferently prepared wool to 
meet trade requirements. Wool brokers charge for this 
service.

Recombing Combing top slivers after dyeing.
Recruitment The increase in the weed seed bank in the soil 

from allowing such species to set seed at the end of their 
growing season.

Reed Comb-like arrangement of flattened steel wires fixed in 
a frame; keeps the warp threads in position to form a guide 
for the shuttle and to beat up the weft to the fell of the 
cloth. 

Regain The amount of moisture in the fibres, expressed 
as a percentage of the clean oven-dry weight. Standard 
regain occurs under standard conditions. Processed wool 
is adjusted to a particular regain according to IWTO 
regulations. 

Re-processed Wool that has been recovered from a manufactured 
fabric before it has been worn by the consumer, e.g., torn-
up cloths, trade waste, tailor’s clippings, etc. 

Resistance to compression The force required to compress a 
standard mass of wool into a fixed volume. This is related 
to the handle and fibre crimp of the wool. It is measured in 
a different part of the force/volume curve than bulk.

Ribby pelts Pelts off wrinkly sheep, such as Merinos, which 
are of restricted usefulness for leather manufacture.

Rig A male sheep with one testicle not removed but remaining 
in the abdominal cavity. 

Ring A mob of sheep moving in a circle. 
Ringer Fastest shearer in a shearing gang who usually shears 

on the stand closest to the wool table.
Ring spinning A spinning system in which twist is inserted in 

a yarn by using a small guide (traveller) that moves around 
a ring. The yarn is wound onto a spinning tube because 
the rotational speed of the tube is greater than that of the 
traveller.

Roller lapping Top manufactured from long-stapled wools, 
usually a lustre type, for use in covering the squeeze rollers 
in wool-scouring machinery. Raw material suitable for the 
manufacture of roller lapping.

Romaine The amount of noil produced during processing, 
expressed as a percentage of the top and noil produced. 

Ropey or roped wool Badly scoured wool that has become 
slightly felted, tangled and knotted in processing. 

Rotational grazing Where a group of livestock are moved to a 
new area on a daily or weekly basis. See set stocking.

Roving A fine, well-aligned, uniform strand of fibres from 
the drawing process, the form in which wool is fed to a 
worsted ring spinning frame.

Rumen First compartment of the stomach of a ruminant where 
fermentation of forage occurs.

Run
Interval of time between breaks when shearing.1. 
NZ high country property.2. 

Ryegrass staggers Loss of locomotor coordination caused by 
ingestion of a fungal toxin.

Sale by sample Method of displaying wool prior to an auction 
whereby only a sub-sample withdrawn mechanically from 
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the line is displayed in a cardboard box for buyer evaluation 
along with a yield test certificate.

Sale by separation When a line of wool is held in one wool 
selling centre while a mechanically withdrawn sub-sample 
is offered for sale by sample in another wool selling 
centre.

Sale by description When wool is sold with measurements 
and descriptions without a display sample.

Sale lot More than 3 wool bales of similar mass usually from 
the same farm, containing greasy wool prepared for sale.

Scabby mouth A disease of the skin of sheep caused by a 
parapoxvirus, which may also infect humans. Also known 
as contagious pustular dermatitis or orf. 

Schlumberger comb A rectilinear comb designed originally 
for cotton and later adapted to dry combing of short wool 
(about 35mm in length). Manufactured by the French 
company, Schlumberger. 

Scouring 
High production washing of wool to remove using 1. 
detergent action the natural impurities of wax, suint 
and dirt before further processing. 
Diarrhoea in livestock.2. 

Scoured wool Wool that has been washed, usually in a series 
of bowls, with potash, detergent and water. 

Scrag Back of the neck. 
Scud Cellular debris from the skin in dead wool.
Scur A small rounded portion of horn tissue attached to the 

skin of a polled animal. 
Sebaceous gland Attached to a wool follicle and secretes 

wool wax.
Secondary follicle Wool follicle without an attached 

sudoriferous (sweat) gland and small arrector pili muscle.
Second cuts Short pieces of wool staples, which result when a 

shearer twice cuts the same area. 
Second shear Wool from sheep shorn more frequently than 

every 8 months.
Selection The choice of breeding stock to generate genetic 

changes in the flock.
Self-feeders Sheep and cattle feeders designed such that 

livestock can access feed on an ad-libitum basis.
Semi-worsted system A high-speed yarn manufacturing route, 

involving carding, gilling and ring spinning.
Serge Fabrics of a twill character and rough make, as distinct 

from finer worsteds.
Serrations Ratchet-like projections formed by the free edges 

of the cuticle scales on animal fibres. 
Set stocking Where a group of livestock are restricted to the 

same area for a number of weeks. See rotational grazing.
Setting The process of conferring stability on a fibrous 

structure, e.g. yarn, by physical (steam/heat) or chemical 
means.

Shafty wool Bulky, thickly grown, long-stapled 
Shag pile carpet Type of carpet, normally tufted, with a long 

cut pile greater than approximately 1.5 cm.
Shanks The covering of the lower part of a sheep’s legs; 

comprises short inferior and kempy fibres. 
Shearing Fleece removal by mechanical or hand shears. 

Shearing board Part of the shearing shed where shearing is 
done. 

Shearing gang Group of people employed by a farmer to 
shear, sort and bale his wool clip.

Shearing shed Building in which sheep are shorn. Commonly 
abbreviated to shed.

Shed Space between the raised and the lowered warp threads 
where the shuttle passes during weaving. 

Shedhand Person, other than a shearer, working in a shearing 
gang.

Shed-up Shutting woolly sheep in a shearing shed before 
shearing to prevent then becoming wet from rain or dew 
before shearing.

Shelter Features in a paddock like timber, gullies, or ridges 
that protect stock from adverse weather. 

Shipper Sheep for live export. Usually wethers older than 1 
year.

Shive Fine grass seed and certain vegetable matter (not burr). 
Shoddy The best class of re-manufactured fibres, consisting 

of long-fibre cuttings, clippings from worsted and woollen 
goods. 

Shuttle Free-flying part of the loom, which carries the weft 
thread across the shed; usually made of wood.

Shy feeders Animals, usually lambs, that persistently fail to 
eat supplementary feed.

Silage Moist conserved fodder made from many different 
crops. It is naturally preserved by lactic acid fermentation 
of sugars by bacteria after the forage has been wilted and 
stored to exclude air. It can be made when the crop is 
ready and weather conditions are not always favourable for 
making hay.

Single yarn Simplest type of yarn, made by twisting fibres or 
filaments together. A single twisted strand of fibres.

Sire A male sheep - usually stud ram. 
Sirospun A modification to a worsted ring spinning frame that 

enables two rovings to be drafted in parallel, then twisted 
together to form a two-fold yarn, thus eliminating the need 
for a twisting step.

Six-tooth A sheep about 3 years of age (as low as 2), with 6 
permanent incisor teeth.

Skin wool Scoured wool from a fellmongery. In England it applies 
to fellmongered wool obtained by non-lime processes. 

Skirtings Wool removed from the fleece on the wool table 
because it is inferior in quality, also called ’pieces’. 

Skirty Fleeces that have been insufficiently skirted. 
Slipe Unscoured wool from fellmongery. In England it applies 

to fellmongered wool obtained by the lime process. 
Sliver A continuous band or thick strand carded or combed 

wool in an untwisted condition. 
Slubbing The strands of fibre from a woollen card that have 

been consolidated by the rubbing action of the condenser. 
A ’rope’ or twisted fibres. 

Slub Fault in a yarn, which appears as an abnormally thicker 
part, with little twist; sometimes used as a decorative 
effect. 

Smoko Morning and afternoon tea.
Smut Black pigmentation around the sheep’s muzzle. 
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SNPs single nucleotide polymorphisms obtained from DNA 
for genomic selection.

Solospun A modification to a worsted ring spinning frame that 
enables a fine, weavable singles yarn to be formed.

Sorting The preparation of fleeces prior to manufacture. 
Fleeces are matched according to quality number, length 
and colour. Yield is not considered. Sorting is not done now 
because of the high labour cost. 

Sound mouth A sheep whose teeth are still firm and retain 
their natural position. Usually refers to an aged sheep. 

Soundness Tensile strength of the fibres. Wools that break 
under gentle tension are termed un-sound, weak or tender. 
They suffer excessive breakages during manufacture and 
have a lower tear. 

Southern Oscillation Index A standardized index, calculated 
monthly, of the difference in atmospheric pressure between 
Tahiti and Darwin.

Specifications Description of a consignment of wool which 
should reach the consignee with or before the wool.

Spectrophotometer An instrument used to measure the 
reflectivity of a surface across the visible spectrum.

Spindle Rotating part of a spinning frame, which inserts the 
twist into the yarn being spun and carries a yarn package 
(tube, bobbin, cone, etc.).

Spinnability The ease of spinning a wool into yarn; dependent 
on its fibre diameter, length and crimp.

Spinner Final drawing of a roving into yarn, inserting the 
required degree of twist, and winding it into a form of a 
cap, or upon a bobbin or spool. 

Spinner’s type A superior combing wool that is sound, regular, 
free-grown, well-bred, of good colour and free or nearly 
free from vegetable fault and dust. 

Spinning count See Count. 
SRD (sem raça definida) Spanish for undefined breed.
Stag A male sheep that has been castrated after reaching 

maturity. For the purpose of the shearing award, any sheep 
castrated after 6 months of age. 

Stained pieces Urine-stained wool and small portions of yolk-
stained wool from the crutch. 

Standard conditions Atmospheric conditions used to 
standardise test conditions for measurements. For most 
wool measurements these are a temperature of 20 ± 2ºC 
and a relative humidity of 65 ±3%.

Standard deviation Measure of variability in a characteristic. 
Standard deviation is the square root of the variance. 

Staple Numbers of wool fibres that naturally form themselves 
into clusters or locks. Staples are joined by binder or cross-
fibres, which hold the fleece together. 

Staple fibre Short fibres; those that are not filaments. 
Staple length The length of a staple from tip to base in 

millimetres (mm). 
Staple length variability Variability in staple length within a 

sale lot. It is reported as the coefficient of variation, which 
is expressed as a percentage (CV%). 

Staple strength The force (Newtons) required to break a staple 
of given thickness (kilotex). It is independent of mean fibre 
diameter and average thickness of staple. 

Star lot Three bales or less of the one description from the 
one owner. 

STAR system A breeding system developed at Cornell 
University, with the goal of producing five lamb crops in 
three years.

Steaming-up Feeding females well prior to parturition and 
lactation. 

Steely wool Lacking character and possessing a characteristic 
‘steely’ or glassy sheen. It may be produced if sheep 
are deficient in the trace element copper. Sheep slightly 
deficient in copper are likely to have fleeces with secondary 
waves superimposed over the normal crimp. 

Stifle Joint of the hind legs between hip and hock. 
Stones Farmer’s term for testicles. 
Store condition A sheep in good condition but not fat. 
Straggler A sheep missed in a muster. 
Stringy wool Thin small-bodied staples, which hang loosely 

and are heavy in condition. 
Strong Wool Towards the coarse end of the fibre diameter 

range
Style A combination of characteristics such as crimp formation, 

length, colour, condition, density, handle, and others that 
determine the use and value of wool. 

Subcutaneous Under the skin. 
Sucker lamb A lamb that is sucking its mother and has grown 

sufficiently heavy for slaughtering. 
Sudoriferous gland Attached to the primary wool follicle and 

secretes suint (sweat salts).
Suede Leather with either the grain or flesh side finished to 

have a more or less fine, velvet-like surface produced by 
abrasive action.

Suint Natural, water-soluble coating of wool, secreted as sweat 
from the sudoriferous gland.

SUL Secretariado Uruguayo de la Lana (Uruguayan Wool 
Secretariat) is a private, non-profit organization managed 
and financed by Uruguayan woolgrowers. 

Summer lamb A young sheep 5 to 8 months old, slaughtered 
out of the usual season. 

Supplements A foodstuff that is usually marketed in dose 
form to supplement the normal diet.

Swampy back A depression in the back between the shoulders 
and the loin. 

Sweat locks Short, heavy condition staples from the upper 
inside of the legs.

Sweating Method of de-woolling skins dependent on induced 
bacterial degradation to loosen the wool within the skin.

Swift The large, fast rotating roller on a carding section that 
provides the main path for the transportation of fibres 
through the machine to the next stage.

Syncytial Of, relating to, or constituting syncytium. 
Syncytium A multinucleate mass of cytoplasm resulting from 

the fusion of cells.
Synthetic fibres 

Cellulosic -- rayon, acetate. 1. 
Non-cellulosic -- nylon, acrylic, polyester, polyamide, 2. 
polypropylene 

Tail docking or tailing Cutting the tail off to a specified length 
(tip of vulva). 
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Tail strip To remove skin from tail of a sheep. 
Tally Number of sheep shorn by a shearer or a gang in a day or 

the number of sheep in a group.
Tally Hi- Shearing method requiring less effort, stress and 

movement. 
Tanning Process of soaking hides in tannin, chrome and other 

chemical solutions to preserve them. 
Tar-boy Person who walks the board when sheep are prone to 

flystrike and who puts a smear of tar on the shearing cuts 
made on sheep in response to the shearer’s call of ‘tar’. 

Tare The customary deduction for the weight of the wool pack 
and cap from the gross weight of each bale, 4 kg for jute 
packs and 2 kg for synthetic packs. 

Tear Ratio of the amount of top produced to the amount of noil 
produced during combing. 

Teaser Vasectomised ram used to indicate which ewes are in 
oestrus. 

Teats (immature) Small teats present on all lambs. 
Tender wool Implies that the fibres have a weakness at a certain 

point of the staple, and if tension is applied the staple will 
break. 

Tentering Part of the finishing process in which fabrics are 
stretched out from the edges by tenter hooks to the required 
width and then dried.

Terminal sire Sire of a breed type with the desired attributes 
of fast growth and early maturity that are used where all the 
progeny, regardless of sex, are slaughtered.

Test result Obtained by applying a standard test method to a 
sample obtained in accordance with a standard sampling 
method.

Tex The unit of linear density or count to measure the thickness 
of yarn (1 tex = 1 gram per kilometre).

Texturing Treatment given to yarns (or filaments) to make them 
bulkier. 

TFM Total fatty matter. 
Tip length Millimetres from the staple tip to a point where the 

staple width is 75% of the average staple width.
Tippy A term used when the tip of the staple is open or loose. 

The condition is associated with severe weather damage. A 
’blocky’ tip is the con-verse of ’tippy’. 

Top A continuous untwisted strand of combed wool in which the 
fibres lie parallel, with short fibres having been combed out 
as noil. Top is raw material for worsted wool processing and 
is specified in terms of fibre diameter, fibre length distribution 
and mean, regain etc. 

Topknot Wool shorn from the top of the head of sheep.
Topmaking The first stage of the worsted yarn manufacturing 

route, involving carding, gilling and combing.
Topical A vaccination made by scratching the skin. 
Toxaemia Blood poisoning by toxins produced by a bacterial 

infection. May also be applied to other conditions not caused 
by bacteria that produce similar clinical signs. 

Traveller The small clip (steel or plastic) that guides the yarn 
onto the bobbin, in a ring spinning frame. It rotates at high 
speed around a circular ring.

Tritiated water Water labeled with radioisotope of hydrogen 
(TOH) to measure water turnover

Tristimulus values The three reflectance readings of CIE X, 
CIE Y and CIE Z, obtained when using a colorimeter.

Trophectoderm Outer layer of the mammalian blastocyst after 
differentiation of the ectoderm, mesoderm, and endoderm 
when the outer layer is continuous with the ectoderm of 
the embryo. 

True to type A sheep showing marked development of all the 
characteristics peculiar to that particular type of breed. 

Tufted carpet Carpet in which the pile is sewn into a loose 
backing cloth and held in place by a latex glue.

Tufting A popular method of carpet manufacture where yarns 
are inserted into a backing fabric by a set of needles to form 
tufts and/or loops which constitute the pile.

Twist 
The crutch; the inner aspect of the hind legs. 1. 
The number of turns per metre of a yarn. 2. 

Twisting The process which twists two (or more) singles yarns 
together to produce a two-fold (or higher) yarn.

Two-for-one twisting A process which inserts two turns of 
twist in a yarn for each revolution of a twisting element.

Two-tooth A sheep of either sex from about 12 to 19 months 
old and showing two permanent incisor teeth: 2-tooth: 
12-19 months old 4-tooth: 18-24 months old 6-tooth: 23-26 
months old 8-tooth: 28-48 months old. 

Type
Suitability of wool for a particular form of processing 1. 
and end-use.
Wool of a particular breed such as Merino, or family 2. 
of breeds such as Down.

Undershot (Prognathia) A condition in which the lower jaw 
appears too short. 

Valuing Presale assessment of wool offered for auction as 
undertaken by a representative of the wool industry, wool 
buyers or wool brokers.

Variance Expresses the distribution of values about the 
mean. It is used in calculations of standard deviation and 
coefficient of variation. 

Vegetable matter Seeds, twigs, leaves, burrs etc. that 
contaminate some wools.

Vegetable matter base (V.M.B.) Consists of burrs, grass 
seeds, thistles, hard heads, straw, chaff and small 
pieces of stick and bark. A scoured sub-sample of wool 
is placed in a boiling solution of caustic soda (10%). 
The wool is completely dissolved and the remaining 
vegetable matter dried and weighed. Vegetable matter 
base is expressed as a percentage of the weight of the 
greasy core sample. 

Velour French name for velvet. Various raised pile finishes are 
given this name.

Virgin wool New and unused wool that has not been reclaimed 
from any spun, woven, knitted or felted article. Being 
replaced with the term pure new wool.

Viyella Light cloth largely made from cotton and wool carded 
together.

Vulva An external part of the ewe’s genitals. 
Warp 

The threads that run along the length of a piece of cloth. 1. 
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Wool suitable for warp yarns. It must be absolutely 2. 
sound, regular and free-grown with a clear well-
defined staple. The length must exceed certain accepted 
standards according to fibre diameter(~60 - 85 mm). 

Warp knit Fabric knitted on a machine using bearded needles. 
The fabric is made entirely from warp threads, which are 
made to interloop. Seldom used for wool products.

Wash fastness Ability of a fabric not to lose colour during 
washing. 

Wasty A wool that is thin and open with poor tensile strength. 
It frequently has a long weathered tip and produces a large 
percentage of noil during manufacture. 

Water turnover The amount of water turned over in a lamb 
during a set period measured by tritiated water.

Wax Protective coating of wool fibres produced by the 
sebaceous gland adjacent to the wool follicle. 

Weaner A lamb that has been weaned from its mother, or has 
stopped sucking its mother (commonly 3 to approximately 
12 months of age). 

Weaving The interlacing of two sets of yarns (warp and weft) 
by a loom to produce a woven fabric.

Web A thin uniform sheet of fibres produced by a card. 
Webby Mild entanglement of fibres within a fleece. Early 

stage of cotting.
WEC Faecal worm egg count; a diagnostic test that measures 

the number of parasite eggs present in the faeces.
Weft  

The threads that run from side to side of a piece of 1. 
cloth. 
The term ’weft’ applies to rather thinly grown and 2. 
tender wool of medium to short combing length. 

Weft knitting A form of knitting where loops made by each 
weft thread are formed across the width of the fabric. Hand 
knitting is a form of weft knitting.

Wet ewe A ewe that is rearing a lamb. 
Wet market Places in many countries, especially but not only 

in poor areas where refrigeration is not readily available, 
where perishable fresh foods (vegetables, fruit, eggs, meats) 
are sold to end-users (households, small restaurants, street 
vendors etc.) within hours of harvest/slaughter.  

Wether A male sheep castrated when a lamb. 
Whipping side Last side of a sheep to be shorn.
White-washing NZ term for shearing of young lambs with 

little wool shorn.
Whole garment knitting  A garment produced by a 

sophisticated flat bed machine which has all components 
(front, back, arms, trims etc.) produced in one operation.

Wiggings The wool that has been shorn from around the 
sheep’s eyes. 

Wilton carpet Type of high grade woven carpet.
Wither Body area between the shoulders. 
WNT A combination of Wg (wingless) and Int can be 

pronounced as ‘wint’. The wingless gene was identified 
as a recessive mutation in fruit fly that functions during 
embryogenesis and during adult limb formation during 
metamorphosis. The Int genes were originally identified 
as vertebrate genes near several integration sites of mouse 

mammary tumor virus. The genes were found to be 
homologous with a common evolutionary origin. The Wnt 
signaling pathway describes a complex network of proteins 
best known for their roles in embryogenesis and cancer but 
they are also involved in normal physiological processes.

Wool-away Call made when a fleece has not been cleared off 
the shearing board and is in the shearer’s way.

Wool base The oven-dry weight of wool fibre from all 
impurities (vegetable matter, moisture, dirt, grease etc.). It 
is expressed as a percentage of the weight of the greasy 
core sample. The wool base is used as the basis from which 
the commercial yields are calculated. 

Wool blind A term applied when the wool around the eyes 
has excessive growth and interferes with the sight of the 
sheep. 

Wool broker Firm which prepares and offers growers clips for 
sale on a fee or commission basis.

Wool buyer Person who buys wool from a grower either 
privately by direct treaty or at auction on behalf of a 
processor and arranges shipment to the processor.

Wool grease Natural impurities (wax and suint) secreted by 
glands attached to the wool follicle. It is the name given 
to this by-product once it is removed from the wool in 
scouring.

Wool merchant Person or firm trading in wool.
Wool pack A bag of regulated dimensions for packing wool in 

a shearing shed or wool store.
Wool scour Plant where wool is scoured or washed.
Wool store Place where wool is prepared and offered for sale.
Wool table Slatted table on which fleece wool is skirted and 

classed.
Woolclasser Person trained to group together wools of a 

similar type.
Woolclassers and Shearing Shed Staff Employees Award 

Australian award covering the terms and conditions 
including rates of pay, hours of work and general conditions 
for shearing overseers, wool-classers, experts, bookkeepers, 
jackaroos and domestic servants employed on the station. 
Similar awards apply in some other countries.

Woollen system The route for producing yarn, involving a 
condenser card and spinning

Woollen Description of yarn, fabrics or garments made from 
wools that have been produced on the condenser or yarn 
system and that contain wool fibres. A woollen spun yarn 
is descriptive of any yarn carded, condensed and spun on 
woollen machinery. The wool used generally has a shorter 
mean fibre length (40 mm and less) than that used in the 
worsted system. The cloth produced is comparatively 
bulky, with many fibres extending from the surface. 
Woollen fabrics include tweeds, felts, flannels, blankets and 
knitwear, and most wool carpets are made from woollen 
spun yarn. 

Worker The slowly rotating card roller that operates in 
conjunction with the swift to open the tufts of fibre via the 
working action.

Worms Nematodes and tapeworms living in the gastrointestinal 
tract. Some of the nematodes are parasitic on their hosts.



   Glossary   749

International Sheep and Wool Handbook

Worsted Descriptive of yarn, fabrics or garments in which 
the fibres are reasonably parallel. The yarn is made from 
top, and undergoes more stages of processing (i.e., gilling, 
combing and drawing) than the woollen system. In worsted 
yarn the fibres are more tightly spun, resulting in smoother, 
stronger yarn than the woollen system. The fabric produced 
is smooth and dense and retains its shape well. Products 
from the worsted system include suitings and knitwear. 

Worsted system The route for producing a worsted yarn, 
involving carding gilling, combing and ring spinning.

Woven carpet Formed by a weaving process where the pile 
yarn is integrated with the warp and the weft. Types of 
woven carpet include Axminster, Wilton, Brussels and 
face-to-face.

Yards (catching) Small yard to enable sheep to be caught. 
Yards (holding) For keeping sheep together in preparation for 

handling. 
Yards (temporary) Erected or transported for a special 

purpose such as lamb marking. 
Yarn Wool fibres spun into a thread. Fibres twisted together in 

spinning to form a continuous strand with sufficient strength 
to withstand the stresses of subsequent manufacturing 
processes.

Yarn scouring Washing of finished yarn to remove residues of 
processing lubricant and dirt acquired in processing.

Yellowness Tristimulus CIE Y-Z value.
Yield The amount of clean fibre, at a standard regain, that can 

be obtained from the greasy wool. Four core-test yields are 
normally calculated from the wool base for commercial 
trading purposes. 

I.W.T.O. Schlumberger DW Top and Noil Yield 1. 
estimates the amount of top and noil that can be 
combed from the greasy wool. Allowances are made 
for moisture regain, residual fatty matter and dirt and 
a processing fibre loss. Used by the AWC to determine 
reserve price on combing wools. 
I.W.T.O. Scoured Yield 17% Regain represents the 2. 
product after scouring before any further processing 
takes place (i.e., includes VM plus wool). 
Japanese Clean Scoured Yield is similar to above 3. 
except that a regain of 16% is used with a lower 
allowance (1.5%) made for scouring residuals. Also 
this yield has the vegetable matter deducted, but no 
allowance is made for fibre loss during processing. 
Australian Carbonising Yield 17% Regain is calculated 4. 
from wool and vegetable matter base and allows for the 
expected loss of fibre during the carbonising process. 
Used as the basis of trade in carbonising and carding 
types. 

Yolk The grease or natural fat and suint contained in raw or 
greasy wool. 

Yolk stain A stain caused by pigment from the yolk. 
ZAR Abbreviation for the South African currency, the rand.





   Index   751

International Sheep and Wool Handbook

Index

751

A

abomasum  269, 295, 298, 299, 306, 384, 472
abortion  231, 238, 321, 484
accelerated lambing system  565, 569–572, 577
acetate  200, 211, 298–300, 302, 304, 305, 307
acid detergent fibre (ADF)  302, 308
acrylic  555, 648
actinobacillosis  205
Afrino  36, 99, 102
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of mother  170
marking  5
sheep  388, 474
structure  171, 203, 277, 551

ageing  81, 387, 399, 404, 700, 701, 703
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North  43, 73, 79, 81, 246, 296, 445, 462, 555, 644, 664, 

679
South  12, 26, 85–94, 409, 680

amino acids  236, 243, 268, 295, 299, 302, 304–308, 311, 
313–315, 319, 338, 351, 382, 385, 387, 547, 698

ammonia  230, 296, 298, 302, 305–308, 311, 313, 323, 335, 
363

ampulla  189, 191, 194, 195, 210
anaerobic

bacteria  299
digester  296
metabolism  399

androgens  214, 227
animal impact  518–520
animal welfare  75, 110, 162, 181, 183, 185, 331, 336, 343, 

344, 359, 361, 407, 421, 471, 485, 565, 567, 574, 
677, 691, 693

Farm Animal Welfare Council  409
anoestrus  190, 201–203, 212–214, 238, 521, 570
anthelmintic treatment  280
antibiotics  302, 323, 324
annual pastures  345–347, 410, 413
Anthrax  471, 484, 523
antibiotics  360, 361, 481, 483
apparel wool  38, 40, 104, 582, 647, 650, 652, 657–659
aprons  198, 629, 630, 661
arid areas  316, 521, 533
Argentina  18, 38–42, 49, 58, 85–90, 94, 158, 283, 659, 664

Mesopotamia  85, 88–90
Patagonia  85, 88–90, 93, 283

artificial
insemination  12, 109, 115, 130, 171, 184, 196, 205, 214, 

215
lighting  494
rearing  247, 259, 270, 546
vagina  207, 208, 209

arthritis  203, 205, 472, 481, 688, 696
assessed traits  165, 177
auction  52, 87, 93, 134, 138, 139, 539, 541, 553, 575, 581, 

592, 595, 599, 609, 680, 683
AUSMEAT  683, 685
Australian Sheep Breeding Values (ASBVs)  177, 331
Australian Wool Network  611
Automatic Testing for Length and Strength (ATLAS)  606
autumn lambing  232, 280, 410, 525
Awassi  29, 30, 545, 571, 592, 596
AWEX-ID  589, 592
Axminster  31, 637, 641–644

B

bacteria  296, 299–302, 305, 319, 321, 362, 387, 429, 471, 
479–481, 484, 695, 698, 704

acetate-oxidising  304
cellulolytic  299, 300, 324
methane-producing  324
thiaminase  304, 321

bacteriophages  299, 302
backwashing  619, 624, 632–633
Bahrain  57, 58
bales

jumbo  600
wool  53, 496

Banks, Sir Joseph  9
barbe  539, 553, 598, 643
baselayer  652, 655–658
basement membrane  373, 377
bedding  144, 534, 583, 640
bentonite  320, 323, 573
Berber carpet  6, 644
best linear unbiased prediction (BLUP)  12, 165, 171, 175, 184
bicarbonate  267, 335
Bioclip  389, 575, 610
biodiversity  162, 425, 445–447, 449, 451, 454, 457, 461, 

463–465, 526, 531
birth

coat  31, 228
injuries  245
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weight  226, 229, 233–236, 243, 245, 272, 317, 337, 521, 
540

black-headed
Dorpers  99
Persian  101

Black Leg  479
blankets  12–15, 19–22, 26, 28, 132, 143, 144, 581, 582, 

630, 637
blastocoele  223, 581
blastocyst  215, 216, 223–225
bleaching  620, 623, 640
blending  223, 575, 581, 586, 601, 620, 624, 626, 630, 632, 

635, 644
blends  22, 534, 584, 598, 610, 624, 628, 632

carpet wool  14, 16, 20, 643, 672
semiworsted  634

bloat  298, 357, 546, 577
bloodlines  8, 12, 32, 33, 34, 44, 117, 180, 387, 522, 573
blowflies  66, 205, 387, 483, 523

control  408
bluebush  323, 428, 511, 512
board locks  594, 596
body

composition  185, 200, 233, 242, 245, 318, 395, 396, 398
condition  5, 200, 213, 263, 267, 278, 284, 308, 317, 319, 

431, 475, 484, 526, 539, 542, 552 
condition score (BCS)  200, 240, 244, 267, 272, 279, 286, 

573
reserves  228, 234, 243, 272, 280, 317–319, 323
size  37, 269, 282, 384, 397, 398
strike  13, 182, 387, 476, 483

Bolivia  85, 86
East  89

Bond  13, 26
bone  3, 4, 14, 19, 36, 58, 59, 81, 87, 89, 199, 315, 321–323, 

350, 408, 572, 697, 699, 703, 705
boneless legs  678, 679
boning  68, 678, 698, 700, 701
Booroola  7, 10, 11, 31, 34, 36, 37, 168, 182, 183, 199, 242, 

547
Border Leicester  11, 14, 18–20, 25–28, 33, 35, 65, 91, 109, 

199, 201, 227, 264, 398, 416, 570, 587
× Merino  14, 16–18, 20, 46, 180, 199, 202, 214, 266, 669, 

670
Bradford  94, 135, 594
Brazil  85–87, 90–93

clothing expenditure  649
sheep numbers  39, 664

breech strike  181, 476
breed

associations  3
cross. See crossbreed
rotation  179
societies  3

breeding 61, 64, 75, 101, 165–188, 569, 677
assisted reproductive technologies  189–222
companies  19

cycle  238, 244, 570
desired gains 166, 167
ewes  19, 21, 49, 64, 87, 107, 273, 323
export  680
goals  109, 386
groups  12, 32
index  28, 548
intensive  58, 247
line  22
management  278, 489
methods  87
nucleus  27
objectives  12
plans  89
program  29, 30, 237
restrictions  32
schemes  12, 28, 101
season  19, 22, 34, 231, 279, 538
stud  20, 408
values  108, 331, 687

breeds. See sheep breeds
brisket  3, 19, 25, 480, 695
British breeds  18

longwools  7
mountain breeds  21–22
shortwools  7

brown adipose tissue  235, 237, 245
browse  31, 297, 456, 519, 520
Brucella ovis  484

brucellosis  203–205, 484
budgets  346, 357, 359, 576
bugle shaped yards  498, 499
bulk  385, 534, 535, 548, 551, 553, 593, 596, 643, 669

classed  594, 595, 609, 614
tester  604

Bungaree  7, 10, 11, 33, 522
burr  10, 437, 516, 589, 601, 606, 623, 626
butyrate  272, 298, 301, 304, 307
bypass protein  357, 358

C

cabañas  7
caecum  295, 298, 299
calcium  267, 271, 307, 311, 320–322, 335, 342, 348, 351, 

354–356, 360, 364, 482, 483, 569, 574, 665
calendar of operations  246, 409, 411
callipyge  182, 402, 547
capacitation of sperm  191, 196
capeweed  413, 437, 438
carbon dioxide  296, 301, 302, 666, 704

equivalents (CO2-e)  452, 459
carbonised wool  66, 598
carbonising  66, 162, 623, 640, 650
carcass  3

auction  684
characteristics  36, 550
chilled  160, 698–700
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chilling  317, 399, 683, 698, 699, 702–704
composition  184, 237, 395
condemnation  481
conditioning  702–703
contamination  568, 667, 688, 695
damage  683
downgrading  473, 523, 696
excess fat  544
export  680
fat  398
fat score  685
feedback  686
fresh  160
frozen  81–84, 700
half  680
lean  166, 408, 545
measurement  697
muscle groups  396
price  158, 542, 544
quality  182, 684
ticket  699
traits  108, 167
trim  683, 685
value  474
video image  687
weight  58, 522, 543, 547, 548, 550, 577, 669, 677, 681
whole  679

card
clothing  624
sliver  585, 631–633
wastes  581
width  631

carding  66, 534, 541, 584, 589, 590, 620–635, 656
length after carding test  643
wool  53, 54, 581
woollen  650

carotene  204, 271, 311, 321
Carpetmaster  17, 31, 32, 533, 553
carpet wool  30, 38, 89, 144, 534, 553, 620, 643

breeds  7, 14, 20, 31–32, 113, 115
sheep  388, 533

caruncles  189, 190, 226
casein  271, 298, 545
caseous lymphadenitis (CLA)  411, 481
cast for age  27, 87, 88, 50
castration  286, 395, 408
catabolism in newborn lambs  235, 237, 305
catagen  377, 388
Catchment Management Authority (CMA)  447
Caucasian  6, 113
caustic soda  601, 665
cellulase  295, 296, 313
cellulose  295, 296, 299, 302, 307, 308, 623
cereal 

grain  200, 281, 284, 335
cervical method  209–211
cervix  189–192, 201, 209–211, 214, 227, 237, 246

Chaganhau  115
chamois  58, 59, 661, 666
channel fats  683
Chargeurs  66, 148, 609
cheese  42, 160, 545, 571, 572

feta  92
cheesy gland  472, 481, 523, 569, 688
Cheviot  5, 15, 18, 19, 21, 22, 35

× Romney  20, 28, 78
chicory  338, 365, 426, 453, 544
Chile 158–164

meat  58, 86
sheep population  86
wool production  40, 86

China  7, 18, 113–152, 533, 590, 645, 659
breeeding 113
exports  58, 583
exports to  55, 59, 69, 81, 86, 89, 105, 672, 686
imports  145-147
importers  38, 575, 584
meat  41
Merino  115
sheep breeds  6, 115–117
sheep numbers  39, 118, 119
sheep population  37, 119

chlorine  162, 267, 271, 323
chlorine-Hercosett  633
chromosomes  2, 178, 183, 191, 195, 196
chymotrypsinogen  304
ciliate protozoa  299, 301
classing  89, 93, 132, 136, 145, 198, 384, 499, 504, 588, 

591, 594, 611
clean fleece weight  26, 33–35, 108, 166, 172, 174, 385, 

387, 419, 520, 522, 548
climate change  69, 74, 354, 361, 407, 425, 439, 445, 452, 

485, 526, 577
clip preparation  131, 134, 575, 595

objective  595
standards  87
traditional  594

cloning  185, 216
clostridial diseases  409, 411, 479, 480, 542, 574
clover  237, 334–336, 356, 437

perennial  281
red  201
seed  449
strawberry  426
subterranean  64, 281, 412, 426, 427, 430
white  270, 403, 426, 428, 544, 577

cobalt  230, 237, 271, 295, 307, 321, 323, 349, 388, 472, 
479, 483, 569

cockle  667, 668
collagen  373, 377, 398, 402, 662, 666, 669
Code of Practice  359, 421, 574, 595
Collinsville  10, 11, 522
colon  295, 299
colostrum  228, 235, 236, 243, 245, 246, 248, 259, 265, 270, 

342, 358, 546
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colour
base  534, 605, 643
clean  387–394, 592, 599, 604–605
greasy  53, 592

comb
conventional  670
cover  670
French  632
Schlumberger  632
shearing  539, 667

combing
oddments  581
wool  54, 581, 589

comeback  13, 16, 26, 65, 135, 136, 596
meat  56, 69

compensatory growth  244, 282, 286, 433, 435, 544, 547
component traits  107, 385
components of variation  587, 591, 592, 601, 603, 607
compression  401, 596, 600
concentrate diets  300, 305, 307
conditioning  598, 602, 640, 702
conformation  3, 13, 15, 19, 25, 29, 36, 92, 109, 181, 477, 

687, 697
connective tissue  5, 398, 401, 701
consignments  132, 590, 607, 635, 692

precision  608
constitution  3, 5, 10, 19, 20
consumption

meat  41, 86, 92, 104, 157, 677, 678
wool  38, 153, 582, 659

containment areas  364
contracts  610–613

forward  612, 684, 685
futures  613
options  613
over-the-counter (OTC)  613

controlled internal drug release (CIDR) 210, 215, 570
conversion efficiency  261, 282
Coopworth  6, 16, 20, 28, 36, 78, 109, 264–266, 549, 572
copper  230, 237, 271, 348–354, 357, 388, 436, 472, 479, 483
core

sampling  599, 600, 606
testing  89, 600

Cormo  16, 27, 31
corpus luteum  190–193, 192, 211, 212, 215, 224, 225, 227
corrective mating  172
correlation

genetic  108, 172, 183, 547, 549, 669
phenotypic  172

Corriedale  5, 7, 13, 16, 20, 23, 25–27, 33, 35–37, 78, 
87–92, 93, 117, 180, 264, 283, 382, 587, 611

cortex fibre  380, 387
cortical cells  379
cortisol  227, 388
cotyledons  226, 227
count. See crimp frequency
crayon raddles  206

crimp frequency  386, 388, 535, 551, 586, 593, 594, 635
Criollo  85, 89
critical ambient temperature  317
crop

production  96, 355, 414, 432, 433, 439, 507
cropping phase  413, 426, 427, 516
crosses 178–180
crossbred

progeny  179, 180
wool  26, 38, 118, 135, 610, 631

crossbreeding  80, 670
programs  18

crossbreeding systems  168, 179, 180
crude protein  268, 272, 279–281, 302, 307, 313, 315, 

332–335, 339–342, 361, 436, 574
crutching  30, 63, 182, 245, 322, 477, 478, 491, 492, 499, 

504, 509, 525, 573, 592, 688
cuticle  19, 376, 377, 379–381, 554
cysteine  320, 381, 382, 384
cystine  306, 314, 319, 379
Czech Republic

exports to  105
wool exports  67

D

dairy
sheep  89, 92, 165, 545, 555
yields  259, 546

Damara  29, 30–31, 99, 101, 103, 508, 592, 673
dark fibres  388, 535, 592
daughter studs  10
day length  533, 570
decision support tools  346-368
defaunation  302, 324
dehydration  683, 691
delamination  667, 669
dentition. See teeth
dermal papilla  377, 378, 384
dermis  373, 374, 378, 663
desired gains  166, 167
Dewavrin  66, 162, 609
Dichelobacter nodosus  480, 542
diet 

changing  365, 523, 568, 569
selection  307, 334

dietary
fibre  315, 343
protein  243, 263, 266, 268, 299, 306, 314, 319, 320, 363

digesta  268, 295, 297–299, 302, 304–308, 324, 332
load  307

digestibility  270, 302, 306, 307, 311, 313, 334, 336, 348, 
356, 363, 410, 428, 435

crude protein  314
dry matter  305, 308, 316, 435, 569
grain  414
low  436, 519

digestion  242, 268, 269, 295–330, 331, 339, 364
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dingoes  237, 508, 524
dipping  64, 181, 198, 574, 636, 668, 704
direct supply relationships  611
discounts  135, 589–592, 686

group buying  611
disease(s)  181, 265, 284, 360, 523–525, 541

bacterial, viral and fungal  479
control  74, 265, 355, 409, 413, 419, 427, 432, 471, 485, 

500, 501, 542
definitions  471
fleece  483
metabolic  481
prevention  411, 484, 569
reproductive  484

distribution of sheep
Australia  62
China  119
Europe  153
New Zealand  73
South Africa  98
South America  85
world  37

doffer  627, 628
Dohne Merino  28, 36, 99, 100, 102, 108, 117, 180
Dormer  7, 16, 23, 91, 99, 108

× Merino  36
Dorper  29–30, 36, 99–102, 108, 173, 339, 402, 416, 508, 

522, 525, 592, 596, 673
Dorset Down  15, 18, 22, 31, 35
Dorset Horn  14, 18, 20, 22, 25, 30, 32, 35, 100, 180

× Merino  36, 285
Downs breeds  7, 19, 23, 25, 27
draft ratio  632, 634
dragon head  128, 130, 134
drape  586, 640
drenching  169, 181, 204, 245, 320, 323, 359, 433, 475, 483, 

499, 523
dressing percentage  19, 23, 36, 681–683
drought  49, 52, 86, 99, 245, 425, 508, 514, 526, 661

feeding  116, 361, 415, 573, 577
dry matter  428

digestibility. See digestibility, dry matter
green  452, 456, 463, 537, 540
intake  267, 308, 314, 332, 335, 359, 565

Drysdale  6, 17, 31, 533, 553
dry sheep equivalents (DSE)  62, 277, 358, 523
dual purpose breeds  20, 78, 85, 92, 117, 176, 180
duodenum  298, 302, 304, 320
dust penetration  8, 385
dyeing  388, 619, 635, 640, 642

characteristics  614
loose stock  624
top  146, 624
yarn  624

dystocia  24, 234, 236, 245, 552

E

East Friesian  5, 18, 36, 37, 78, 545, 571, 572
ecologically sustainable development (ESD)  445, 462
ecology  445, 446, 513, 525
economic weight  166, 177, 550
effluent  66, 68, 159, 478, 620, 644, 696

treatment  622
ejaculation  191, 195–197

electro-  205, 209
Elders  162–164, 609–611
electrical stimulation  399–401, 692, 701, 704, 706
electrolytes  298, 692
electronic bleeding  696, 701
elite flocks  12, 572
Elliotdale  17, 31, 533
embryo  376

2-cell  191
losses  248
mortality  198, 213, 229–231, 238, 242
splitting  185
survival  107, 202
transfer  184, 214, 216
viability  239

endocrinology  191–194, 197–198, 227
endometrium  189, 192, 224–226, 229, 233
energy

balance  306, 307, 313, 314, 316, 544
content  267, 273, 311, 317, 318, 403, 452, 545
efficiency  449, 452
metabolism  236, 304, 322, 398
requirements  204, 243, 267, 281, 304, 315, 317, 335, 341, 

539, 546, 551, 569
reserves  200, 210, 228, 236, 280, 285, 576

English Leicester  10, 18, 20–21, 24, 35, 78
enterotoxaemia  360, 362, 479, 523, 542
environmental 

effect  168
stewardship  463, 514, 526
sustainability  421, 451, 672–673

epidermal growth factor (EGF)  389, 504
epidermis  373–377, 387, 663, 666, 672
epididymis  194, 196
epithelium  191, 226, 299, 307, 373, 374, 377

glandular  224
erosion  247, 345, 357, 425, 430, 433, 448, 449, 456, 457, 

464, 500, 512, 517, 566
estimated breeding values (EBVs)  12, 174, 180, 183, 184
EU  41–43, 49, 57, 154–164, 678
eco-label  610
Europe  1, 6, 38, 49, 55–60, 67, 153–164, 474, 533
ewe(s)

adult  35
fecund  214
half-bred  19
lamb bond  228, 234, 236, 245, 248
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maiden  170, 198, 201, 206, 213, 245, 337, 362
Merino  23, 31, 33, 267, 339
nutrition  259, 285, 286, 336, 418, 522
pregnant  242
reproduction  170, 189–222
selection  11–48, 199, 233, 247, 277, 547
weaner  201

exotic breeds. See Awassi, Damara, Dorper and Karakul
exports

Argentina  41, 89
Australia  41, 663, 672, 677–679
New Zealand  38, 41, 75, 79–83, 663, 672
South Africa  41, 100
Uruguay  41, 86

extensive grazing systems  507–532
external parasites  108, 471, 472, 476, 483, 519, 688
eye

diseases  569
discharge  321
muscle  37, 167, 169, 174, 182, 411, 549, 687

F

fabric
attributes  654
distortion  634
finishing  640
formation  619, 636
manufacture  644
stiffness  586
weight  651, 656, 659

facial eczema (FE)  78, 481, 542
Fallopian tubes  189
family farms  75, 161
fat

cover  116, 317, 395, 682, 697
depth  23, 34, 37, 174, 549, 677
intermuscular  37, 397, 398
intracellular  397
intramuscular  395, 397, 403
mesenteric  397
omental  397
perirenal  397, 398
score  19, 244, 411, 522, 681, 685, 698
subcutaneous  30, 37, 169, 182, 244, 395–398, 662, 694, 

698
fatty acids

dietary  296
free  243, 299, 305, 309
long-chain  299, 304, 320
long-chain polyunsaturated (PUFA)  398, 403
saturated  398

fecundity  22, 189, 198–207, 212, 246, 270, 420, 457, 570, 
663

feed
additives  321, 479
analysis. See analysis of feeds
composition  308, 313

dry standing  428, 540
intake  5, 166, 227, 233, 244, 267, 306, 332, 343, 347, 

388, 490, 536, 567
requirements  74, 244, 272, 331, 339, 361, 410, 544
troughs  278, 565

feeders  359, 364, 565
feeding

complementary  339
drought. See drought, feeding
systems  271, 311, 546, 565, 566

feedlots  358–361, 565–569
fellmongering  665
felt  620, 670
fermentation  271, 295–299, 302, 304, 306, 314
fencing  347, 478, 497, 501

electric  502
high tensile  501

fertilisation  189–193, 198, 201, 210
in vitro  216

fertiliser  322, 348, 417, 429, 576
fertility  165, 170, 182, 189, 198–217, 230–232, 242, 361, 

420, 484, 554
fibre

breakage  534, 590, 627, 631, 635, 656
composition  389
curvature  385, 535, 551, 593, 599, 635, 670
entanglement  552, 620, 622, 635
growth  374, 376, 384, 389, 535
quality  635
structure  389, 633

Fibre Direct  610
filler wools  31, 643
finishing

farms  75, 686
lambs  544, 565
process  637
textiles  640, 650

Finnish Landrace  182, 199
Finnsheep  18, 264, 402
fire  428, 457, 516
first cross  178

enterprise  29
ewes  37
lambs  30

Flanders  2, 153
flaying  664
fleece

classing  575, 595
diseases  483
double-coated  533
lines  118, 134
rot  10, 66, 181, 387, 472, 476, 523, 688
weight  11, 22, 80, 385
wool  104, 135, 166, 170, 180, 534, 581, 622 , 672

fleece:oddments ratio  87
flock

fertility  202, 205
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management  198, 279, 549
performance monitoring  279

flushing  200, 213, 240, 337, 436
fly strike  12, 204, 247, 409, 476, 523, 667

resistance  166
fodder

conservation  431, 434
crops  65, 102, 232, 307, 336, 365, 410, 575

foetal
development  194, 226, 231, 242, 340
growth  226, 231, 482
membranes  223, 225

foetus  189, 226–258, 341, 482, 539
follicle

bulb  378, 387
density  384, 386, 389
development  374
primary  374, 384, 533, 587
primordial  190
secondary  340, 375, 384, 533, 587
stimulating hormone (FSH)  191, 197, 212
structure  376

food units  313
foot

bathing  480
rot  480

foot and mouth disease  471, 480, 485
forage

crops  73, 155, 331, 345
legumes  435
shrubs  519
supply  514, 517, 519
utilisation  513, 519

forbs  297, 456, 520
forward contracts. See contracts, forward
France  156–164
Friesland  154, 270
fungi  299, 304, 471, 542

diseases  481
futons  581, 640
future contracts. See contracts, future

G

Gadasu  115
Gansu  115, 119
gastrointestinal tract (GIT)  242, 295, 307, 696
generation interval  171, 184, 216
genetic

improvement  33, 81, 108, 168, 171, 181, 184, 189, 201, 
216, 389, 508, 522, 547, 550, 554

markers  183, 237
trends  108, 175

genotype  168, 176, 199, 203
genotype × environmental interactions  32, 172
germ cells  189, 194
gluconeogenesis  200, 243, 298
glutathione peroxidase  323, 350
glycolysis  399, 701

goats  37, 124, 158, 295, 297, 356, 438, 474, 501, 663, 664
feral  508, 524

gonadotrophin-releasing hormone (GnRH)  192, 212, 214
gonadotrophins  191, 197, 214
gonads  189, 191, 194
Gongnaisi  113, 117, 130
GR tissue depth

fat depth  544, 678
measurement  697
site  412, 549, 681

grain
crops  281
feeding  364, 403, 416, 573, 577
poisoning  360, 479
stubble  102

grass
annual. See annual, grasses
palatable persistent perennial (3P)  449, 453
perennial. See perennial, grasses
seed  345, 410, 429, 479, 521, 688

infestation  284, 569, 669, 670
grassveld  101
grazing

cell  432, 517
continuous  345, 431, 432, 484, 517
creep  433
crops  355-357
deferred  434
planned  517
radius  514
selective  336
tactical  433
time control  517

greasy fleece weight  33, 35, 51, 385, 477, 548
green dry matter (GDM). See dry matter, green
greenhouse gas  74, 407, 425, 448, 451, 459
Gromark  7, 16, 27, 37
gross

energy (GE)  304, 311
feed efficiency  397
margin  34, 27, 359, 418, 450, 522

gross domestic product (GDP)  59, 96, 653
ground

cover  338, 357, 428, 432, 450, 452, 456, 463, 519, 526
water  428, 453, 461

group breeding schemes  12, 28, 101
growth

promotors  323
gut fill  168, 319

H

hair sheep  85, 90, 378, 663, 666
Halo hair  533
Hampshire Down  3, 15, 18, 90
hand

feeding  229, 246, 296, 317, 357
knitting  132, 534, 634, 638

hard heads  589, 601



758   Index

International Sheep and Wool Handbook

hauteur  590, 593, 603, 606, 611, 635, 656
Hazard Analysis Critical Control Points (HACCP)  278, 696
heat

loss  204, 228, 247, 308, 317
stress  202, 231, 232, 457, 521, 569

Hebei  115
Heilongjiang  115
herbicides  324, 356, 429, 437, 479, 516
heritability  168–175, 182, 248, 547–549
heterosis  178–180, 549–551
high

rainfall zone  50, 61, 432, 507
temperatures  202, 204, 206, 231, 308

hogget(s)  12, 19, 86, 411, 481, 680
weight 169

Hong Kong  67, 584, 649
hooves  203, 499, 518
hormone(s)  189–194, 197, 200, 211, 215, 216, 228, 259, 

304, 322, 331, 533, 538
horns  3, 8, 12
hosiery  12, 19, 20, 22, 24, 26, 540, 634, 639
husbandry  64, 127, 211, 237, 247, 278, 407, 408, 485, 521, 

525, 552, 571
hybrid vigour  19, 25, 28, 37, 178, 199
Hyfer  7, 23, 34
hypocalcaemia  237, 322, 342, 472, 481
hypoglycaemia  228, 236, 243, 341
hypomagnesaemia  322, 481, 482
hypothalamic-pituitary axis  193, 533
hypothalamus  191, 211
hypothermia  228, 235–237, 243, 471, 482, 539

I

Ile-de-France  90, 91
immunity  471, 472, 485

Coccidiosis  474
Dermatophilosis  483
nematodes  279
scabby mouth  480
worms  474

implantation  189, 224, 225
imprint feeding  278
inbreeding  22, 171, 184
index selection  181
India  6, 12, 38, 43, 59, 69, 105, 575, 590, 645, 649, 653, 

672
indoor lambing  237, 247
infertility  201, 205, 207, 231, 484, 542
infundibulum  189, 374, 376
Inner Mongolia  18, 115, 119, 122, 128
inner root sheath (IRS)  374, 377
insecticides  324, 477, 665
insemination  242

artificial. See artificial, insemination
methods  209
timing  210

insulin  200, 306

intensive breeding programs  214, 247
lamb production  199
systems  228, 236, 259, 522, 565–580

interferon tau  193, 224
internal parasites  418, 433, 472, 519, 574
International Wool Secretariat (IWS)  553
International Wool Textile Organisation (IWTO)  553

regulations  585
specifications  598
standards  596
test methods  643

intrauterine growth retardation (IUGR)  232, 233
intrinsic strength  384
invasive native scrub  512, 516, 525
Inverdale  182, 547
iodine  311, 353

deficiency  201, 230, 237, 322, 349
ionophores  302, 324
Iran  39, 42, 67, 664
Ireland  40, 156
iron  271, 311, 350, 353

deficiency  230, 322
irrigation  438, 449, 453, 575
isotope dilution  259, 269
Italy  41, 67, 105, 154, 156, 575, 583, 584, 644, 649, 653, 

664
Itochu  66, 609
IWTO. See International Wool Textile Organisation (IWTO)

J

Japan  41, 57, 67, 584, 649, 653, 664, 678
jetting  181, 477, 499, 509, 523
Jilin  115
joining

period  198, 230
time  409

juvenile in vitro embryo transfer (JIVET)  184, 216

K

kangaroo  296, 517, 523
Karakul  2, 29, 103, 116, 592, 671
Kazakh  115

pelts  98
kemp  30, 54, 157, 380, 388, 592, 669
keratin  319, 373, 378, 381, 387, 536, 665

associated proteins (KAP) 381
intermediate filaments (KIF)  381

keratinisation  378, 382
ketone bodies  243, 298
knitting

circular  638
flat  638
fully fashioned  638
warp  638
weft  638

knitwear  647, 652
fine  657
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lambswool  582
machine-made  639
Shetland  582, 650
worsted  582, 634, 639

Korea  59, 67, 144, 664, 673
Kuwait  58, 681

L

Lacaune  92, 549
lactate  298, 302

utilisation  301
lactation  231, 232, 259–276, 298, 307, 315, 318, 342, 358, 

388, 409, 538, 546, 570
Lactational anoestrus  213
lactic acid  300, 399, 479
lactose  245, 266, 305, 545
lairage  691, 696
lamb(s)

acidosis  360
assessment  681
born/ewe joined  198
carcass  697

chilled  699
coarse wool  540
coccidia  474
cold boning  700
dermatophilosis/lumpy wool  483
eating quality  402
enterotoxaemia  360
enzootic ataxia/swayback  351, 483
exports  41
fat scoring  681
feed requirements  339
feedlot  565
fleece wool  534
growth  259–276, 57
losses 237, 552
lot feeding  129, 359
management  542, 546
marked/ewe joined  198
marketing  684
markets  677
marking  51, 93, 198, 408, 521
meat  73, 80, 160
mortality  200, 523
nutrient requirements  332
over the hooks  684
pinkeye and scabby mouth  360
plasma glucose levels  298
poor nutrition  435
production  42, 56, 77, 99
quality mark  706
red gut  577
rumen  298
selenium deficiency  351
shelf-life  704
skins  59, 81, 665–676

skin weight  683
slaughtering  696
specialist producers  685
specifications  678
supply chains  686
survival  182, 199, 214, 431, 521, 547
tenderness program  703
triplets  199
twins  199
vaccination  409
vitamin E deficiency  321
weaned/ewe joined  167, 182, 199
weaning  198
weight loss  356
welfare  359
worm infection  474

lambing  223–258, 525, 552
accelerated  569
frequency  214
in containment  365
paddock  432
percentage  93
Quality Mark  404
rate  191, 202, 211
seasonal pattern  74
time  205, 407, 409, 419, 431, 435, 436, 521
wool growth interaction  538

LAMBPLAN  176, 360
land

capability  96, 449, 459, 501
degradation  115, 118, 126, 148, 425, 445, 447, 452, 454, 

457, 460, 507, 509, 512, 526
stewardship  448
system  512
tenure  509

Landmark  609, 612
large intestine  271, 298
Laserscan  385, 602
lean tissue  165, 318
least cost feed rations  415
leather  58, 81, 118, 159, 547, 661–676
legumes  281, 322, 348, 412, 428, 434, 436, 453, 577
length after carding  534, 584, 620, 643
ley-farming  99, 102, 414, 425, 426
Liaoning  115
libido  24, 196, 203, 321
lice control  481, 523
lick blocks  281, 323, 354
lignin  295, 623
lime  349, 357, 574, 665
Lincoln  18, 21, 78, 89, 117

× Merino  36
linear density  586, 607
lipids  298, 305, 308
listeriosis  361, 484, 569
litter size  166, 170, 182, 199, 214, 229, 234, 238, 547
live sheep trade  41, 56, 416, 680
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liver  59, 243, 296, 299, 304, 321, 331, 351, 383, 436, 481, 540
liver fluke  284, 472
locks  12, 53, 87, 504, 581, 611
loin  3, 183, 687, 703
longwools  7, 18, 27, 375
lucerne  102, 272, 281, 321, 335, 342, 356, 427, 429, 432, 

439, 577
Lucinia cuprina  181
lumpy wool  476, 483
lupinosis  284, 414, 481
lupins  49, 200, 204, 213, 337, 354, 358, 363, 365, 413, 415, 

435, 479, 568, 574
luteinising hormone (LH)  191
luteolysis  192, 211, 224, 230
lymphadenitis  409, 481, 688

M

macrofibril(s)  378, 383
magnesium  311, 322, 353, 692

deficiency  322, 332, 348, 435, 483
Maireana spp.  354, 428
maize  126, 204, 321, 358, 365, 479, 574, 577
manganese  201, 230, 237, 311, 350, 354, 483

deficiency  322
marginal

cost  450, 459
revenue  450, 459

marker assisted selection (MAS)  183
market

groups 686–690
niche  571
prices  407
specifications  177, 346, 567, 679, 685
support schemes  612

marketing  463, 575
meat  677–690
sheep  677–690
wool  609

Marks and Spencer  75, 612
mastitis  265, 267, 572
maternal

behaviour  182, 228, 236, 244, 246
liveweight  341

mating
activity  198, 203, 207
behaviour  196
performance  204
systems  165, 205

mature in vitro embryo transfer (MIVET)  216
meat

breed selection  165–188, 547
chilling  698
colour  692
freezing  700
grading  706
inspection  696
packaging  705

processing  66, 81, 701–706
production  395–406
quality  344, 400
shelf life  692

Meat Standards Australia (MSA)  400, 688, 706
ME content  311, 348
Medicago spp.  412, 427, 544
medulla  305, 377, 380, 388, 536
medullated fibres  380, 387, 509, 533, 592, 643
melatonin  192, 212
Mendelian  168, 547
Merino 50

Australian  552
bloodlines  34
breeding and selection  165–188
Bungaree  522
Company (The)  131
derived breeds  25
ewes  190, 202, 213, 226, 244, 262
Landsheep  100
rams  12, 196, 203, 395
self-replacing flock  417
sires  33
South African industry  108
South Australian  34
strains  7, 13, 395
studs  65
weaners  283, 679
wethers  61, 354, 361, 413, 565
wool  581

messenger RNA (mRNA)  382
metabolic

disease  472, 481
maturity  236
processes  399
rate  229
weight  307

metabolisable energy (ME)  243, 263, 280, 308, 312, 692
methane  183, 296, 302, 312, 324, 425, 452, 673
methanogens  302
methionine  306, 384
Mexico  41, 67, 584, 649, 664
Michells  66, 609
microbial

cells  295, 299, 302
protein  243, 299, 302, 305, 313, 319

micron blowout  378
Middle East  30, 42, 58, 86, 139, 533, 677, 680
milk

composition  265, 545
fever  342
intake  269
production  545
removal  259
substitutes  270
world production  42, 571
yield  259, 572
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milking parlour  572
mineral(s)  311, 321, 601

content  272
deficiencies  322, 482
requirements  353
sources  354
supplementation  354

mismothering  229, 235, 246, 410, 519
mob size  490, 518
Modiano  66, 609
molasses/urea  356, 363
molecular genetics  183
molybdenum  349, 354, 429, 483
monitoring

flock health  278, 485
pasture  345, 439
systems  501

mortality  523
embryonic  229
lamb  228, 248, 359
perinatal  198, 234
weaner  282

mothering ability  19, 336
mountain breeds  18, 21
mulesing  30, 64, 181, 207, 389, 408, 477, 509, 522
Mulga  428, 511
multi-trait selection  199
multiple lambs  264, 269, 337, 546
multiple ovulation and embryo transfer (MOET)  184, 214
muscle

depth  167, 698
locomotive  399
postural  399
skeletal  234, 398

mutton  1
condemnation  688
exporters  42
flavour  403
markets and specifications  679
tenderness  403

muzzle  3, 246
mycotic dermatitis  284
mycotoxin  481, 542
myoglobin  319, 399, 401
myometrium  189, 227

N

NAFTA  88
Nanjing Wool Market  130, 138
Nan Shan  113
nappa leather  661, 663, 668
National Livestock Identification Scheme (NLIS)  287, 688
National Small Stock Improvement Scheme (NSIS)  99, 106
National Vendor Declaration (NVD)  421, 688
National Wool Grading Standard  117, 135
native vegetation  454, 462
natural mating  196, 205, 207, 230
natural resource management (NRM)  447, 525

near infrared reflectance (NIR)  601, 605, 620
nematode  472

egg contamination  278
neps  624, 632
New Zealand  73–84

export classes  697
Lamb Quality Mark  706
meat imports  158
Merino Company  612
Wool Board  554

nitrogen
fertiliser  73
metabolism  306, 342

noils  581, 632, 640, 657
non-protein nitrogen (NPN)  295
nonwoven  627, 636, 640
Noogoora burr  516
nutrient cycling  452, 518
nutrition  331–372

disease prevention  484
ewe. See ewe, nutrition
forage  519
intensive production systems  574
joining  337, 339
management  245
maternal  232
meeting nutrient demand  335
pre- and post-weaning  280
pregnancy  339-342
puberty  201
ram. See ram, nutrition
reproduction  199
reproductive cycle  242
suckling lamb  269, 270

O

oddment(s)  52, 539, 622
oesophagus  295, 694
oestrogen  189, 192, 198, 224, 230, 237, 259, 307, 542

treated wethers  212
oestrus  201, 210, 224, 229, 238, 282, 570

cycle  189, 521
irregular  321
synchronisation of  211

offal  58, 81, 158, 473
omasum  295, 298, 307
on farm fibre diameter measurement (OFFM)  87
oocyte  190, 216, 230, 233
organic matter  304, 311, 456
orthocortex  378
ovaries  189, 192
ovulation

induced  212, 570
multiple  184
rate  182, 190, 198, 213, 230, 358, 431, 547

ovum  189, 210
oxytocin  192, 193, 224, 259, 546
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P

palatability  307, 336, 353, 453, 576
pampiniform plexus  204
paracortex  378, 382
parturition  189, 226

induced  214, 247
pastoral areas

Australia  428
China  113
South Africa  99

pasture  412
composition  410, 449, 453, 463
conserved  73
meter or measurement  334
management  425–444, 490, 576
monitoring  345
savanna  457
seasonality  242
sward  456

Patagonia  88
pelt

dressing  695
fat  397
removal  664, 695
ribby  667

Peppin  7, 522
Perendale  20, 28, 78, 548
perennial

grasses  281, 345, 426, 428, 453, 515
legumes  281
pastures  456, 572

Peru  39, 664
pests  523

vertebrate  453
phalaris  426, 430, 432

staggers  323
phenotype  168

phenotype  168
pheromones  212, 570
phosphorus  267, 271, 307, 311, 322, 350, 353, 364, 479, 

482, 574
photoperiod  204, 521, 538
photosensitisation  436, 542
pineal gland  191
pinhole  669
pinkeye  360, 569
pituitary gland  191, 214
placenta  191, 223, 225, 231, 259, 341
polioencephalomalacia  284, 353, 360, 569
Poll

Dorset  18, 22, 23, 35, 90, 180
Merino  7, 12

pollution  149, 159, 447, 450, 453, 622, 672
Polwarth  13, 26, 87, 90, 587
polyester  555, 648
position of break  282, 411, 589, 607, 635
potassium  267, 271, 307, 311, 322, 350, 354, 482

deficiency  322
salts  619

predators  237, 501, 52
pregnancy  189–222, 223–258, 317

hand feeding  358
late  272
nutrition  263, 269, 339, 522
toxaemia  435, 472, 481

pre-sale testing  594, 600
price

point  651
risk  419, 612

prime lamb
industry  18, 180, 565
production  189, 199, 272
sires  36

private treaty sale  140, 609
Production and Construction Corps (PCC)  115, 129
progestagen

impregnated sponge  210, 215
pregnant mare serum gonadotrophin (PMSG) treatment  211

progesterone  189, 192, 211, 224, 227, 259, 538, 570
prolactin  192, 538, 546
prolificacy  198, 229, 547
propionate  242, 298, 302, 305, 324
prostaglandin  192, 211, 224
protein

intake  248, 342, 388
synthesis  302, 378, 389

protozoa  300, 471
removal  302, 324

proximate analysis  313
Pseudomonas aeruginosa  387, 484
puberty  191

Q

quality assurance scheme  400, 677, 688
quality number  28, 586
quantitative traits  168
quotas  18, 57, 66

R

race
drafting  497, 681
working  499

raddled teasers  210
ram  

effect  201, 212, 570
ewe contact  202
flock  10
harnesses  207, 238
lambs  408, 545
libido  196
nutrition  203
reproductive performance  203–205
sales  683
selection  177, 205, 542, 552
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rangeland
condition  457, 512
systems  507–510
types  511

rearing
artificial. See artificial, rearing
rates  484

remote sensing  344, 445
repeatability  170, 248
reproduction  107, 189–222, 282, 388

diseases  484
rates  248
traits  182

reserve price scheme  49, 106, 508, 525
resistance to compression  386, 535, 554, 593, 604, 643
retail

cuts  397, 677, 704
sales  647, 648

reticulum  295, 298, 306
Rhizobium bacteria  429
ribby pelts  667
risk management  355, 421, 526, 686
romaine  590, 611, 635
Romania  161, 584
Romanov  2, 182, 199, 402
Romney Marsh  20, 89, 227, 587

× Merino  18, 78
rotational grazing  333, 362, 432, 490, 514, 552, 576
roughage  267, 296, 300, 307, 324
rumen  295, 298, 544

bacteria. See bacteria
degradable protein  313
fermentation  304, 323
fluid  307
microbes  295, 299, 342
pH  334, 343, 353, 364
protozoa  300

ryegrass staggers  542
Ryeland  15, 18, 24

S

saleyards  569, 683, 691
saliva  298, 304, 335
salivary glands  297
Salmonella  231, 361, 478, 696
saltbush  323, 336, 354, 362, 428, 511, 518, 692
SA Mutton Merino  28, 100
Sapale  131
Saudi Arabia  57, 680
Saxon Merino  9, 573
scabby mouth  284, 360, 472, 476, 480, 569, 680
Scottish Blackface  31, 587
scoured wool  605, 620, 624
scouring  66, 162, 602, 619, 640, 650
second cross lambs  18, 50, 508, 678
Secondary:Primary (S:P) wool follicle ratio  244
seed and shive  601, 623

selection  165–188, 199
accuracy  237
criteria  12
intensity  277
methods  50
programs  11

selenium  321, 323, 348, 483
deficiency  201, 230, 237, 284, 351, 472, 479
toxicity  351

self-replacing systems  189, 277, 508
semen  195–196

collection  207
dilution  209
evaluation  209
freezing  184, 209
sexed  216
storage  209

seminal
plasma  195
vesicles  195

seminiferous tubules  194, 196
semi-worsted  534, 581, 624, 634
serving capacity  203, 205
sex

glands  194
hormones  189, 194

sexual maturity  203, 216, 396
Sharlea

Society  574
wool  573, 575

shearing  568
centralised  134
combs  668
pre-lamb  88, 552
preparing for  595
scar  667
shed  490, 492
technology  503
time  203, 229, 247, 410, 525, 537, 539

shedded sheep  565, 573
Sheep Genetics Australia  11, 106
Sheep Improvement Limited (SIL)  176, 550
Sheep Meat Eating Quality (SMEQ)  404, 706
shelter  247, 359, 457, 482, 503, 551, 567
silage  281, 321, 334, 343, 362, 416
sire

× environmental interactions  173
rankings  109
reference scheme  32

skin(s)  81, 159, 661–676
slink  671

skirting  89, 136, 495, 594, 611
slaughter

households  140
pre-slaughter handling  691
process  693

slipe wool  58, 553, 671
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sliver  603, 624, 631
sodium  267, 271, 307, 311, 323

deficiency  322, 349
requirements  353

soil  425–444, 452
fertility  420
health  457
moisture  510
samples  349

sorghum  318, 360, 362, 479, 577
sorting  132, 552, 594
South Africa  18, 39, 57, 95–112

breeds  28
South African Meat Merino  29
Southdown  15, 18, 23
South Suffolk  15, 18, 24
Southern Oscillation Index  510
Spain  39, 156, 584, 649, 672
spatial scales  447, 458, 511
speckle  694, 696
sperm

production  203, 408
transport  191, 196

spermatogenesis  196
spinning

count  136
efficiency  385
performance  586
ring  629
worsted  633

S/P ratio  13–17, 375, 384
staple

length  384, 589, 606, 668
strength  170, 282, 384, 589, 606, 656

starch  266, 304, 308, 338, 479
equivalents  313

starvation - mismothering - exposure (SME) complex  235
State farms  114, 124, 129
State Trading Enterprises (STE)  143, 147
steaming  204, 630, 640
steely wool  323, 389
stem cells  373, 377
Steppe  2, 428
stillbirths  233, 484
stocking  rate  77, 88, 207, 229, 237, 245, 280, 296, 336, 

343, 388, 407, 418, 431, 450, 509, 514, 567
stubbles. See cereal grain
stud

daughter  11
parent  11

subcutaneous fat. See fat, subcutaneous
sucrose  301, 304, 309
suede  661, 663
Suffolk  18, 24, 90, 264, 398
suint  385, 619, 622
superfine  13, 38, 52, 87, 104, 565, 587, 609, 657
superphosphate  322, 428

supplementary feeding  245, 278, 308, 331, 336, 347, 357, 
410, 415, 491, 520, 536

Supply and Marketing Cooperatives (SMCs)  114, 131, 143
supply chain management  610, 685
sustainability  162, 165, 421, 425, 445–470
sweat glands  374, 376, 385
sweating  665, 672
Sweden  154, 159, 649
synchronisation  211

T

Taenia ovis (sheep measles)  473
Taiwan  41, 649
tanneries  58, 159
tanning  58, 159, 662, 666
teasers  198, 211
teat

abnormalities  235
damage  572

teeth  5, 297
telogen  377, 388
temperate

grasses  426, 433
zones  37, 412, 533, 542

tender
meat  401, 703
wool  53, 581, 590

terminal sire  20, 99, 550
testes  3, 194, 203, 484
testosterone  194, 204, 570

treated wethers  212
tetanus  479, 523, 542
textile industry  645

China  143
textile mills  132, 144

State-owned  115
thermoregulation  228
thyroxine  236, 388
Tianling Company  132
tillering  350, 430
tip

damage  136, 573
weathering  388

toes. See hooves
topmaking  66, 162, 609, 622, 632
trace element  315, 322

deficiencies  284, 349, 479, 482
transport

sheep  421, 472
wool  495, 553, 614

Trials Evaluating Additional Measurement (TEAM)  590, 656
Trichostrongylus spp  181, 472, 523
triglyceride  271, 304, 397
triticale  49, 355, 360, 364, 413
trypsin  299, 304
Tukidale  31, 32, 377, 533, 553
Turkey  39, 42, 58, 67, 584, 649, 664, 672
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tussock grasslands  78, 428
twin

bearing ewes  247, 340, 482
lambs  200, 234, 241, 244, 262, 268, 337, 540
lamb disease  481
rearing ewes  342

twinning  199, 242, 246
rate  101, 213

twisting  630, 633

U

udder(s)  229, 240, 259, 263, 546
abnormality  236
damage  265
problems  572

ultrasonic
back fat measurement  166
scanning  549

ultrasound  182, 237, 245, 362
undernutrition  262, 280, 284
United Kingdom  18, 39, 55, 67, 154, 156, 584, 649, 653, 672
United States  38, 42, 67, 69, 313, 323, 571, 583, 584, 649, 

653, 678
upholstery  132, 159, 534, 581, 582, 634, 640, 661, 663, 667
urea  230, 295, 299, 305, 338, 353, 381
urine  189, 212, 261, 312, 323, 350, 433, 494, 592, 691, 692
Uruguay  18, 86, 664

exports  584
meat  42, 58

USSR  6, 39
uterine horns  209, 215
uterus  169, 189, 192, 224, 229, 233, 246, 317

V

vaccination  214, 245, 360, 409, 479, 485, 499, 523, 542, 
680, 688

vaccines  479, 484
vagina  189, 209

artificial  209
Van Rooy  101, 592
vasectomised rams  213, 238
vegetable matter (VM)  588, 600

contamination  387, 536
content  534, 581
removal  623

vitamin(s)  271, 311,  321
deficiencies  307, 321, 361
requirements  353

volatile fatty acids (VFAs)  295, 298, 479
voluntary feed intake  302, 539
vulva  189, 226, 246, 408

W

water  323, 453
contaminated  361
equipment  566

holding capacity  399, 401
intake  268, 343
load  307
point  514
systems  500
turnover  261, 270
use  425, 432, 460, 576

weaner 277–294
ill thrift  522
management  277–294
survival  35

weaning  189, 337
age  278
early  247, 271, 522, 546
weight  107, 170, 228, 540

weeds  355, 415, 541
management  436
spread of  516
woody  512

weight
birth. See birth, weight
gain  261, 267, 335, 524, 569
weaning. See weaning, weight

wet
and dry  240
ewes  202
finishing  640
markets  140

wether(s)  282, 395, 416, 418, 431, 508
wheat  339, 355, 360, 362, 429, 447, 479, 574

sheep zone  10, 26, 50, 61, 64, 281, 412, 425, 456, 507, 
520

White Dorper  37, 99, 596
White Suffolk  16, 24, 36, 180, 339, 596
Wilton  637, 641
Wiltshire Horn  1, 16, 25, 339
windbreaks  454, 567
winding  624, 630, 634
winter

cereal  341
comb  539
forage  232
grain  102
growth  434
herbage  426
pasture  125, 341, 438
rainfall  59, 88, 280, 425, 512
wheat  349, 427, 434

wire
clothing  624, 628
fencing  497, 501

withholding periods  422, 477, 478, 485, 545, 688
woolgrease  619, 622
woollen

carding  628
processing  143–147, 581, 623
spinning  629
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system  534, 633, 650
yarn  628
yarns  586, 639, 643

Woolmark™  554, 650, 657
woolskin  661, 663, 670
worm egg counts (WEC)  110, 170, 411, 474
worms round  181, 472,  474, 523
worsted  630

processing  143–147, 581, 624
system  534, 619

woven carpets. See carpets, woven
wrinkles  182, 409, 667, 670
wrinkle score  177, 386

X

Xinjiang  120, 122, 131
fine wool  114

Y

yarn count  586, 629
yards  497–499
yellowness  385, 548, 552, 592, 604
yield  584, 600

milk  259, 270

Z

Zenith  13, 20, 27
zinc  311, 353, 388, 479

deficiency  201, 230, 322, 349, 357
Ziniquan  115, 130
zona pellucida  191, 223
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