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Foreword

Desertification is one of the most alarming processes of environmental degrada-
tion. It is about land degradation: the loss of the land‘s biological productivity,
caused by human-induced factors and climate change, affecting one-third of the
Earth‘s surface and over a billion people. Moreover, it can have devastating conse-
quences in terms of social and economic costs.

The impacts of land degradation on global food security and the quality of the
environment are of major significance and concern when one considers that only
about 11% of the global land surface can be considered as prime land, yet this must
feed the 6 billion people inhabiting the World today and the 8.2 billion expected
by the year 2020. Long-term food productivity is threatened by soil degradation,
which is now severe enough to reduce crop yields on approximately 16% of the ag-
ricultural land, especially in Africa and Central America, as well as the African
pastures. The rate of land degradation is highest in Sub-Saharan Africa, where it
is estimated that losses in productivity of cropping land are in the order of 0.5-1 %
annually, suggesting a cumulative loss of at least 20% over the last 40 years.

Sustainable development of countries affected by drought and desertification
can only come about through concerted efforts based on a sound understanding
of the different factors that contribute to land degradation around the World. Cli-
matic variations are recognized among the major factors contributing to land deg-
radation, as defined in the United Nations Convention to Combat Desertification
(UNCCD), and it is important to understand the respective roles of the different
climatic factors in land degradation. For example, development and adoption of
sustainable land management practices are among the major solutions adopted to
combat land degradation over drylands, but to accurately assess sustainable land
management practices, the climate resources and the risk of climate-related or cli-
mate-induced natural disasters must be well known for a given region.

Only when climate resources are paired with potential management or devel-
opment practices can the land degradation potential be assessed and appropriate
mitigation technologies be developed. The use of climate information must be ap-
plied effectively in developing sustainable practices, since climatic variation is one
of the major factors contributing to or even acting as a trigger to land degradation.
There is therefore a clear need to consider carefully how climate can induce and in-
fluence land degradation.

The World Meteorological Organization (WMO) contributes to the understand-
ing of the interactions between climate and land degradation through dedicated
observations of the climate system; improvements in the application of agrometeo-
rological methods and the proper assessment and management of water resourc-
es; advances in climate science and prediction; and promotion of capacity build-
ing in the application of meteorological and hydrological data and information in



drought preparedness and management. However, much more needs to done, such
as the promotion of further interest and research in this topic.

At its 58th ordinary session, the UN General Assembly declared 2006 to be the
International Year of Deserts and Desertification (IYDD). In doing so, the Gen-
eral Assembly underlined its deep concern for the exacerbation of desertification,
particularly in Africa, and noted its far-reaching implications for the implemen-
tation of the Millennium Development Goals (MDGs), which must be met by the
year 2015. Accordingly, the IYDD presents a golden opportunity to get the message
across, strongly and effectively, that Desertification is a global problem that we can
only ignore at our own peril. It also offers an impulse to strengthen the visibility
and importance of the drylands issue on the international environmental agenda,
while providing a timely reminder to the international community of the immense
challenges that still lie ahead.

In recognition of the importance of climatic factors in land degradation, the
Seventh Session of the Conference of Parties (COP-7) to the UNCCD accorded pri-
ority to climate issues in land degradation in the future work of the Committee on
Science and Technology (CST) of the Convention, inviting WMO to organize and
find the necessary funding for an International Workshop on Climate and Land
Degradation in 2006, in the spirit of implementation of the International Year of
Deserts and Desertification (IYDD) and also asking CST to assist WMO in finding
experts for this workshop.

It is with this background that WMO, the UNCCD Secretariat and the Tanza-
nia Meteorological Agency jointly organized in Arusha (Tanzania), from 11 to 15
December 2006, the International Workshop on Climate and Land Degradation.
The workshop, which was cosponsored by the Organization of the Petroleum Ex-
porting Countries (OPEC) Fund for International Development (OFID), the Unit-
ed Nations Development Programme (UNDP) and the United Nations Education-
al, Scientific and Cultural Organization (UNESCO), focused the way that climate
induces and influences land degradation and what measures need to be taken in
order to enhance the applications of weather and climate information to combat
land degradation.

We hope that the papers presented in this book will serve as a significant source
of information to the CST as well as to all agencies and organizations involved in
designing and implementing appropriate strategies for sustainable land manage-
ment to arrest land degradation.

M. Jarraud Hama Arba Diallo
Secretay-General Executive Secretary
World Meteorological Organization Secretariat of the Convention

to Combat Desertification
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Preface

Land degradation is a threat to natural resources with consequences on food secu-
rity, poverty, and environmental and political stability.  The increasing occurrence
of climate extremes (for example heat waves, droughts, heavy precipitation) is hav-
ing an impact on land degradation processes, including floods, mass movements,
soil erosion by water and wind and salinization in all parts of the globe.  Climate
variability, climate change and land degradation are intimately linked and are gen-
erating unexpected effects, for example, an increased occurrence of weather con-
ditions that are suitable for a fire to start, or to propagate in the wild, in large parts
of the globe.  Sustainable development of countries affected by drought and de-
sertification can only come about through concerted efforts based on a sound un-
derstanding of the different factors including climatic variations that contribute to
land degradation around the world.

To address these key issues, experts from around the world were brought togeth-
er at an International Workshop on Climate and Land Degradation which was held
in Arusha, United Republic of Tanzania from 11 to 15 December 2006. The work-
shop focused on how climate induces and influences land degradation and what
measures need to be taken to enhance the application of weather and climate in-
formation to combat land degradation.  The workshop was organized by the World
Meteorological Organization, the United Nations Convention to Combat Desert-
ification (UNCCD) and the Tanzania Meteorological Agency and was co-spon-
sored by the OPEC Fund for International Development (OFID), the United Na-
tions Development Programme (UNDP) and the United Nations Educational, Sci-
entific and Cultural Organization (UNESCO).

Specific objectives of the Workshop were:
 To survey the status of, and summarize the information on, trends in land deg-

radation at national and regional levels;
 To review and assess the extent to which weather and climate data and informa-

tion are currently used at the national and regional levels in order to adequately
monitor and assess land degradation and to develop sustainable land manage-
ment practices to combat land degradation;

 To provide recommendations on appropriate strategies for reducing land degra-
dation through more effective use of weather and climate information and ap-
plications;

 To assess the historic loss of terrestrial carbon pool due to land degradation,
and estimate the potential of carbon sequestration in soil/terrestrial ecosystems
through soil restoration and desertification control;



 To assess the feasibility of restoring degraded/desertified lands with a view to
achieving food security in the affected developing countries;

 To document case studies of successful measures to manage land use, protect
land and mitigate land degradation;

 To suggest ways and means of improving the implementation of the National
Action Programmes (NAPs) through the effective use of early warning.

Sixty four participants from 30 countries and 5 UN agencies (WMO, UNCCD,
FAO, UNDP, UNEP) presented state-of-the-art papers, real world applications and
innovative techniques for combating land degradation, and offered recommenda-
tions for effectively using weather and climate information for sustainable land
management practices.

Altogether there were 9 sessions (including the opening and closing session) in
the workshop during which 34 invited papers were presented addressing the differ-
ent specific objectives of the workshop. All the participants in the workshop were
engaged in discussions on these papers and developed several useful recommenda-
tions for all organizations involved in promoting climate prediction and applica-
tions in agriculture, and in combating land degradation particularly in the devel-
oping countries.

This volume includes 33 invited papers presented at the workshop, the conclu-
sions and recommendations that emerged out of the working group discussions
and the final workshop statement.  As editors of this volume, we would like to
thank all the authors for their efforts and for their cooperation in bringing out this
volume in time. We are most grateful to Mr. M. Jarraud, the Secretary-General of
WMO and Mr Arba Diallo, Executive Secretary of the UNCCD for their continu-
ous support and encouragement.

Mannava V. K. Sivakumar
Ndegwa Ndiang’ui
Editors
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CHAPTER 1

The Assessment of Global Trends in Land Degradation
Uriel N. Safriel

Abstract. The motivation for quantitative assessment of land degradation at a glob-
al scale is its recognition as an environmental issue of global societal implications. 
Yet, due to the non-robust definition of “land degradation” and to the paucity of 
field data, the five global assessments carried out and presented between 1977 and 
2003 differ in the selection of measurable attributes of land degradation, in the 
quality of the data sets, and in their spatial coverage. This resulted in a plethora of 
degradation estimates ranging 15% to 63% of global degradation and 4% to 74% 
of dryland degradation. Of these, the figure of 70% degradation (for the drylands 
only, comprising 41% of global land) has been cited more than the others. Though 
likely to be overly exaggerated (because it stands for a combination of degrada-
tion degree of a land unit and its spatial extent within the mapping unit of which 
it is a part), this high estimate has apparently served well the globality notion of 
the dryland degradation syndrome, essential to rallying support for international 
development assistance under the UNCCD. This thirst for development assistance 
aimed at “combating desertification” attracted to the UNCCD some 70 non-dry-
land developing countries (compared to 93 developing dryland country Parties) 
which experience land degradation that is not included in global assessments of 
desertification, since only dryland degradation qualifies as “desertification”. The 
texts of the various assessments, including that of GLASOD as well as the UNCCD 
definition often trade off “desertification” with “susceptibility” to or “threat” of 
desertification. This suggests that an assessment of vulnerability to desertification 
rather than its actual occurrence are of higher credibility and utility for policy- and 
decision-making. 

Though soil degradation featured highly in the currently available global deg-
radation assessments, remotely-sensed vegetation attributes not only assess the 
most valued but threatened ecosystem service, but are also amenable for assess-
ment at the global scale. However, caution is required when using this tool espe-
cially in drylands where productivity is tightly linked to rainfall variations. The 
monitoring required to meet the persistence criterion for qualifying desertifica-
tion can be also used to detect current desertification trends, which are of rele-
vance for policy-making even more than defining current desertification status. 
To discern changes of productivity due to state of the land from those due to rain-
fall features, the ratio of NPP to rainfall (RUE) could be useful were it not neg-
atively correlated with rainfall itself. An alternative method for detecting deg-
radation trends, the Residual NPP Trends (RESTREND) is currently under de-
velopment. It is based on an analysis of the residuals of the productivity-rainfall 
relationship throughout a time period for each pixel in the explored region. A sta-
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tistically significant negative regression of the residuals on time identifies a deg-
radation trend, and the slope stands for its magnitude. To be reliable on a global 
scale such a remote-sensing approach would serve for guiding field observations 
required for its own verification. 

1.1
Introduction

1.1.1
Land degradation – what is it and how is it assessed

It is difficult to trace the origin of the term “land degradation”, a currently widely 
used term which assumes diverse, overarching definitions. An international legal-
ly-binding definition, that of the United Nations Convention to Combat Deserti-
fication (UNCCD) which entered into force in December 1996, describes “Land” 
as a “terrestrial bio-productive system that comprises soil, vegetation, other biota, 
and the ecological and hydrological processes that operate within the system”, and its 
“degradation” as “reduction or loss … of the biological … productivity, … resulting 
from land uses, … or combination of … processes, such as… soil erosion … deterio-
ration of … properties of soil … and long-term loss of natural vegetation”. Applying 
the more recent conceptual framework of the Millennium Ecosystem Assessment 
(Millennium Ecosystem Assessment 2005a), the above rather cumbersome defini-
tion of “land” can be shortened to “A terrestrial ecosystem”, and “land degradation” 
– to “reduction or loss of ecosystem services, notably the primary production service” 
(Safriel and Adeel 2005). This is portrayed in Figure 1.1, featuring components of 
terrestrial ecosystems relevant to “land degradation” – soil, and its vegetation cov-
er (be it grass, shrubs or trees) and “land degradation”-relevant services of such 
ecosystems; their linkages (e.g. the food provisioning service that is supported by 
the primary production service) and inter-linkages (e.g. between soil and vegeta-
tion cover) impinge on the people whose livelihood and hence well-being directly 
depend on the pivotal ecosystem service of primary production.

Thus, “land degradation” has validity only in the social context of human ben-
efit derived from use of ecosystems by people (Blaikie and Brookfield 1987). It can 
therefore be assessed by the effect of this use on the service of primary production, 
which generates products of biological origin, on which much of human well-being 
depends. Accordingly, the degree of “ecosystem health” or its counteracting pro-
cess of “land degradation” is often derived directly by assessing the soil, the veg-
etation cover or primary productivity itself. This is because each of these is a cor-
relate of the other. Land degradation can be also indirectly inferred by assessing 
crop production (e.g. the food provisioning service), or even by using indicators of 
human well-being. 

Earlier land degradation assessments evaluated soil parameters, whereas vege-
tation assessment and especially assessments of primary production have recently 
become more common. But since the functional relations between soil and vegeta-
tion parameters may not be linear (Prince 2002), the values for “land degradation” 
of a site may vary according to the variable chosen to represent it. 
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1.1.2
The need for assessment at a global scale

Land degradation, expressed in soil salinization and water-logging (driven by over-
cultivation and mismanagement of river courses) and soil loss (driven by overgraz-
ing and deforestation), was implicated for the demise of ancient civilizations in 
both the old and the new world, and for 20th century human suffering in indus-
trial (e.g. the US “dust bowl” of the 30s) and developing (e.g. the Sahel droughts 
of the 70s and the 80s) countries (Dregne 1983; Hillel 1991; Oldeman et al. 1991; 
Diamond 2005). Vivid qualitative descriptions of such events are common, though 
their extent in terms of degraded lands and affected populations have rarely been 
satisfactorily quantified. 

The motivation for quantitative assessment of land degradation, and at a global 
rather than a local scale or even a regional scale, was the recognition of the envi-
ronment-development interlinkages, emerging during the second half of the 20th

century (WCED 1987). This realization, that intensified development reduces the 
potential of the environment to support it was amplified by the emergent recogni-
tion that many of the environmental as well as their coupled social problems, are of 
a trans-boundary nature, and therefore addressing them requires attention at re-
gional, and often even at global, rather than just at the local scale (e.g. Agenda 21 
(UN 1993)). 

Fig. 1.1. Linkages within and between supporting and provisioning services (blank rectangles) of 
a terrestrial ecosystem (the grey rectangle), and between the ecosystem and human well-being. 
The states of vegetation cover and of soil (dotted rectangles) are direct indicators of land state 
(degraded or not degraded); the states of food provision and human well-being (stripped rectan-
gles) are indirect indicators of land state. Thick arrows highlight a path linking the state of soil 
to state of human well-being.
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These realizations have apparently been instrumental in processes (e.g. the 
United Nations Conference on Desertification, UNCOD) leading to negotiating 
and adopting legally-binding global, international agreements. Most notable in 
this context are the three “Rio Conventions”, which among other things, address 
land degradation, either directly (UNCCD) or indirectly (Convention on Biodi-
versity (CBD) and the United Nations Framework Convention on Climate Change 
(UNFCCC)). The pragmatic thrust of these three conventions, is the implicit and 
often explicit distinction they make with regard to obligations, between industrial 
and developing countries. Among other things, the industrial ones are expected 
to assist the developing ones in addressing their environmental problems, includ-
ing land degradation; at least implicitly, “their” environmental problems are “ours” 
too, due to their global nature. 

The response of three major stakeholders to this distinction was conducive for 
initiating assessments of land degradation and its social implications at a global, 
rather just a local scale. Developing country parties of UN conventions were mo-
tivated not only to define and quantify the geographical and population extent of 
problems within their boundaries, but also impress the developed country parties 
about the globality of their problems (e.g. Chasek and Corell 2002). When con-
fronted with this claim, developed country parties required tools for reliably quali-
fying land degradation. A third stakeholders group is the specialized agencies and 
programs of the United Nations system, UN-associated entities and other inter-
national bodies involved in coordination and implementation of international de-
velopment assistance. Striving to expand and invigorate their activities, these have 
also been instrumental in promoting the notion of land degradation as a syndrome 
of a global impact, thus advocating for its inclusion in their mandates. 

Thus, by the 80s of the 20th century the ground was ripe for initiating efforts to 
assess land degradation on a global scale. It was implicitly assumed that a global 
assessment, which would of course be based on local assessments spanning over 
the globe, would accomplish more than just the sum of local assessment would: 
even if these assessments would not generate an added insight into causes of and 
responses to local land degradation, the added benefit would be in impressing de-
cision- and policy-makers at all levels, from local grassroots to international ones, 
with the need to address land degradation (Oldeman et al. 1991; Bridges and Olde-
man 1999). 

1.1.3
Assessment of land degradation at the global scale

Only five attempts to carry out and present assessments of land degradation at a 
global scale took place during the last 30 years, either by an individual researcher 
(H. E. Dregne), or commissioned and/or executed by international organizations 
(e.g. United Nations Environment Program (UNEP), World Soil Reference and In-
formation Center (ISRIC), and the Millennium Ecosystem Assessment (MA)). As 
a first attempt, the production of a “Generalized map of the status of desertification 
on arid lands” included in one of the official documents of UNCOD (Dregne 1977), 
which “was based on very little data or experience and has only historical signifi-
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cance” (Dregne 2002), the coverage and quality of these assessments improved. 
Yet, none of them can be considered a reliable source of information or a useful 
resource for policy making. All the five assessments differ in the reasons for their 
shortcomings, but they share two major causes: (a) inherent difficulties in defining 
and hence in measuring the attribute chosen to represent “land degradation”, and 
(b) varying degrees of paucity of field data. These shortcomings are best expressed 
by the scatter of values for the overall spatial extent of global land degradation, as 
unfolded in this chapter.

As described in the following sections of this chapter, in-spite of past and ongo-
ing current efforts, no satisfying assessment of land degradation at the global scale 
is yet available, and also not expected to be available at least until the end of the 
first decade of the 21st Century. Nevertheless, preliminary results of ongoing work 
indicate that figures attributed to the magnitude of the land degradation problem, 
used at the political arena and cited in grey literature might have been overly in-
flated (e.g. “Desertification affects … 70 per cent of all drylands” – Ch. 12 of Agenda 
21, UN 1993). Given this, and being also motivated by the assessment reports of 
the Intergovernmental Panel on Climate Change (IPCC) which provide future pro-
jections, somewhat apprehensive decision-makers but also scientists suggest that 
the assessment of trends of land degradation is more practical and instrumental 
for mobilizing action, than just an assessment of the current state of global deg-
radation (Millennium Ecosystem Assessment 2005b). As will be elaborated on in 
the following sections, assessment of trends of land degradation at the global scale 
hardly exist currently, though promising methods for their assessment are being 
developed.

1.2
Assessment of current degradation

1.2.1
Global land degradation and dryland desertification

The five “global” assessments greatly vary with respect to their products (Table 1.1), 
and their data coverage and quality (Table 1.2). GLASOD has the largest coverage 
and engaged the most intensive effort to date, yet it also attracts considerable criti-
cism. GLASOD however, was preceded by assessment products of Harold Dregne, 
which unlike GLASOD that addressed global “land degradation” (“Global Assess-
ment of Human-induced Land Degradation”), addressed “desertification” in “arid 
lands”, i.e. in drylands only, as the name of this product signifies (“Desertification 
of Arid Lands”). 

Since desertification is defined by the UNCCD as “…land degradation in arid, 
semi-arid and dry sub-humid areas …” (UNEP May 1995) and since these three cli-
matic zones (together with the hyper-arid zone) are “drylands” – lands where wa-
ter input via precipitation relative to output in all forms, aggregated to “potential 
evapotranspiration” (i.e., the “aridity index”) ranges between 0.05 to 0.65 (Middle-
ton and Thomas 1997), the first three “global” assessments of Table 1.1and Table 
1.2 are not really global. Furthermore, for the preparation of the World Atlas of 
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Table 1.1. Assessments and their products

Assessment’s identification

Name used
in this 
chapter

UNCOD1

map
Dregne 
book

Dregne & 
Chou book 
chapter

GLASOD MA Desk 
Study

Full title Generalized 
Map of the 
Status of 
Desertifi-
cation in 
Arid Lands

Desertifi-
cation of 
Arid 
Lands

Global 
Desertifi-
cation 
Dimensions 
and Costs

Global 
Assessment 
of Human-
induced Land 
Degradation 

Synthesis 
on the Main 
Areas of Land-
Covern and 
Land-Use 
Change 

Organiza-
tions or 
institutions 
involved

UNEP2 Texas Tech 
University

Texas Tech 
University

ISRIC3,
commissioned 
by UNEP 

IGBP/IHDP4

LUCC5,
GTOS6,
commissio-
ned by the 
MA7

Products

Data bases None None None Geo-referenced 
digital version 
of original data 
base, performed 
by and available 
at GRID8

(GRID 1991) 

Secondary 
data, reference 
to data sources 
and summary 
of Synthesis 
available on a 
website

Maps Map, in 
UNCOD A/
CONF 74/31, 
(Dregne, 
1977)

Global 
and 
continental 
maps, in 
figures of
a book

None 1:10 million 
scale wall chart 
produced and 
published by 
ISRIC in 1990. 
Mapping of 
degradation by 
types in WAD9, 
and by countries 
(FAO no date b.)

Map of 
10x10 km 
spatial 
resolution, in 
a Report at the 
LUCC website 
(Lepers 
2003), and 
in a journal 
publication 
(Lepers 
et al. 2005)

Publications none Book, 
with figures 
of maps 
(Dregne 
1983)

Chapter in 
a book 
(Dregne 
and Chou 
1992)

Website 
downloadable 
file, (Oldeman 
et al. 1990, 1991; 
UNEP 1992; 
Oldeman 1994)

A report at 
LUCC website 
(Lepers 
3003), and 
in a journal 
publication 
(Lepers et al. 
2005)

1 United Nations Conference on Desertification; 2 United Nations Environment Programme;
3 ISRIC – World Soil Information; 4 International Geosphere-Biosphere Programme/International 
Human Dimension Programme on Global Environmental Change; 5 Land Use and Land Cover 
Change; 6 Global Terrestrial Observing System; 7 Millennium Ecosystem Assessment; 8 Global 
Resource Information Database; 9 World Atlas of Desertification
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Desertification (WAD, Middleton and Thomas 1997) the land degradation data 
in the three dryland type of the UNCCD only, were extracted from the GLASOD 
data base for drawing maps and calculating statistics of global desertification. This 
is in-spite the fact that by its own definition GLASOD is engaged with “human-in-
duced” land degradation only, whereas the UNCCD defines the drivers of deserti-
fication as “climatic variations and human activities” (UNEP May 1995). In addi-
tion, the MA Desk Study too focused on “desertification”, i.e. dryland degradation 
(though it included the hyper-arid dryland zone too). Thus, the major thrust of as-
sessing global land degradation is for all practical purposes limited to only 41% of 
the global land, which comprises the four dryland zones (Safriel and Adeel 2005). 

1.2.2
Is land degradation in drylands different than that in the non-drylands?

The relevant literature is not explicit regarding why an aridity index value of 0.65 
has been selected for demarcating drylands from non-drylands. The dry-subhumid 
zone that is delimited by that value is characterized by highly seasonal rainfall with 
less than 25% inter-annual rainfall variability. UNESCO (1977) included this zone 
in the dryland realm due to its being “very susceptible to degradation, probably en-
hanced by the seasonality of rainfall, drought periods and the increasing intensity of 
human use” (Middleton and Thomas 1997). Once the drylands‘ aridity extent has 
been defined in that way, one can only explore ways in which the drylands differ 
from non-drylands in features relevant to land degradation. 

The Millennium Ecosystem Assessment demonstrated that the drylands, as de-
fined by UNESCO (1977) and the WAD (Middleton and Thomas 1997) are of very 
low net primary productivity and at the same time are of the highest population 
growth rate (during the last two decades of the 20th Century), as compared with all 
other terrestrial major ecosystem types (Fig. 1.2). This combination may indeed ac-
count for high human pressure on scarce natural productivity, one that makes the 
drylands susceptible to land degradation more than non-drylands. Indeed, using 
GLASOD data, land degradation in the “susceptible drylands” (following UNCCD 
usage hyperarid drylands are not susceptible to desertification, hence all other 
three dryland zones are termed “susceptible” [to desertification]) is significantly 
higher (20% of their global areas) as compared with that of “other” areas – mostly 
the “humid” areas (39.2% of global land) but also the hyperarid ones (7.5% of glob-
al land, Middleton and Thomas 1997), which is only 12% (Table 1.3). 

A shortcoming of the GLASOD data analysis is its lumping together the most 
and the least arid global lands into the category of “non-drylands”. But even if in-
deed land degradation in drylands is more prevalent than in non-drylands, the 
fact that all the available assessments of current land degradation (Tables 1.1 and 
1.2) focus on “desertification”, i.e., on degradation in drylands only, can be attrib-
uted to political rather than to biophysical considerations. Chapter 12 (“Manag-
ing fragile ecosystems: combating desertification and drought”) of Agenda 21 (UN 
1993) and the subsequent negotiations on a third Rio agreement – the UNCCD- 
that would specifically and explicitly target Africa (“United Nations Convention to 
Combat Desertification in those Countries Experiencing… Desertification, par-
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Fig. 1.2. Drylands‘ Net 
Primary Production (NPP) 
and population growth rate 
compared to other Millenni-
um Ecosystem Assessment‘s 
global terrestrial systems 
(Millennium Ecosystem 
Assessment 2005a)

ticularly in Africa”) were triggered by the public and political impact generated by 
the Sahelian droughts of the 70s and 80s of the 20th Century. These political pro-
cesses culminating in the emergence of a legally-binding instrument addressing 
“desertification”, required assessment of land degradation where according to this 
agreement it may occur – specifically in the “susceptible” drylands, rather than in 
the world over. 

As implied by Article 2 (“Objectives”) of the UNCCD, the objective “to combat 
desertification …in countries experiencing … desertification, particularly in Africa 
… through effective action … supported by international cooperation and partner-
ship arrangements …” means an effective orchestration of the support of industri-
al countries to dryland developing countries in effectively addressing their land 
degradation problems. Indeed, as of its opening for signature on October 1994 de-
veloping “affected” countries (countries with lands “affected or threatened by de-
sertification” – UNCCD) rushed to ratify the Convention, but also joined the Con-
vention a few “non-affected” developing countries, i.e. countries that simply do 
not have drylands, hence by definition can not be “affected”. Since the Convention 
opened to accession the number of Parties steadily increased but as of 1997, some 
3-4 years after being opened for signatures and about one year after the conven-
tion entered into force, the rate of increase in number of joining “affected” coun-
tries slowed down. At the same time the number of non-affected developing coun-
tries joining the Convention was still on a steep increase (Fig. 1.3), slowing down 
only in the mid 1999, yet more countries of this category joined until 2004 in a 
rate faster than that of affected countries. This interest of developing non-dryland 
countries in the UNCCD culminated in adding a new, fifth implementation annex 
to the UNCCD, one for Central and Eastern European Countries which includes 
17 developing countries, 11 of which do not have drylands within their boundar-
ies, hence they have no desertification to combat. Currently, of the 191 Country 
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Parties to the UNCCD 93 are developing dryland (“affected”) countries, and 69 
are non-dryland developing ones; the ratio of non-dryland to dryland develop-
ing countries rose from 0.33 in 1995 to 0.74 in 2004 (Fig. 1.3). It should be noted 
also that a large proportion of the developing dryland countries, mostly those that 
joined the UNCCD late, have within their boundaries only the least dry drylands, 
namely dry-subhumid areas; or altogether the amount of drylands within their ter-
ritory is very small.

Most of the non-dryland developing countries and those with a very small pro-
portion of drylands in their territory that joined the UNCCD are affected by or 
prone to land degradation. Their motivation to join the UNCCD is the aspired ben-
efit from the tendency of donor countries and international funding agencies like 
the Global Environment Facility (GEF) to support projects that address the prob-
lem of “land degradation” anywhere in the developing world, rather than focus on 
“desertification”, which occurs only in drylands. Furthermore, there are some sa-
lient cases in which land degradation in a non-dryland country is far more severe 
than in any dryland country (e.g. Iceland, Arnalds et al. 2001). Thus, for all prac-
tical purposes the UNCCD has evolved into an instrument for addressing glob-
al land degradation, not necessarily limited to drylands and to “desertification”. 
This is the rationale for attributing globality to assessments of desertification at the 
global scale, provided it is qualified when an assessment addresses land degrada-
tion just in the drylands (i.e., desertification) or also in non-drylands. 

1.2.3
Degradation degree and degradation severity

Assessment of degradation, especially on a global scale, involves three stages – (a) 
generating numerical data based on ground observations and measurements; (b) 
transforming the numerical data to map units; and (c) extracting statistics by sub-
jecting map units to various analyses. Regarding the first stage, the two major as-

 Table 1.3. GLASOD soil degradation – drylands vs. non-drylands1

Susceptible drylands2 Other areas3 Total land

Million ha (% degraded of aridity class)

Degraded 1,035.2 (20.0) 929.2 (11.8) 1,964.4

Nondegraded 4,134.0 (39.7) 6,914.3 (60.3) 11,048.3

Total land 5,169.2 7,843.5 13,012.7

2 = 163.3, P<0.001

1 Data from WAD, p. 18, Table 1.4
2 Semiarid, Arid & Dry subhumid lands
3 Mostly Humid, but also Hyperarid lands
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sessments (see Table 1.1 and Table 1.2 for information) were based on observations 
of several land (mostly soil) attributes, which were more often qualified than quan-
tified, and then aggregated into a few classification units ranging from “low” to 
“high” degradation “degrees”(Table 1.4).

Regarding the second stage, the transformation of these classified degradation 
degrees into map units often has to grapple with a mismatch between the ground 
sampling scale and the map unit’s scale. Thus, only one part of each mapping unit 
may be affected by degradation and it is not known which part of the unit is de-
graded and which is not. Hence, when deriving cartographic output, shading the 
entire polygon is the only option, although this gives an exaggerated impression of 
the extent of degradation.

Therefore, regarding the third stage of generating land degradation statistics, 
two different statistics may apply. The first takes into account only the actual de-
graded area, i.e. aggregating land units according to their degradation degrees. The 
second is to use a composite estimate of “degradation severity” – a combination 
of degradation degree and its spatial extent within mapping units (Table 1.5). It is 
claimed that while the latter results in an inflated figure of degradation, the former 

Fig. 1.3. Cumulative number of country parties to the UNCCD (following their ratification of the 
convention) in each quarter-year since the convention was opened for accession (areas under 
curves), and the ratio of developing non-dryland countries to developing dryland countries at 
the end of each year (red curve). List of countries and the dates of their acceptance are from the 
UNCCD website (www.unccd.int). A developing Country Party was defined as “dryland coun-
try” when UNEP’s map (downloaded from the Millennium Ecosystems Assessment core data-
base) of the global drylands (also used by the WAD) shows drylands within its boundaries, irre-
spective of the proportion of these drylands of the total country‘s area. 



Chapter 1: The Assessment of Global Trends in Land Degradation 13

Table 1.4. Assessment of Degradation Degrees

Assessment’s identification

Degradation
types

Assessed degration attributes Range of values (from low to high degree)

Desertification 
of Arid Lands – 
1983 & 19921

Global Assessment 
of Land Degradation 
(GLASOD) – 19902

Soil erosion Lost soil Topsoil Little to all Little to all

Subsoil None to some

Gullying Low to servere

Space between rills (water erosion) >50m – <20m

Area coverage by holes 
(wind erosion)

10% – >70%

Sheet erosion Moderate to servere

Blow out areas, hummocks Few to numerous

Vegetation cover <30% – >70% of area

Soil salinity3 Observed salinity (in ECe) ECe x 103 <4 – 
ECe x 103 15 mmhos

Salinity change during last 50 years 
(in EC, and ESP<15%, pH<8.5, 
3 range classes within the range 
5mS/cm - >16 mS/cm)

Slightly to severely 
saline, depending 
on the number of 
range classes added 
to salinity prior to 
degredation

Nutrient 
depletion

Cultivation of cleared range or 
forrest

Cultivated crop Perennial/annual 
crop

Potential of fertilizer to offset lost 
productivity

Moderate to non-
existent

Rich to poorQuality of soil parent material

Vegetation Representation of climax species 50% – <10%

Loss in range productivity >25% – >75%

Range quality estimate Fair-poor

crop yield <10% – >90%4

1based an Dregne 1983, pp.17,171–173, and most criteria are the saure as in Dregne and Chou 
1992 assessment,
2based an WAD, boxe 1 p. 26, box 2 p. 27 and boxes 3, 4, p. 26
3EC – Electric conductivity of a saturated soll extract ESP– Exchangeable sodium percentage‚ mS 
– millisiemens mmhos – millimhos, whereby mho is a reciprocal of an Ohm
4In Dregne and Chou 1992 assessment the highest degradation degree is >50% loss of crop yield
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may be an underestimate of the overall phenomenon. This is because it does not 
take into account (a) the effect of the degraded site on the use of the land surround-
ing it, (b) off-site effects, such as sedimentation and others, and (c) the adverse ef-
fects upon the economy as a whole, whether at village, regional or national levels. 
For these reasons FAO for example chose to use “degradation severity” when pre-
senting the GLASOD database applied to individual countries on its website, as “an 
indicator of the overall seriousness of degradation, within a mapping unit, country 

Table 1.5. Assessment of Degradation Severity (combination of degradation degree and its spatial 
extent)

Desertification of Arid Lands – 19831

Severity

Degree

Percentage of area of a mapping unit affected by each degradation 
degree

Slight Moderate Severe Very severe

Slight 0–50 0–50
Moderate
Severe 0–20 0–30 30–100
Very servere 0–10 0–30 0–30 30–100

Global Assessment of Land Degradation (GLASOD) – 19902

Severity3

Degree
Low Medium High very High

Light 0–10 11–50 51–100 0
Moderate 0–5 6–10 11–50 51–100
Strong 0 0–5 6–10 26–100
Extreme 0 0–5 6–10 10–100
Frequency classes 
(% of mapping unit 
actually degraded)

>5 6–10 11–25 26–50 >50

Frequency 
definitions

Infrequent Common Frequent Very
frequent

Dominant

1 based on Dregne 1983, pp. 17, 171-173 
2 based on Oldeman et al. 1991 Fig 5 p. 15 and FAO no date a Fig. 13.
3 A low severity class in either 0-10% of area of the mapping unit covered by light degree or 0–5% 
cover by moderate degree. If the light degree covers more than 10% of the area the severity willbe 
medium if the cover is up to 50% and very high if it is up to 100%; Each map unit of GLASOD has 
at most two types of degradation, and the severity class of the units will be elevated, depending 
on their relativ degree and extent; Maps and statistics for each country, derived from GLASOD 
data base are available in FAO website (FAO no data b): on each map each map unit is colored 
denoting one of the four severity classes (see also Fig. 8c), and the areas in each of the five 
frequency classes (for each severity class) are provided in an adjoining table.
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or region” (FAO no date b). Nevertheless, though “The global maps (in WAD) are 
designed to give an overall, if exaggerated, impression of the scale of soil degrada-
tion” (Middleton and Thomas 1997), one needs to remember that “only a part of 
each mapping unit is actually affected by degradation” (GRID 1991).

Table 1.6. Global land degradation

Assesment Global Assesment of Soil Degradation (GLASOD) 1991

Sources Oldeman 
et al 19911

GLASOD digital database2

Area assessed 
(1000 sq.km)

130,1273 ? 124,7914 130,0135

% degraded by 
categories6

“Degrees” 7 “Severity” 8 “Severity” 9 “Severity” 10

Light 6 Light 18 Light 18 18

Moderate 7 Moderate 21 Moderate 20 21

Strong 2 Servere 20 Servere 20 21

Extreme 0.1 Very 
servere

6 very 
servere

6 6

Total degraded 
(1000 sq.km)

19,640 ? 86,688 79,690

% degraded of 
assessed area

15 65 63 63 61

1 This is the “Explanatory Note” of the GLASOD map, providing global assessment and not 
addressing drylands specifically. Later publications provide more analysis of this data base, e.g. 
Oldeman 1994 and Bridge and Oldeman 1999
2 Used for generating “Severity” category values, which combine “degrees” of degradation with 
their spatial extent within mapping units (e.g. map 1.11 p.20 in WAD 1997).
3 Based an WAD Table 1.4 p.18
4 Based an WAD Table 1.1 p. 5
5 From Oldeman et al. 1991, Table 1 p.28
6 Terminology for each category used by the different assessments is preserved
7 Based an WAD Table 1.4 p.18, Bridge and oldeman 1999 Table 1 p. 323, Oldeman et al. 1991
Table 9 p. 32
8 From FAO 2002, a file from a CD, an the FAO web, Table 11
9 First value – data copied from FAO no date a; second value – based an values of degraded areas 
provided by this source, but percenages recalculated
10 Based on Oldeman et al. 1991 p. 27 – all land which is not “stable”, grey-colored on the GLASOD 
map, relative to total global land assessed
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 Table 1.7. Dryland Degradation

Assess-
ment

Desertification of Arid Lands (Dregne, 1983, 1992) Global Assessment of Soil Degradation 
(GLASOD) 1991

Sources Dregne 1983 Dregne and Chou 1992 WAD1 WAD2

Dryland
zones 
assessed4

HA A SA DSH HA A SA DSH HA A SA DSH HA A SA DSH

Area 
assessed 
(1000 sq.km)

47,0635 51,5976 51,6927 61,4738

% degraded 
by 
categories10

“Classes” 5 Land uses11 “Classes” 12 Land uses13 “Degrees” 14 “Degrees” 15

Slight17 52 Irrigated 0.6 Slight 30 Irrigated 0.8 Light 8 Water 8

Moderate 29 Rainfed 5 Moderate 29 Rainfed 4 Moderate 9 Wind 8

Severe 18 Range 65 Severe 39 Range 65 Strong 3 Chemical 2

Very severe 0.2 Very severe 2 Extreme 0,1 Physical 0,16

Total 
degraded 
(1000 sq.km)

22,54318 32,718 35,922 11,370 11,370

% degraded 
of assessed 
area20

48 70 70 20 19

1 World Atlas of Desertification, Middleton and Thoams 1997; values based on tables in the WAD using 
GLASOD database and a delineation of the drylands from maps of the dryland zones commissioned by 
UNEP to the Climatic Research Unit (CRU) of the University of East Anglia (UEA) using their data sets 
to derive global Aridity Index values. This dryland types data set was downloaded from the MA core 
database.
2 Data from Oldeman 1994, based on GLASOD data base and the global aridity zones delineation by the 
CRU/UEA (see1)
3 Used for the “Severity“ category values, which combine “degrees“ of degradation with their spatial 
extent within mapping units (e.g. map 1.11 p. 20 in WAD 1997)
4 Aridity zones: HA – Hyperarid; A – Arid; SA – Semiarid; DSH – Dry subhumid, following UNEP/
WAD classification. Grey zones only are covered by the assessment
5 Based on Dregne 1983 Table 6.2 p. 174
6 Based on Dregne and Chou 1992 Table 1
7 Based on WAD Table 1.1 p. 5 and Table 1.4 p. 18
8 Based on WAD Table 1.1 p. 5
9 From GLASOD digitized database downloaded from ISRIC website to the Millennium Ecosystem 
Assessment (MA) “core data“ (e.g. Safriel and Adeel 2005, Fig. 22.9 p. 640)
10 Terminology for each category used by the different assessments is preserved. The bottom category 
(bolded figures in a highlighted grey cell) are regarded by the authors of the assessments as a practically 
irreversible state, which by some it means, in the drylands -“desertification“
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Land-Cover Land-Use Change
– Drylands (LUCC) – 2003

GLASOD database3 Lepers 2003, Lepers et al 2005

HA A SA DSH HA A SA DSH HA A SA DSH HA A SA DSH

51,1259 60,9029 51,6927,16 61,4738,16

“Severity” 9 “Main areas of degraded land” 16

Low 15 Low 15

Medium 26 Medium 23

High 24 High 22

Very high 8 Very high 8 Very severely degraded 4 Very severely degraded 10

37,588 41,221 1,959 6,147

74 68 419 1019

11 Based on Dregne 1983 Table 1.3 p. 19; These land uses occupy 41,018,000 sq.km of the assessed “used“ 
dryland, of 47,063 thousands sq.km
12 Based on Dregne and Chou 1992 Table 8
13 Based on Dregne and Chou 1992 Tables 3,5,7
14 Based on WAD Table 1.4 p. 18
15 Based on Oldeman 1994 Tables 7.1–7.4 pp 108-111, assessing degradation types (water and wind soil 
erosion, chemical and physical soil deterioration)
16 From Lepers 2003 – degradation is the highest degree (of 3-4 degrees in 5 of the data sets used, or 
values above a high threshold in all other data bases). Note also that only 62% of the drylands (including 
the Hyperarid) are covered by data accepted by this assessment, what makes the total assessed global 
area smaller than presented in the row above
17 This class also includes non-degraded areas, mostly occurring in the hyperarid zone
18 “Moderate“ to “Very severe“, i.e. “Slight“ excluded
19 Note that this percentage is close to the GLASOD “High severity“ degradation, since in both 
assessments the mapping scale results in an exxaggeration – mapping units defined as degraded are only 
degraded in part of their area
20 These values, though each is a percentage of a different definition of the term “dryland“, are often used 
to denote “dryland degradation“, or “desertification“



18 Uriel N. Safriel

1.2.4
The Spatial extent of global land degradation

GLASOD is the only assessment of current land degradation at the global, rather 
than just the dryland scale. Its products provide several values for the global spa-
tial extent of land degradation, ranging from 15% to 65% of global land (Table 1.6). 
The lowest value represents ground data of the four “degree” degradation values, 
whereas the highest value represents the apparently exaggerated degradation “se-
verity” as presented on maps. The severity of the degradation is characterized by 
the degree to which the soil is degraded and by the relative extent of the degraded 
land within the delineated map units, within each of which only a portion of the 
delineated unit is degraded. 

These high values range 61% to 65%, depending on the area estimates of global 
land, used for calculating the percent degraded. The highest degradation is of the 
intermediate categories, and the spatial extent of areas of the highest degradation 
degree is the smallest – just 6% of global land. To reiterate, these values include 
drylands and non-drylands, for example – using GLASOD database, the overall 
degradation severity of Niger, a Sahelian dryland country is 27.7%, whereas that 
of Iceland, a typical country of the humid, non-dryland zone – is 35.7% (FAO no 
date b). 

1.2.5
The spatial extent of dryland degradation

The relevant information on dryland degradation provided by the three major as-
sessments is summarized in Table 1.7. Depending on within- and between-assess-
ment differences in methodology (using degree- or severity-degradation, distin-
guishing between erosion processes or between land uses, excluding or including 
“slight” degradation) and spatial coverage (47 million km2 of arid and semiarid 
dryland only, to 61.5 million km2 of all four dryland types combined), there are 
great differences in the “bottom line” of Table 1.7, the one that is often cited in pub-
lic media and in grey literature, i.e. – the overall extent of dryland desertification. 
The estimates vary between 4% to 74% (!) of drylands being desertified. The highest 
estimate, derived by GLASOD, is of “severity” degradation when the hyperarid ar-
eas are excluded. The lowest estimate, derived by the MA desk study and excluding 
the hyperarid too, results of attributing “desertification” status only to the “very 
severely degraded” state. Thus, for meaningful comparison of the MA desk study 
with the two other assessments, it is necessary to assesses the global spatial extent 
of highest (fourth) degradation classification. This ranges between 0.1% and 0.6% 
of GLASOD, to 4% and 10% of the MA desk study, when the hyperarid zone is ex-
cluded or included, respectively. It should be noted that the MA desk study exer-
cised data quality control claimed to be stricter than that of GLASOD. This may 
give higher credibility to the MA desk study estimates. But this stricter data control 
reduced the overall global dryland area covered by the MA desk study to only 62%, 
which may cloud its image as a global assessment, as compared to the full coverage 
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claimed by GLASOD. Summary of the qualified status of current dryland degrada-
tion is provided in Table 1.8. 

1.2.6
Degradation and degradation vulnerability

The title of the GLASOD (“Global Assessment of … Land Degradation”) project 
explicitly addresses an assessment of land degradation, literally meaning an assess-
ment of the spatial extent and severity of tangible land degradation. Yet, the most 
publicized secondary source of GLASOD focusing on desertification, the World 
Atlas of Desertification (Middleton and Thomas 1997), presents a map entitled 
“Soil degradation severity in susceptible drylands” (WAD, map 1.11, p. 20) which 
is qualified in the text of its chapter “Soil Degradation in Drylands” as a map which 
“concentrates on areas where natural dryland soil properties are susceptible to deg-
radation and where land use activities may cause desertification”. The WAD text 
actually follows the first World Map of Desertification produced for UNCOD by 
FAO, UNESCO and WMO, where many areas falling under the desertification la-
bel qualified as such due to local conditions that signified only a potential or a haz-
ard for becoming desertified. 

Indeed, the UNCCD defines “affected areas” (i.e., by desertification) as “arid, 
semi-arid and /or dry sub-humid areas affected or threatened by desertification” 
(UNEP May 1995, Article 1h). Since by definition all these three dryland areas are 
of a potential to become desertified, the UNCCD Secretariat produced a brochure 
for publicizing the Convention‘s 10-year anniversary which presents a map of the 
global drylands, under a subtitle “Desertification in the World” (UNCCD 2004). 

Table 1.8. Estimates of desertification extent (% of global dryland area)1

Degradation
assessment

methos
The dryland
domain

Degrees2 Severity3

All degradation categories combined

Hyperarid excluded

Hyperarid included

20

19

70 –74

68

Highest degradation category only

Hyperarid excluded

Hyperarid included

0.1

0.6

4–8

8–10

1 For sources see Table 7
2 Measured degradation area
3 Combination of degree degradation with its spatial extent on map units
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Finally, even the definition of “degradation” (rather than just “desertification”) by 
the Global Environment Facility (GEF) is “any form of deterioration of the natural 
potential of land …” (GEF 1999). It seems therefore, that due to low robustness of 
the definitions of both “degradation” and “desertification” the literature on deg-
radation assessment is often not easily amenable for elucidating the current state 
or the currently prevailing trends of land degradation. On the other hand, it is the 
trend rather than the current state that is important and relevant to most decision- 
and policy-makers. Hence vulnerability, which may provide an early warning for 
an upcoming trend requires a robust treatment.

1.2.7
Degradation vulnerability and degradation risk

The “Global Desertification Vulnerability and Risk”, a global assessment of desert-
ification vulnerability, was carried out by the Natural Resource Conservation Ser-
vice (NRCS) of the United States Department of Agriculture (USDA). It was first 
publicized in conference proceedings (Eswaran and Reich 1998), later succeeded 
by several products: maps in scale 1:5,000,000; websites of NRCS (for vulnerability 
http://soils.usda.gov/use/worldsoils/mapindex/desert.html, for Risk – http://soils.
usda.gov/use/worldsoils/mapindex/dsrtrisk.html); and publications (Eswaran et 
al. 2001a; Eswaran et al. 2001b). 

In this assessment the vulnerability of each land unit within the drylands is 
evaluated by its soil properties and their response to climatic properties to which 
this land unit is habitually exposed. The range of soils-climate linkages within the 
global drylands was classified into four vulnerability degrees (Table 1.9). These vul-
nerability values are transformed to four risk categories based on the soil-climate 

 Table 1.9. Assessment of Degradation Vulnerability and Risk1

Determinants of 
Vulnerability and Risks

Method of assessment Vulnerability Risk

Soil potentials and 
constraints for sustainable 
agriculture

9 Land quality classes (LQCs)

4 Vulnerability 
classes

4 Risk classes

Climatic properties Impact of climatic variables 
(e.g. reinfall, temperature) 
on soil mositure and soil 
temperature regimes

Population destiny2 Population estimates for each 
LQC class used to assign risk 
classes by reclassifying the 
vulnerability class

1 Sources – Eswaran et al. 2001a b; NRCS no date
2 1994 global population, from Tobler et al. 1995
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Fig. 1.4. A flow-chart connecting input data of a global soil classification map, long-term climat-
ic observation at a global scale and global population density map (dark grey boxes), to outputs 
of desertification vulnerability and risk assessment maps (light grey boxes). Sources: Eswaran et 
al. 2001b 

system of each land unit which is exposed to human impact, expressed by the den-
sity of the population that uses or depends on this land unit (Table 1.9). The rules 
for this transformation from vulnerability to risk classes are determined by human 
density ranges classified into three classes, each interacting differently with each 
of the four vulnerability classes (Table 1.10). Thus, for example, a high population 
density in a highly vulnerable area poses a very high risk of land degradation, just 
as a low population density in an area of low vulnerability poses a very low risk. 

The sources for the assessments of vulnerability and the flow chart leading from 
data sources to the determination and mapping of vulnerability, following by the 
determination and mapping of risk are summarized in Figure 1.4. 

The NRCS Degradation Vulnerability and Risk assessment covered the global 
drylands, except the hyperarid areas, concluding that the 84% of this domain is 
vulnerable to and at risk of desertification (Table 1.11). As expected, this figure is 
higher than the highest value of GLASOD, being 74% (Table 1.7), since GLASOD is 
supposed to provide values of actual desertification, whereas the NRCS assessment 
adds to that also areas that are not desertified, but of high risk of becoming deserti-
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Table 1.11. Dryland degradation vulnerability1

Assessment Desertification Vulnerability and risk 1998

Dryland zones assessed2 HA A SA DSH

Area assessed (1000 sq.km) 51,6923

% vulnerable/at risk by categories4 Vulnerability 
classes5

Risk classes6

Low 28 Low 14

Moderate 26 Moderate 17

High 14 High 30

Very High 15 Very High 23

Total vulnerable/at risk (1000 sq.km) 43,3197

% vulnerable/at risk of assessed area 84

1 Based on Eswaran and Reich 1998, cited by Eswaran et al. 2001a, b
2 HA – Hyperarid; A – Arid; SA – Semiarid; DSH – Dry subhumid, following UNEP/WAD 
classification. Grey zones only are covered by the assessment
3 Based on Eswaran et al 2001 1.1 p. 5 and Table 1.4 p.18
4 Terminology used by the assessment is preserved. The bottom category (bolded figure in a 
highlighted grey cell is regarded by the authors of the assessment as representing “desertification 
tension zone” (see text)
5 Based on Eswaran et al 2001a Table 3 and Eswaran et al. 2001 b Table 3
6 Based on Table 3 in Eswaran et al. 2001b: “risk” dass is derived by weighing the vulnerability 
classes by population density classes: vulneraiblity classes are reclassified into risk classes, 
depending on population density, Eswaran et al 2001a
7 Value of Eswaran et al. 2001 a. In 2001 b it is 43,240 or 43,221 1000 sq.km

 Table 1.10. Degrees of risk as combinations of vulnerability and population density classes1

Vulnerability
& density

Risk

Combinations of vulnerability and population density classes (number of 
persons/sq.km)

Combination (a) or combination (b) or combination (c)

Vulnerability Density Vulnerability Desity Vulnerability Density

Low Low <10

Moderate Moderate <10 Low 11-40

High High <10 Moderate 11-40 Low >41

Very high Very high >10 Moderate >41 High >41

1 Based on Table 1 of Eswaran et al. 2001a
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fied. That the difference between the two assessments is not much higher is also ex-
pected, since apparently GLASOD might have not always explicitly discerned tan-
gible desertification from vulnerability to and risk of desertification. 

It is to be noted that though the overall global vulnerability and risk for the dry-
lands are of identical value, the difference between vulnerability and risk is evident 
when examining the individual classes in Table 1.11. It is evident that most of the 
84% of the drylands which are vulnerable and at risk are within the low and mod-
erate vulnerability classes (54% of total drylands), but at the same time most these 
84% are of the high and very high risk classes (53% of total drylands). Thus, where-
as 15% of the drylands are of very high vulnerability to desertification, 23% are of 
very high risk that the vulnerability will be materialized when human pressure is 
considered (Table 1.11, central cells). The difference between the vulnerability val-
ues and the risk values is that being inherent feature vulnerability is temporally 
stable, whereas the risk, depending on population impact, can vary with temporal 
changes in population size. 

The authors of this assessment attribute much significance to “very high” classes 
of vulnerability and risk, labeling them as “desertification tension zones” – those 
“in which the potential decline in land quality is so severe as to trigger a whole range 
of negative socioeconomic conditions that could threaten political stability, sustain-
ability and general quality of life” (Eswaran and Reich 2001b). Accordingly, 23% of 
the drylands (the hyperarid excluded) are of very high risk of becoming desertified 
(if not already desertified). 

1.3 
Remote-sensing of productivity for assessing global degradation 

1.3.1 
Soil or vegetation assessment?

Though the “Desertification of Arid Lands” (Dregne and Chou 1992) and the MA 
desk study assessments addressed vegetation status as an attribute or an expres-
sion of land degradation, soil degradation is emphasized by all assessment of glob-
al degradation, and is the sole feature assessed by GLASOD (Table 1.2) and by the 
NCRS vulnerability and risk assessments (Fig. 1.4). Indeed, soil is interlinked with 
vegetation cover and the ecosystem service of primary productivity which so much 
matters for human well-being (Fig. 1.1). Thus, soil degradation would not have 
been of concern were it not leading to reduced productivity, which is the ultimate 
expression of desertification. The weight given by land degradation assessments to 
soil rather than to vegetation and productivity degradation may attest to the sig-
nificance attributed to soil by the assessors, or it indicates that soil properties are 
more amenable for quantifying than vegetation and productivity attributes. As to 
the first option, it is interesting to note that a social survey in Zimbabwe found that 
dryland farmers regarded soil erosion as a minor problem only compared to other 
issues related to farming (Grohs 1994). As to the second option, the advances in 
remote-sensing technologies since these global land degradation assessments have 
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been conceived made vegetation assessment, especially at a global scale, an attrac-
tive option for addressing land degradation.
Indeed, already the WAD (Middleton and Thomas 1997) attempted to link remote 
sensing of vegetation with the GLASOD data. The Normalized Difference Vegeta-
tion Index (NDVI) is a qualitative measure of vegetation phenology, derived from 
remotely sensed reflectance from live vegetation in specific spectral bands. The 
WAD team used the Global Vegetation Index (GVI), which is the highest daily 
NDVI value (calculated from data of 16 km X 16 km spatial resolution images tak-
en by the Advanced Very High Resolution Radiometer [AVHRR] satellite) occur-
ring within a week, averaged over a given period (1983-1990 for the WAD study). 
This index relates to the capacity of plants to photosynthesize, and under a range 
of environmental conditions it is indicative of vegetation biomass (Middleton and 
Thomas 1997). The WAD generated a map of global coverage of GVI values, rep-
resented as a five-grade scale from low to high indicating biomass differences, and 
overlaid this map on the GLASOD four-degree scaled degradation severity map. 
Thus, the WAD team created a map with a 20-color grid, each color standing for an 
implied interaction between land degradation severity degree and the state of the 
above-ground vegetation. This map, however, does not explicitly address land deg-
radation, but may discern tangible degradation from degradation risk. For exam-
ple, areas of only low degradation severity but low GVI, imply a degradation risk 
due to low vegetation cover, even though the soil has not apparently responded to 
this loss. On the other hand areas with high degradation severity and low GVI are 
more likely to indeed be already degraded. Finally, areas with high degradation se-
verity but high GVI may indicate bush encroachment into an impacted area. This 
exercise of WAD is useful for drawing attention to the potential of satellite imagery 
to degradation assessment, but rightly the WAD did not find it useful for attempt-
ing statistical analyses of the database used to derive this product. 

The MA desk study, the only assessment at a global scale that added vegetation-
detection by satellite imagery data to the information contributing to the overall 
assessment of dryland degradation, noted the shortcoming of such an approach 
due to difficulties in determining whether spatial variability in NDVI values is due 
to spatial changes in human impact or to temporal, inter-annual climate variabil-
ity. This shortcoming was overcome by the WAD team through their long-term av-
eraging of the GVI values. But even this approach could not distinguish between 
two identically low long-term averaged vegetation signals in which one of them is 
produced by a non-degraded state of an inherently low productivity land, and the 
other is produced by land of an inherently high productivity but exposed to long-
term human impact. However, since in drylands the vegetation and its productiv-
ity directly respond to variations in rainfall, the distinction between the two sites 
that produced an identical signal can be made if they differ in their rainfall regime 
– the site with the higher rainfall is likely to be the degraded one. Alternatively, two 
sites affected by the same rainfall will respond differently if they differ in the de-
gree of human-induced impact, i.e., in their degradation.

A test for this assumption is provided by monitoring and comparing two differ-
ent areas with regard to their responses in net primary productivity (NPP) as de-
tected by satellite imagery and expressed by NDVI summed over the growing sea-
son (sumNDVI), to an identical 16-year inter-annual variation in rainfall. These 
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Fig. 1.5. (a) SumNDVI (indicative of NPP) of degraded and non-degraded sites in two areas in 
north-eastern South Africa, both exposed to identical rainfall regime and monitored along 16 
growth seasons. Note that in wetter years the sumNDVI in degraded sites exceeded that of non-
degraded sites in dry years (Wessels et al. 2004, adapted from Safriel and Adeel 2005). (b) Rain 
Use Efficiency (RUE – sumNDVI divided by rainfall) of the two areas. Note that RUE of the de-
graded area is always lower than that of the non-degraded one but in each area RUE values, i.e. 
biomass production per unit of rainfall may greatly vary between years. 

two areas in north-eastern South Africa are known from ground observation to 
differ in their degradation severity due to difference in human impact. It was found 
(Fig 1.5a) that the NDVI in the degraded area relative to the non-degraded one 
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was reduced by an almost constant proportion throughout the monitoring period 
(Wessels et al. 2004). 

The increase in productivity driven by increase in rainfall evident in Fig 1.5a is 
always smaller in the degraded than in the non-degraded area. The different re-
sponse to rainfall increase between the two areas can be attributed to the lower 
rainfall use efficiency of the two areas (Fig. 1.5b). Furthermore, it is also possible 
to use the data presented in Fig. 5b for calculating the ratio of NDVI (standing for 
NPP) to the annual precipitation, thus signifying the efficiency of using rainwater 
for primary productivity and hence termed “Rainfall Use Efficiency” (RUE). In-
deed, the RUE of degraded areas too is always lower than that of the non-degraded 
area. However, the values of RUE fluctuate between seasons (for example the simi-
larly low rainfall in 92-93 and in 02-03 growing seasons produced a very different 
RUE response, that of 02-03 being much higher than that of 92-93), signifying that 
other factor beside rainfall affect the efficiency of using soil moisture for primary 
productivity (Le Houerou 1984, Prince et al. 1998). 

1.3.2 
Degradation as a persistent reduction in land productivity

The clear-cut relations between ground-verified degradation and its expression in 
remotely-sensed productivity attributes make one wonder what the reason is for 
the wide range of values of the global extent of land degradation generated by the 
various assessments (Tables 1.7 and 1.8). One suggestion is that this is at least part-
ly due to the rather loose definition of “land degradation”, and especially “deserti-
fication”, definition which does not provide a clear choices of variables to be mea-
sured (i.e., soil erosion or vegetation cover, etc.) and is vague regarding the criteria 
for classifying observations into the “degraded” or “non-degraded” classes. 

The data set presented in Figure 1.5 simply suggests that land degradation can be 
best described and assessed as a persistent reduction in land productivity (Prince 
2002; Millenium Ecosystem Assessment 2005b). This definition has two elements. 
The first one is the focus on primary productivity. This variable is habitually mea-
sured on the ground since it is the economically most important feature of the 
land, and it integrates all other biophysical variables that drive it and interact with 
it. Also, its local ground assessment can be upscaled with the use of sensors on air-
borne or space born crafts that detect radiation bands reflected from vegetation. 
The second element is that detecting reduction in productivity alone is insufficient 
and can also be misleading; it must be persistent for it to qualify as degradation. 
Namely, the critical issue in defining degradation is not to what level productivity 
was reduced, but for how long it remained low, as compared to a matched baseline. 
Thus, the reduced productivity should be observed long enough to be defined as 
persistent reduction below that baseline.
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1.3.3 
Assessing degradation as deviation of productivity from its potential 

In the example portrayed in Figure 1.5, the degradation and its drivers at a local 
scale, were verified on the ground (Wessels et al. 2004). The question remains as to 
how degradation can be detected and defined at a regional scale, thus leading to a 
global assessment of land degradation of large areas for attaining the spatial extent 
of global degradation. Surely, for establishing persistence of degradation a time se-
ries of airborne or satellite images is required. Next, the major issue is how to re-
late a persistent productivity state to a baseline or a reference value, for establishing 
whether or not the persistent state is one of degradation. 

One way is to use the same NPP-related NDVI map (like the one employed by 
the WAD team, for example) for both extracting the required baseline and for 
qualifying all other observed NPP values as to their status with regard to degra-
dation, in relation to the reference value (Prince 2004). A large region can be clas-
sified into homogeneous areas that consist of grid cells (pixels) having the same 
climate, soils and plant community structure, but not necessarily the same hu-
man impact. This can be done by employing vegetation, soil, and rainfall maps, 
as well as landscape maps of slopes and aspects. The NPP of these pixels extracted 

Fig. 1.6. Zimbabwe, map of Local NPP Scaling (LNS) based on mean NDVI of 5 years (1998-
2002) using SPOT-VEGETATION, 1 km2 resolution images. Intensity of color does not stand for 
intensity of NPP, but for normalized NPP values relative to the “Potential NPP” percent class 
(bottom value at the legend column), whose absolute value varies depending on the vegetation 
type/rainfall regime class of each of the homogenous regions, typically of 1,000-10,000 km2 each 
(adapted from Safriel and Adeel 2005, based on Reshef 2003)
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from the signals detected by the satellite sensor are then normalized (i.e. the high-
est NDVI value takes the 100% value). This highest NPP value for each of the land 
classes is used as an estimate of the baseline or reference value, representing the 
potential NPP for that land class, all pixels of which have a homogenous vegetation 
type, soil type and rainfall regime. This value can thus be regarded as the poten-
tial value for that land class, serving as its baseline or reference. To this value of the 
class potential all other normalized NPP values in that land class can be compared 
and scaled as a percentage of it. 

An application of this methodology, called Local NPP Scaling (LNS) is an as-
sessment of land degradation of Zimbabwe (Fig. 1.6), which can be upscaled for de-
riving an estimate of the spatial extent of global land degradation. Based on maps 
of Zimbabwe‘s land cover and rainfall the whole land surface of Zimbabwe was 
stratified into land classes with respect to their vegetation type and rainfall. The 

Fig. 1.7. Drivers of degradation in Zimbabwe. The 4th level administrative boundaries of Zimba-
bwe (c) can be compared with (a): the most degraded areas in (a) are the communal and resettle-
ment areas, and the least degraded – the commercial farm lands in (c). (b) provides the spatial 
Extent of Zimbabwe drylands zones (UNEP commissioned database, extracted from the MA 
core database). Note that degradation occurred also in the non-dryland (white areas) parts of the 
country. Comparison of the drylands map (c) with the LNS map (a) shows that there is more de-
graded land in the dry-subhumid than in the semiarid zones. Both dryland zones are similarly 
“green” in the LNS map, which does not mean they have similar productivity; rather, the color 
signifies deviations from a potential of each zone, not actual NPP. Also note that degradation oc-
curred also in the non-drylands of Zimbabwe. 
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Fig. 1.8. Global degradation assessments applied to Zimbabwe (b)-(f), compared with the Local 
NPP scaling based on remotely-sensed NPP of Zimbabwe (a); Rectangles and ellipses inserted to 
facilitate comparisons of sampled areas. (b) GLASOD, downloaded from FAO website (FAO no 
date b); The GLASOD data base (c) is collapsed to four degradation severity classes, of which 
large areas of the country are affected by light and moderate degradation severity only; (c) GLA-
SOD digitized GIS data base, downloaded from ISRIC website (ISRIC no date). Acronyms on 
this map signify that the green areas on (b) are of moderate topsoil loss extending over >50% of 
the areas and of strong terrain deformation and soil mass movement in <5% of the area; both 
types of degradation are due to water erosion and are driven by deforestation and a medium rate 
of overgrazing; The yellow areas of (b) are of moderate topsoil loss due to water erosion, extend-
ing over <5% of the area. (d) and (e) have been downloaded from NRCS website (NRCS no date) 
and assess “desertification vulnerability” determined by soil classes and climate features (d), and 
its derived “risk” when population impact is addressed too; (f) is the MA desk study map for 
Zimbabwe, downloaded from LUCC website (LUCC no date). Only “hotspots”, or “most degrad-
ed areas” are provided, and in Zimbabwe all these are expressed by reduced vegetation cover. The 
whole area of Zimbabwe is covered by data regarded as reliable by the MA desk study assess-
ment. 
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percentage reduction from the potential NPP was then calculated for each pixel. 
Note that in the resulting map (Fig. 1.6) areas of identical color do not mean they 
are of identical NPP. Rather, they are of identical potential NPP, which may differ 
in absolute value depending on the vegetation type/rainfall regime of the land class 
to which the pixels within these areas belong. 

Though the drivers of degradation have not been studied on the ground, the 
majority of degraded areas belonging to the LNS degradation classes of Zimbabwe 
(most yellow areas in Fig. 1.6) are the overcrowded communal lands, known to be 
seriously degraded. The least degraded ones are the privately owned farms, areas 
with low human density and apparently well managed rangeland (Fig. 1.7). 

Though the LNS method of assessing degradation has not yet been used for as-
sessing land degradation at the global scale, it is instructing to reflect on its po-
tential by comparing it with the performances of the available global assessments 
when applied to Zimbabwe (Fig. 1.8). It is then evident that despite its apparent 
shortcomings GLASOD assessment based on ground observations of soil state is 
quite compatible with the LNS assessment of NPP detected from space. Also, areas 
that GLASOD classified as of “slight” and “moderate” degradation are classified as 
of “moderate” and “high” vulnerability by the NRCS vulnerability assessment, re-
spectively. It is indeed expected that the extent of vulnerable areas will have a larger 
extent than areas where degradation already occurs. Furthermore, these areas are 
of “high” and “very high” desertification risk, when population impact is incorpo-
rated, which is expected too. On the other hand the MA desk study assessment re-
sults, at least for Zimbabwe, differ from those of all other assessments, including 
the LNS, even though the MA desk study is the only global assessment that used 
also remote-sensing vegetation data for its work. 

1.4
Assessment of degradation trends

The initiators of the global assessment projects were aware of the need to detect 
trends rather than just engage in the current state of land degradation. The detec-
tion of trends was indeed a component of the GLASOD protocol, recommending 
assessment of degradation trends during the 5-10 years within the 1980-1990 de-
cade. This, however, did not materialize due to paucity of manageable data and the 
short time allotted for this project (“Politically it is important to have an assess-
ment of good quality now instead of having an assessment of very good quality in 
15 or 20 years”, Oldeman et al. 1991). Similarly, the MA Desk Study too aimed at as-
sessing trends. The title of this study was “Synthesis of the main areas of land-cov-
er and land-use change” (Lepers 2003), and it attempted to detect areas with trend 
of environmental degradation during the two decades of 1981–2000 (Lepers et al. 
2005). This worked well for detecting global deforestation and global cropland ex-
tent trends, but not for desertification trends. This is because none of the data sets 
available for the desk study covered the whole 1981-2000 period, and hence the fi-
nal product of the study does not include information on the time during which 
the land was degraded, within that period or even prior to it (Lepers et al. 2005). 
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To conclude, there are no quantitative-oriented assessments of land degradation 
trends at a global scale.

1.4.1
Rain Use Efficiency methodology

Though land degradation trends for the global land have not been assessed, rele-
vant methodologies have recently been, and are being currently developed for this 
purpose, with already available applications at the local scale. The major obstacle 
for detecting a trend in land productivity, especially in drylands, is the strong de-
pendence of dryland NPP on rainfall, coupled with the drylands‘ strong inter-an-
nual rainfall variability (e.g. Fig. 1.5). In combination, they prevent discerning hu-
man-induced from rainfall-induced changes in NPP. A simple way to control for 
the effect of rainfall is using the Rainfall Use Efficiency (RUE) ratio, and following 
its behavior through a period during which an existence of trend is explored. 

Using the RUE method it was found, for example, that during the period 1982-
1990 which included the severe 1984 Sahel drought, a trend of RUE increase (though 
of small magnitude) rather than of a decrease took place in most Sahelian areas 
(Prince et al. 1998). This led to the conclusion that the reduced productivity of the 
Sahel was not “desertification” (in the sense depicted by GLASOD). Namely, it is a 

Fig. 1.9. Rain Use Efficiency (RUE) as a function of annual rainfall of degraded and non-degrad-
ed sites in two areas in northern South Africa, both exposed to identical rainfall regime and 
monitored along 16 growth seasons (see Fig. 1.5, data of Wessels et al. 2004, adapted from Safri-
el and Adeel 2005). 
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response to reduced precipitation, and not a response to human impact. The Sahel 
“desertification” seems to be only a temporary rather than a persistent reduction in 
land productivity. This claim was further corroborated by a remote-sensing based 
study of a longer period (1982-2000, Nielsen and Adriansen 2005), suggesting that 
the Sahelian NPP is resilient to the rather infrequent severe droughts and currently 
it is slowly recovering from their 20th Century Sahelian onslaught. The RUE meth-
odology has also been incorporated into a land degradation monitoring system 
for sub-Saharan Africa, which also monitors soil erosion as an output of a surface 
runoff model driven by rainfall data. This system is claimed to be of a potential for 

Fig. 1.10. The RESTREND methodology applied to area in north-eastern South Africa (adapted 
from Wessels et al. 2007). (a) SumNDVI of the degraded areas (red curve) and the rainfall (blue 
curve) in each of the 16 growing seasons (as in Fig. 1.5). (b) Based on (a), sumNDVI is plotted as 
a dependent variable against (loge) of rainfall as an independent variable; each point stands for 
one year of the studied period, and log scale is employed to generate a linear regression of pro-
ductivity on rainfall. The vertical distance between each point and the regression line is the re-
sidual, or deviation from the mean relationships between productivity and rainfall. Residuals 
above the regression line are positive deviations and those below the line are negative ones (ver-
tical red lines), whereas the residual value for those on the line is zero. (c) All residuals measured 
in (b) are plotted against the time-series of growing seasons [abscissa same as in (a)]; a regres-
sion line is then calculated and evaluated. The regression in this case study is negative, indicat-
ing a negative (i.e. increasing) trend of degradation during the period 1985 to 2003. 
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detecting and monitoring land degradation trends (Symeonakis and Drake 2004). 
Yet, in-spite of its apparent power of discerning the RUE methodology s̀ reliability 
has been doubted by the finding of a strong negative correlation of RUE with rain-
fall (Fig. 1.9) e.g. for South Africa r = -0.82 (Wessels 2007). Thus RUE may not re-
move the effect of rainfall variability on primary production of individual years, 
and hence in spite of its utility for detecting degradation it may not be useful for 
detecting degradation trends.

Fig. 1.11. South Africa – RESTREND of 1985 – 2003. (a) Expressed in classes of regression slopes 
(a) (from Wessels et al. 2007); (b) The country‘s dryland types (from MA core data base). Note 
that the strong trend of degradation during this period [seen at (a)] is in arid drylands of the 
south-west and in the semiarid drylands in the north-east. On the other hand there is no degra-
dation trend and/or an improvement trend in the non-drylands (but also in other areas); (c)
North-east region of the country [rectangle in (a)], with location of the former homelands, where 
human impact has been severe. Note that most sites with accelerated trend of degradation dur-
ing the studied period are in these areas, which are semiarid and dry subhumid ones. 
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1.4.2
The Residual Trends methodology

The Residual Trend (RESTREND) methodology for detecting trends uses rainfall 
but is not rainfall-dependent and is based on an analysis of the residuals of the pro-
ductivity-rainfall relationship throughout a time period, for each pixel in the area 
explored for detecting degradation trends (Evans and Geerken 2004). This meth-
odology was successfully applied to a region in northern South Africa (Wessels et 
al. 2007). It is applied here to the same data presented in figures 1.5 and 1.9, and its 
procedure is explained in the legend for Figure 1.10. 

Thus, the inputs for the RESTREND method are NDVI and rainfall values for 
a time-series under consideration. These are used to obtain a regression line of the 
relations between sumNDVIs and rainfall. If this regression is significant, then the 
residuals from the regression line are calculated and plotted against the time-se-
ries. 

Significant regression indicates a degradation trend, its sign indicates whether 
the trend is positive (i.e. successful rehabilitation of degraded areas) or negative, 
and the slope of the regression line (i.e. the size of the regression coefficient) de-
notes the magnitude of the trend. Thus, whereas the current state of the land and 
the severity of its degradation are expressed by the percentage deviation of the pro-
ductivity from the potential productivity (e.g. Fig. 1.6), degradation trend is ex-
pressed by the sign and the size of the coefficient of the regression of the NPP-rain-
fall residuals, on the time-series for which the trend is established (which stand for 
the direction and slope of the regression line, respectively). 

This methodology was used for detecting and quantifying degradation trends 
for South Africa, where they can be associated with the inherent degrees of arid-
ity in the different regions of the country and with areas of human impact typical 
to the former homelands during the studied period (Fig. 1.11). Indeed, results of a 
country-wide rangeland monitoring program, the South African National Report 
on Land Degradation‘s data on rate of change in rangeland condition of magisterial 
districts over the period of 1989-1999, were compatible with the RESTREND re-
sults. This is so in spite of differences in spatial scales between the two assessments 
(Wessels et al. 2007).

Given the encouraging results from the South African study, it seems that the 
RESTREND method can indeed detect degradation trends. Yet, in-spite the ob-
served relations with dryland type and with human impact (Fig. 1.11), the pre-
cise causes of negative trends can not be fully understood when using this meth-
od alone. Field surveys for elucidating features and processes that are not always 
detectable using satellite data only are required (Wessels et al. 2007). This RE-
STREND method, however, already produced several provisional versions of maps 
of global land degradation trends, which are under testing and improvement ef-
forts (S. D. Prince, personal communication). 
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1.5 
Conclusions

Land is a component of Mother Nature serving as infrastructure for much of life on 
earth, yet its functioning is in the hands of mankind. Monitoring and assessment 
of states and trends of the services provided by the land when used by people are 
therefore essential. Especially when burgeoning populations and expanding hu-
man footprint on the surface of the earth drive globalization, there is an increas-
ing need, awareness and demand to assess the state of the global degradation, rath-
er than just that of the national or local lands. But the commendable efforts so far 
made to assess where and when on earth land cooperates with people, and where, 
when and why it is misused and therefore betrays them have been fraught with 
difficulties. Thus, we even don‘t have a satisfactory answer to the question of how 
much of the global land is degraded; let alone what the trends of degradation have 
been in the past and evident at present. 

One important step forward is conceptual, and this is the definition of land deg-
radation as a persistent reduction in the provision of the major land service – pri-
mary productivity. The other step forward is harnessing remote-sensing sciences 
for assessing states and trends of land degradation, especially those through the 
remotely-sensed assessment of vegetation functions. Thus, the best promise for fu-
ture assessments at global scale is the use of remote-sensing for addressing the per-
sistence of reduction in land productivity. Methods such as LNS and RESTREND 
which discern productivity from rainfall effect and therefore, by default, implicate 
human impact, need to be verified by field studies (e.g. as shown in Fig. 1.5 and the 
other evidence provided in this chapter) and upscaled to support not only local but 
also global insights. 

It should be stressed however, that persistence does not imply irreversibility i.e. it 
is not known whether the productivity of land that is properly identified as degrad-
ed, and explicitly so due to human impact, can recover once the impact is removed 
or actions to rehabilitate it are taken. This would only be elucidated by assessing 
trends both at a local and a global scale using methodologies like RESTREND and 
others yet to be developed (e.g., by the LADA [Land Degradation Assessment in 
Drylands] project, Lantieri no date). Since methods like the RESTREND can de-
tect both degradation trends and rehabilitation trends, assessing trends of land 
degradation will be instrumental in detecting the effectiveness of measures for 
“combating desertification” in the drylands and addressing land degradation in 
the non-drylands. Further developing and advancing the tools for assessing trends 
of land degradation at the local, regional and especially the global scale are critical 
for effectively, reliably and what is most important, impartially evaluating projects 
of “combating desertification” under the UNCCD (such as the implementation of 
the National Action Plans) and of projects addressing land degradation and sus-
tainable land management (e.g. projects conceived and supported by the Global 
Environment Facility, the World Bank and others). Thus, a detection of trends pro-
vides both early warning for misuse of the land, as well as for failure or success of 
precautionary or rehabilitation measures.
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CHAPTER 2

Status and Trends in Land Degradation in Africa
Lamourdia Thiombiano and Ignacio Tourino-Soto

Abstract. There is insufficient data on the extent, severity and trend of land deg-
radation in Africa. Through a four steps approach, which is based on the identifi-
cation of a pillar layer (FAO problem soils map) and the combination of dynamic 
factors (human activities, livestock, climate) to determine risk factors, the current 
paper aims at providing quantitative data on the status and trend of land degrada-
tion at agro-ecological and main river basin levels.

The results revealed that: (i) “hot spots” of land degradation are largely predom-
inant at continental level, compare to the “bright spots” of very low to low degra-
dation; (ii) there is an increasing trend of severity and extend of land degradation 
from the humid zones of the Congo and Zambezi basins (24 to 29%) to the dry ar-
eas of the Nile, Niger and lake Chad basins (78 to 86%); (iii) the interrelation and 
cumulative effects of water and wind erosion are also increasing along these agro 
ecological zones. 

The study also stressed on the high spatial variability in the extent and trend of 
degradation process according to the various agro-ecological zones and river ba-
sins. This variability could be strongly linked to soils behaviour and level of resis-
tance, to the quality of their surrounding environment as well as to the impact of 
investments for conservation of natural resources and for better land care.

2.1
Introduction

Land degradation is defined by FAO (2002) as the loss of production capacity of 
land in terms of loss of soil fertility, soil bio-diversity and degradation of natural 
resources.

The African continent, covering an area of about 3.01 × 109 hectares (FAO 
1986) is seriously threatened by this phenomena as mentioned in various stud-
ies (Aubreville 1949, 1973; UNCOD 1977; Penning de Vries and Djiteye 1982; 
Baumer 1987; Brabant 1992; Sivakumar 1995; Sterk 1996; Thiombiano 2000, Ba-
tiono et al.1998, 2006). As a consequence, Africa accounts for 65 % of the total 
extensive cropland degradation of the world. According to the World Bank, at 
least 485 million Africans are affected by land degradation, and Africa is bur-
dened with a US$9.3 billion annual cost due to this phenomenon. Various agri-
cultural and non-agricultural uses of soils are pointed out for their predominant 
negative impact on African lands which include the lack of appropriate land use 
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planning and mismanagement of natural resources by land users, particularly by 
poor farmers (Sonneveld 2002).

The main causes for land degradation in Africa include, among others, demog-
raphy growth, conflicts and wars with expanded refugees settlements, inappropri-
ate soil management, deforestation, shifting cultivation, insecurity in land tenure, 
variation of climatic conditions and intrinsic characteristics of fragile soils in di-
verse agro-ecological zones. 

2.2
Evaluating the trends in land degradation in Africa

Despite the importance of land degradation, there are few accurate and updat-
ed data on its extent, severity and trend at continental level. This paper therefore 
aims at evaluating the trend of land degradation, based on available information, 
through a four-step approach.

2.2.1
Diversity of Agro-ecological zones, soils and land use systems

The African continent comprises a range of agro-ecological zones (FAO and IIASA 
2000; IITA 2004) with the following characteristics as shown in Figure 2.1.

The main features of these agro-ecological zones in relation to land uses and 
soils heterogeneity are indicated in Table 2.1.

There is a high variability of agro-ecological zones and land use with heteroge-
neity of soils and landscapes. It is important to note that:

A desert such as the Sahara, apart from “hosting “ most of the shifting sand 
dunes also provide aeolian material over the entire Sahel (Mainguet 1991). 
Arid and semi-arid zones are characterized by the presence of old ergs (sand 
dunes), which are used as agricultural lands. For centuries, these lands have 
their fertility maintained through the use of a set of 15 technologies including 
expansion of organic manure (Millogo 1998; Thiombiano 2000). 
In dry zones, integrated crop and livestock production is progressively devel-
oped as an alternative to shifting cultivation.
In sub-humid zones, soil cover destruction as a result of shifting agricultural 
practices is severe. 
Humid zones comprise old forests. According to FAO (2006), timber exploita-
tion and other forms of mismanagement led to a net loss of forests exceeding 4 
million ha per year between 2000 and 2005.
In Highlands such as Kilimanjaro, the effect of climate change is illustrated by 
the reduction of the snow area and most of the ecosystems are threatened.
The Mediterranean embraces specific zones such as the extreme northern and 
southern parts of Africa, especially the coastal areas of Algeria, Egypt, Libya, 
Morocco and Tunisia. 
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This high diversity of climatic conditions, the changing agricultural, forestry and 
livestock production systems, the heterogeneity of edaphic factors coupled with 
human population pressure make the task of evaluation of the extent, severity and 
trend of land degradation in Africa more complex.

Fig. 2.1. Major agro-ecological zones based on FAO and IIASA (2000) and IITA (2004)
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2.2.2
Methodological approach to estimate 
land degradation extent in Africa

A four-step approach (Tourino and Thiombiano 2006) based on the LADA meth-
odological framework (FAO 2002) was used to characterize the extent of land deg-
radation in Africa (Fig. 2.2):

Table 2.1. Main features of the agro-ecological zones of Africa in relation to land use and soil 
heterogeneity (Sources: FAO 1989, 1996; Mainguet 1991; Cloué and Dollé 1998; Millogo 1998; 
Bationo et al. 2006; IUSS 2006; Nocita and Thiombiano 2007).

FAO (AEZ) Main Soil type 
(WRB, 2006)

Length of growing 
period (LGP) 
in days

Main land uses and 
farming systems

Desert 
(Sahara, Namib, 
Kalahari and Karoo 
deserts)

Arenosols and 
Regosols.

0 Oasis agricultural 
systems, nomadism, 
harvesting and hunting

Arid Lixisols, Leptosols 
and Cambisols

<60 Millet based systems,
Semi-nomadism and 
transhumance for 
livestock production.

Semi-arid and Dry
(Sahel and Sudan 
savannah)

Regosols, Solonetz, 
Arenosols, Lixisols, 
Plinthosols

60-90
90-165

Integrated crop 
(millet) and livestock 
production (agro-
pastoralism) systems
Transhumance
Sorghum, maize 

Sub-humid
(Guinea Savannah)

Ferralsols, Luvisols, 
Plinthosols and 
Gleysols

165-270 Agro-forestry systems 
based on sorghum, 
maize, root and fruit 
plants

Humid
(High rain Forest)

Ferralsols, Acrisols 
and Gleysols,

270 Forest production 
(cocoa, coffee) and 
agricultural systems 
with root and tuber 
crops 

Highlands Nitisols, Ferralsols, 
Vertisols, Planosols

Grassland, pasture, 
coffee and tea 
plantations

Mediterranean Calcisols,
Gypsisols, Regosols, 
Arenosols, Luvisols

Wheat based system 
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Step 0. The State of the art on land degradation in Africa through the compila-
tion of previous studies and attempts to evaluate the extent of the phenomenon 
(Fournier and D’Hoore 1958; Oldeman et al. 1991; Escadafal et al. 1995).

The information derived from the state of the art was combined with a pil-
lar layer, with a spatio-temporal relative stability, which, in this case, is the FAO 
map of problem soils (Nachtergaele 1997). 

The map obtained from Step 1 was combined with dynamic factors consid-
ered as driving forces such as: (i) livestock impact (mainly cattle and goats) from 
FAO (2006); (ii) Human impact (land cover, bush fires and human footprint) from 
Mayaux et al. (2003), Sanderson et al. (2002), and Gregoire et al. (2002); (iii) Forests 
and protected areas from World Conservation Union and UNEP-World Conserva-
tion Monitoring Centre (2004).

The previous three layers of step 2 are combined based on risk factors defi-
nition to obtain a resulting map of land degradation depicting potential risks, ex-
tent and spatial trend in relationship to the variability of agro-ecological zones and 
river basins.

2.2.3
Extent and trend of land degradation in Africa according
to agro-ecological zones

The results obtained on the potential extent and trend of land degradation accord-
ing to agro-ecological zones are illustrated in Figure 2.3.

The diagram (Figure 2.3), shows a trend of decreasing severity of land degra-
dation from the deserts and arid areas to the humid and sub humid zones. While 
in the arid, semi-arid and dry sub-humid zones only 3 to 30.6 % of lands are non-
degraded (very low to low), in the sub-humid and humid zones the non-degraded 
lands cover around 38.1 to 47.2%. In the case of highlands, almost 84 % are degrad-
ed at a severity ranging from medium to very high. 

2.2.4
Extent and trend of land degradation in the main river basins 

Figure 2.4 and Table 2.2 show the extent of land degradation in the 11 African 
main river basins.

From these results, its appears that the basins of the Orange, Niger and Nile riv-
ers and the Lake Chad basin are characterized by a high to very high land degra-
dation (78 to 86 %) while the Zambezi and Congo river basin are less degraded (29 
to 24 %). 
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2.3
Estimates of soil loss

The high spatial variability in the extent and trend of the degradation process ac-
cording to the various agro-ecological zones and river basins in Africa that were 
observed could be strongly linked to the behaviour and level of resistance of soils 
and their surrounding environment. 

As an example (Table 2.3), the results obtained from several field studies (Azo-
tonde 1997; Quansah 1997; Thiombiano 2000) revealed a high heterogeneity of soil 
loss according to the agro-ecological zones. 

The soil loss is ten times higher in semi-arid zones compare to humid zones. 
This figure should be linked with the data on run-off that is 16 times higher on bare 
degraded soils of the Sahel compared to the low run-off in humid zones where soils 
are more structured. However, on the degraded Terre be barre (Raunet 1973) in Be-
nin and Togo on the West coastal water unit, the overexploitation of Ferralsols in 
humid zones led to a high runoff and soil loss.

Table 2.2b. Extent and severity of land degradation (%) in 12 selected basins

River basins/
AEZ

Water Desert Very 
Low

Low Medium High Very 
High

Mediterranean

Mediterranean Coast 1 53 5 4 11 19 8

Deserts

Nile Basin 4 32 6 16 23 15 4

Lake Chad Basin 1 52 8 12 16 8 2

Humid zone

Zambezi Basin 4 0 33 34 20 8 1

Congo River Basin 4 0 43 29 21 3 0

Arid, semi-arid and dry

Shebelli & Juba Basin 0 20 13 4 19 30 13

Rift Valley 4 17 9 10 21 30 8

Senegal River Basin 1 15 22 11 23 24 4

Niger River Basin 1 30 9 10 22 23 5

Volta 2 0 17 13 41 25 1

Limpopo Basin 1 0 14 18 27 27 12
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2.4
Discussion

The spatial high variability of land degradation according to agro-ecological zones 
and river basins shows clearly the potential impacts of climatic factors in the pro-
cess. The types of degradation occurring within the region is largely due to water 
and wind erosion as major factors impacting on almost 80% of the total lands (Au-
breville 1973, Oldeman et al. 1992; Pieri 1989; Perez 1994; FAO 2002).

Soil crusting in the Sahelian zone increases drastically run-off and sheet erosion 
(Perez 1994), which is estimated at 55.6 cm year-1 on denuded soils (Thiombiano op. 
cit.). In Nigeria, the over-all total soil loss as a consequence of water erosion, is es-
timated up to 30 millions tonnes year-1 (Ogunkule 2000). 

In semi-arid and arid zones, wind erosion contributes to a large extent to soil 
transport (Sterk 1996; Thiombiano 2000). In the Sahel zone of Burkina Faso, based 
on the utilisation of a new type of soil catcher named “KATSOLS”, the transport 
of aeolian material was estimated up to 329 t ha-1 year-1 (Thiombiano op. cit.); with 
60% of this total amount obtained in the period from June to August at the begin-
ning of the rainy seasons when storms start with wind speed over 10 ms-1. This high 
variability of the impact of wind erosion with time is confirmed by Fryrear (1985) 
and Bielders et al. (1998).

The severity and increasing extent of land degradation from humid zones to arid 
and semi-arid areas as shown in figure 2.3, are the expression of the gradual inter-
relation and cumulative effect of water and wind erosion. Delhoum et al. (1998) 
have underlined the insufficient consideration of this interrelation while evaluat-
ing land degradation process particularly in semi-arid and arid zones. In the con-
text of climate change increases of soil temperature and more frequent droughts 
and/or floods are expected according to the agro-ecological zones (Desanker et al. 
2001). Consequently the trend for the extension of land degradation throughout 
the continent seems to be taking place, particularly in connection with increasing 

Table 2.3. Estimated soil and organic matter losses, runoff volume from semi-arid to humid 
zones

Agro-ecological zone 
(Country-River basin)

Type of soil Soil loss 
(t ha-1 year-1)

Runoff
(%)

Organic 
matter loss
(kg-1 ha-1 year-1)

Humid 
(Avrankou, Benin, 
West Coastal Basin)

Degraded 
Ferralsols 
(Terre de Barre)

35.0 40 126

Sub humid (Volta basin) Ferralsols 3.65 5.8 165

Semi-arid 
(Katchari, Burkina Faso, 
Niger Basin)

Bare Lixisols 37.3 95.3 108

Average 25.3 47  133
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human impacts through various mismanagement practices, which are inappropri-
ate to mitigate the variability of climate.

The mismanagement of the interrelation between agricultural and non agricul-
tural lands results in a high trend of transfer of fertility (Hien 1995). Grass, and 
organic matter collected from the “common lands” are transferred to agricultural 
lands to improve their productivity. 

At agro-ecological and river basins levels, the loss of soil organic matter due to 
land degradation is variable (Table 2.3). Plausible determining factors are the type 
of the initial organic matter in the soil, the level of soil exploitation and finally the 
severity of land degradation process. For instance the quantity of organic matter 
loss from the degraded “Terre de barre” in humid zone of Benin is 16% higher than 
the loss in semi-arid zones; while the loss in sub-humid zone is 50% higher, com-
pared to the loss in dry areas.

From a land management perspective, it is important to mention that progres-
sively farmers invest in their lands to maintain the level of production through soil 
fertility management and soil and water conservation practices (Ogunkule 2000; 
Mando 2000). Various technologies are used (Dreschel et al., 2005) for the conser-
vation of soil and water and for the restoration of degraded lands: composts and 
organic manure, mulching techniques, agro-forestry, stones and earth bunds, rock 
dams, vegetation strips, and “zai”1 techniques, etc... These investments contribute 
significantly to the expansion of bright spots as defined by FAO (2002).

Conclusions

Land degradation severity, extent and trend is variable in Africa, depending on the 
nature of soil, the type of agro-ecological zone and the level of human and livestock 
impacts on natural resources. But at the continent scale, the “hot spots” of land 
degradation are largely predominant compared to the bright spots of very low to 
low degradation resulting from conservation of natural resources or investments 
for better land care.
There is an increasing trend of severity and extent of land degradation from the 
humid zones of the Congo and Zambezi basins to the dry areas of the Nile, Niger 
and lake Chad basins. The interrelations and cumulative effects of water and wind 
erosion are also increasing along these agroecological zones. In this context, it is 
expected that the interrelation between land degradation and climate change may 
lead to an expansion of land degradation. 

1 Zai = traditional technique for bare soil productivity rehabilitation which consist in putting 10 to 
30g of organic matter in a hole of 15 cm diameter and at 15 cm depth before seeding (Kabore 1994)
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CHAPTER 3

Status and Trends in Land Degradation in Asia
Hong Ma and Hongbo Ju

Abstract. Land degradation is a universal problem; it has cumulative effects at re-
gional and global scales. This paper, based on the 500-meter resolution satellite 
image (band 1~7), which was acquired in 2003, and the correlative statistical data, 
examines the status of land degradation and desertification in the Asian Region. 
The perspective trends of land degradation are analyzed and indicated. The pri-
mary purpose of this study was to assess the major causes of land degradation and 
desertification in Asia, to suggest procedures and methods for combating deserti-
fication and mitigating the effects of land degradation and promote sustainable de-
velopment.

3.1
Introduction

Land degradation, defined as lowering and losing soil functions, is becoming more 
and more serious worldwide. Land degradation increasingly threatens agricultur-
al production and terrestrial ecosystems. The irrational human activities and land 
use patterns are the main factors causing land degradation.

Desertification is definition by the United Nations Convention to Combat De-
sertification (UNCCD) as “land degradation in arid, semi-arid and dry sub-humid 
areas resulting from various factors, including climate variation and human activi-
ties”. Desertification may result in soil erosion, decrease of soil production ability, 
and loss of biodiversity and may accelerate the process of environmental degrada-
tion in the future. Desertification exacerbates poverty and political instability.

Asia is the largest continent in the world (Fig 3.1). The total area of the Asia Re-
gion is about 44 million km2, accounting for 29.4% of the total land area in the 
world. Asia has the largest area under drylands. In Asia, the desertification mainly 
occurs in the arid and semi arid areas. Failures of resource management policies 
are aggravated by overgrazing, overexploitation of water and land resources, over-
cultivation of marginal lands, and the rapid increase in population, 90% of which 
lies within arid, semi-arid and dry subhumid areas (Land Desertification 2005). 

Desertification has come to the forefront of global concerns, as demonstrated 
in the number of international conferences and conventions, most recently, the 
UNCCD.

Keeping desertification from expanding is an important aspect for co-existence 
of humans and nature. Containment of desertification is the global common re-
sponsibility and duty. Fruitful and successful implementation will assuredly facili-
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tate Asian countries actions for combating desertification and improve Asian nat-
ural environment and contribute towards sustainable development.

3.2
Desertification Monitoring and Assessment in Asia

Guided by the provisions of the UNCCD, The Asian Regional Thematic Programme 
Network on Desertification Monitoring and Assessment, abbreviated as TPN1, was 
launched in July 1999 in Beijing, China.

China has been identified as the host country to coordinate TPN1 activities 
among the member countries. 

The Task Group Meeting on Benchmarks and Indicators for Desertification 
Monitoring and Assessment under the TPN1 was held in the Chinese Academy of 
Forestry. A proposed common set of benchmarks and indicators has been agreed 
upon at the meeting for comments, suggestions and further development. The pro-
posed indicator system includes four aspects: Pressure indicators characterize 
driving forces, both natural and man-made, affecting the status of natural resourc-
es and leading to desertification. They will be used to assess desertification trends 
and for early warning. State indicators characterize the status of natural resources 
including land. Desertification impact indicators will be used to evaluate the ef-
fects of desertification on human beings and environment. Implementation indi-
cators will be used to assess the actions taken for combating desertification and to 
assess its impacts on natural resources and human beings. 

From the end of 2001 to early 2003 feed back on the Benchmark and Indica-
tors proposal have been received from most of the TPN1 member countries and 

Fig. 3.1. The MODIS Image of the Asian Region
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the proposal has been firstly revised to reflect part of the comments and sugges-
tions. 

According to the characteristics of desertification, and based on the bench-
marks and indicators system, the proposed Asian Regional Desertification Sta-
tus Map will serve users at national, regional and international levels for under-
standing the causes and progress of desertification and ecosystem vulnerability 
to desertification and land degradation. By applying remote sensing techniques 
to the Asian region, applied studies of satellite images in desertification moni-
toring and assessment are being conducted. The first draft of the desertification 
status map of Asia had been completed (Fig. 3.2). This map is a useful and vis-
ible reference for the prognosis of desertification and for planning preventive or 
combative measures against it by showing the causes and dynamics of desertifi-
cation with respect to the process itself and the environmental vulnerability to 
desertification. 

Remote sensing techniques, geographic information systems (GIS), and the 
global positioning system (GPS) technology development, have provided the pow-
erful technical support for land degradation monitoring and assessment. Also they 
provided early-warning indicators of desertification trends (Cheng Shui-ying et al. 
2005).

In the implementation of the TPN1 activities, many countries and institutions 
have participated. All of these efforts and results will contribute to combat deserti-
fication, a serious hazard to our planet. 

India established a national network and regional action programmes were for-
mulated for the Asian region. The aim is to strengthen the existing capacities of 

Fig. 3.2. Desertification status map of the Asian Region
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member countries in the Asian region to take suitable measures for combating de-
sertification. By using satellite data, the desertification status map was made at the 
national level. A method for monitoring and assessment of desertification

using remote sensing has been developed in a large area and at a large scale 
(TPN1 2000; Ministry of Environment and Forests 2001).

Japanese scientists have made a detailed study on desertification monitoring 
and assessment. They have developed methods for monitoring of biological land 
productivity and evaluation of sustainability. As a key indicator, the social and eco-
nomic aspects were combined for assessing and estimating potential land produc-
tivity by applying satellite remote sensing and GIS technologies (TPN1 2000).

Mongolian scientists collected and analyzed vast amounts of data that has been 
verified through ground-truthing, on relief, soil type erosion, salinity, vegetation 
cover, biomass and fodder resources, ground water level, wind speed and frequen-
cy, days with dust storm, precipitation, drought duration, fauna and flora species 
and produced the desertification map. The map shows that a large part of the coun-
try suffers from a moderate or high degree of degradation. To obtain data from 
vast areas, the remote sensing data were used for making the land cover map from 
NOAA NDVI composite data, and for monitoring purpose the GIS based databas-
es have been developed on desertification, integrating all the above mentioned data 
(TPN1 2000). 

In Iran, activites covered included plantation and irrigation system protection, 
mitigating the effects of air pollution and dust storms and monitoring and man-
agement of droughts. Satellite imagery is used in monitoring drought conditions 
through vegetation indices and other approaches. Actions have been taken for 
combating desertification in a large area. 

3.3.
Status and Trends in Land Degradation in Asia

Asia is encountering multiple challenges in the control of land degradation and de-
sertification. The Asian region countries face problems of wind erosion, water ero-
sion, soil salinization, large population, pasture degradation and vegetative deg-
radation as a result of overgrazing and biodiversity losses. These problems cause a 
decline in the productive capacity of the land; induce increasingly frequent floods, 
droughts and sandstorms and cause eco-environmental degradation in large areas 
of the Asia region (Winslow et al. 2004). 

3.3.1
West Asia

West Asia is facing environmental problems of land degradation and desertifica-
tion at one of the highest degrees of hazard. For most areas shifting sand dunes are 
incapable of sustaining plant life. West Asia has a special and unusual mediterra-
nean climate. Wind erosion, water erosion, soil salinization, large population and 
low productivity has accelerated desertification.
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Most marginal lands in west Asia are permanent pastures of 1.35 millions km2

and 85% of them are considered to be in danger of desertification. The removal of 
natural vegetation and inappropriate cultivation methods are degrading and de-
pleting valuable and limited biological, soil, and water resources at a fast rate.

This region is considered to be having one of the highest annual population 
growth rates in the world. This varies from one country to another but on an aver-
age it is more than 2.4%. It is not surprising that population pressure in particu-
lar may be forcing further expansion of cropland and permanent pastures at the 
expense of forest and woodlands. In addition, the changing consumption patterns 
and life styles, resulting in increasing food demand, have hastened land degrada-
tion in this arid environment.

Saudi Arabia is the biggest country in west Asia area. The majority of areas in 
Saudi Arabian are the deserts, and the environment is worsening. The area is char-
acterized by harsh environment, fragile ecosystems and limited water resources 
and arable lands. By the end of the twentieth century and in spite of the national, 
regional and international efforts to combat desertification and mitigate the effects 
of drought and desiccation, desertification is still one of the major environmental 
problems in this area.

Iran located in the arid zone, has both plateaus and mountainous regions, with 
the majority located in the Iranian plateau. The eastern area is the dry basin, ac-
counting for a third of the land total area. 

According to the data collected in November 2005, (Iran: Cost Assessment of 
Environmental Degradation) Iran’s rangelands total about 90 million ha and the 
main source of degradation in rangelands is overgrazing. Iran has 286 wetlands 
and the most serious threats to wetlands have been their drainage and reclamation 
for agriculture and the diversion of water supplies for irrigation. The irrigated ag-
ricultural land in Iran amounts to 7.4 million ha. Around 60% of the irrigated ag-
ricultural land in Iran suffers from different degrees of soil salinity. The deforesta-
tion typically causes large scale erosion, loss of soil nutrients and the land mass has 
become a barren, sterile land.

3.3.2
South Asia

South Asia has a much higher population density, creating severe land pressures. 
Intensive over-grazing, marginal cultivation, and sand dunes, which have a high 
rate of movement, expanded the desertification.

A large proportion of India is covered by dry lands. Environment issues such 
as deforestation, soil erosion, overgrazing, and desertification have long been 
concerns in India, affecting the way of life for its inhabitants. The problem is 
more severe in the arid lands in the northwestern part of the country, especial-
ly in the desert tracts. Thar Desert in western India is the biggest desert in the 
south Asian area. The majority of area is barren and the intense dust storms are 
important disasters. The huge and growing population is placing great strains 
on the natural resources and the inhabitants have been moving about in search 
of pasture life. Thar desert is extending at the rate of 100 ha every year causing 
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damage to approximately 13,000 ha of cultivated land and pastures in India and 
Pakistan. 

3.3.3
Central Asia

The rugged dry land countries of Central Asia face drought and desertification risk 
on a wide scale, and have limited resources to combat it.

Changes to the Aral Sea Basin are regarded as one of the most extreme cases of 
environmental degradation in the twentieth century.

The Aral Sea in Central Asia was considered the world’s fourth largest inland 
sea in surface area in 1960. It was also one of the world‘s most fertile regions. By 
1992 its area had decreased by 54%. Lake levels had fallen more than 16 m and 
volume dropped by 75%. In 1989, the sea bed receded into two separate parts. A 
scheme to achieve self-sufficiency in cotton production diverted massive amounts 
of water from the rivers flowing into the Aral Sea. Desiccation of the sea zone trig-
gered other processes such as salinization and pollution of waterways. The dry sea 
creates serious sand storms picking up millions of tons of salt and scattering it. 
The bottom of the dry sea has formed an area of approximately 36,000 km2 of salt 
beach. Desertification has been rapidly spreading and about 80% of the northern 
area of the former Aral Sea is desertified. The progressive desertification has re-
duced the productivity of pastureland and destroyed the forests and meadows. The 
plentiful plantation and 15% of meadow and the massive forest resources that are 
around the Aral Sea have been swallowed and the fish in the Aral Sea have died out 
(Fig. 3.3).

The problem of the Aral sea has not only puzzled the Central Asia region, but 
has already become a global ecological crisis (Alles 2005). 

Mongolia in Central Asia is a landlocked country with sharp continental cli-
mate (low precipitation, high daily and seasonal variations of temperature, strong 
sand and dust storms), which aggravates the risk of desertification. 

In Mongolia the main reason for desertification is land degradation as a result of 
irrational utilization of land, water and forest resources, overgrazing, cutting trees 
and shrubs for fuel and cultivation in the background of natural factors. Animals 
such as rodents, grasshoppers and goats fully destroy vegetation. They increase de-
sertification. 

Scientists estimated that 90% of Mongolia’s area could be subject to desertifica-
tion and about 41% of the area had already been severely affected by desertification 
(TPN1 2000). 

China is one of the countries affected by desertification over a large area, with 
a wide distribution and adverse impacts. The usable land resource in China is 
very limited. “The Chinese desertification report” by the State Forestry Admin-
istration in 2005 indicated that about 2.64 million km2 or 27.46 percent of Chi-
na’s total land area is affected by desertification (State Forestry Administration 
2005). 

According to China’s Environmental Protection Agency, the Gobi Desert, which 
stretches across southern Mongolia and northern China, grew by 20,000 square 
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miles from 1994 to 1999, and its steadily advancing edge now sits a mere 150 miles 
north of Beijing. (Fig. 3.4). 

3.4
Causes of land degradation in Asia

The causes of land degradation in Asia could be described as follows:

3.4.1
Increasing population 

Asia is the most populated area that has been influenced by desertification in the 
world. With the rapid economic development in Asian countries, the rapidly grow-
ing population is placing ever-increasing demands on the land, clearing natural 
vegetation and tilling soil without fallow or nutrient replenishment. Hence the area 
under land degradation is increasing.

3.4.2
Increasing pressure on land

The rapid population growth and the concurrent increase in demand for agricul-
tural land, food, water and shelter has put pressure on the land and water resourc-
es. This is resulting in environment degeneration in the region and the trend is in-
tensifying unceasingly.

Fig. 3.3. (a) Aral Sea in 1985 and (b) in 2005
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3.4.3
Decline in soil and water resources 

Due to the decline in natural vegetation and unsustainable agriculture, the capac-
ity of soil and water resources to support life has been steadily reduced. According 
to the data from UNEP in 1997, of the 1.96 billion ha of soil resources in the world 
that have been degraded, Asia has the highest rate of approximately 38%.

3.4.4
Decline in natural forests and grasslands

Due to overgrazing and deforestation, natural vegetation cover continues to de-
cline. There is a great impact on biodiversity which is declining.

Fig. 3.4. Gobi Desert 
across southern 
Mongolia and 
northern China
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3.4.5
Increasing atmospheric carbon and changing climate 

Scientists agree that global climate change such as global warming is attributable 
to elevated levels of atmospheric carbon dioxide and that it is having an impact on 
the increasing droughts and desertification in the Asian region. 

3.4.6
Deterioration in the living conditions for many people 

With increasing unsustainable use of resources, land degradation leads to further 
degradation of land resources, which leads to increased poverty and many people 
have to face deteriorating living conditions. About 35% of the arable land in Asia 
has been influenced by desertification. Nearly 1.3 billion people or 39% of the to-
tal population in Asian region, are exposed to desertification and the arid condi-
tions.

3.5 
Conclusions 

Desertification is the degradation of ecosystems on the surface of the earth.The 
study of land degradation is a science in which natural and social sciences overlap 
and interact with each other. The research for land degradation status, which is re-
ferred to above, laid the foundation for assessing current land degradation trends 
in the Asia Region.

Asia is one of the areas affected severely by desertification, with more than one 
half of the arid areas especially in the Central Asia region most exposed.

Research data indicated that desertification has been kept within limits only to 
some extent. In reality, it is still expanding over a large-scale and many problems 
have not yet been solved. 

Use of satellite remote sensing technology for desertification monitoring and as-
sessment over a large area and at a large scale is in the early stages. In developing 
strategies for economic and technological advancement, there is a need to prevent 
ecosystems from further degradation, and restore the productivity of ecosystems 
and natural beauty that have been affected. Therefore there is a need for more ac-
curate, timely and systematic monitoring of desertification and future trends of 
projection. This will enable implementation of better environmental measures to 
control ongoing land degradation, recover those areas that have been damaged, 
improve ecosystems and in balance with rational use of natural resources. 

Some developed countries have successfully implemented advanced space tech-
nologies. The need for global cooperation in combating desertification and miti-
gating the effects of drought has been well recognized by the international com-
munity. To achieve the goal of combating desertification in Asia, there is a need for 
wider development of technology support and collaboration.
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CHAPTER 4

Trends in Land Degradation in Latin America 
and the Caribbean, the Role of Climate Change
Fernando Santibáñez and Paula Santibáñez

Abstract. Latin America has a rich reserve of genetic resources. About 40% of the 
known living species are present in this Region. The continent represents an im-
portant reserve of cultivated land and fresh water. About one third of the forest of 
the world lives in their important tropical and temperate biomes, much of them 
are in pristine condition. Despite its genetic richness, important deforestation has 
affected mainly coastal ecosystems, settlement of the most part of its population. 
Originally, this continent had 6.93 millions km2 of forests. At present only 3.66 of 
its original forest coverage remain. Present rate of forest loss is 15,000 km2 yr-1, that 
is to say, almost 3 ha per minute. About 45% of croplands in South America and 
74% in Meso-America are degraded. The arid lands are threatened by desertifica-
tion and very often by droughts. Both phenomena have high social costs pushing 
millions of people to move to cities, creating social pressure in urban areas. This is 
one of the sources of crime increase and political instability in many countries. At 
present, the tropical rain forest continues to be cleared, mainly using fire, to open 
lands for annual crops and pastures. There are some biomes like temperate forest 
in Chile and Argentina, the Mata Atlantica in Brazil, the dry subtropical forest of 
the Chaco, that have been reduced to small patches.

The main source of human pressure on the environment comes from unsound 
agricultural practices and interventions on natural ecosystems to extract goods 
and services. In addition, climate has been fluctuating forcing important landscape 
changes in the last thousand of years. Climatic trends are evident in extensive ar-
eas of the continent. Temperature in tropical Andes shows a significant warming 
of about 0.33°C per decade since the mid-1970s. Minimum temperature has in-
creased as much as 2°C in some coastal areas. In the South Western Pacific coast, 
rainfall has shown a clear negative trend throughout the 20th century. A contrary 
trend has been observed in the Atlantic coast of Argentina and Southern Brazil. 
Climatic variability seems to be increasing, making more frequent extreme climat-
ic events of drought and floods. In the overall continent a rapid reduction in the 
permanent ice bodies is observed, mainly Andean permafrost and glaciers, which 
moved upward their lower front about 300 m or more in a century. Main biomes 
of the continent are subjected to different natural and human drivers or pressure. 
Among the most threatened biomes are the Caatinga in Brazil, the Amazon rain 
forest, temperate forest of the Patagonia, the arid and semiarid Sclerofylous forest 
and highlands of Puna.

Increasing climatic hazards are forcing farmers to opt low input agriculture in 
order to reduce economic risk. This leads to a marginal agriculture, associated with 
low yields and income, and consequently, social deterioration and very often, the 
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primary cause of massive migrations. In some areas, farmers will never be able to 
adapt to these conditions at the required speed. Currently, prices of agricultural 
products are at the lower limit to support reductions on yields, so, farmers are in 
an extremely vulnerable condition. 

4.1
Introduction

Latin America was under populated until the eighteenth century. It was located 
far from the most populated centres of the world, like China, Africa and Europe 
where the first human concentrations emerged. This continent was characterized 
for civilizations demographically dispersed in the territory, living in a relative har-
mony with their natural resources. Demographic expansion started very slowly, 
only 500 years ago, after the arrival of European to colonize this land. For that rea-
son this continent still conserves the most part of its original genetic resources and 
biomes.

Latin America has probably the richest reserve of genetic resources of the 
world. This region provides habitat for about 40% of the known living species, has 
an important reserve of cultivated land and fresh water. About one third of the 
forests of the world thrive in this region in their important tropical and temper-
ate biomes. Some areas of the Amazonian mass and of temperate sub Antarctic 
forest are among the less disturbed ecosystems that are still in pristine condition. 
Antarctic waters are well known for their rich marine biodiversity. Despite its ge-
netic richness, important deforestation has affected mainly coastal ecosystems. 
Originally, this continent had 6.93 millions km2 of forests. At present it has been 
reduced to 3.66 millions. Present rate of forest loss is 15,000 km2 per year i.e. al-
most 3 ha min-1.

4.2
Soils

The agricultural potential of the region is estimated at 576 million ha (GEO 2002).
About 24% of the Americas are arid or semiarid (Sivakumar 2007). The major cause 
of land degradation is the use of unsound cultivation practices. In South America, 
about 45% of croplands are affected by land degradation. In Meso-America these 
figures are more dramatic, rising up to 74% of cropland. 

The main source of deforestation in the Amazon is the expansion of croplands 
into previously forested areas. After some years, the soil degrades and crops are 
abandoned to give way to permanent pastures. Soybean production has been the 
main cause for the expansion of agricultural frontier in northern Argentina, east-
ern Paraguay and central Brazil.

The arid lands are threatened by desertification and very often by droughts. 
Both phenomenons have high social costs pushing millions of people to move to 
cities, creating social pressure in urban areas. This is one of the sources of increase 
in crime and political instability in many countries. 
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Irrigated lands are about 15 millions ha, the most part of them show symptoms 
of soil degradation. Nearly 20% of physical surface is already degraded

4.3
Biodiversity

The region contains 40% of the plant and animal species of the planet. The biota 
of all countries is threatened. In Brazil alone 103 bird species are threatened. Peru 
and Colombia occupy the fifth place in the world with 64 species each. A third of 
Chilean vertebrates are threatened. Brazil also has 71 mammal species which are 
threatened (the fourth highest in the world). More than 50% of Argentinean mam-
mals and birds are also threatened.

Highlands of Bolivia, with an altitude as high as 3800 m in the border of Titicaca 
Lake, support intensive cultivation of annual crops (potatoes, quinoa). Herders of 
Lamas and Alpacas very often keep a stocking rate higher than carrying capacity of 
degraded grasslands, intensifying vegetation regression and soil degradation. The 
main processes of soil degradation in Highlands and mountain areas are water and 
wind erosion. The intensive extraction of water from wetlands is pushing them to 
desiccation, affecting the integrity of rich, biodiverse and unique ecosystems, hav-
ing more than 70% of endemic species.

The Valdivian Forest in Chile (dominated by Nothophagus sp.) is one of the last 
extensive temperate rainforests of Southern Hemisphere. After a century of wood 
extraction, only 18% of the original Alerc forest survives. This is the second lon-
gevous species in the world (trees aged more than 2500 years). At present it is very 
likely that this unique species is under threat in her critical territory and forest 
structure to guarantee her conservation.

At present, the rainy tropical forest continues to be cleared, mainly using fire, 
to open lands for annual crops and pastures. In just one year (2000), more than 
12,260 km2 of rainforests were cut in the Amazon basin. In the South Eastern coast 
of Brazil, the Mata Atlantica vegetation, considered a rich genetic reserve, has been 
reduced to small patches.

South America’s share of total tropical deforestation is 610,730 km2 decade-1,
while Central America and Mexico’s share is 111,200 km2 decade-1. These figures 
indicate a total rate of tropical deforestation which is higher than the rates of defor-
estation that occurs elsewhere in the world. 

4.4
Water

Latin American continent has big river basins with abundant water resources: the 
Amazon, Orinoco, São Francisco, Paraná, Paraguay and Magdalena rivers repre-
sent more than 30% of continental runoff. Nevertheless, two-thirds of its territory 
is arid or semi-arid. These areas are located in central and northern Mexico, north-
eastern Brazil, West and South of Argentina, Northern Chile, Bolivia and South 
Western Peru. Normally arid and semiarid parts have high agricultural potential 
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if irrigated. An area of 697,000 km2 is currently irrigated, corresponding to 3.4% of 
the Latin American territory. Irrigated areas are affected by salinization and water-
logging due to bad management of irrigation systems. 

4.5
Human drivers and ecosystems

Human drivers are normally called pressures upon natural resources. The main 
source of human pressure on soil comes from unsound agricultural practices and 
interventions on natural ecosystems to extract goods and services. As consequence 
of these human interventions the natural equilibriums are altered triggering the 
chain of degrading processes (Sivakumar 2007). Food, raw materials and energy 
production, as well as mining and industrial activity, urbanization, tourism and 
other human activities, exert direct or indirect pressures on natural resources. All 
these human actions cause loss of mass, energy or information contained in natu-
ral systems, often taking them to irreversible simplification levels. Human actions 
on natural systems, tend to accelerate processes leading to dissipate energy, re-
ducing its stock of internal energy and its stability or complexity (Mosekilde and 
Mosekilde 1991).

Natural systems have the capability to absorb small temporary imbalances or 
pressures, restoring by themselves, i.e., recovering their structural and functional 
integrity. This resilience allows the ecosystems to stay unaffected through linger-
ing periods of time despite changes of their environment (Schnoor 1996). Further-
more, natural systems have become stronger due to the slow and subtle climate 
changes which occurred through the ages.

When the imbalances go beyond the system’s resilience capacity, transforma-
tions become permanent, a state from which the system will not recover by itself. 
In such cases, the system has lost information or essential components, unrecover-
able in human scales of time. Practically any component of a natural system can be 
modeled as a balance among the forces that it pushes to its degradation and those 
that moves to its recovery. The important thing is to know which is the role of pop-
ulation in the input and output of matter, energy and information to and from the 
natural systems.

Less resilience capacity of natural systems implies higher vulnerability. In gen-
eral, the most complex systems, or those that must complete longer cycles, tend to 
be more vulnerable, as is the case of temperate forest and wetlands. In many cas-
es the reproduction of the plant species and animals depends on delicate balances 
that, when suffering distortions, can impede the spawning of new generations that 
could guarantee the stability of an ecosystem. The simple removal of a plant species 
can put in risk the subsistence of an animal species that bases its subsistence on it, 
which in turn, can also put in risk the survival of predators, triggering a series of 
processes whose end result is difficult to foresee. 

The pressures exerted by humans are not easily describable by a single param-
eter. Many times they are the result of multiple derived factors of human actions 
over the environment. Additionally, an action can have effects on different envi-
ronmental components simultaneously, exercising multiple pressures over several 
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natural resources. This is the case for agriculture, an activity for which the natural 
ecosystem balances must be radically modified exerting overwhelming pressures 
over plant and animal biodiversity, soil and water resource, all at once.

4.6
Desertification

Basically, desertification is the simplification and loss of the natural balances of 
the ecosystems characteristic of climates with water deficit, affecting the life qual-
ity of the inhabitants. The arid climate ecosystems have, in general, high levels of 
resilience. Nevertheless, they are considered fragile due to the high levels of water 
stress that affects the vegetation communities and the poor soil protection as a con-
sequence of the reduction of plant cover. 

One of the most relevant human interventions that triggers or worsens the de-
sertification process is the extraction of plant biomass, used as forage or fuel pur-
poses. This reduces plant cover coverage, partially increasing soil vulnerability to 
the eroding action of climatic elements. Erosion of soil reduces it’s fertility and it’s 
water holding capacity, which in turn triggers a chain of processes that, through 
positive feedback, increases the ecosystem deterioration. Figure 4.1 shows a dia-
gram of causes for this chain of processes. 

All the processes that lead to desertification are gradual and continuous. Al-
though degradation of the environmental components happens, in general with 
some simultaneity, under determined managing conditions and depending on 
the nature of each ecosystem, it is possible that some components degrade faster 
than others do. This makes each degradation situation different from others, which 

Fig. 4.1. Diagram of causal-
ity representing the main 
processes leading to soil 
degradation. Climatic vari-
ability and precipitation 
intensity exacerbate the 
negative impacts of this vi-
cious circle. 
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makes it difficult to generalize a single route toward desertification. Nevertheless, 
it is necessary to use a numerical language that allows the representation and com-
parison of the various degradation profiles of the different ecosystems that com-
pose a territorial system.

4.7
Present trends of Climate 

Land degradation is a consequence of a combination of human and climatic driv-
ers. Climate has been forcing important landscape changes in the last thousand of 
years. Climatic trends are evident in extensive areas of the continent (Telegeinski-
Ferraz et al. 2006). Temperature records in tropical Andes show a significant warm-
ing of about 0.33°C per decade since the mid-1970s. Minimum temperature in Chi-
clayo, Peru’s north coast, increased 2°C from the 1960s to 2000. Similar trends were 
observed in Chile (Rosenblüth et al. 1997). This trend has also been observed in 
the high plateau region in extreme southeastern Peru where minimum temperature 
has risen 2°C from 1960 to 2001. (http://www.climatehotmap.org/samerica.html). 
In the 20th century, temperature changed faster than in the preceeding centuries, 
showing a clear acceleration in recent decades (Villalba et al. 2003)(Fig. 4.2). Daily 
time series have shown no consistent changes in the maximum temperature while 
significant trends were found in minimum temperature, in Western and Eastern 
coastal regions of South America (Vincent et al. 2005). In the South Western Pacific 
coast, rainfall has shown a clear negative trend throughout the 20th century. A con-
trary trend has been observed in the Atlantic coast of Argentina and Southern Bra-
zil, like in many other parts of the world (IPCC 2007). Mean annual precipitation 
in the humid Pampa increased by 35% in the last half of the 20th century (Fig. 4.3).

Fig. 4.2. Surface temperature changes in Brazil and Argentina over the last century (Source: Grid 
Arendal : http://maps.grida.no/go/region).
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Climate variability seems to be increasing, making more frequent extreme cli-
matic events of drought and floods (Aguilar et al. 2005). In the Amazonian basin, 
water regime tends to move to a more arid condition due to deforestation which is 
reducing vapor transfer to the atmosphere (Durieux et al. 2003). Amazonian rain 
forest is one of the few examples of clear interaction among forest cover and me-
soclimatic regime. 

Overall, in the continent a rapid reduction in the permanent ice bodies is ob-
served, mainly the Andean permafrost and glaciers, which moved upward their 
lower front about 300 m or more in a century (Figure 4.4). Some glaciers from the 
Southern Argentina and Chile have retreated hundreds of metres which reduced 
their thickness at a rate of 100 cm per year. Glaciers in Patagonia have receded by 
an average of almost a mile (1.5 km) over the last 13 years. In 1972 Venezuelan An-

Fig. 4.3. Running average (10 year period) of annual rainfall in Buenos Aires (Argentina) and La 
Serena (Chile)
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des had 6 glaciers, while at present only 2 remain, and it is expected that these will 
be gone within the next 10 years. All these trends are affecting the global hydrology 
of the Andean basins and water availability for irrigation of important agricultural 
areas in Chile, Argentina and Peru.

4.8
Ecosystems

Ecosystem vulnerability depends on climatic agressivity and variability, soil type, 
vegetation resilience and landforms. Social vulnerability depends on ecosystem 
vulnerability, economic resources, access to technology and social structures and 
assistance networks.

Highlands of the Andean region are very sensitive to climatic variations due to 
the presence of large human settlements, the complex landforms and a dynamic 
hydrological system. Landslides and avalanches are a permanent threat for small 
villages and agricultural lands. 

Fig. 4.4. Retreat of Ice cap on Volcano Nevado Santa Isabel (Colombia). (Source: Grid Arendal : 
http://maps.grida.no/go/region).
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In Mediterranean climates, having a long dry spring and summer, precipitation 
is concentrated in a short rainy period of 3 to 4 months. When the first rains ar-
rive, a dry bare soil is intensively eroded provoking massive sedimentation of rivers 
and lower lands. This phenomenon was exacerbated in the last century as a conse-
quence of soil denudation, where dense chaparral and savannas were replaced by 
degraded annual herbs which are unable to protect soil from water and wind ero-
sion. In some areas close to the cities, the Andean piedmont has been urbanized 
provoking a rapid run off and flooding during intensive precipitations. 

Main biomes of the continent are subjected to different natural and human driv-
ers or pressures. Pressures with a human origin depend on population density and 
productive use of natural resources. Natural pressures depend basically on climate 
change, that is forcing ecosystem to adapt to new environmental conditions and 
creating more adverse conditions for soil conservation. Normally human and nat-
ural drivers interact negatively making it difficult to sustain the integrity of ecosys-
tems. Another component of land degradation is ecosystem vulnerability, which 
can be defined as the property of natural vegetation, animal species and physi-
cal environment as a functional unity, to resist, absorb or to neutralize an exter-
nal perturbation without having permanent modifications. Different biomes have 
different vulnerabilities depending on their capacity to restore their original con-
dition after a human intervention or a natural environmental change. Figure 4.5 

Fig. 4.5. Relative situation of the main Latin American and Caribbean biomes, related climate 
change, human drivers and sensitivity (H=high pressure, L=low pressure, LS=less sensitive, 
M=medium sensitive, ES=extreme sensitive)
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presents an estimation of present human and natural pressures, and estimated sen-
sitivity of the main biomes.

4.9
Agriculture

Soil degradation is affecting the productivity of agricultural lands, ecosystems as 
well as natural plant cover and biodiversity and the livelihood of populations.

Land degradation is the result of a number of causes, as unsound agricultural 
practices, ecosystem fragility, human pressure and climate which is getting more 
hazardous. Land degradation is the first phase of a long chain of processes affect-
ing the integrity of the ecosystems, ecosystem services and the capacity of the ter-
ritory to sustain human activities. One example of this is the El Niño-La Niña phe-
nomenon. During the El Niño phase, Pacific water warms 2 to 4 degrees bringing 
intensive precipitations in the Southern Cone (Peru, Chile, Argentina, Pacific and 
Atlantic coasts), while droughts affect Colombia, Venezuela, Mexico, North East-
ern Brazil and the Amazon basin. The cold phase is associated with inverse effects. 
This phenomenon is a real threat for human settlements, being the main cause of 
floods and landslides. Periodic droughts create unfavourable conditions for invest-
ments in agriculture. This El Niño Southern Oscillation (ENSO) is probably the 
main driver for climatic variability in the continent, making precipitations highly 
hazardous, forcing farmers to resort to agriculture of low inputs in order to reduce 
economic risk. This leads to a marginal agriculture, associated with low yields and 
income, and consequently, social deterioration and very often, the primary cause 
of massive migrations. This has been the case in North Eastern Brazil, Northern 
Argentina, Northern Chile and Mexico (MA 2002; NRC 2002).

Land degradation is the end result of a long chain of processes having different 
beginnings (Pielke et al. 2007). The most common is social marginality and lack of 
economic and technological resources (Fig. 4.6). Under these conditions, farmers, 
often small owners, tend to minimize cost using basic and aggressive techniques of 
soil cultivation, leading to soil erosion. A second cause has historically been min-
ing. High energy requirements of metal foundry, stimulated deforestation of frag-
ile ecosystems to provide mines with fuel wood and charcoal. The third cause was 
industrial agriculture that used high levels of fertilizers, pesticides and machin-
ery. This combination led to the loss of organic matter, soil compaction and, after 
some years, a global decay in soil productivity. In all cases there was a combination 
of human pressure and climate aggressivity threatening important ecosystems. In 
tropical areas, sugarcane cultivation during the last three centuries and especially 
in the late 18th century, was the primary cause for forest cover removal to install 
unsustainable production systems. Much of this land had only shallow and fragile 
soils which are highly erosion prone due to the steepness of the slopes it occupied. 
Consequently a loss of significant amounts of topsoil was observed from many ar-
eas, especially in the volcanic soils of Meso America. Although the worst affected 
areas are no longer in cultivation, the natural vegetation that has recolonised these 
areas is much poorer in species composition and biomass than the original vegeta-
tion.
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In arid and semiarid parts of the continent, low and variable rainfall creates 
a permanent water stress that produce poor stands of sparse vegetation, which 
provide ineffective protection to the soil from the erosive effects of rainfall and 
wind.

The effect of climatic variations on crop productivity is difficult to predict due 
to the complexity of the cause and effect relationships among plant ecophysiology 
and climate. In some case the effect of higher temperature is clearly negative, in 
some others, clearly positive. The balance of negative and positive impacts will de-
termine the behavior of crops in new climatic scenarios. A rise of temperature in 
cold climates will be certainly positive, stimulating growth rate and biomass accu-
mulation. If this phenomenon is accompanied by precipitation reduction, the neg-
ative effect of this will oppose to the positive change in temperature regime. The 
final result will depend on which of the two phenomena will predominate over the 
other. In tropical regions, a rise of temperatures will create conditions for thermal 
stress which is deleterious for crops. Simultaneously a higher CO2 content will al-
low plants to better support these stressing conditions, due to higher photosyn-
thetic rate, which provide more carbohydrates to maintain higher respiration rates. 
What is expected in all climates is the fact that global warming will accelerate life 

Fig. 4.6. Paths to land degradation. Good lands with intensive agriculture and marginal lands 
with low input agriculture follow different path by the end results are similar. The Agri Deserti 
is a completely degraded land unsuitable for agriculture.
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cycles of pest and insects, increasing sanitary equilibrium of plants. Analogous-
ly, life cycle of plants will be accelerated reducing time for biomass accumulation. 
This will affect yields negatively. To neutralize this phenomenon, cultivated areas 
should move to fresher climates when possible or change sowing dates looking for 
the lower temperatures during the year. Areas where these two possibilities are un-
likely, agricultural yields will fatally drop.

In hot tropical climates, temperature rise will force crop yield to decrease, by 
shortening the duration of crop growth cycle. Phenology will occur faster reducing 
the duration of phonological phases, consequently, production of fruits, grains and 
plant aerial organs will drop. In arid climates of the continent (NE Brazil, North-
ern Mexico, Peru and Chile, and Southern Argentina), this negative impact is re-
inforced by a decreasing annual rainfall. In humid tropical climates (Amazon ba-
sin, Northern Argentina and Meso America) the higher temperatures interact with 
a more aggressive and unstable precipitation pattern in the recent decades. Along 
the Central American-Caribbean watersheds, coffee and banana crops could be 
additionally stressed if climate change leads to increasing frequency of storms and 
heavy precipitation (Campos et al. 1997). Ozone depletion (WMO 2003) will also 
contribute, in the Southern part of the continent, to increase UV levels that im-
pair the growth of some crop species due to its deleterious effect of auxines. One 
exemption is the grapevine, species that benefit from increased levels of UV, which 
increase the synthesis of flavonoids improving the quality of wine. 

Global warming also will create better conditions to extend the geographic dis-
tribution of insects and pests. Higher temperature accelerates reproduction, short-
ening the time to complete life cycle of insects and pathogenic agents (Porter et al. 
1991). Changes in precipitation regime can increase sensitivity of hosts, reducing 
predator populations and competitors (Löpmeier 1990; Parry et al. 1990). There is 
some evidence of poleward expansion of pest and insect distribution ranges which 
can create new sanitary risks in the temperate climate (Porter et al. 1991). This ex-
pansion is expected to continue affecting highlands and temperate agriculture. An 
example of this was the arrival of late potato blight (Phytophthora infestans) in 
Central Chile in the early 1950 (Treharne 1989). Figure 4.7 shows positive and neg-
ative effects of climatic warming. 

In extensive areas, farmers have limited financial resources and adopt low input 
farming systems having little capacity to adapt to the new conditions imposed by 
climate change. Adaptive capacity requires efficient irrigation and water manage-
ment systems, highly technified management of pests and diseases, a strict con-
trol of climatic risks by managing early warning systems and information systems 
(GCOS 2003), adaptation of genetic resources (to change crop seasonality and in-
crease resistance to pest and diseases), highly technical management of pesticides 
and fertilizers (to prevent contamination of waters and foods). In some areas farm-
ers will never be able to adapt to these conditions at the required speed. Marginal 
agricultural populations may suffer significant disruption and financial loss even 
facing relatively small changes in crop yield and productivity (Parry et al. 1988; 
Downing 1992; GEF 2006). Currently, prices of agricultural products are at the 
lower limit to support reductions on yields, so, farmers are in an extremely vulner-
able condition.
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Due to higher prices of energy, pesticides and fertilizers, estimated net eco-
nomic impacts of climate change on crops are negative for several Latin American 
countries (Reilly et al. 1994). 

Globally the continent will endure important climatic modifications all over its 
territory (Table 4.1). Changes in South America, especially in coastal areas, could 
be moderated by the important mass of oceans in the Southern Hemisphere. De-
spite this, an important modification is expected in the behavior of climatic os-
cillation such as El Niño-La Niña, which will continue to be a driver for climatic 
variability in almost all continental extension (Paeth et al. 2006). Displacemen of 
isotherms and isohyets are occurring faster than adaptation mechanisms of natu-
ral ecosystems; this could become a severe threat for important biomes of this con-
tinent, mainly in the Amazon basin and temperate rain forests. Modification of 
rainfall regimes, the retreat of ice bodies and increased rates of evaporation, could 
reduce runoff and available water in the next decades. Global warming will force 
important adaptation in agricultural systems, this includes the better use of tech-
nology and a shift in crop seasonality. Only modern agriculture will adapt to these 
new conditions impacting severely small farmers who dominate in extensive areas 
of the continent. After analyzing these trends, some questions arise: Will we halt 
this tendency before a real crisis? How much will we pay to adapt to a new climate? 
Will we be able to adapt completely to new planetary situations?. These questions 
imply a real effort to restore the planet to the normal situation.

Fig. 4.7. Summary of positive and negative effects for crop species of temperature rise
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Table 4.1. Main Changes forced by global warming in Latin America and the Caribbean

Glaciers and 
permafrost 

Upward displacement of at least 300 meters of lower border of Andean 
glaciers, decrease in the Antarctic Ice extent, retreat of the Patagonia 
glaciers, reduction of permafrost, reduction of solid precipitation and snow 
reserves in the Andes and high elevations. 

Soil More intense storms could increase risk of soil erosion. Even in arid 
environments occasional intense storm could threaten bare soils. 

Freshwater Increased runoff in winter reducing availability of water in spring and 
summer. Loss of capacity of hydrological regulation of the main river basins 
in the Andes Mountain based on snow reserves.
Decreasing precipitation is reducing potential for rainfed agriculture in 
arid environments. As consequence of this, groundwater is being overused, 
increasing depth of water tables. 

Water 
quality 

Intensive storms are more frequent, causing more soil erosion and sediment 
transportation to rivers.
Higher temperatures tend to reduce dissolved oxygen impairing aquatic 
organisms. 
Stalinization of river deltas due to the increase in sea level.

Climatic 
variability

Extreme climatic event are increasing its frequency, making life hazardous. 
This is affecting wildlife and agriculture.
Some ecosystems from the Atacama Desert border are in ecological 
regression due to the increased climatic variability which magnifies human 
pressures.
Drought, floods and landslides are affecting agriculture and human 
settlements. In some cases causing loss of human lives.
In May 2000, the region of Buenos Aires, Argentina supported the heaviest 
rains in 100 years, 342 mm fell in just 5 days. Similar phenomenon affected 
Venezuela in December 1999, causing massive landslides and flooding that 
killed approximately 30,000 people. 

Rangelands Important areas of the continent support extensive cattle production, in 
some cases this activity represent un important export product (Uruguay 
and Argentina). These agricultural ecosystems are threatened by water and 
wind erosion due to increased climatic aggresivity. 

Forests The continent holds one of the bigger world forest reserves. Tropical forest 
is threatened by a combined action of humans and climate. Tropical forest 
soils in the Amazon basin are very sensitive. After a slight deforestation, 
exposed soil start 

Biodiversity Global warming and changes in water regime are threatening important 
biodiversity of tropical rain forest (Amazon basin and Central America), 
Semiarid tropical steppes (Caatinga from the NE Brazil), Cold Steppes 
of the Andean highlands (mainly Peru, Bolivia, Argentina and Chile), 
Subdesertic and semiarid temperate Steppes in Mexico, Peru, Chile and 
Argentina, Humid temperate forest (evergreen and deciduous) in Chile and 
Argentina and Cold Patagonian Steppes. Primary factors of degradation of 
these biomes is soil desiccation and droughts, displacement of isotherms 
faster than species adaptation and frequent intense storms which degrades 
or saturate soils. Temperature increase also creates favorable conditions for 
new species of insects or diseases. Rising sea level is leading to saltwater 
inundation of coastal mangrove forests in Bermuda.
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Table 4.1. Continued

Soil Carbon 
reserves 
and organic 
mater

Higher temperatures favor organic mater degradation when soils are 
cultivated. This accelerates the loss of carbon from cultivated soils. This is 
the normal situation in tropical soils, which is shifting to temperate zones.

Crop 
seasonality

Higher temperatures will be compensated with changes in crop seasonality. 
Sowing dates will move towards the coldest season to maintain yields. 
In Mediterranean climates this could help in a better use of winter rains, 
reducing water requirements. This paradox was already seen using 
simulation models in South America.

Human 
health

Until 90’s decade Aedes aegypti mosquitoes that can carry dengue and 
yellow fever viruses populated lower lands up to 1000 m. Recently appeared 
at regions above 2000 m. 

Source: Adapted from Santibáñez (1991), IPCC (2007), van Dam et al. (2002) and Campos 
(1996) 
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CHAPTER 5

Trends in Land Degradation in Europe
Luca Montanarella

Abstract. The adoption of the EU Thematic Strategy for Soil Protection by the 
European Commission on 22 September 2006 has given formal recognition of 
the severity of the soil and land degradation processes within the European 
Union and its bordering countries. Available information suggests that, over re-
cent decades, there has been a significant increase in soil degradation process-
es, and there is evidence that these processes will further increase if no action is 
taken. Soil degradation processes are driven or exacerbated by human activity. 
Climate change, together with individual extreme weather events, which are be-
coming more frequent, will also have negative effects on soil. Soil degradation 
processes occurring in the European Union include erosion, organic matter de-
cline, compaction, salinisation, landslides, contamination, sealing and biodiver-
sity decline. Effective soil protection policies can only be based on a detailed as-
sessment of the costs of non-action, and the potential economic benefits from 
enhanced soil protection strategies in Europe. The total costs of soil degradation 
that could be assessed for erosion, organic matter decline, salinisation, landslides 
and contamination on the basis of available data, would be up to €38 billion an-
nually for EU25. These estimates are necessarily wide ranging due to the lack 
of sufficient quantitative and qualitative data. The Soil Thematic Strategy of the 
European Union paves the way towards adequate measures in order to reverse 
the negative trends in soil and land degradation in Europe and will have also an 
extensive impact at the global scale by promoting similar actions in the frame-
work of internationally binding agreements related to land degradation, like the 
UNCCD, UNFCCC and CBD.

5.1
Introduction

The adoption of the EU Thematic Strategy for Soil Protection by the European Com-
mission on 22 September 2006 has given formal recognition of the severity of the 
soil and land degradation processes within the European Union and its bordering 
countries. The Strategy includes an extended impact assessment (SEC(2006)620) 
that has quantified soil degradation in Europe, both in environmental and eco-
nomic terms, and that is the basis for this report.

This impact assessment is based mainly, but not exclusively, on reports by the 
Joint Research Centre (JRC) of the Commission and the Working Groups set up 
to assist the Commission, and reports carried out for the Commission in assessing 
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the economic impacts of soil degradation and economic, environmental and social 
impacts of different measures to prevent soil degradation.

Available information suggests that, over recent decades, there has been a sig-
nificant increase in soil degradation processes, and there is evidence that these 
processes will further increase if no action is taken. Soil degradation processes are 
driven or exacerbated by human activity. Climate change, together with individual 
extreme weather events, which are becoming more frequent, will also have nega-
tive effects on soil.

Soil degradation processes occurring in the European Union include erosion, 
organic matter decline, compaction, salinisation, landslides, contamination, seal-
ing and biodiversity decline.

5.2
Erosion

5.2.1
Qualitative analysis

Erosion is a natural process, which can however be significantly accelerated by hu-
man activities. It is known to be a serious problem throughout Europe, especially 
in the Mediterranean zone, but snowmelt erosion happens in Scandinavian coun-
tries and wind erosion is common in Central and Western Europe.

Main human-induced driving forces include:
Soil disturbance eg., ploughing up-and-down slopes.
Removal of vegetative soil cover and/or hedgerows.
Increased field size (open fields).
Abandonment of terraces.
Late sowing of winter cereals.
Overstocking.
Poor crop management.
Inappropriate use of heavy machinery, in agricultural and forestry practices, but 
also during construction works.

Soil erosion is increasing in Europe (EEA 1995). As precise estimates are not pos-
sible due to the lack of comparable data, it is difficult to assess the total area of the 
EU affected by erosion. The EEA estimated 115 million ha, or 12% of Europe’s to-
tal land area, to be affected by water erosion, and that 42 million ha are affected by 
wind erosion, of which 2% severely affected.

Due to the difficulty to assess the affected area, erosion risk has been proposed 
as an indicator of actual erosion, which can be assessed on the basis of predictive 
models such as PESERA (Kirby et al. 2004). This model covers most of the EU25, 
except Sweden, Finland, Malta and Cyprus, where Corinne Land cover data is not 
available (Fig. 5.1). 

PESERA predicts that overall 3.4% of the area of the 21 Member States covered 
(1.6 million ha) is at risk from erosion of more than 10 tonnes (t) ha-1 yr-1, 18% (54 
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million ha) are at risk of losing soil above 1 t ha-1, and 25% of the area (correspond-
ing to 75.5 million ha) is at risk to lose more than 0.5 t of soil ha-1 yr-1. The Mediter-
ranean region is the most affected, but there is clear evidence that also other parts 
of EU25 suffer significant soil erosion. For some weather events, the losses can be 
much more significant: for instance, in a rainstorm in the South of Spain, 20 t of 
soil can be washed off just one hectare in a few hours.

It is worth noting that as natural soil formation is extremely slow, losses over 1 
or 2 t ha-1 yr-1 (EEA 1998, ESBN 2005) are therefore considered irreversible. As the 
soil is practically a non-renewable resource due to the fact that soil formation is ex-
tremely slow, the consequences of erosion for soil fertility and soil ecosystems, de-
scribed below, are significant:

Loss of soil.
Loss of soil fertility due to disrupted nutrient cycles.
Damage to infrastructures due to excessive sediment load.
Diffuse pollution of surface water.
Negative effects on aquatic ecosystems and thereby biodiversity.
Restrictions on land use hindering future redevelopment and reducing the area 
of productive and valuable soil available for other activities (agricultural and 
forestry production, recreation etc.).
Land value depreciation.
Reduced water retention capacity, hence higher flood risk.
Human health problems due to dust and particles in the air.

Fig. 5.1. Pan-European Soil Erosion Risk Assessment (PESERA) estimation of soil erosion 
(t ha-1 yr-1) for Europe
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Table 5.1. Estimated total annual cost of soil erosion (million € 2003)

On-site costs Off-site costs Total estimate

Lower bound 40 680 720

Intermediate 588 6,676 7,264

Upper bound 860 13,139 13,999

Note: These estimates relate to the surface affected by erosion in 13 countries and to five land use 
categories covering a surface area of 150 million ha

The following costs resulting from these impacts have to be considered:

5.2.1.1
On-site costs (costs basically borne by the owner or the user of the land)

Yield losses due to eroded fertile land**
On-site costs due to impact on tourism.

5.2.1.2
Off-site costs (costs borne by third parties and society, 
such as public administration, private sectors, tax payers and society as a whole)

Costs of sediment removal, treatment and disposal**.
Costs due to infrastructure (roads, dams and water supply) and property dam-
age caused by sediments run off and flooding**.
Costs due to necessary treatment of water (surface, groundwater)**.
Costs due to damage to recreational functions**.
Economic effects due to erosion-induced income losses.
Costs due to increased sediment load for surface waters (e.g. negative effects on 
aquatic species, difficulties for navigation).
Costs of healthcare caused by higher exposure to dust and soil particles in the air.

5.2.2
Quantitative analysis

Table 5.1 provides an overview of the sum of the types of costs that could be quan-
tified derived from a review of existing literature and test cases. Comprehensive 
and comparable information on the extent of erosion needed for the quantitative 
analysis was only available for 13 countries (equivalent to a surface area of about 
150 million ha).
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In recent years, a number of studies (including some from the FAO) have also 
tried to assess the costs of erosion, all leading to the same conclusion: off-site costs 
are much higher than the on-site costs.

Another important remark is that if long term effects (20 years) of soil erosion 
are taken into account, the estimated on-site costs reportet above for a total of 
around € 800 million would become € 3.25 billion.

5.3
Decline of soil organic matter

5.3.1
Qualitative analysis

SOM, the organic fraction of soil (not including undecayed plant and animal resi-
dues), plays a very important role not only for soil fertility, but also for soil struc-
ture, buffering and water retention capacity and is crucial for soil biodiversity. 
Therefore, in this assessment only the stable fraction of soil organic matter, the 
fraction that can be transformed into humus, is referred to. Humus means soil or-
ganic matter, exclusive of the partial decomposition products of undecayed plant 
and animal residues, and the soil biomass; its structure is amorphous, specific 
weight is low and surface area high. The principal constituents are derivatives of 
lignins, proteins and cellulose combined with inorganic soil constituents. Humus 
possesses colloidal characteristics which give it the ability to improve soil proper-
ties such as structure and porosity, sorption capacity (water, plant nutrients), pro-
tection against erosion, buffering capacity and protection of plants from drastic 
changes in pH, and store for micro-organisms.

SOM plays a major role in the carbon cycle of the soil. Indeed, soil is at the 
same time an emitter of greenhouse gases and also a major store of carbon. The 
global soil carbon pool contains 1,500 gigatons (Gt) of soil organic and inorgan-
ic carbon. Furthermore, carbon sequestration in agricultural soils achieved by 
some land management practices has a potential to contribute to climate change 
mitigation. Some sources estimate this to be around 2 Gt of carbon annually (Lal 
2000). As a part of the European Climate Change Programme (ECCP), the poten-
tial of soils for carbon sequestration was estimated to be equivalent to 1.5-1.7% of 
the EU’s anthropogenic CO2 emissions during the first commitment period of the 
Kyoto protocol.

At the same time, climate change will likely increase the risk of threats due to 
more extreme weather events such as floods and heavy rainfall as well as increased 
temperature. This has severe consequences for soil biodiversity as well as for suit-
ability and possibility to produce certain crops.

Main human-induced driving forces of climate change are:
Conversion of grassland to arable land.
Drainage of wetlands.
Poor crop rotation and plant residue management such as burning crops resi-
dues.
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Accelerated mineralization due to management practices such as continued tillage
Deforestation

Around 45% of soils in Europe have a low or very low organic matter content (0-
2% organic carbon) and 45% have a medium content (2-6% organic carbon)(Jones 
et al. 2005) (Fig. 5.2). Besides climatic reasons, unsustainable practices of human 
activities are the most relevant driving forces.

Comprehensive and comparable data for EU25 on SOM content are not avail-
able, but models exist to estimate it. Such estimations reveal that the problem of 
soils with very low and low SOM exists in particular in the Southern countries, 
where 74% of the soils have less than 3.4% organic matter, but also in parts of 
France, the United Kingdom, Germany and Sweden. The development of a Com-
mon Implementation Strategy (CIS) has been discussed with Member States and 
was generally welcomed. In such a CIS, guidance documents would be produced 
inter alia based on already existing documents to facilitate risk identification. Also, 
this could be a platform to exchange experience on risk reduction strategies with 
a view to evaluate the measures undertaken and improve the efficiency of pro-
grammes and remediation strategies.

Consequences of decline of SOM for soil fertility and soil ecosystems, as de-
scribed below are significant.

Release of greenhouse gases.
Negative effects on biodiversity, including soil biodiversity.
Reduced water infiltration due to changes in soil structure, hence higher flood 
risk.
Reduced absorption of pollutants and increased water and air pollution.
Increased erosion with the effects stated above such as:
– Loss of fertile soil
– Loss of soil fertility (i.a. due to disrupted nutrient cycles)
– Damage to infrastructures due to excessive sediment load
– Diffuse pollution of surface water
– Negative effects on aquatic ecosystems and thereby biodiversity
– Restrictions on land use and hindering future redevelopment and reducing 
the area of productive and valuable soil available for other activities (agricultur-
al and forestry production, recreation etc.).
Land value depreciation.

As a decline in SOM increases erosion, all costs listed section 5.2.1 are equally rel-
evant here, but will not be repeated. The following list is limited to the costs direct-
ly resulting from a decline of SOM. The following costs have then to be considered 
for a decline of SOM:

5.3.1.1
On-site costs 

Yield losses due to reduced soil fertility**.
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Fig. 5.2. Organic carbon contents of topsoils (0-30cm) in Europe (After Jones et al., 2005)
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5.3.1.2
Off-site costs 

Costs related to an increased release of greenhouse gases from soil**.
Costs due to loss of biodiversity and biological activity in soil (affect ing fertil-
ity, nutrient cycles and genetic resources).

5.3.2
Quantitative analysis

As stated earlier, any assessment of SOM loss on a European level is severely lim-
ited by the lack of data and of a clear categorisation for different types of organic 
matter. While some data exists on the organic matter content of soils, there is no 
consistent Europe-wide data on the organic matter losses. Indeed, the impact of or-
ganic matter loss on the productivity of soils is much less researched than in the 
case of erosion.

Annual on-site costs (mainly due to lower soil productivity) of SOM decline 
have been estimated to be around €2 billion.

For the off-site effects of SOM loss, there is evidence that the climate change im-
pact of carbon released from soils is substantial. It has been estimated that the an-
nual costs for society derived from the carbon released annually from soils due to 
the decline of SOM are between €1.4 and 3.6 billion. From other sources, a result on 
the same range could be found at least to be €3.1 billion annually.

The total annual costs of non action for SOM decline have thus been estimated 
to be between €3.4-5.6 billion.

5.4
Compaction

5.4.1
Qualitative analysis

Compaction, an increase in bulk density and a decrease in soil porosity, is a prob-
lem mainly of the subsoil.

Estimates of areas at risk of soil compaction vary. While they all demonstrate 
the importance of soil compaction, enough data were not available on the actu-
al occurrence of compaction, but data were available on the susceptibility of soils 
to compaction. Some authors (Jones et al. 2003; Romagna 2003; Van-Camp et al. 
2004a) classify around 36% of European subsoils as having high or very high sus-
ceptibility to compaction (Fig. 5.3). Other sources (Crescimanno et al. 2004) speak 
of 32% of soils being highly vulnerable and 18% moderately affected, while some 
other sources (Van Ouwerkerk and Soane 1995) estimate 33 million ha being af-
fected in total, meaning 4% of the European land.
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Main human induced driving forces of compaction include:
Inappropriate use of heavy machinery and increased use of high axle loads due 
to increased machine power and intensified production.
High livestock densities, in particular in wet conditions or on wet soils.
Large constructions works and recreational sites.

The problem is likely to have increased, due to a rise in the use of high-axle loads, 
which are a consequence of larger machine power and intensified production 
(Crescimanno et al. 2004).

Consequences of compaction can be described as follows:
Loss of soil fertility due to changes in soil structure, ie., due to reduced oxygen 
and water supply to plant roots. 
Reduced water infiltration and retention resulting in increased water run-off
Higher erosion susceptibility.

Fig. 5.3. Extent of susceptibility to subsoil compaction in Europe (Jones et al. 2003)
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Increased emission of greenhouse gases from the soil due to changes in nutrient 
cycle.
Loss of soil biodiversity.
Land value depreciation.

The following costs have to be considered for soil compaction:

5.4.1.1
On-site costs 

Yield losses due to reduced soil fertility and increased vulnerability of 
crops to diseases as a consequence of worsened growing conditions.

5.4.1.2
Off-site costs 

Costs due to reduced water infiltration into the soil.
Costs due to increased leaching of soil nitrogen.
Costs linked to increased emissions of greenhouse gases due to poor aeration of 
soil.

5.4.2
Quantitative analysis

No quantitative estimates of the total costs could be produced. Indeed, economic 
information on the impacts of compaction is very limited.

As regards on site costs, it has been estimated that surface soil compaction may 
cause yield reductions of up to 13%, whereas subsoil compaction, as a rough indi-
cation (Van-Camp et al. 2004b), may reduce agricultural yields by 35% or more 
in extreme dry or wet periods. On the other hand the off-site costs of compaction 
could not be estimated at this stage.

5.5
Salinisation

Salinisation, the accumulation in soils of soluble salts mainly of sodium, magne-
sium, and calcium, can occur naturally in low, poorly drained areas in hot and 
dry climates, where surface water collects and evaporates, but can be exacerbat-
ed by human activities, in particular due to inadequate irrigation of agricultural 
land.
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Main human-induced driving forces for salinisation include:
Poor irrigation technology.
Inappropriate drainage.
Use of saline waters for irrigation and the overexploitation of groundwater.

5.5.1
Qualitative analysis

Salinisation affects around 3.8 million ha in Europe (EEA 1995). Most affected are 
Campania in Italy, the Ebro Valley in Spain, and the Great Alföld in Hungary, but 
also areas in Greece, Portugal, France, Slovakia and Austria (Katakouzinos 1968).

The consequences of salinisation for current and future land use are significant.

Consequences of salinisation include:
Loss of soil fertility due to toxic effects of high salt content.
Reduced water infiltration and retention resulting in increased water run-off.
Damage to transport infrastructure from shallow saline groundwater.
Damage to water supply infrastructure.
Loss of biodiversity.
Land value depreciation.

The following costs have to be considered:

5.5.1.1
On-site costs 

Yield losses due to reduce soil fertility**.

Table 5.2. Yearly cost of salinisation in selected countries (million €)

Spain Hungary Bulgaria

LB UB LB UB LB UB

On-site 
costs

Agricultural
yield losses

42.71 137.64 70.16 133.91 1.08 5.38

Off-site 
costs

Infrastructure 
damage

12.08 18.23 1.32

Environmental 
damage

4.83 7.29 0.53

Total 59.62 154.55 95.68 159.43 2.93 7.23

LB: lower bound; UB: upper bound
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5.5.1.2
Off-site costs 

Costs due to damage to transport infrastructure (roads and bridges) from shal-
low saline groundwater**.
Costs due to damage to water supply infrastructure**.
Environmental costs, including impacts on native vegetation, riparian ecosys-
tems and wetlands**.
Costs due to negative effects on tourism.

5.5.2
Quantitative analysis

Data on the economic impact of salinisation is limited. The assessment of the to-
tal costs of salinisation had to be based on the three countries for which some in-
formation exists: Spain, Hungary and Bulgaria. The above listed yearly costs have 
been obtained based on the following assumptions:

For the on-site costs, the extrapolation mainly considers the impacts due to re-
duced agricultural productivity.
For the off-site costs in the absence of European estimates, impacts were esti-
mated for these three countries taking into account an Australian study, which 
estimated off-site costs to be approximately €10/ha.

The total costs, regarding salinisation for these three countries have been estimat-
ed to be between €158 and 321 million yr-1.

Extrapolation at EU level was not considered possible. In absence of more de-
tailed information at the appropriate geographical scale, any up scaling of data 
would be misleading.

5.6
Landslides

5.6.1
Qualitative analysis

Landslides are natural phenomena, which can be exacerbated by human activity 
or, on the contrary, by lack of human activity. Landslides often occur more fre-
quently in areas with highly erodible soils, clayey sub-soil, steep slopes, intense and 
abundant precipitation and land abandonment such as the Alpine and the Medi-
terranean regions.

Main human-induced driving forces for landslides include:
Rupture of topography such as due to construction works
Land use changes such as deforestation and land abandonment
Extractions of materials
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There are no sufficient data on the total affected area in the EU. In Italy, more 
than 50% of the territory has been classified as having a high or very high hydro-
geological risk, affecting 60% of the population, i.e. 34 million inhabitants. More 
than 15% of the territory and 26% of the population are subjected to a very high risk 
(EEA 2000, MOE 2000) and eight major landslides have been document by the Inter-
national Disaster Database. The threat of landslides is increasing due to population 
growth, summer and winter tourism, intensive land use and climate change.

Consequences of landslides are as follows:
Loss of human lives and well-being.
Damage to property and infrastructure.
Indirect negative effects on economic activities due to interruption of transport 
routes.
Loss of fertile soil.
Contamination of soil due to damage to infrastructure such as pipelines and 
storage facilities.
Potential contamination of surface waters with associated off-site costs as de-
scribed already under erosion.

The following costs have to be considered:

5.6.1.1
On-site costs 

The loss of topsoil, leading to a loss of productive soil and hence a decrease in 
crop yield
Damage to on-site infrastructures

Table 5.3. Incidences and costs of landslides in Europe

No. of 
events

Casualties
(total) (av/event)

Affected people
(total) av/event)

Cost €
(total) (av/event)

Austria 2 43 22 – – – –
Italy 8 1,387 173 10,100 1,263 1,200,000,000 600,000,000*
Sweden 1 13 13 50 50 11,000,000 11,000,000
UK 1 140 140 – – – –

Sum 12 1,583 132 10,150 846 1.211.000,000 403,666,667**

Source: EM-DAT: The OFDA/CRED International Disaster Database www.em-dat.net – 
Université Catholique de Louvain, Brussels, Belgium.
* Average based on two out of eight cases, for which there is quantified economic data.
** The average figure (average per event) is based on the three cases of landslides where 
quantitative data on economic impacts was available (Valtelina/Italy, July 1987, €500 M damage; 
Ancona/Italy, December 1982, €700 M damage; Gothenburg/Sweden, December 1977, €11 M 
damage)
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5.6.1.2
Off-site costs 

Impact on human lives and well-being.
Damage to property and infrastructure.
Indirect negative effects on economic activities due to interruption of transport 
routes.
Ruptures of underground pipelines, dislocation of storage tanks, release of 
chemicals stored at ground level and contamination of surface waters with as-
sociated off-site costs as described already under erosion.

5.6.2
Quantitative analysis

The International Disaster Database of the Université Catholique de Louvain con-
tains twelve cases of major landslides for EU25, two thirds of which are from Ita-
ly. Table 5.3 below presents the quantified evidence on the incidence and costs of 
landslides that could be inferred from that database.

The extrapolation of the costs of landslides is not possible in the same way as 
for other soil threats, which occur continuously and are more widely-spread. Ta-
ble 5.3 demonstrates however the wide range of costs for landslides to be between 
€11 to 600 million per event (based on information on economic impacts for three 
events only). Italy is the country for which more data are available. According to 
the Italian Civil Protection Department, landslides cost between €1 to 2 billion per 
year to the Italian economy and have resulted in 5,939 deaths during the last cen-
tury. In a single Italian region (Emilia Romagna), up to 3,300 km of roads and rail-
ways are subject to active landslides( http://www.protezionecivile.it/minisite/in-
dex.php?dir_pk=251 & cms_pk=1444&n_page=2;http://www.regione.emilia-ro-
magna.it/ geologia/fran3.htm#dterrit)

There is evidence that the off-site social costs constitute the biggest share of the 
total damage.

With the available data, no extrapolation to EU level was considered possible.

5.7
Contamination

5.7.1
Qualitative analysis

More than two hundred years of industrialisation have left their trace on the sta-
tus of soil. Europe has a problem of historical contamination of soil due to the use 
and presence of dangerous substances in many production processes. Moreover, 
soil contamination is still currently being produced by inadequate practices and 
accidents.
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Main human induced driving forces of contamination include:
Industrial installations.
Mining installations.
Illegal waste dumps and landfill sites not properly managed.
Storage of chemicals.
Accidental and provoked spills of chemicals.
Atmospheric depositions of dangerous substances.
Military sites.
Intentional introduction of dangerous substances in the soil.

Soil contamination is a widely spread problem across all Europe. Most experts ac-
knowledge that the data available are insufficient for assessing certain parame-
ters, such as the total surface area contaminated per class of contaminant, the per-
centage of population exposed to the contamination, the environmental damage 
caused by contaminated sites, etc. This is partly because the data collected by each 
Member State are not comparable.

Available information indicates that the extent of contaminated sites across Eu-
rope is enormous and there is a very unequal progress among Member States in ad-
dressing the issue, some being very advanced in the identification of the extent and 
localisation of the problem, some others only at very preliminary phases.

The effects of soil contamination are very diverse and far reaching in their con-
sequences. Once contaminated, soil functions may be impaired and human and 
ecological health and food quality may also be prejudiced. The consequences can 
be suffered where the contamination occurs but are mostly suffered also in a large 
surrounding area, including agricultural land, dwellings and/or nature reserves 
(EEA 1995).

Consequences of soil contamination are as follows:
Risk to human health for people living on and in the surroundings of a contami-
nated site (through different exposure paths, e.g. consumption of food grown in 
from contaminated areas).
Contamination of surface water, mainly through run off of contaminated sedi-
ments.
Contamination of groundwater and hence drinking water if extracted from 
groundwater.
Risk to human health through drinking water extracted underneath of a con-
taminated site.
Risk of ecotoxicity for the flora and fauna living in the soil on the site and around 
a contaminated site causing loss of biodiversity and biological activity.
Loss of soil fertility due to disrupted nutrient cycles.
Restrictions on land use and hindering future redevelopment and reducing the 
area of productive and valuable soil available for other activities (agricultural 
and forestry production, recreation etc.).
Land value depreciation.

The costs of contamination depend on the type of contaminant, the spatial extent 
of the pollution and its intensity, the natural characteristics of the contaminat-
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ed site and the socio-economic characteristics of the surrounding area. However, 
while such factors have been addressed in local case studies, the calculation of a 
Europe-wide figure on contamination is impeded by the fact that much of the data 
is either unavailable or not comparable.

The different cost categories were estimated as follows:

5.7.1.1
On-site costs 

Costs of monitoring measures and impact assessment studies that must be car-
ried out in order to assess the extent of contamination and the risk of further 
contamination of other environmental media (water, air) **.
Costs of exposure protection measures for workers operating on a con taminat-
ed industrial site.
Costs due to land property depreciation if land use restrictions are applied thus 
representing a loss of economic value of the industrial asset.

5.7.1.2
Off-site costs 

These costs are highly site-specific but generally consist of:
Costs of increased health care needs for people affected by contamination, which 
include the treatment of patients and the monitoring of their health during long 
periods to detect the effects of exposure to soil contamination**.
Costs of treatment of surface water, groundwater or drinking water contaminat-
ed through the soil**.
Costs for insurance companies.
Costs of dredging and disposing of contaminated sediments down stream borne 
by water supply companies or public administrations.
Costs for the depreciation of surrounding land**.
Costs for increased food safety controls borne by public administrations to de-
tect contaminated food.

Table 5.4. Estimated total annual cost caused by soil contamination for EU25 (M €2003)

On-site costs Off-site costs Total

Lower bound estimate 96 2,283 2,379

Intermediate estimate 192 17,126 17,318

Upper bound estimate 289 207,615 207,904
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5.7.2
Quantitative analysis

Estimates for on-site costs are based on a comparison of information from different 
sources and data available for the case of the MetalEurop site in France. The off-site 
costs estimates are largely based on available information for the MetalEurop site 
in France. This is due to the lack of quantified data on off-site costs as regards in 
particular healthcare costs of neighbouring populations.

These estimates, and in particular the big difference between the lower and the 
upper bound, show how difficult it is to quantify the costs due to soil contamina-
tion and show the disparity between test cases. In order to use a prudent estimate 
and to the inaccuracy of data, it was considered to be more sound to use the inter-
mediate value of €17.3 billion per year all through out the report.

5.8
Sealing

5.8.1
Qualitative analysis

On average the sealed area, the area of the soil surface covered with an imperme-
able material, is around 9% of the total area in Member States (EEA 1999). In many 
European countries the built-up area increased by 25 to 75% in the period 1950-
1980. During 1990-2000 the sealed area in EU15 increased by 6% (EEA 2006), and 
the demand for both new construction due to increased urban sprawl and better 
transport infrastructures continues to rise.

Main human driving forces for sealing are as follows:
Urban sprawl.
Increased transport.
Movement of population.

Soil sealing through urbanisation dominates in the more densely populated re-
gions and major industrial areas of Western Europe, in particular Belgium, Den-
mark and the Netherlands, where 16-20% of the surface is built up. Sealing results 
in the creation of a horizontal barrier between the soil, air and the water and thus 
has several severe consequences.

Consequences of sealing include:
Disruption of gas, water and energy fluxes.
Increased flood risks.
Reduced groundwater recharge.
Increases water pollution (due to runoff water from housing and traffic areas be-
ing normally unfiltered and potentially contaminated with harmful chemicals)
Loss in soil and terrestrial biodiversity (due to fragmentation of habitats).
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The following costs have to be considered:

5.8.1.1
On-site costs 

Opportunity costs due to restrictions on land use.

5.8.1.2
Off-site costs 

Cost linked to runoff water from housing and traffic areas, which is normally 
unfiltered and potentially contaminated with harmful chemicals. 
Costs due to fragmentation of habitats and disruption of migration corridors for 
wildlife.
Costs due to impacts on landscape and amenity values.
Costs on biodiversity.

Insufficient data relative to soil-sealing costs is available to provide an assessment 
of the impacts of soil sealing in economic terms.

5.8.2
Quantitative analysis

There is no sufficient information to estimate the costs derived from sealing of soil. 
Thus no quantitative assessment could be done.

5.9
Biodiversity

5.9.1
Qualitative analysis

Soil biodiversity means not only the diversity of genes, species, ecosystems and 
functions, but also the metabolic capacity of the ecosystem (Van-Camp et al. 
2004c).

Insufficient data exist on the status of soil biodiversity in Europe, as the biologi-
cal quality of soil cannot easily be predicted. Although research on soil biodiversity 
has been carried out in European countries, it is still impossible to reliably quantify 
the richness, range and different roles played by microbial species.

Soil biodiversity is affected by all the threats listed above, and therefore all driv-
ing forces mentioned apply (equally) to the loss of soil biodiversity, changes in land 
use (agricultural and forestry practices) and soil contamination being the most 
prominent.
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Consequences of biodiversity decline are as follows:
Reduced food web functioning and consequently crop yield losses.
Reduced soil formation.
Reduced nutrient cycling and nitrogen fixation.
Reduced carbon sequestration.
Reduced resilience of the soil to endure pressures.
Reduced recycling of organic waste/litter.
Increased plant pests and diseases.
Reduced water infiltration rate and water holding capacity.
Reduced bioremediation capacity.
Hampered soil structure (by affecting the stabilisation of organo-mineral com-
plexes).
Reduced genetic resources present in the soil, including moral and ethical con-
sequences.
Negative impacts on terrestrial biodiversity outside of soil.

SOM and soil biodiversity decline are closely related and the costs listed above for 
SOM decline (see section 5.3.1) equally arise for the loss of soil biodiversity. The fol-
lowing additional costs would need to be considered:

5.9.1.1
On-site costs 

Yield losses due to reduce soil fertility

5.9.1.2
Off-site costs 

Costs linked to the loss of ecosystem functions and reduced capacity to sequester 
carbon (see also section 5.3 under organic matter decline)

Costs related to impacts on landscape and amenity values.
Costs related to changes in genetic resources.

5.9.2
Quantitative analysis

There was no sufficient information to estimate the costs derived from sealing of 
soil. Thus no quantitative assessment could be done. Furthermore, the loss of soil 
biodiversity is not fully understood from a natural science perspective. Therefore, 
no quantification of these impacts and costs can be given in this report.
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5.10
Conclusions

Land degradation in Europe is difficult to quantify due to the lack of updated and 
comparable data. Nevertheless, on the basis of the available data, extensive land 
degradation processes can be identified in Europe. These processes are mostly hu-
man induced and can be further exacerbated by the influence of extreme climatic 
events. Main driving force remains the unsustainable economic development that 
is rapidly depleting the non-renewable soil resources of Europe (Jones et al. 2005).

Effective soil protection policies can only be based on a detailed assessment of 
the costs of non-action, and the potential economic benefits from enhanced soil 
protection strategies in Europe.

For the major soil threats the available data allow for the following conclu-
sions:

Erosion: the EEA estimates that 115 million ha, or 12% of Europe’s total land 
area, are affected by water erosion, and that 42 million ha are affected by wind 
erosion, of which 2% severely affected.
Organic matter decline: soil organic matter (SOM) plays a major role in the car-
bon cycle of the soil. Indeed, soil is at the same time an emitter of greenhouse 
gases and also a major store of carbon containing 1,500 gt of organic and in-
organic carbon. Around 45% of soils in Europe have a low or very low organic 
matter content (0-2% organic carbon) and 45% have a medium content (2-6% 
organic carbon). The problem exists in particular in the Southern countries, but 
also in parts of France, the United Kingdom, Germany and Sweden.
Compaction: estimates of areas at risk of soil compaction vary. Some authors 
classify around 36% of European subsoils as having high or very high suscepti-
bility to compaction. Other sources speak of 32% of soils being highly vulner-
able and 18% moderately affected.
Salinisation is the accumulation in soils of soluble salts mainly of sodium, mag-
nesium, and calcium. It affects around 3.8 million ha in Europe. Most affected 
are Campania in Italy, the Ebro Valley in Spain, and the Great Alföld in Hun-
gary, but also areas in Greece, Portugal, France, Slovakia and Austria.
Landslides often occur more frequently in areas with highly erodible soils, clay-
ey sub-soil, steep slopes, intense and abundant precipitation and land abandon-
ment, such as the Alpine and the Mediterranean regions. There are, to date, 
no data on the total area affected in the EU, but this problem can be due to 
population growth, summer and winter tourism, intensive land use and climate 
change.
Contamination: due to more than two hundred years of industrialisation, Eu-
rope has a problem of contamination of soil due to the use and presence of dan-
gerous substances in many production processes. It has been estimated that 3.5 
million sites may be potentially contaminated, with 0.5 million sites being really 
contaminated and needing remediation.
Sealing: on average the sealed area, the area of the soil surface covered with an 
impermeable material, is around 9% of the total area in Member States. During 
1990-2000 the sealed area in EU15 increased by 6%, and the demand for both 
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new construction due to increased urban sprawl and transport infrastructures 
continues to rise.
Biodiversity decline: soil biodiversity means not only the diversity of genes, spe-
cies, ecosystems and functions, but also the metabolic capacity of the ecosystem. 
Soil biodiversity is affected by all the degradation processes listed above, and all 
driving forces mentioned apply (equally) to the loss of soil biodiversity.

Though difficult to estimate, several studies demonstrate significant annual costs 
of soil degradation to society in the ranges of:

erosion: €0.7 – 14.0 billion
organic matter decline: €3.4 – 5.6 billion
compaction: no estimate possible
salinisation: €158 – 321 million
landslides: up to €1.2 billion per event
contamination: €0.6 – 17.3 billion
sealing: no estimate possible
biodiversity decline: no estimate possible.

No assessments of costs of compaction, soil sealing and biodiversity decline are 
currently available. The total costs of soil degradation that could be assessed for ero-
sion, organic matter decline, salinisation, landslides and contamination on the ba-
sis of available data, would be up to €38 billion annually for EU25. These estimates 
are necessarily wide ranging due to the lack of sufficient quantitative and qualita-
tive data.

These costs do not include the damage to the ecological functions of soil as these 
were not possible to quantify. Therefore, the real costs for soil degradation are like-
ly to exceed the estimates given above.

On the other hand it must be highlighted that these costs of soil degradation 
do not take into account the effect of standards adopted in January 2005 under 
the Common Agriculture Policy cross-compliance scheme, nor the effect of oth-
er measures recently taken by Member States. Nevertheless, as changes in soil are 
very slow, it is likely that the current estimate of the extent of the problem is an ap-
propriate reference.

Evidence shows that the majority of the costs are borne by society in the form of 
damage to infrastructures due to sediment run off, increased health-care needs for 
people affected by contamination, treatment of water contaminated through the 
soil, disposal of sediments, depreciation of land surrounding contaminated sites, 
increased food safety controls, and also costs related to the ecosystem functions of 
soil.

The Soil Thematic Strategy of the European Union paves the way towards ade-
quate measures in order to reverse the negative trends in soil and land degradation 
in Europe and will have also an extensive impact at the global scale by promoting 
similar actions in the framework of internationally binding agreements related to 
land degradation, like the UNCCD, UNFCCC and CBD.
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CHAPTER 6

Climate and Land Degradation – an Overview
Mannava V.K. Sivakumar and Robert Stefanski

Abstract. The definition of land degradation in the United Nations Convention 
to Combat Desertification (UNCCD) gives explicit recognition to climatic varia-
tions as one of the major factors contributing to land degradation. In order to ac-
curately assess sustainable land management practices, the climate resources and 
the risk of climate-related or induced natural disasters in a region must be known. 
Land surface is an important part of the climate system and changes of vegetation 
type can modify the characteristics of the regional atmospheric circulation and the 
large-scale external moisture fluxes. Following deforestation, surface evapotrans-
piration and sensible heat flux are related to the dynamic structure of the low-level 
atmosphere and these changes could influence the regional, and potentially, glob-
al-scale atmospheric circulation. Surface parameters such as soil moisture, forest 
coverage, transpiration and surface roughness may affect the formation of convec-
tive clouds and rainfall through their effect on boundary-layer growth. Land use 
and land cover changes influence carbon fluxes and GHG emissions which directly 
alter atmospheric composition and radiative forcing properties. Land degradation 
aggravates CO2-induced climate change through the release of CO2 from cleared 
and dead vegetation and through the reduction of the carbon sequestration poten-
tial of degraded land. 

Climate exerts a strong influence over dry land vegetation type, biomass and di-
versity. Precipitation and temperature determine the potential distribution of ter-
restrial vegetation and constitute principal factors in the genesis and evolution of 
soil. Precipitation also influences vegetation production, which in turn controls 
the spatial and temporal occurrence of grazing and favours nomadic lifestyle. The 
generally high temperatures and low precipitation in the dry lands lead to poor or-
ganic matter production and rapid oxidation. Low organic matter leads to poor ag-
gregation and low aggregate stability leading to a high potential for wind and wa-
ter erosion. The severity, frequency, and extent of erosion are likely to be altered 
by changes in rainfall amount and intensity and changes in wind. Impacts of ex-
treme events such as droughts, sand and dust storms, floods, heat waves, wild fires 
etc., on land degradation are explained with suitable examples. Current advances 
in weather and climate science to deal more effectively with the impacts of differ-
ent climatic parameters on land degradation are explained with suitable examples.
Several activities promoted by WMO’s programmes around the world help pro-
mote a better understanding of the interactions between climate and land degra-
dation through dedicated observations of the climate system; improvements in the 
application of agrometeorological methods and the proper assessment and man-
agement of water resources; advances in climate science and prediction; and pro-
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motion of capacity building in the application of meteorological and hydrological 
data and information in drought preparedness and management. The definition 
of land degradation adopted by UNCCD assigns a major importance to climat-
ic factors contributing to land degradation, but there is no concerted effort at the 
global level to systematically monitor the impacts of different climatic factors on 
land degradation in different regions and for different classes of land degradation. 
Hence there is an urgent need to monitor the interactions between climate and 
land degradation. To better understand these interactions, it is also important to 
identify the sources and sinks of dryland carbon, aerosols and trace gases in dry-
lands. This can be effectively done through regional climate monitoring networks. 
Such networks could also help enhance the application of seasonal climate fore-
casting for more effective dryland management. 

6.1
Introduction

Desertification is now defined in the United Nations Convention to Combat De-
sertification (UNCCD) as “land degradation in the arid, semi-arid and dry sub-hu-
mid areas resulting from various factors, including climatic variations and human 
activities” (UNCCD 1999). Furthermore, UNCCD defines land degradation as a 
“reduction or loss, in arid, semi-arid, and dry subhumid areas, of the biological or 
economic productivity and complexity of rain-fed cropland, irrigated cropland, or 
range, pasture, forest, and woodlands resulting from land uses or from a process or 
combination of processes, including processes arising from human activities and 
habitation patterns, such as: (i) soil erosion caused by wind and/or water; (ii) dete-
rioration of the physical, chemical, and biological or economic properties of soil; 
and (iii) long-term loss of natural vegetation.” 

According to UNCCD, over 250 million people are directly affected by land 
degradation. In addition, some one billion people in over one hundred countries 
are at risk. These people include many of the world’s poorest, most marginalized, 
and politically weak citizens.

Land degradation issue for world food security and the quality of the environ-
ment assumes a major significance when one considers that only about 11% of the 
global land surface can be considered as prime or Class I land, and this must feed 
the 6.3 billion people today and the 8.2 billion expected in the year 2020 (Reich et 
al. 2001). Hence land degradation will remain high on the international agenda in 
the 21st century. 

Sustainable land management practices are needed to avoid land degradation. 
Land degradation typically occurs by land management practices or human devel-
opment that is not sustainable over a period of time. To accurately assess sustain-
able land management practices, the climate resources and the risk of climate-re-
lated or induced natural disasters in a region must be known. Only when climate 
resources are paired with potential management or development practices can the 
land degradation potential be assessed and appropriate mitigation technology con-
sidered. The use of climate information must be applied in developing sustainable 
practices as climatic variation is one of the major factors contributing or even a 
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trigger to land degradation and there is a clear need to consider carefully how cli-
mate induces and influences land degradation. 

6.2
Extent and Rate of Land Degradation 

Global assessment of land degradation is not an easy task, and a wide range of 
methods are used, including expert judgement, remote sensing and modeling. Be-
cause of different definitions and terminology, there also exists a large variation 
in the available statistics on the extent and rate of land degradation. Further, most 
statistics refer to the risks of degradation or desertification (based on climatic fac-
tors and land use) rather than the actual (present) state of the land. 

Different processes of land degradation also confound the available statistics 
on soil and/or land degradation. Principal processes of land degradation (Lal et al. 
1989) include erosion by water and wind, chemical degradation (comprising acidi-
fication, salinization, fertility depletion, and decrease in cation retention capacity), 
physical degradation (comprising crusting, compaction, hard-setting etc.) and bi-
ological degradation (reduction in total and biomass carbon, and decline in land 
biodiversity). The latter comprises important concerns related to eutrophication of 
surface water, contamination of ground water, and emissions of trace gases (CO2,
CH4, N2O, NOx) from terrestrial/aquatic ecosystems to the atmosphere. Soil struc-
ture is the important property that affects all degradative processes. Factors that 
determine the kind of degradative processes include land quality as affected by its 
intrinsic properties of climate, terrain and landscape position, climax vegetation 
and biodiversity, especially soil biodiversity.

In an assessment of population levels in the world’s dry lands, the Office to Com-
bat Desertification and Drought (UNSO) of the United Nations Development Pro-
gramme (UNDP) showed that globally 54 million sq. km or 40% of the land area is 
occupied by dry lands (UNSO 1997). About 29.7% of this area falls in the arid re-
gion, 44.3% in the semi-arid region and 26% in the dry sub-humid region. A large 
majority of the dry lands are in Asia (34.4%) and Africa (24.1%), followed by the 
Americas (24%), Australia (15%) and Europe (2.5%).

Figure 6.1 indicates that the areas of the world vulnerable to land degradation 
cover about 33% of the global land surface. At the global level, it is estimated that 
the annual income foregone in the areas immediately affected by desertification 
amounts to approximately US$ 42 billion each year.

The semi-arid to weakly aridic areas of Africa are particularly vulnerable, as 
they have fragile soils, localized high population densities, and generally a low-in-
put form of agriculture (Lal 1988). About 25% of land in Asian countries is vul-
nerable.

Long-term food productivity is threatened by soil degradation, which is now 
severe enough to reduce yields on approximately 16% of the agricultural land, es-
pecially cropland in Africa, Central America and pastures in Africa. Sub-Saharan 
Africa has the highest rate of land degradation. It is estimated that losses in pro-
ductivity of cropping land in sub-Saharan Africa are in the order of 0.5–1% an-
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nually, suggesting productivity loss of at least 20% over the last 40 years (Scherr 
1999). 

Africa is particularly threatened because the land degradation processes affect 
about 46% of Africa (Reich et al. 2001) The significance of this large area becomes 
evident when one considers that about 43% of the continent is characterized as ex-
treme deserts (the desert margins represent the areas with very high vulnerability.) 
There is only about 11% of the land mass which is humid and which by definition is 
excluded from desertification processes. There is about 2.5 million km2 of land un-
der low risk, 3.6 million km2 under moderate risk, 4.6 million km2 under high risk, 
and 2.9 million km2 under very high risk. The region that has the highest propen-
sity is located along the desert margins and occupies about 5% of the landmass. It 
is estimated that about 22 million people (2.9% of total population) live in this area 
(Reich et al. 2001). The low, moderate and high vulnerability classes occupy 14, 16, 
and 11% respectively and together impact about 485 million people. 

Land degradation is also a serious problem in Australia with over 68% of the 
land estimated to have been degraded (Table 6.1).

According to UNCCD, the consequences of land degradation include under-
mining of food production, famines, increased social costs, decline in the quan-
tity and quality of fresh water supplies, increased poverty and political instability, 
reduction in land’s resilience to natural climate variability and decreased soil pro-
ductivity.

Fig. 6.1. Soil degradation in the world’s drylands, 1990s (Source: UNEP)
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6.3
Land Degradation – causes

Land degradation involves two interlocking, complex systems: the natural ecosys-
tem and the human social system (Barrow 1994). Natural forces, through period-
ic stresses of extreme and persistent climatic events, and human use and abuse of 
sensitive and vulnerable dry land ecosystems, often act in unison, creating feed-
back processes, which are not fully understood. Interactions between the two sys-
tems determine the success or failure of resource management programs. Causes 
of land degradation are not only biophysical, but also socioeconomic (e.g. land ten-
ure, marketing, institutional support, income and human health) and political (e.g. 
incentives, political stability). 

High population density is not necessarily related to land degradation. Rather, 
it is what a population does to the land that determines the extent of degradation. 
People can be a major asset in reversing a trend towards degradation. Indeed, miti-
gation of land degradation can only succeed if land users have control and com-
mitment to maintain the quality of the resources. However, they need to be healthy 
and politically and economically motivated to care for the land, as subsistence ag-
riculture, poverty and illiteracy can be important causes of land and environmen-
tal degradation. 

There are many, usually confounding, reasons why land users permit their land 
to degrade. Many of the reasons are related to societal perceptions of land and the 
values they place on land. The absence of land tenure and the resulting lack of stew-
ardship is a major constraint in some countries to adequate care for the land. Deg-
radation is also a slow imperceptible process and so many people are not aware that 
their land is degrading. 

Loss of vegetation can propagate further land degradation via land surface-at-
mosphere feedback. This occurs when a decrease in vegetation reduces evaporation 
and increases the radiation reflected back to the atmosphere (albedo), consequent-
ly reducing cloud formation. Large-scale experiments in which numerical mod-
els of the general circulation have been run with artificially high albedo over dry 
lands have suggested that large increases in the albedo of subtropical areas should 
reduce rainfall. 

Table 6.1. Land degradation on cropland in Australia (Source: Woods, 1983; Mabbutt, 1992).

Type Area (‘000 km2)

Total 443

Not degraded 142

Degraded 301
i) Water erosion 206
ii) Wind erosion 52
iii) Combined water and wind erosion 42
iv) Salinity and water erosion 0.9
v) Others 0.5
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6.4
Climatic consequences of land degradation 

Land surface is an important part of the climate system. The interaction between 
land surface and the atmosphere involves multiple processes and feedbacks, all of 
which may vary simultaneously. It is frequently stressed (Henderson-Sellers et al. 
1993; McGuffie et al. 1995; Sud et al. 1996) that the changes of vegetation type can 
modify the characteristics of the regional atmospheric circulation and the large-
scale external moisture fluxes. Changes in surface energy budgets resulting from 
land surface change can have a profound influence on the earth’s climate. 

Following deforestation, surface evapotranspiration and sensible heat flux are 
related to the dynamic structure of the low-level atmosphere. These changes in 
fluxes within the atmospheric column could influence the regional, and potential-
ly, global-scale atmospheric circulation. For example, changes in forest cover in the 
Amazon basin affect the flux of moisture to the atmosphere, regional convection, 
and hence regional rainfall (Lean and Warrilow 1989). More recent work shows 
that these changes in forest cover have consequences far beyond the Amazon basin 
(Werth and Avissar 2002). .

Fragmentation of landscape can affect convective flow regimes and rainfall pat-
terns locally and globally. El Niño events and land surface change simulations with 
climate models suggest that in equatorial regions where towering thunderstorms 
are frequent, disturbing areas hundreds of kilometres on a side may yield global 
impacts. 

Use of a numerical simulation model by Garrett (1982) to study the interactions 
between convective clouds, the convective boundary layer and a forested surface 
showed that surface parameters such as soil moisture, forest coverage, and tran-
spiration and surface roughness may affect the formation of convective clouds and 
rainfall through their effect on boundary-layer growth.

An atmospheric general circulation model with realistic land-surface properties 
was employed (Dirmeyer and Shukla 1996) to investigate the climatic effect of dou-
bling the extent of earth’s deserts and most regions and it showed a notable corre-
lation between decreases in evapotranspiration and resulting precipitation. It was 
shown that Northern Africa suffers a strong year-round drought while southern 
Africa has a somewhat weaker year-round drought. Some regions, particularly the 
Sahel, showed an increase in surface temperature caused by decreased soil mois-
ture and latent-heat flux. 

Land use and land cover changes influence carbon fluxes and GHG emissions 
(Houghton 1995; Braswell et al. 1997) which directly alter atmospheric composi-
tion and radiative forcing properties. They also change land-surface characteristics 
and, indirectly, climatic processes. Observations during the HAPEX-Sahel project 
suggested that a large-scale transformation of fallow savannah into arable crops 
like millet, may lead to a decrease in evaporation (Gash et al. 1997). Land use and 
land cover change is an important factor in determining the vulnerability of eco-
systems and landscapes to environmental change. 

Since the industrial revolution, global emissions of carbon (C) are estimated at 
270±30 gigatons (Gt) due to fossil fuel combustion and 136±5 Gt due to land use 
change and soil cultivation. Emissions due to land use change include those by 
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deforestation, biomass burning, conversion of natural to agricultural ecosystems, 
drainage of wetlands and soil cultivation. Depletion of soil organic C (SOC) pool 
has contributed 78±12 Gt of C to the atmosphere, of which about one-third is at-
tributed to soil degradation and accelerated erosion and two-thirds to mineraliza-
tion (Lal 2004). 

Land degradation aggravates CO2-induced climate change through the release 
of CO2 from cleared and dead vegetation and through the reduction of the carbon 
sequestration potential of degraded land. 

6.5
Climatic Factors in Land Degradation

Climate exerts a strong influence over dry land vegetation type, biomass and diver-
sity (Williams and Balling 1996). Precipitation and temperature determine the po-
tential distribution of terrestrial vegetation and constitute principal factors in the 
genesis and evolution of soil. Precipitation also influences vegetation production, 
which in turn controls the spatial and temporal occurrence of grazing and favours 
nomadic lifestyle. Vegetation cover becomes progressively thinner and less contin-
uous with decreasing annual rainfall. Dry land plants and animals display a variety 
of physiological, anatomical and behavioural adaptations to moisture and temper-
ature stresses brought about by large diurnal and seasonal variations in tempera-
ture, rainfall and soil moisture.

Williams and Balling (1996) provided a nice description of the nature of dryland 
soils and vegetation and the manner in which climate affects the soils and vegeta-
tion. The generally high temperatures and low precipitation in the dry lands lead 
to poor organic matter production and rapid oxidation. Low organic matter leads 
to poor aggregation and low aggregate stability leading to a high potential for wind 
and water erosion. For example, wind and water erosion is extensive in many parts 
of Africa. Excluding the current deserts, which occupy about 46% of the landmass, 
about 25% of the land is prone to water erosion and about 22%, to wind erosion. 

Structural crusts/seals formed by raindrop impact which could decrease infil-
tration, increase runoff and generate overland flow and erosion. The severity, fre-
quency, and extent of erosion are likely to be altered by changes in rainfall amount 
and intensity and changes in wind.

Land management will continue to be the principal determinant of the soil or-
ganic matter (SOM) content and susceptibility to erosion during the next few de-
cades, but changes in vegetation cover resulting from short-term changes in weath-
er and near-term changes in climate are likely to affect SOM dynamics and erosion, 
especially in semi-arid regions.

From the assessment of the land resource stresses and desertification in Africa 
which was carried out by the Natural Resources Conservation Service of the Unit-
ed States Department of Agriculture (Reich et al. 2001) utilizing information from 
the soil and climate resources of Africa, it can be concluded (Table 6.2) that, cli-
matic stresses account for 62.5% of all the stresses on land degradation in Africa. 
These climatic stresses include high soil temperature, seasonal excess water; short 
duration low temperatures, seasonal moisture stress and extended moisture stress 
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Table 6.2. Major land resources stresses and land quality assessment of Africa (Source: Reich, P.F., 
S.T. Numben, R.A. Almaraz, and H. Eswaran. 2001. Land resource stresses and desertification 
in Africa. In: Eds. Bridges, E.M., I.D. Hannam, F.W.T. Penning de Vries, S.J. Scherr, and S. 
Sombatpanit. 2001. Response to Land Degradation. Sci. Publishers, Enfield, USA. 101-114)

Land Stresses Inherent Land Quality

Stress 
Class

Kinds of Stress Area 
(1,000 km2)

Class Area 
(1,000 
km2)

Area (%)

1 Few constraints 118.1 I 118.1 0.4

2 High shrink/swell 107.6 II

3 Low organic matter 310.9 II

4 High soil temperatures 901.0 II 1,319.6 4.5

5 Seasonal excess water 198.9 III

6 Minor root restrictions 566.5 III

7 Short duration low temperatures .014 III 765.4 2.6

8 Low structural stability 333.7 IV

9 High anion exchange capacity 43.8 IV

10 Impeded drainage 520.5 IV 898.0 3.1

11 Seasonal moisture stress 3,814.9 V

12 High aluminum 1,573.2 V

13 Calcareous, gypseous 434.2 V

14 Nutrient leaching 109.9 V 5,932.3 20.2

15 Low nutrient holding capacity 2,141.0 VI

16 High P, N retention 932.2 VI

17 Acid sulfate 16.6 VI

18 Low moisture and nutrient status 0 VI

19 Low water holding capacity 2,219.5 VI 5,309.3 18.1

20 High organic matter 17.0 VII

21 Salinity/alkalinity 360.7 VII

22 Shallow soils 1,016.9 VII 1,394.7 4.8

23 Steep lands 20.3 VIII

24 Extended low temperatures 0 VIII 20.3 0.1

Land 
Area

29,309.1

Water 
Bodies

216.7

Total 
Area

29,525.8
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and affect 18.5 million km2 of the land in Africa. This study clearly exemplifies the 
importance of the need to give a more careful consideration of climatic factors in 
land degradation.

According to the database of CRED, the Belgium Centre for Research on the Ep-
idemiology of Disasters, weather- climate- and water-related hazards that occurred 
between 1993-2002, were responsible for 63 per cent of the US$ 654 billion damage 
caused by all natural disasters. These natural hazards are therefore the most fre-
quent and extensively observed ones (Figure 6.2) and they all have a major impact 
on land degradation.

6.5.1
Rainfall 

Rainfall is the most important climatic factor in determining areas at risk of land 
degradation and potential desertification. Rainfall plays a vital role in the develop-
ment and distribution of plant life, but the variability and extremes of rainfall can 
lead to soil erosion and land degradation (Fig. 6.3). If unchecked for a period of time, 
this land degradation can lead to desertification. The interaction of human activity 
on the distribution of vegetation though land management practices and seemingly 
benign rainfall events can make land more vulnerable to degradation. These vulner-
abilities become more acute when the prospect of climate change is introduced.

Rainfall and temperature are the prime factors in determining the world’s cli-
mate and therefore the distribution of vegetation types. There is a strong correla-
tion between rainfall and biomass since water is one of primary inputs to photo-
synthesis. Climatologists use an “aridity index” (the ratio of annual precipitation to 
potential evaporation) to help classify desert (arid) or semi-arid areas (UNEP 1992; 
Williams and Balling 1986; Gringof and Mersha 2006). Drylands exist because the 
annual water loss (evaporation) exceeds the annual rainfall; therefore these regions 
have a continual water deficit. Deserts are the ultimate example of a climate where 
annual evaporation far exceeds the annual rainfall. In cases where the annual wa-

Fig. 6.2. Global distribution of natural disasters (1993-2002)
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ter deficits are not so large, some plant life can take hold usually in the form of 
grasslands or steppes. However, it is these dry lands on the margins of the world’s 
deserts that are most susceptible to desertification, the most extreme example of 
land degradation. Examples of these regions include the Pampas of South Ameri-
cas, the Great Russia Steppes, the Great Plains of North America, and the Savan-
nas of Southern Africa and Sahel region of Northern Africa. With normal climatic 
variability, some years the water deficits can be larger than others but sometimes 
there can be a several year period of water deficit or long-term drought. During 
this period, one can see examples of land degradation in the Dust Bowl years of the 
1930s in the Great Plains or the nearly two decade long drought in the Sahel in the 
1970s and 1980s. It was this period of drought in the Sahel that created the current 
concern of desertification. 

For over a century, soil erosion data has been collected and analyzed from soil 
scientists, agronomists, geologists, hydrologists, and engineers. From these inves-
tigations, scientists have developed a simple soil erosion relationship that incor-
porates the major soil erosion factors. The Universal Soil Loss Equation (USLE) 
was developed in the mid-1960s for understanding soil erosion for agricultural 
applications(Wischmeier and Smith 1978). In the mid-1980’s , it was updated and 
renamed the Revised Universal Soil Loss Equation (RUSLE) to incorporate the 
large amount of information that had accumulated since the original and to ad-
dress land use applications besides agriculture such as soil loss from mined lands, 
constructions sites, and reclaimed lands.The RUSLE is derived from the theory of 
soil erosion and from more than 10,000 plot-years of data from natural rainfall 
plots and numerous rainfall simulations.

Fig. 6.3. Schematic 
diagram of rain-
fall-induced pro-
cesses involved in 
land degradation. 
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The RUSLE is defined as:

A = R K L S C P 

where A is the soil loss per year (t/ha/year); R represents the rainfall-runoff erosiv-
ity factor; K is the soil erodibilty factor; L represents the slope length; S is the slope 
steepness; C represents the cover management, and P denotes the supporting prac-
tices factor (Renard et al. 1997). These factors illustrate the interaction of various 
climatic, geologic, and human factors and that smart land management practices 
can minimize soil erosion and hopefully land degradation.

The extremes of either too much or too little rainfall can produce soil erosion 
that can lead to land degradation. However, soil scientists consider rainfall the most 
important erosion factor among the many factors that cause soil erosion. Zachar 
(1982) provides an overview of soil erosion due to rainfall which can erode soil by 
the force of raindrops, surface and subsurface runoff, and river flooding. The veloc-
ity of rain hitting the soil surface produces a large amount of kinetic energy which 
can dislodge soil particles. Erosion at this micro-scale can also be caused by eas-
ily dissoluble soil material made water soluble by weak acids in the rainwater. The 
breaking apart and splashing of soil particles due to raindrops is only the first stage 
of the process, being followed by the washing away of soil particles and further ero-
sion caused by flowing water. However, without surface runoff, the amount of soil 
erosion caused by rainfall is relatively small (Lal 2001).

Once the soil particles have dislodged they become susceptible to runoff. In gen-
eral, the higher intensity of the rainfall, the greater is the quantity of soil available 
in runoff water. In the case of a light rain for a long duration, most of the soil dis-
lodgement takes place in the underwater environment and the soil particles are 
mostly fine. The greater the intensity of rainfall and subsequent surface runoff, the 
larger the soil particles that are carried away. A critical factor that determines soil 
erosion by rainfall is the permeability of the soil, which indirectly influences the 
total amount of soil loss and the pattern of erosion on slopes. One unfortunate by-
product of runoff is the corresponding transport of agricultural chemicals and the 
leaching of these chemicals into the groundwater. 

Rainfall intensity is the most important factor governing soil erosion caused by 
rain (Zachar 1982). Dry land precipitation is inherently variable in amounts and 
intensities and so is the subsequent runoff. Surface runoff is often higher in dry 
lands than in more humid regions due to the tendency of dry land soils to form 
impermeable crusts under the impact of intense thunderstorms and in the absence 
of significant plant cover or litter. In these cases, soil transport may be an order of 
magnitude greater per unit momentum of falling raindrops than when the soil sur-
face is well vegetated. The sparser the plant cover, the more vulnerable the topsoil 
is to dislodgement and removal by raindrop impact and surface runoff. Also, the 
timing the rainfall can play crucial role in soil erosion leading to land degradation. 
An erratic start to the rainy season along with heavy rain will have a greater impact 
since the seasonal vegetation will not be available to intercept the rainfall or stabi-
lize the soil with its root structure. 

An ongoing effort of scientists is to try to integrate all these factors into mod-
els that can be used to predict soil erosion. The Water Erosion Prediction Project 
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(WEPP) model is a process-based, distributed parameter, continuous simulation, 
erosion prediction model for use on personal computers and can be applied at the 
field scale to simulate hillslope erosion or more complex watershed scale erosion 
(USDA 2006). It mimics the natural processes that are important in soil erosion. It 
updates the soil and crop conditions everyday that affect soil erosion. When rain-
fall occurs, the plant and soil characteristics are used to determine if surface run-
off will occur. The WEPP model includes a number of conceptual components that 
include: climate and weather (rainfall, temperature, solar radiation, wind, freeze 
– thaw, snow accumulation and melting), irrigation (stationary sprinkler, furrow), 
hydrology – (infiltration, depressional storage, runoff), water balance (evapotrans-
piration, percolation, drainage), soils (types and properties) , crop growth – (crop-
land, rangeland, forestland) , residue management and decomposition, tillage im-
pacts on infiltration and erodibility, erosion – (interrill, rill, channel), deposition 
(rills, channels, and impoundments), sediment delivery, particle sorting and en-
richment.

Of special note is the impact of other forms of precipitation on soil erosion 
(Zachar 1982). Hail has a severe effect on the soil surface because its kinetic ener-
gy is several times that of rain resulting in much more soil surface being destroyed 
and a greater amount of material being washed away. And if hailstorms are accom-
panying with heavy rain, as is the case with some thunderstorms, large amounts of 
soil can be eroded especially on agricultural land before the crops can stabilize the 
soil surface. Snow thaw erosion occurs when the soil freezes during the cold period 
and the freezing process dislodges the soil, so that when the spring thaw occurs, 
fine soil particles are released in the runoff. This kind of erosion can often produce 
greater erosion losses than by rain. Also, when the soil freezes the infiltration rate 
is greatly reduced so that when the thaw arrives, relatively intense soil erosion can 
take place even though the amount of snow thaw is small. In this situation, the ero-
sive processes can be multiplied by a combination of a heavy rain event and sudden 
influx of warm air. Leeward portions of mountainous areas are susceptible to this 
since they are typically drier and have less vegetation and are prone to katabatic 
winds (rapidly descending air from a mountain range warms very quickly).

6.5.2
Floods

Dryland rivers have extremely variable flows and river discharge and the amount 
of suspended sediments are highly sensitive to fluctuations in rainfall as well as any 
changes in the vegetation cover in the basins. The loss of vegetation in the headwa-
ters of dryland rivers can increase sediment load and can lead to dramatic change 
in the character of the river to a less stable, more seasonal river characterised by a 
rapidly shifting series of channels. However, rainfall can lead to land degradation 
in other climates, including sub-humid ones. Excessive rainfall events either pro-
duced by thunderstorms, hurricanes and typhoons, or mid-latitude low-pressure 
systems can produce a large amount of water in a short period of time across lo-
cal areas. This excess of water overwhelms the local watershed and produces river 
flooding. Of course, this is a natural phenomenon that has occurred for millions of 
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years and continuously shapes the earth. River flooding occurs in all climates, but 
it is in dryland areas where the problem is most acute.

Flood forecasting is complex process that must take into account many different 
factors at the same time, depending on the type and nature of the phenomenon that 
triggers the flooding. For example, widespread flash floods are often started off by 
heavy rain falling in one area within a larger area of lighter rain, a confusing situa-
tion that makes it difficult to forecast where the worst flood will occur. Forecasting 
floods caused by the heavy rain or storm surges that can sweep inland as part of a 
tropical cyclone can also be a complex job, as predictions have to include where they 
will land, the stage of their evolution and the physical characteristics of the coast. 

To make predictions as accurate as possible, National Hydrological Services 
(NHSs) and National Meteorological Services (NMSs) under the auspices of the 
WMO undertake flood forecasting based on quantitative precipitation forecasts 
(QPFs), which have become more accurate in recent years, especially for light and 
moderate amounts of precipitation, although high amounts and rare events are still 
difficult to predict. So setting up forecasting systems that integrate predictions for 
weather with those for water-related events is becoming more of a possibility every 
day, paving the way for a truly integrated approach.

Forecasting also needs to be a cooperative and multidisciplinary effort. With 
the many issues and the complexity of factors surrounding floods, flood manag-
ers have to join forces with meteorologists, hydrologists, town planners, and civil 
defense authorities using available integrated models. Determining the socioeco-
nomic impacts of floods will mean taking a close look at construction or other ac-
tivities in and around river channels. Up-to-date and accurate information is es-
sential, through all the available channels: surface observation, remote sensing and 
satellite technology as well as computer models. 

Flood risk assessment and management have been around for decades but re-
cently there has been a shift to Integrated Flood Management. The defining charac-
teristic of Integrated Flood Management is integration, expressed simultaneously 
in different forms: an appropriate mix of strategies, points of interventions, types 
of interventions (i.e. structural or non-structural), short or long-term, and a par-
ticipatory and transparent approach to decision making – particularly in terms of 
institutional integration and how decisions are made and implemented within the 
given institutional structure. 

Land use planning and water management have to be combined in one synthe-
sized plan through co-ordination between land management and water manage-
ment authorities to achieve consistency in planning. The rationale for this integra-
tion is that the use of land has impacts upon both water quantity and quality. The 
three main elements of river basin management – water quantity, water quality, 
and the processes of erosion and deposition – are inherently linked.

Therefore, an integrated flood management plan should address the following 
five key elements (APFM 2004):

Manage the water cycle as a whole;
Integrate land and water management;
Adopt a best mix of strategies;
Ensure a participatory approach;
Adopt integrated hazard management approaches.
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6.5.3
Droughts

Drought is a natural hazard originating from a deficiency of precipitation that re-
sults in a water shortage for some activities or some groups. It is the consequence of 
a reduction in the amount of precipitation over an extended period of time, usually 
a season or more in length, often associated with other climatic factors – such as 
high temperatures, high winds and low relative humidity – that can aggravate the 
severity of the event. For example, the 2002-03 El Niño related Australian drought 
(Coughlan et al. 2003), which lasted from March 2002 to January 2003, was argu-
ably one of, if not the, worst short term droughts in Australia’s recorded meteoro-
logical history (Nicholls 2004). Analysis of rainfall records for this 11-month pe-
riod showed that 90% of the country received rainfall below that of the long-term 
median, with 56% of the country receiving rainfall in the lowest 10% (i.e., decile-
1) of recorded totals (Australia-wide rainfall records commenced in 1900). Dur-
ing the 2002-03 drought Australia experienced widespread bushfires, severe dust 
storms and agricultural impacts that resulted in a drop in Australia’s Gross Do-
mestic Product of over 1% (Watkins 2005). The first 5 months of 2005 were excep-
tionally dry for much of Australia (Figure 6.4), leading many to label this period a 
truly exception drought.

Extended droughts in certain arid lands have initiated or exacerbated land deg-
radation. Records show that extensive droughts have afflicted Africa, with serious 
episodes in 1965–1966, 1972–1974, 1981–1984, 1986–1987, 1991–1992, and 1994–
1995. The aggregate impact of drought on the economies of Africa can be large: 8–
9 per cent of GDP in Zimbabwe and Zambia in 1992, and 4–6 per cent of GDP in 
Nigeria and Niger in 1984. In the past 25 years, the Sahel has experienced the most 
substantial and sustained decline in rainfall recorded anywhere in the world with-
in the period of instrumental measurements. The Sahelian droughts in the early 
70s were most unique in their severity and were characterized as “the quintessence 
of a major environmental emergency” and their long term impacts are now becom-
ing clearer (Figure 6.5). 

Sea surface temperature (SST) anomalies, often related to the El Niño South-
ern Oscillation (ENSO) or North Atlantic Oscillation (NAO), contribute to rain-
fall variability in the Sahel. Droughts in west Africa correlate with warm SST in 
the tropical south Atlantic. Examination of the oceanographic and meteorological 
data from the period 1901-1985 showed that persistent wet and dry periods in the 
Sahel were related to contrasting patterns of SST anomalies on a near-global scale 
(Sivakumar 2006). From 1982 to 1990, ENSO-cycle SST anomalies and vegetative 
production in Africa were found to be correlated. Warmer eastern equatorial Pa-
cific waters during ENSO episodes correlated with rainfall of <1,000 mm yr-1 over 
certain African regions.

A coupled surface-atmosphere model indicates that – whether anthropogen-
ic factors or changes in SST initiated the Sahel drought of 1968-1973 – perma-
nent loss of Sahel savannah vegetation would permit drought conditions to per-
sist. The effect of drought, reducing soil moisture and thus evaporation and cloud 
cover, and increasing surface albedo as plant cover is destroyed, is generally to in-
crease ground and near-surface air temperatures while reducing the surface radia-
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Fig. 6.4. Rainfall deciles for January to May 2005 in Australia (© Commonwealth of Australian 
2005, Australian Bureau of Meteorology)

Fig. 6.5. Types and 
impacts of 
Droughts
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tion balance and exacerbating the deficit in the radiation balance of the local sur-
face-atmosphere system (Williams and Balling 1996). This entails increased atmo-
spheric subsidence and consequently further reduced precipitation. 

Early warning systems can reduce impacts by providing timely information 
about the onset of drought (Wilhite et al. 2000) Conventional surface observation 
stations within National Meteorological Services are one link in the chain, provid-
ing essential benchmark data and time series necessary for improved monitoring 
of the climate and hydrologic system. Tracking certain indicators such as stream 
flow or soil moisture can help in formulating drought index values – typically sin-
gle numbers, far more useful than raw data for decision-making. 

Drought plans should contain three basic components: monitoring and ear-
ly warning, risk assessment, and mitigation and response (Wilhite and Svoboda 
2000) . Because of the slow onset characteristics of droughts, monitoring and early 
warning systems provide the foundation for an effective drought mitigation plan. 
A plan must rely on accurate and timely assessments to trigger mitigation and 
emergency response programs. 

Various WMO programmes monitor extreme climate events associated with 
drought, while four monitoring centres – two in Africa, one in China and the 
Global Information and Early Warning System – provide weather advisories and 
one and three-month climate summaries. Among other African early warning sys-
tems, the Southern Africa Development Community (SADC) monitors the crop 
and food situation in the region and issues alerts during periods of impending cri-
sis. Such networks can be the backbone of drought contingency planning, coordi-
nated plans for dealing with drought when it comes. 

6.5.4
Solar radiation, temperature and evaporation 

The only source of energy for the earth is the sun but our world intercepts only a 
tiny amount of this energy (less than a tenth of 1 percent) to provide the energy for 
the various biological (photosynthesis) and geophysical (weather and climate) pro-
cesses for life depends on. The earth system, based on fundamental rules of phys-
ics, must emit the same amount of radiation as it receives. Therefore, the complex 
transfer of energy to satisfy this requirement is the basis for our weather and cli-
mate. Solar radiation is highly correlated with cloudiness, and in most dryland cli-
mates there are little or no clouds, the solar radiation can be quite intense. In fact, 
some of the highest known values of solar radiation can be found in places like the 
Sahara desert. Solar heating of the land surface is the main contribution to the air 
temperature. 

Along with rainfall, temperature is the main factor determining climate and 
therefore the distribution of vegetation and soil formation. Soil formation is the 
product of many factors that include: the parent material (rock), topography, cli-
mate, biological activity, and time. Temperature and rainfall cause different pat-
terns of weathering and leaching in soils. Seasonal and daily changes in tempera-
ture can affect the soil moisture, biological activity, rates of chemical reactions, and 
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the types of vegetation. Important chemical reactions in the soil include the nitro-
gen and carbon cycles. 

In the tropics, surface soil temperatures can exceed 55ºC and this intense heat 
contributes to the cracking of highly-clay soils that expose not only the soil surface 
but the soil subsurface to water or wind erosion. Of course, these high tempera-
tures will also increase soil evaporation and further reduce available soil moisture 
for plant growth. 

In temperate dry lands, the freeze-thaw cycle can have a direct effect on the com-
position of the soil by the movement of rocks and stones from various depths to the 
surface. In high elevations, the freeze-thaw is one factor degrading rock structures, 
causing cracks and fissures which could lead to landslides and rock avalanches. 

Evaporation is the conversion of water from the liquid or solid state into vapour, 
and its diffusion into the atmosphere. A vapour pressure gradient between the 
evaporating surface and the atmosphere and a source of energy are necessary for 
evaporation. Solar radiation is the dominant source of energy and sets the broad 
limits of evaporation. Solar radiation values in the tropics are high, modified by 
the cloud cover, which leads to a high evaporative demand of the atmosphere. In 
the arid and semi-arid regions, considerable energy may be advected from the sur-
rounding dry areas over irrigated zones. Rosenberg et al. (1983) lists several stud-
ies that have demostrated the “oasis effect” which is the transfer of energy across 
an evaporating surface and can cause large evaporative losses in a short period of 
time. 

Climatic factors induce an evaporative demand of the atmosphere, but the ac-
tual evaporation resulting will be influenced by the nature of the evaporating sur-
faces as well as the availability of water. On a degraded land, the land surface itself 
influences the evaporative demand by the albedo and surface roughness, the lat-
ter affecting turbulence. In the arid and semi-arid regions, the high evaporation 
which greatly exceeds precipitation leads to accumulation of salts on soil surface. 
Soils with natric horizon are easily dispersed and the low moisture levels lead to 
limited biological activity. 

6.5.5
Wind 

The dry lands of the world are affected by moderate to severe land degradation 
from wind erosion and there is evidence that the frequency of sand storms/dust 
storms in increasing. It has been estimated that in the arid and semi-arid zones of 
the world, 24% of the cultivated land and 41% of the pasture land are affected by 
moderate to severe land degradation from wind erosion (Rozanov 1990). 

The world-wide total annual production of dust by deflation of soils and sedi-
ments was estimated to be 61 to 366 million tonnes (Middleton 1986). Losses of des-
ert soil due to wind erosion are globally significant. The upper limit for global esti-
mates of the long-range transport of desert dust is approximately 1 x 1016 g year –1.

For Africa, it is estimated that more than 100 million tonnes of dust per annum 
is blown westward over the Atlantic. The amount of dust arising from the Sahel 
zone has been reported to be around or above 270 million tons per year which cor-
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Fig. 6.6. Sand and dust storms move forward like an overwhelming tide and strong winds take 
along drifting sands to bury crops 

responds to a loss of 30 mm per m2 per year or a layer of 20 mm over the entire area 
(Stahr et al. 1996)

Every year desert encroachment caused by wind erosion buries 210,000 hectares 
of productive land in China (PRC 1994). It was shown that the annual changes of 
the frequency of strong and extremely strong sandstorms in China are as follows: 
5 times in the 1950s, 8 times in the 1960s, 13 times in the 1970s, 14 times in the 
1980s, and 20 times in the 1990s (Ci 1998). 

Sand and dust storms are hazardous weather and cause major agricultural and 
environmental problems in many parts of the world. There is a high on-site as well 
as off-site cost due to the sand and dust storms. They can move forward like an 
overwhelming tide and strong winds take along drifting sands to bury farmlands, 
blow out top soil, denude steppe, hurt animals, attack human settlements, reduce 
the temperature, fill up irrigation canals and road ditches with sediments, cover 
the railroads and roads, cause household dust damages, affect the quality of water 
in rivers and streams, affect air quality, pollute the atmosphere and destroy min-
ing and communication facilities. They accelerate the process of land degradation 
and cause serious environment pollution and huge destruction to ecology and liv-
ing environment (Wang Shigong et al. 2001). Atmospheric loading of dust caused 
by wind erosion also affects human health and environmental air quality. 

Wind erosion-induced damage includes direct damage to crops through the loss 
of plant tissue and reduced photosynthetic activity as a result of sandblasting, buri-
al of seedlings under sand deposits, and loss of topsoil (Fryrear 1971; Amburst 
1984; Fryrear 1990). The last process is particularly worrying since it potentially 
affects the soil resource base and hence crop productivity on a long-term basis, by 
removing the layer of soil that is inherently rich in nutrients and organic matter. 
Wind erosion on light sandy soils can provoke severe land degradation and sand 
deposits on young seedlings can affect crop establishment (Fig 6.6).

Calculations based on visibility and wind speed records for 100 km wide dust 
plumes, centered on eight climate stations around South Australia, indicated that 
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dust transport mass was as high as 10 million tonnes (Butler et al. 1994). Thus dust 
entrainment during dust events leads to long-term soil degradation, which is es-
sentially irreversible. The cost to productivity is difficult to measure but is likely to 
be quite substantial.

6.5.5.1
Causes of wind erosion

The occurrence of wind erosion at any place is a function of weather events inter-
acting with soil and land management through its effects on soil structure, tilth 
and vegetation cover. In regions where long dry periods associated with strong sea-
sonal winds occur regularly, the vegetative cover of the land does not sufficiently 
protect the soil, and the soil surface is disturbed due to inappropriate management 
practices, wind erosion usually is a serious problem.

At the southern fringe of the Sahara Desert, a special dry and hot wind, locally 
termed Harmattan, occurs. These NE or E winds normally occur in the winter sea-
son under a high atmospheric pressure system. When the wind force of Harmat-
tan is beyond the threshold value, sand particles and dust particles will be blown 
away from the land surface and transported for several hundreds kilometres to the 
Atlantic Ocean.

In the Northwest region of India, the convection sand-dust storm that occurs in 
the season preceding the monsoon is named Andhi (Joseph et al. 1980). It is called 
Haboob in Africa and Arabic countries. It is titled “phantom” or “devil” in some 
regions.

In general, two indicators, wind velocity and visibility, are adopted to classify 
the grade of intensity of sand-dust storms. For instance, the sand-dust storms oc-
curring in the Northwest part of India are classified into three grades. The feeble 
sand-dust storm develops when wind velocity is at force 6 (Beaufort) degree and 
visibility varies between 500-1,000 m. The secondary strong sand-dust storm will 
occur when wind velocity is at force 8 and visibility varies 200-500 m. Strong sand-
dust storms will take place when wind velocity is at force 9 and visibility is <200 
metres. 

In China, a sand-dust storm is defined similarly to the above. The only difference 
is that the category of strong sand-dust storms is defined again into two grades, 
namely strong sand-dust storms and serious-strong sand-dust storms. When wind 
velocity is 50 metres per second (m/s) and visibility is <200 metres, the sandstorm 
is called a strong sand-dust storm. When wind velocity is 25 m/s and visibility is 0-
50 metres, the sandstorm is termed a serious sand-dust storm (some regions name 
it Black windstorm or Black Devil) (Xu Guochang et al. 1979).

Four definitions of the dust phenomena are the same as used by the Australian 
Bureau of Meteorology, which conforms to the worldwide standards of the World 
Meteorological Organization (WMO). SYNOP present weather [WW] codes are 
included:
1. Dust storms (SYNOP WW code: 09) are the result of turbulent winds raising 

large quantities of dust into the air and reducing visibility to less than 1,000 m.
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Table 6.3. Wind erosion capacity (Source: W.S. Chepil and N.P. Woodruff. 1963. Physics of wind 
erosion and its control. Advances in Agronomy, 15)

Index value Wind erision capacity

0-20 Insignificant or zero

20-50 Moderate

50-100 High

> 150 Very high

2. Blowing dust (SYNOP WW code: 07) is raised by winds to moderate heights 
above the ground reducing visibility at eye level (1.8 m), but not to less than 
1,000 m.

3. Dust haze (SYNOP WW code: 06) is produced by dust particles in suspended 
transport which have been raised from the ground by a dust storm prior to the 
time of observation.

4. Dust swirls (or dust devils) (SYNOP WW code: 08) are whirling columns of 
dust moving with the wind and usually less than 30 m high (but may extend to 
300 m or more). They usually dissipate after travelling a short distance.

Wind erosivity is the main factor controlling the broad pattern of wind erosion. It 
has been defined as “that property of the wind which determines its ability to en-
train and move bare, dry soil in fine tilth” (Painter 1978). It can be estimated from 
daily or hourly records of wind speed above a threshold related to the lowest speed 
at which soil particles are entrained (Skidmore and Woodruff 1968). Chepil and 
Woodruff (1963) developed an index of wind erosion capacity (C) defined as:

where V = wind speed at standard observing levels (~ 10 m), m s-1; P = precipita-
tion (mm); and Ep is potential evapotranspiration (mm). Table 6.3 gives a classifi-
cation of the wind erosion capacity as per the different values of the index of wind 
erosion capacity.

When soil movement is sustained, the quantity of soil that can be transport-
ed by the wind varies as the cube of the velocity. Models demonstrate that wind 
erosion increases sharply above a threshold wind speed. In the U.S. corn belt, a 
20% increase in mean wind speed greatly increases the frequency with which the 
threshold is exceeded and thus the frequency of erosion events.

There have been several efforts to integrate all these wind erosion factors into a 
computer model. One such effort is the Wind Erosion Prediction System (WEPS) 
which is a process-based, daily time-step model that predicts soil erosion by sim-
ulation of the fundamental processes controlling wind erosion (Wagner 1996). 
The WEPS model is able to calculate soil movement, estimate plant damage, 
and predict PM-10 emissions when wind speeds exceed the erosion threshold. It 

C= V3

2.9(P-E2)
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also provides users with spatial information regarding soil flux, deposition, and 
loss from specific regions of a field over time. The structure of WEPS is modu-
lar and consists of seven submodels and four databases. Most of the WEPS sub-
models use daily weather as the natural driving force for the physical processes 
that change field conditions. The other submodels focus on hydrology including 
the changes in temperature and water status of the soil; soil properties; growth 
of crop plants; crop plant decomposition; typical management practices such as 
tillage, planting, harvesting, and irrigation; finally the power of the wind on a 
subhourly basis.

6.5.5.2
Climatic implications of dust storms

The very fine fraction of soil-derived dust has significant forcing effects on the 
radiative budget. Dust particles are thought to exert a radiative influence on cli-
mate directly through reflection and absorption of solar radiation and indirectly 
through modifying the optical properties and longevity of clouds. Depending on 
their properties and in what part of the atmosphere they are found, dust particles 
can reflect sunlight back into space and cause cooling in two ways. Directly, they 
reflect sunlight back into space, thus reducing the amount of energy reaching the 
surface. Indirectly, they act as condensation nuclei, resulting in cloud formation 
(Pease et al. 1998). Clouds act as an “atmospheric blanket,” trapping long wave radi-
ation within the atmosphere that is emitted from the earth. Thus, dust storms have 
local, national and international implications concerning global warming. Climat-
ic changes in turn can modify the location and strength of dust sources.

6.6
Wild Fires, Land Degradation and Atmospheric Emissions

Uncontrolled wildfires occur in all vegetation zones of the world. It is estimated 
that fires annually affect 1015 million hectares (m ha) of boreal and temperate for-
est and other lands, 2040 m ha of tropical rain forests due to forest conversion ac-
tivities and escaped agricultural fires, and up to 500 m ha of tropical and subtropi-
cal savannas, woodlands, and open forests. The extent of the soil organic carbon 
pool doubles that present in the atmosphere and is about two to three times greater 
than that accumulated in living organisms in all Earth’s terrestrial ecosystems. In 
such a scenario, one of the several ecological and environmental impacts of fires is 
that they are a significant source of greenhouse gases responsible for global warm-
ing. 

Globally, biomass burning, which includes wild fires, is estimated to produce 
40 percent of the carbon dioxide, 32 percent of the carbon monoxide, 20 percent of 
the particulates, and 50 percent of the highly carcinogenic poly-aromatic hydro-
carbons produced by all sources (Levine 1990). Current approaches for estimat-
ing global emissions are limited by accurate information on area burned and fuel 
available for burning. 



126 Mannava V.K. Sivakumar and Robert Stefanski

Emissions from fires are considerable and contribute significantly to gross glob-
al emissions of trace gases and particulates from all sources to atmosphere. Nat-
ural emissions are responsible for a major portion of the compounds, including 
non-methane volatile organic compounds (NMVOC), carbon monoxide (CO) and 
nitric oxide (NO), which determine tropospheric oxidant concentrations. The to-
tal NMVOC flux is estimated to be about 84×1012 g of carbon (Tg C) which is com-
prised primarily of isoprene (35%), 19 other terpenoid compounds (25%) and 17 
non-terpenoid compounds (40%).

The influence of fire on soil characteristics (soil-water content, soil compaction, 
soil temperature, infiltration ability, soil properties especially organic matter, pH, 
exchangeable Ca, Mg, K, Na and extractable P) of a semi-arid southern African 
rangeland was quantified over two growing seasons (2000/01–2001/02) following 
an accidental fire (Snyman 2003). The decrease in basal cover due to fire (head 
fires)exposed the soil more to the natural elements and therefore to higher soil 
temperatures and soil compaction in turn leading to lower soil-water content and 
a decline in soil infiltrability. 

6.7
Climate change and land degradation

Human activities – primarily burning of fossil fuels and changes in land cover – 
are modifying the concentration of atmospheric constituents or properties of the 
Earth’s surface that absorb or scatter radiant energy. In particular, increases in the 
concentrations of greenhouse gases (GHGs) and aerosols are strongly implicated 
as contributors to climatic changes observed during the 20th century and are ex-
pected to contribute to further changes in climate in the 21st century and beyond. 
These changes in atmospheric composition are likely to alter temperatures, precipi-
tation patterns, sea level, extreme events, and other aspects of climate on which the 
natural environment and human systems depend. 

According to IPCC(2003), established by WMO and UNEP, ecosystems are sub-
ject to many pressures (e.g., land-use change, resource demands, population chang-
es); their extent and pattern of distribution is changing, and landscapes are becom-
ing more fragmented. Climate change constitutes an additional pressure that could 
change or endanger ecosystems and the many goods and services they provide. Soil 
properties and processes – including organic matter decomposition, leaching, and 
soil water regimes – will be influenced by temperature increase. Soil erosion and 
degradation are likely to aggravate the detrimental effects of a rise in air tempera-
ture on crop yields. Climate change may increase erosion in some regions, through 
heavy rainfall and through increased wind speed.

CO2-induced climate change and land degradation remain inextricably linked 
because of feedbacks between land degradation and precipitation. Climate change 
might exacerbate land degradation through alteration of spatial and temporal pat-
terns in temperature, rainfall, solar radiation, and winds. Several climate mod-
els suggest that future global warming may reduce soil moisture over large areas 
of semiarid grassland in North America and Asia (Manabe and Wetherald 1986). 
This climate change is likely to exacerbate the degradation of semiarid lands that 



Chapter 6: Climate and Land Degradation – an Overview 127

will be caused by rapidly expanding human populations during the next decade. 
Emmanuel (1987) predicted that there will be a 17% increase in the world area of 
desert land due to the climate change expected with a doubling of atmospheric CO2

content. 
Water resources are inextricably linked with climate, so the prospect of global 

climate change has serious implications for water resources and regional develop-
ment (Riebsame et al. 1995). Climate change – especially changes in climate vari-
ability through droughts and flooding – will make addressing these problems more 
complex. The greatest impact will continue to be felt by the poor, who have the 
most limited access to water resources. The impact of changes in precipitation and 
enhanced evaporation could have profound effects in some lakes and reservoirs. 
Studies show that, in the paleoclimate of Africa and in the present climate, lakes 
and reservoirs respond to climate variability via pronounced changes in storage, 
leading to complete drying up in many cases. Furthermore, these studies also show 
that under the present climate regime several large lakes and wetlands show a deli-
cate balance between inflow and outflow, such that evaporative increases of 40%, 
for example, could result in much reduced outflow.

The frequency of episodic transport by wind and water from arid lands is also 
likely to increase in response to anticipated changes in global climate (Manabe 
and Wetherlad 1986). Lower soil moisture and sparser vegetative cover would leave 
soil more susceptible to wind erosion. Reduction of organic matter inputs and in-
creased oxidation of SOM could reduce the long-term water-retention capacity 
of soil, exacerbating desertification. Moreover, increased wind erosion increases 
wind-blown mineral dust, which may increase absorption of radiation in the atmo-
sphere (Nicholson and Kim 1997).

6.7.1
Carbon sequestration to mitigate climate change 
and combat land degradation

The soil organic carbon (SOC) pool to 1-m depth ranges from 30 tons ha-1 in the 
arid climates to 800 tons ha-1 in organic soils in cold regions (Lal 2007). Conver-
sion of natural to agricultural ecosystems causes depletion of SOC pool by as much 
as 60% in soils of temperate regions and 75% or more in the cultivated soils of the 
tropics. The depletion is exacerbated when the output of carbon (C) exceeds the in-
put and when soil degradation is severe.

Carbon sequestration implies transferring atmospheric CO2 into long-lived 
pools and storing it securely so it is not immediately reemitted. Thus, soil C se-
questration means increasing SOC and soil inorganic carbon stocks through judi-
cious land use and recommended management practices. Some of these practic-
es include mulch farming, conservation tillage, agroforestry and diverse cropping 
systems, cover crops and integrated nutrient management, including the use of 
manure, compost, biosolids, improved grazing, and forest management. 

The potential carbon sink capacity of managed ecosystems approximately equals 
the cumulative historic C loss estimated at 55 to 78 gigatons (Gt). Offsetting fossil-
fuel emissions by achievable SOC potential provides multiple biophysical and so-
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cietal benefits. An increase of 1 ton of soil carbon of degraded cropland soils may 
increase crop yield by 20 to 40 kg ha-1 for wheat, 10 to 20 kg ha-1 for maize, and 0.5 
to 1 kg ha-1 for cowpeas and could enhance world food security (Lal 2007).

6.8
Understanding the Interactions between Climate 
and Land Degradation – Role of WMO

WMO is the United Nations specialized agency responsible for meteorology and 
operational hydrology. WMO provides support to the National Meteorological 
and Hydrological Services (NMHSs) of its 188 Member States and Territories in 
their respective missions of observing and understanding weather and climate and 
providing meteorological and related services in support of national needs. These 
needs especially relate to protection of life and property, safeguarding the environ-
ment and contributing to sustainable development.

The scientific programmes of WMO have been vital in expanding knowledge 
of the climate system. The systematic observations carried out using standardized 
methods have provided worldwide data for analysis, research and modelling of 
the atmosphere and its changing patterns of weather systems. WMO coordinates 
a global network for the acquisition and exchange of observational data under the 
Global Observing System of its World Weather Watch Programme. The system 
comprises some 10 000 stations on land, 1 000 upper-air stations, 7 000 ships, some 
3 000 aircraft providing over 150 000 observations daily and a constellation of 16 
meteorological, environmental, operational and research satellites. WMO also co-
ordinates a network of three World Meteorological Centres, 35 Regional Special-
ized Meteorological Centres and 187 National Meteorological Centres. Specialized 
programmes of observations, including those for chemical constituents of the at-
mosphere and characteristics of the oceans and their circulations, have led to a bet-
ter understanding of interactions between the domains of the climate system (the 
atmosphere, the oceans, the land surface and the cryosphere) and of climate vari-
ability and change.

Specifically, WMO contributes to understanding the interactions between cli-
mate and land degradation through dedicated observations of the climate system; 
improvements in the application of agrometeorological methods and the proper 
assessment and management of water resources; advances in climate science and 
prediction; and promotion of capacity building in the application of meteorologi-
cal and hydrological data and information in drought preparedness and manage-
ment. In this context, WMO will continue to address the issue of land degradation 
through its Agricultural Meteorology Programme, Hydrology and Water Resourc-
es Programme, and other scientific and technical programmes by:
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6.8.1
Advocating for enhanced observing systems at national, 
regional and international levels 

WMO is committed to work with the Parties to the UNCCD to improve the ob-
serving systems for weather, climate and water resources in order to meet the needs 
of the Convention, and to assist developing countries to strengthen their participa-
tion in the collection and use of these observations to meet their commitments to 
the Convention. In this regard, it is quite relevant to examine the Decisions of the 
Conference of Parties of the United Nations Framework Convention on Climate 
Change (UNFCCC) which address the issue of climate observing systems, and the 
regional workshop programme that has been developed and is being implemented 
in different parts of the world by the Global Climate Observing System (GCOS) 
Secretariat co-sponsored by WMO.

6.8.2
Promoting effective early warning systems

Early warning systems serve as an essential and important alert mechanism for 
combating land degradation. As meteorological and hydrological hazards are 
linked with climate variability, regular assessments and authoritative statements 
on the interpretation and applicability of observational data are needed for the 
study of climate variability and the implementation of a climate alert system to 
allow NMHSs to make early warnings on pending significant climate anomalies. 
Warnings of climate-related disasters are becoming feasible from weeks to sea-
sons in advance. WMO’s World Climate Programme will continue to issue rou-
tine statements on the state of El Niño or La Niña, which, through the NMHSs, can 
alert Governments to ensure preparedness against the impacts of El Niño-related 
anomalies, which can trigger various disasters. WMO played an active role in the 
activities of the ad hoc Panel on early warning systems established by the Commit-
tee on Science and Technology (CST) of the UNCCD. High on the recommenda-
tions of the Panel is the need to undertake a critical analysis of the performance 
of early warning, monitoring and assessment systems; the improvement of meth-
ods for and approaches to the prediction of drought and monitoring of desertifica-
tion; and the development of mechanisms to facilitate an exchange of information 
focusing in particular on national and subregional networks. WMO’s new major 
programme on Natural Disaster Prevention and Mitigation will provide the focus 
for the consolidation of its efforts in the area of early warnings and for taking new 
initiatives in this area in collaboration with other organizations.
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6.8.3
Further enhancing climate prediction capability 

Climate prediction capabilities are being enhanced through the Climate Variabil-
ity (CLIVAR) project of the World Climate Research Programme (WCRP). The 
prediction of El Niño and the associated impacts are becoming possible, with rea-
sonable skill, up to few seasons in advance. Related to this, WMO is broadening 
the implementation of the WMO Climate Information and Prediction Services 
(CLIPS) project, which is designed to promote the use of climate information and 
prediction services, capacity building, multi-disciplinary research and the devel-
opment of new applications. Consensus long-range forecasts on droughts, which 
were issued at several Regional Climate Outlook Fora, organized in different parts 
of the world with active support from WMO, provide good early warning informa-
tion to national authorities.

6.8.4
Assessing vulnerability and analyzing hazards 

It is important to analyze vulnerability at the local, national and regional levels 
which is an important factor in evaluating the adequacy of early warnings. A good 
tool to assess those different vulnerabilities is the linkage between weather, cli-
mate and disaster databases to the different type of meteorological or hydrologi-
cal disasters. In this regard, a pilot project is ongoing in Chile linking climate with 
flood disaster databases with the support of WMO through the World Climate 
Programme, as part of the activities of the Inter-Agency Task Force for Disaster 
Reduction (IATF’s) Working Groups on Climate and Disasters and on Risk Vul-
nerability and Impact Assessment. This is an important tool for risk communica-
tion among policy makers and communities. WMO will continue to assist in de-
veloping and managing the relevant climate databases through data rescue and cli-
mate database management projects.

6.8.5
Implementing risk management applications

Risk management approaches need to be employed in combatting droughts and 
mitigating floods. In this context, hazard mapping, suitable agroclimatic zoning 
and the establishment of partnerships are essential tools for land use and prepared-
ness planning. Several expert teams established by the Commission for Agricul-
tural Meteorology (CAgM) of WMO are examining these issues critically and are 
issuing guidance reports for the users. In the area of flood forecasting and man-
agement, WMO’s Hydrology and Water Resources Programme is implementing 
the Associated Programme for Flood Management (APFM) in collaboration with 
the Global Water Partnership, in the context of integrated water resources manage-
ment. Several related projects are being developed in different parts of the world in 
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order to provide guidance on the development of support systems for sustainable 
land management and agroclimatic zoning.

6.8.6
Contributing actively to the implementation 
of the UN system’s International Strategy for Disaster Reduction (ISDR) 

It is to be noted that society’s ability to cope with and adapt to, climate change will 
depend heavily on its ability to assess how and where weather and climate patterns 
are likely to change, to predict the continuous fluctuations in risk and vulnerabil-
ity to communities, and to develop adaptive strategies that will increase the com-
munity’s resilience when the next potential disaster strikes. WMO leads the ISDR 
Working Group on Climate and Disasters.

6.8.7
Supporting the strengthening of the capabilities 
of the Parties and regional institutions with drought-related programmes 

The capabilities of Parties and regional institutions with drought-related pro-
grammes will be strengthened and collaboration will be promoted with other in-
stitutions in drought- and desertification-prone regions, with emphasis on Africa, 
Asia, Latin America and the Caribbean, and the northern Mediterranean region, 
which are all referred to in the Regional Annexes to the Convention. Examples of 
such institutions in Africa are the AGRHYMET Centre and the African Centre of 
Meteorological Applications for Development (ACMAD), both located in Niamey, 
Niger, the IGAD Climate Prediction and Applications Centre in Nairobi, Kenya 
and the SADC Drought Monitoring Centre in Gaborone, Botswana. In order to 
enhance capacity building in the development of National Action Plans within the 
framework of the Convention, WMO organized Roving Seminars on the Applica-
tion of Climatic Data for Desertification Control, Drought Preparedness and Man-
agement of Sustainable Agriculture in Beijing, China in May 2001 and in Antigua 
and Barbuda in April 2004.

6.9
Future perspectives

The definition of land degradation adopted by UNCCD assigns a major impor-
tance to climatic factors contributing to land degradation, but there is no concerted 
effort at the global level to systematically monitor the impacts of different climat-
ic factors on land degradation in different regions and for different classes of land 
degradation. Hence there is an urgent need to monitor the interactions between 
climate and land degradation. To better understand these interactions, it is also 
important to identify the sources and sinks of dryland carbon, aerosols and trace 
gases in drylands. This can be effectively done through regional climate monitor-
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ing networks. Such networks could also help enhance the application of seasonal 
climate forecasting for more effective dryland management.

There are serious gaps in the basic meteorological network and observation-
al facilities in many areas, some of them in regions with severe land degradation 
problems. The most serious single and geographically widespread shortcoming is 
the lack of information on rainfall intensity. WMO is taking steps to facilitate the 
development of early warning systems by organizing the development of suitable 
instruments and statistical processing. Furthermore, WMO is coordinating efforts 
on the part of its Members to further investigations of using data from meteoro-
logical satellites to supplement knowledge of meteorological conditions influenc-
ing land degradation, especially over areas inadequately covered by ground-level 
observations. WMO, through its 188 Members, is pleased to be part of the effort to 
better understand the role of climate in land degradation and work with various 
national, regional and international organizations and the civil society in combat-
ing and arresting land degradation.
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CHAPTER 7

Climate, Extreme Events and Land Degradation
Michèle L. Clarke and Helen M. Rendell

Abstract. The frequency of occurrence of climate extremes in temperature and pre-
cipitation is expected to increase during the next century (Easterling et al. 2000). 
Here we examine the impact of the climate extremes of heavy rainfall, drought, 
and high winds, on processes of land degradation, including floods, mass move-
ments, soil erosion by both water and wind, and salinisation. Case studies are used 
to explore the impacts of individual events on land degradation, as well as the role 
of decadal-scale temporal and spatial variability in climate systems in driving ex-
treme events. Predictions of future trends in the frequency and magnitude of ex-
treme events, based on an ensemble of general circulation models and on regional 
climate models, are examined 

7.1
Introduction

The frequency of occurrence of climate extremes is expected to change during the 
next century, with increases in the frequency of heat waves and heavy precipitation 
events, and decreases in the frequency of frost days, as a consequence of anthropo-
genically-forced climate change (Easterling et al. 2000). Changes in the frequencies 
of extreme events will have an impact on land degradation processes such as floods 
and mass movements, soil erosion by both water and wind, and on soil salinisation. 
Studies of climate extremes in the second half of the 20th century reveal significant 
trends in both temperature and rainfall at the global level (Frich et al. 2002). Pro-
jected future changes in climate extremes to the end of the 21st century show con-
siderable spatial and temporal variability (Tebaldi et al. 2006), with the uncertain-
ties surrounding future precipitation changes greater than those for temperature 
(Arblaster and Alexander 2005). 

Climate extremes encompass both extreme weather, with durations of min-
utes to days (the synoptic timescale), and extreme climate events with durations 
of months, in the case of periods of wet/stormy weather, or years, in the case of 
drought (McGregor et al. 2005). In all cases, the frequency of extreme events may 
be affected by seasonal to inter-annual fluctuations of large scale climate variations 
such as El Niño/Southern Oscillation (ENSO) and the North Atlantic Oscillation 
(NAO) (Schweirz et al. 2006). Distinguishing between natural climate variability 
and anthropogenically-driven climate change remains a significant challenge. 

In contrast to the record of extreme climate events, the land degradation im-
pacts of such events have lacked systematic study. Case studies of particular events 
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and their impacts on society are relatively common, but examples which combine 
daily meteorological records, spanning decades, with individual event impact re-
cords are relatively rare. In this paper we examine the challenges involved in es-
tablishing records of both extreme events and their impacts. Case studies are used 
to explore the impacts of individual events on land degradation and their decadal-
scale temporal and spatial variability. Future trends in the frequency of extreme 
events, based on an ensemble of general circulation models and on regional climate 
models, are examined.

7.2
Classification of climate extremes 

Extreme events are distinguished by their magnitude (e.g. extremely high or low 
temperatures, heavy rainfall or periods with no rainfall). All types of extreme 
event require a length of record before a frequency distribution can be determined 
(Katz and Brown 1992); we need to know, for example, whether the frequency of 
extreme rainfall events per decade has changed. In the case of daily rainfall or tem-
perature data, a minimum of 40 years of continuous record is required (Frich et 
al. 2002). The length and continuity of record are important as these facilitate au-
thoritative statements, such as the recent announcement by the UK Meteorological 
Office that autumn 2006 was the warmest in a 347 year record (UK Meteorologi-
cal Office, 2006). 

Changes in temperature extremes can result from changes in the mean and the 
variance of the probability distribution of daily temperatures (McGregor et al. 
2005). Small increases in the values of mean daily precipitation may result in pro-
portionally much larger increases in the probability of extreme daily rainfall events 
(Groisman et al. 1999), and one way of representing such changes is in terms of the 
magnitude and frequency (or recurrence interval) of these daily rainfall events, as 
illustrated schematically in Fig. 7.1.

Many indicators of extreme climate events have been proposed (Trenberth and 
Owen 1999; Nicholls and Murray 1999; Frich et al. 2002) and a selection of these 
indicators is given in Table 7.1. In most cases the definitions specify particular 
thresholds beyond which events are considered extreme. 

The requirement for appropriate lengths of record raises problems as it is clear 
from the global distribution of meteorological stations that some localities, par-
ticularly in Africa, the Middle East, South Asia and South America have sparse 
coverage of stations (Frich et al. 2002). In other places many stations may no lon-
ger be active (Brunetti et al. 2002). In arid, semi-arid and sub-humid areas rainfall 
may be highly variable both spatially and temporally so that, in the case of extreme 
rainfall events, the use of regional averaging of station data may result in these 
events going undetected (Brunetti et al. 2002). 

Extreme events with a slow rate of onset such as heatwaves or droughts are hard-
er to define. Some analyses use simple measures such as the maximum number 
of consecutive dry days or the sustained exceedance of particular temperatures 
(Frich et al. 2002) but, in the case of drought, definitions present particular diffi-
culty. Drought can be ‘meteorological’, ‘agricultural’ or ‘hydrological’ based on the 
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number of days below a particular rainfall threshold, soil moisture deficits or on 
the levels of surface and groundwater storage, respectively (Pielke et al. 2005). Em-
pirically-based indices allow the comparative severity of a particular drought event 
to be established, and allow the spatial and temporal variability of drought to be 
evaluated (Edwards and McKee 1997). The Palmer Drought Severity Index (PDSI) 
(Palmer 1965) has been widely used, particularly in the USA, but requires both 
temperature and precipitation data, as well as empirical relationships to define a 
climate weighting factor. The Standardised Precipitation Index (SPI) (McKee et al. 
1993, 1995; Edwards and McKee 1997), is simpler to calculate, and is based on the 
analysis of monthly rainfall series and provides results at the multiple timescales 
relevant to soil moisture, streamflow and groundwater conditions (Lloyd-Hughes 
and Saunders 2002). An additional advantage of the SPI approach is that it provides 
the means of identifying extremely wet periods as well as extremely dry ones.

Tropical storms and extra-tropical depressions can also provide extremes in 
terms of wind speeds, rainfall and associated storm surges. Storminess is defined 
in terms of the number of days with strong winds reaching Beaufort Wind Scale/
World Meteorological Organisation wind speeds in the range 7 (13.9–17.1 ms-1)
to 11 (> 28.4 ms-1) for any one of four 6-hourly data records for that day (Qian 
and Saunders 2003). Tropical storms are defined as Categories 1 to 5 on the Saffir-
Simpson scale, with Category 1 storms having sustained wind speeds in the range 
74-95 miles hr-1 (33.1–42.5 ms-1 ) and/or storm surges 4-5 ft (1.2–1.6m) above nor-
mal, to Category 5 storms with wind speeds > 155 miles hr-1 (>69.2 ms-1) and/or 
storm surges > 18 ft (> 5.6m) above normal (Neumann et al. 1993).

Fig. 7.1. Schematic view of the impact on the magnitude and recurrence interval for daily rainfall 
data if the rainfall distribution in southern Britain (line A) was to become more like that for cen-
tral and southern Italy (line B). The frequency of 50mm events, for example, would increase sub-
stan-tially.
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Longer term trends in extreme weather, such as seasons dominated by sequences 
of storms or floods, or by drought, may also be related to inter-annual fluctuations 
of large scale climate variations such as El Niño/Southern Oscillation (ENSO) and 
the North Atlantic Oscillation (NAO) (Hurrell and Van Loon 1997).

Table 7.1. Examples of selected indicators for a range of different extreme climate events

Extreme event Indicator Definition Source of reference 

High 
temperatures

Heat wave duration index: maximum 
period > 5 consecutive days with Tmax > 5°C
above the 1961-1990 daily Tmax normal

Frich et al. 2002

Percentage of time Tmin > 90th percentile 
of daily minimum temperature

Frich et al. 2002

Heavy
precipitation

Number of days with 
precipitation ≥ 10 mm. day-1

Frich et al. 2002

Maximum 5 day precipitation total Frich et al. 2002

Percentage of annual total precipitation 
due to events exceeding the 
1961-1990 95th percentile

Frich et al. 2002

5 day precipitation total exceeding 
10% of the regional mean annual rainfall 

Brunetti et al. 2002

Daily Precipitation exceeds 95th or 99th

percentile
Nicholls and Murray 
1999

Dry Periods
Drought

Maximum number of consecutive 
dry days (Rday < 1mm)

Frich et al. 2002

Percentage of region with precipitation 
in the lowest 5 or 10%

Nicholls and Murray 
1999

Standardised precipitation index (SPI) less 
than -1.0 (extreme drought SPI < -2.0)

McKee et al. 1995

High Winds Wind speeds exceeding Beaufort 
thresholds

Trenberth and Owen 
1999

Number of ‘gale days’ per month Trenberth and Owen 
1999

Gust factors exceeding threshold values Trenberth and Owen 
1999
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7.3
Land Degradation

Whilst there are various methods of classifying extreme events, not every extreme 
event will have a similar impact on land degradation. Some individual land degra-
dation processes like landsliding or gully incision may involve a particular thresh-
old being crossed and subsequent events, of lower magnitude, may reactivate the 
landslide or develop/enlarge the gully. In addition, some land degradation pro-
cesses may be enhanced by human activity, particularly land use changes and land 
management practices, while others may be effectively mitigated by anthropogen-
ic intervention measures. The main land degradation processes considered below 
include floods, and associated channel erosion and deposition, mass movements, 
principally landslides and debris flows, and the more diffuse processes of soil ero-
sion by water and wind and salinisation.

The coupling of meteorological data and land degradation processes poses some 
significant challenges for monitoring. Long records are required for the estimation 
of return periods and probabilities of occurrence. The impacts of extreme events 
on land degradation may not be recorded in the same systematic way as the mete-
orological data. The impacts of extreme events tend only to be recorded if they af-
fect human populations and societies, and events relating to urban areas or infra-
structure are also more likely to be recorded than those affecting rural areas. The 
impacts of extreme events can be also be established independently by monitoring 
other variables in the natural environment such as water and sediment fluxes.

While the study of the impacts of individual extreme events, such as rainfall 
events in southeast Spain (Hooke and Mant 2000) and Italy (Guzzetti et al. 2004) 
are relatively common, longer term data sets are rare. Data on gully development, 
for example, are frequently based on the analysis of repeated remotely sensed im-
ages (Poesen et al. 2003) while the actual timings of incision and development of 
gully systems remain unknown and are therefore not tied into the meteorological 
record (Morgan and Mngomezulu 2003). 

7.4
Extreme rainfall events and their impacts

In this section we explore the information that can be gained from studying cou-
pled records of extreme climate events and their impacts on land degradation us-
ing a series of case studies.

7.4.1
Landslides, debris flows and floods in the northern Mediterranean

A combination of climate, relative relief, and geology make some areas of the north-
ern Mediterranean vulnerable to floods, mass movements and soil erosion by wa-
ter (Luino 2005). Below we examine two case studies from southern Italy for which 
both daily meteorological and land degradation records were available.
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A total of 46 extreme rainfall events, defined as 5-day periods in which rainfall 
exceeded 10% of the mean annual value, were identified for the period 1951-2000 
for southeast Basilicata in southern Italy (Clarke and Rendell 2006a). Documen-
tary records of landslides and floods were analysed and the antecedent rainfall for 
each event was recorded in terms of P2 (rainfall 2 days prior to the event) and P30

(rainfall 30 days prior to the event). The landslide events range in magnitude from 
single landslides blocking minor roads to multiple events affecting different settle-
ments simultaneously. All events recorded had P30 > 50mm, 73% of landslides and 
floods had P30 > 100mm and 16% had P2 >100mm. However, only 59% of the ex-
treme rainfall events identified were associated with a land surface impact (Clarke 
and Rendell 2006a). This discrepancy may reflect lack of reporting or the positive 
effects of mitigation over the time period studied. 

A comparable study in the Benevento area of Campania, in southern Italy, used 
a Rainfall Hazard Index (RHI) approach to define extreme events (Diodato 2004). 
In this case the 24-h antecedent rainfall was used, and 33 rainfall events were iden-
tified as exceeding a critical threshold over the period 1926-2002, and data on hy-
drogeomorphological events (floods, mass movements, soil erosion) were collected 
independently for the same time period. Of the 33 extreme rainfall events anal-
ysed, 22 (67%) were associated with floods, landslides and/or erosion events while 
11 (33%) were not (Diodato 2004). Just as in the Basilicata study there is a discrep-
ancy between the extreme events and their impacts within the long term daily re-
cord. Irrespective of how the extreme events were defined, in the case of both of 
these records not every meteorologically-defined extreme rainfall event resulted in 
a recorded land surface impact. 

Taking the 50 yr or 76 yr records for Basilicata and the Benevento area, respec-
tively, the pattern of extreme rainfall events show a change in frequency with time 
reflecting changes in the winter cyclonic activity in the Mediterranean driven by 
decadal scale variability in the North Atlantic Oscillation (Hurrell and Van Loon 
1997). Positive values of the NAO index are associated with intense low pressure 
over Iceland and high pressure over the Azores, driving Atlantic storm tracks over 
northwest Europe (Britain and Scandinavia). Negative values of the NAO index re-
flect weakened Icelandic low and Azores high pressure and Atlantic storm tracks 
move across the Iberian Peninsula and into the Mediterranean (Hurrell and Van 
Loon 1997). Trigo et al. (2005) analysed the inventory of 19 landslides in the Lis-
bon area of Portugal, occurring between 1958 and 2001, in terms of both anteced-
ent rainfall and the status of the NAO. All of the landslide events were associated 
with negative values of the NAO index. 

7.4.2
Floods, gully incision and development in the Southwest USA

Now we examine the problems that can arise when both meteorological records 
and the documentary records of land degradation are more fragmentary. A phase 
of gully incision and development occurred in the late 19th and early 20th centuries 
along the courses of ephemeral rivers and streams in the southwest USA (Cooke 
and Reeves 1976). Explanations for this widespread, apparently more or less simul-
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taneous gully incision have included secular climate changes, anthropogenically-
induced changes in vegetation following the introduction of cattle ranching, and 
the construction of dams, flood control channels within the drainage networks 
(Cooke and Reeves 1976; Bull 1997). Episodes of gully incision and channel ero-
sion during flood events have been related to increases in winter precipitation dur-
ing El Niño–related circulation patterns (Waters and Haynes 2001) (see Fig. 7.2). 
One problem in relating precipitation and land degradation episodes is that consid-
erable uncertainty surrounds the timing of many of the gully entrenchment events 
in Arizona and New Mexico. Cooke and Reeves (1976), for example, narrow down 
the timing of incision of gullies in the Aravaipa valley to between 1886 and 1914. 
In only a few examples is gully incision pinned down to a particular year or month 
(eg. Greens Canal in 1916, Tucson in August 1890) (Cooke and Reeves 1976). More 
data are available for damaging floods within the Gila River catchment (Dobyns 
1981) and we have compared these data with the El Niño/La Niña reconstruction 
for 1868-1920 (Japan Meteorological Agency 1991; Meyers et al. 1997) in Table 7.2.

Although the ‘large floods’ of 1868, 1891 and 1905 (Dobyns 1981) all occurred 
during El Niño events, it is clear that relationship between rainfall-driven flood 
events and El Niño/La Niña conditions is complex. A similar conclusion is reached 
by Ely (1997) for an analysis of 10 yr floods in Arizona and southern Utah over 
the period 1900-1995, particularly with respect to summer floods which are gen-
erally the result of convective thunderstorms which show little or no relationship 
with a 5 yr running mean of the ENSO Index. On a much longer timescale, detailed 
investigations of the alluvial sediments within many of the valleys in the southwest 
USA reveal a series of phases of gully incision and aggradation spanning the last 
11,500 years (Bull 1997; Waters and Haynes 2001). Thus while recent gully incision 
may be partly related to anthropogenic disturbance, the longer term record favours 
a climate-driven interpretation. 

Fig. 7.2. Gully near Tucson, Arizona (left) in Spring 1999 and (right) during El Niño related rains 
in Winter/Spring 1992/3
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Table 7.2. Details of damaging flood events in the Gila River catchment from Dobyns (1981) 
compared with reconstructed ENSO data (using Japan Meteorological Agency 1991 SST-based 
index extended by Meyers et al. 1997).

Year Description ENSO data

1868 Gila River floods in August and September, dams destroyed El Niño

1874 Gila River entrenchment of channel at Phoenix in January 
(127mm of rain Phoenix Jan 18th/19th)

La Niña

1874 Gila River Flood in February La Niña

1880 Summer storms “erosion during a drought year”

1881 Flood in Upper Santa Cruz River 24th/25th July El Niño

1883 Flood in headwaters of Queen Creek, August Weak El Niño

1884 Floods in the whole of the Gila River system, March El Niño

1887 Santa Cruz River Tucson 7th/8th September Start of El Niño

1890 Gila River Flood, February (including failure of earth 
dam in the Hassayampa Creek) San Pedro River 
flood August

La Niña

1891 Upper Gila River, February 17th/18th February 21st-24th El Niño

1905 Gila River floods in January, February and November El Niño

1906 San Francisco River, December La Niña

1916 San Francisco River, January La Niña

Note: no records of floods/erosion for El Niño events in 1877-8, 1896-7, 1899-1900 or 1902-03.

7.4.3
Drought

Droughts are a normal part of annual climate cycles. Mediterranean climates, for 
example, are characterised by summer droughts (Conacher and Sala 1998). Lon-
ger term droughts in the Mediterranean and the Near East are associated with low 
precipitation in what would otherwise be the winter rainfall season (Brunetti et al. 
2002; Inbar and Bruins 2004). Drought impacts include loss of vegetation and bio-
diversity, loss of feed and drinking water for farm animals and wildlife, lower wa-
ter levels in lakes and ponds, reduced springflow and streamflow, reductions in wa-
ter quality and salinisation. Although some soils are naturally saline, processes of 
salinisation may be driven by inappropriate irrigation methods. A combination of 
lack of precipitation and high evapotranspiration may lead to increases in soil sa-
linity and consequent limitations on crop production (Amezketa 2006). Inbar and 
Bruins (2004), for example, demonstrate that the main land degradation impact of 
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the 1998-2001 drought in the Jordan valley was soil degradation as a result of using 
partly recycled brackish wastewater for irrigation.

Since the 1980s the availability of remotely sensed images has allowed the sys-
tematic study of the interactions between rainfall, drought, landuse and surface 
vegetation cover over large areas (Nicolson et al. 1998). Given the diffuse nature 
of drought, attempts to characterise drought-driven changes in the land surface 
have tended to focus on comparisons of normalised difference vegetation indices 
(NDVI). The NDVI provides a good correlation with percent vegetation cover but, 
as Nicholson et al. (1998) point out, it does not provide an indication of land degra-
dation processes involving changes in soil fertility or species diversity. 

The Standardised Precipitation Index (SPI) provides a way of establishing the 
comparative severity of drought episodes for any particular location over a range 
of different time periods. Droughts become classified as severe when SPI values 
are between -1.5 and -2.0 and extreme when SPI values of -2.0 or less are reached 
(McKee et al. 1995). A number of studies have combined monthly NDVI data with 
SPI data derived from long term monthly rainfall records to try to resolve the im-
pacts of drought on surface vegetation cover. Ji and Peters (2003) used NDVI and 
SPI data for the period 1989-2000 from the Great Plains area of the USA to study 
drought impacts during the growing season (May to October). They concluded 
that the 3-month SPI had the highest correlation with the surface vegetation cov-
er, while noting that the highest correlations occurred in the middle of the grow-
ing season. A similar study by Vicente-Serrano (2007) focused on drought impact 
on vegetation over the period 1987-2000 in the middle Ebro Basin of north-eastern 
Spain. In this case a vegetation condition index (VCI) was derived from the NDVI 
data and then compared to SPI values computed over timescales of 3-, 6- and 12-
months. Although the VCI-SPI correlations reveal a complex pattern, the clearest 
relationships are seen in summer for the 3- and 6-month SPI values and the areas 
occupied by dry farming of cereals, and by shrubs and pasturelands. 

Where prolonged drought produces a reduction in surface vegetation cover ei-
ther naturally or enhanced by tillage practices (Al-Kaisi 2003) then surfaces may 
become vulnerable to erosion by both wind and water (Sterk 2003). 

7.4.4
High Winds

High winds are a climate extreme generated by atmospheric pressure differences. 
The strong persistent north-east Trade Winds blowing over the Sahara in winter 
are driven by the presence of a high pressure system (anticyclone) over the Azores 
in the North Atlantic (Sterk 2003). High wind velocities are also associated with 
the passage of deep depressions including tropical storms. The impact of storms in 
coastal zones can be considerable, damaging structures (Dorland et al. 1999) and 
vegetation and driving sand invasion. In this section we examine the relationships 
between wind erosion and dust storms, and then storm impacts in coastal areas.
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7.4.4.1
Wind erosion and dust storms

Wind erosion has the potential to remove topsoil and sediments and transport the 
material over long distances. Extreme events in this context are synoptic condi-
tions driving persistent strong turbulent winds. In order for surface materials to 
be entrained by wind, the wind speed must exceed threshold values, the materi-
als must be dry and unprotected by vegetation cover (Okin et al. 2006). Cohesive 
materials, like clays, require high wind velocities or disturbance of surfaces for en-
trainment to take place (Sterk 2003). Dust plumes were generated from the dry sur-
face of the Owens Lake playa, for example, by sand grains saltating over a surface 
disturbed by salt crystallisation (Reheis 1997). In arid and semi-arid areas surface 
disturbance may also happen as a result of the passage of vehicles or tillage for ag-
riculture. 

The Sahara Desert probably accounts for almost half of the dust supplied to the 
oceans (Goudie and Middleton 2001). The analysis of satellite images has iden-
tified two source areas for dust within the Sahara; the Bodélé Depression, and a 
large area including Mauritania, Mali and southern Algeria (Goudie and Middle-
ton 2001). Plumes of Saharan dust travel far out over the Atlantic Ocean with the 
extent of plumes enhanced by strong Trade Winds (Harmattan winds) during pe-
riods of positive NAO (Hurrell and Van Loon 1997). The dust fallout over the At-
lantic Ocean and the Caribbean Sea has impacts on ocean nutrients (Jickells et al. 
2005) and on the mortality of corals (Shinn et al. 2000). 

Several studies have investigated the frequency of dust storms over varying 
lengths of record. The 40-year record of dust storms in Australia appears to be 
closely related to the development of drought conditions which are in turn asso-
ciated with El Niño events (McTainsh et al. 2005). The annual frequency of dust 
storms from 1960-2002 shows a strong peak in 1964 with >200 storms, peaks in 
1961 and 1962 with >150 storms, while 1960, 1994 and 2002 all had > 100 storms 
(McTainsh et al. 2005), and all of these years were drought years. Okin and Reheis 
(2002) also demonstrate a significant relationship between strong La Niña and El 
Niño events and subsequent dust storm activity in the southwestern USA over the 
period 1973-1999.

Increases in dust storm frequencies in the Sahara since the mid 1960’s have also 
been linked to drought (Goudie and Middleton 2001). The mean May-September 
concentrations of Saharan dust in Barbados were inversely related to the rainfall 
in West Africa in the previous year (r = -0.75 p< 0.001) (Prospero and Lamb 2003). 
Many, but not all, of the peaks in monthly mean dust concentrations on Barbados 
were also associated with the years in which major El Niño events occurred (Pros-
pero and Lamb 2003). Lui et al. (2004) demonstrate that dust storm frequency in 
March-May in northern China over the period 1982-2001 is most negatively cor-
related with the antecedent summer and annual rainfall and soil moisture anom-
alies which influence the vegetation cover conditions the following spring. Dust 
storm frequencies in Inner Mongolia declined between 1961 and 1997, but have 
shown an increase since then with a succession of major storms in spring 2000 and 
2001 which are related to a combination of higher than average temperatures and 
anomalously low antecedent rainfall conditions (Gao et al. 2003). Dust storms in 
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2000 and 2001 caused substantial disruption to transport networks in north Chi-
na and dramatically reduced air quality in Bejing and the Korean peninsula (Gao 
et al. 2003). Chen et al. (2003) note that while the frequency of all dust storms has 
declined, the frequency of severe dust storms (visibility <200m) has increased. The 
asian dust storms of April 2001, for example, had an impact on air quality in North 
America (Jaffe et al. 2003). 

Dust storms impacts are generally reported in terms of the downwind effects of 
the dust on urban air quality (Jaffe et al. 2003), for example, rather than impacts in 
the deflation areas. The exception to this is when deflation involved the loss of fer-
tility of agricultural land through loss of organic and minerogenic components of 
topsoil such as in the ‘Dust Bowl’ of the American Midwest in the 1930’s (Goudie 
and Middleton 1992) or on farmland in Inner Mongolia (Zhao et al. 2006). Sterk 
(2002) also identified three types of agricultural damage in the Sahel region asso-
ciated with wind erosion: sedimentation in undesired locations, crop damage and 
soil degradation.

7.4.4.2
Storm impacts in coastal areas

The impact of storms on coastal zones is often greater than over land owing to 
the lower wind shear and surface roughness as the storms move over the sea. The 
impacts of the high winds can result in the destruction of structures, damage to 
or felling of trees, and sand invasion of coastal settlements and agricultural land. 
Where the storms are accompanied by a storm surge then flooding can also occur 
with consequent salinisation of inland surface and groundwater (Michener et al. 
1997). 

Tropical storm flooding, as a result of the associated storm surge rather than 
the rainfall, is a relatively frequent occurrence along the lowlying coastal plain of 
south-eastern USA. Between 1899 and 1992 a total of 178 hurricanes and tropical 
storms made landfall along the Atlantic and Gulf of Mexico coasts (Neumann et 
al. 1993). The land degradation associated with storm surges is reflected primarily 
in damage to ecological communities, with the die back of plants unable to toler-
ate the sudden influx of saline water (Hook et al. 1991; Lodge and McDowell 1991). 
Plant communities are also subject to wind damage. In September 1989 Hurricane 
Hugo, a category 4 storm, damaged an estimated 1.8 million hectares of forest in 
South Carolina (Hook et al. 1991; Putz and Sharitz 1991) and in August 1992 Hur-
ricane Andrew damaged up to 90% of the mangroves in Everglades National Park 
(Smith et al. 1994). Studies of storm damage tend to be driven by single events and 
Michener et al. (1997) argue that more detailed analyses of types of disturbance 
and the timing of tropical storms are required.

Processes of sand invasion are found in coastal zones exposed to strong turbu-
lent winds where sand supply is abundant and vegetation cover patchy or minimal. 
Sand invasion along the coasts of western Europe has been combatted by planting 
of forest cover as in the Landes of southwest France and the Atlantic coast of Por-
tugal (Clarke et al. 2002; Clarke and Rendell 2006b). The more recent episodes of 
sand invasion have been related to the state of the NAO during the 18th and 19th
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centuries and the persistence of periods of relative storminess in the North Atlan-
tic (Clarke and Rendell 2006b). 

Just as in the previous sections, it is clear that the decadal-scale inter-annual 
variability in the climate system represented by ENSO and NAO can have a sub-
stantial impact on the frequency of occurrence of climate extremes.

7.5
Future trends in extreme events

Studies of future trends in extreme events, based on the application of an ensemble 
of general circulation models (Tebaldi et al. 2006; Arblaster and Alexander 2005) 
or downscaled results using regional climate models (Sánchez et al. 2004) point to 
an increase in frequency of both 5-day precipitation totals and in the duration of 
periods of consecutive dry days. Tebaldi et al (2006) argue that little or no change 
in mean precipitation could still involve a decrease in the frequency coupled with 
an increase in the intensity of rainfall events (and possibly increased seasonality), 
although the modelling results tend to show considerable spatial and inter-annual 
variability.

Given the linkages between the climate extremes, expressed in terms of heavy 
rainfall, droughts, and high winds, and the variability of inter-annual indices, par-
ticularly ENSO, the prediction of future trends in these indices is also important 
in the context of land degradation. Meehl et al. (2006) address the issue of future 
changes in ENSO using two coupled climate models and forcings based on stabi-
lised doubled and quadrupled atmospheric concentrations of CO2. and conclude 
that there is no clear indication of how the frequency and intensity of ENSO events 
will change in the future. 

7.6
Conclusions

Studies of long-term, decadal-scale, extreme event impacts on land degradation, as 
opposed to individual events, are relatively rare. Although the coupling of archival 
and meteorological records for modelling land degradation impacts has real poten-
tial, it is likely to be limited by the quality of the available records. The case studies 
presented above illustrate some of the issues associated with the spatial and tempo-
ral variability of extreme events and their land degradation impacts. Only by cou-
pling the extreme climate events with their land degradation impacts can we make 
useful predictions for the future. The systematic monitoring of extreme event im-
pacts presents a major challenge for future work. 
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CHAPTER 8

Effects of Some Meteorological Parameters
on Land Degradation in Tanzania
E. Matari

Abstract. The impact of some meteorological parameters on land degradation in 
Tanzania is analysed. Rainfall is responsible for floods in case if it is in excess and 
drought in case of deficit. In recent years, parts of Tanzania have experienced re-
curring droughts. The most devastating droughts were those of 1983-1984 and 
1993-1994. According to Tanzania historical data, droughts occur every four years 
which affect over 3.6 million people. The most frequently hit areas are, central ar-
eas of Dodoma, Singida and some parts of Pwani, Shinyanga, Mwanza and Mara. 
Experience over the twenty-year period from 1980 to 2000 has shown that floods 
occurred 15 times, killing 54 people and affecting 800,000 people. Flood prone re-
gions are Tanga, Mbeya, Pwani, Morogoro, Arusha, Rukwa, Iringa, Kigoma and 
Lindi. The impact of El-Niño rains is discussed and the probability of rainfall ex-
ceeding specific thresholds is analysed. Wind erosion is discussed. The impact of 
climate change and its relationship to land degradation is analysed. Finally the im-
pact of solar radiation, temperature and evaporation is discussed. The paper con-
cludes that climate and weather contribute significantly to land degradation in 
Tanzania. The paper recommends that there is a need to: make an inventory of na-
tional land resources; assess potentials and constraints in dryland farming; identi-
fy agricultural options to safely increase cropping intensity and yields; adopt more 
sustainable forms of land use, including contingency crop planning in the case of 
droughts; study the reasons behind poor land use; encourage pastoralists to reduce 
their herds of stocks and finally encourage the use of indigenous knowledge in land 
preservation.

8.1
Introduction

Soil degradation is on the increase worldwide, especially in countries within the 
tropics. According to historical data in Tanzania, droughts occur every four years, 
which affect 3.63 million people. The most frequently hit areas include the cen-
tral areas of Dodoma, Singida and some parts of Pwani, Shinyanga, Mwanza and 
Mara. These regions receive 200 to 600 mm of annual rainfall.

In recent years, parts of Tanzania have experienced recurring droughts. The 
most devastating were those of 1983-1984 and 1993-1994 (Mhita and Venalainen 
1992). These droughts necessitated the rationing of hydroelectric power, resulting 
in negative economic growth. 
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Land use activities have contributed to soil degradation in the marginal zones 
to the extent it can no longer adequately support living communities. The human 
population and livestock in these marginal areas have grown enormously in recent 
decades resulting in a need for increased food and fiber production as well as other 
resources. 

In many areas the demands made on soils, vegetation and climate now greatly 
exceed their capacity to yield. The carrying capacity of the land has been exceeded. 
Drought in some areas has driven the pastoralists into the zone of cultivation re-
sulting in serious conflicts.

Rainfall in Tanzania is a crucial factor in the ability of farmers and pastoralists 
to produce the foodstuffs needed for consumption by the people. 

Rainfed agriculture is the main stay of the economy, consequently severe 
droughts have disastrous impacts on the socio-economic development of the coun-
try.

Experience during 1980-2000 has shown that floods occurred 15 times, killing 
54 people and affecting 800,270 people. Flood prone regions are Tanga, Mbeya, 
Pwani, Morogoro, Arusha, Rukwa, Iringa, Kigoma and Lindi (Fig. 8.1a and 8.1b).

Management of arable areas by farmers and grazing areas by livestock own-
ers is one of the major causes of soil degradation. More sustainable management 
of lands would reduce environmental pressures. Conservation tillage, i.e. reduced 
or no tillage, is the key to sustainable arable land management as it protects the 
soil resources, increases the efficiency of water use and, is of special importance in 
semi-arid areas since it can reduces the effects of droughts.

Land/soil degradation can either be as a result of natural hazards or due to un-
suitable land use and inappropriate land management practices. Natural hazards 
include frequent floods on steep slopes, tornadoes, high velocity winds, high inten-
sity rains, strong leaching in humid regions and drought conditions in dry regions. 
Anthropogenic activities such as deforestation of fragile lands, removal of vegeta-
tion, shifting cultivation, overgrazing, unbalanced fertilizer use, non-adoption of 
soil conservation management practices and over-pumping of ground water result 
in soil erosion.

Desertification is now defined in the UNCCD as “land degradation in the arid, 
semi-arid and dry sub-humid areas resulting from various factors, including cli-
matic variations and human activities”. According to UNCCD, over 250 million 
people are directly affected by land degradation. In addition, some one billion peo-
ple in over 100 countries are at risk. These people include many of the world’s poor-
est, most marginalized, and politically weak citizens.

8.2
Impact of rainfall on land degradation in Tanzania

Rainfall is the most important climatic factor in determining areas at risk of land 
degradation and potential desertification. Rainfall plays a vital role in the develop-
ment and distribution of plant life, but the variability and extremes of rainfall can 
lead to soil erosion and land degradation. If unchecked for a period of time, this 
land degradation can lead to desertification. The interaction of human activity on 
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the distribution of vegetation through land management practices and seemingly 
due to rainfall events can make land more vulnerable to degradation. These vulner-
abilities become more acute when the prospect of climate change is introduced.

Rainfall and temperature are the prime factors in determining the world’s cli-
mate and therefore the distribution of vegetation types. There is a strong corre-
lation between rainfall and biomass since water is one of primary inputs to pho-
tosynthesis. Climatologists use the “aridity index” (the ratio of annual precipita-
tion to potential evaporation) to help classify desert (arid) or semi-arid areas. Dry 

Fig 8.1 a, b. a Loca-
tion of flood-prone 
regions in Tanzania, 
b Topography of 
Tanzania
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lands exist because the annual water loss (evaporation) exceeds the annual rain-
fall; therefore these regions have a continual water deficit. Deserts are the ultimate 
example of a climate where annual evaporation far exceeds the annual rainfall. In 
cases where the annual water deficits are not so large, some plant life can take hold 
usually in the form of grasslands or steppes. 

Rainfall intensity is the most important factor governing soil erosion caused by 
rain. Dryland precipitation is inherently variable in amounts and intensities and 
so is the subsequent runoff. Surface runoff is often higher in drylands than in more 
humid regions due to the tendency of dry land soils to form impermeable crusts 
under the impact of intense thunderstorms and in the absence of significant plant 
cover or litter. In these cases, soil transport may be an order of magnitude greater 
per unit momentum of falling raindrops than when the soil surface is well vegetat-
ed. The sparser the plant covers, the more vulnerable the topsoil is to dispersal and 
removal due to raindrop impact and surface runoff. Also, the timing of the rainfall 
can play a crucial role in soil erosion leading to land degradation. An erratic start 
to the rainy season along with heavy rain will have a greater impact since the sea-
sonal vegetation will not be available to intercept the rainfall or stabilize the soil 
with its root structure.

Of special note is the impact of other forms of precipitation on soil erosion. Hail 
has a severe effect on the soil surface because its kinetic energy is several times more 
than that of rain, resulting in much more soil surface being destroyed and a greater 
amount of material being washed away. And if hailstorms are accompanied by heavy 
rain, as is the case with some thunderstorms, large amounts of soil can be eroded, es-
pecially on agricultural land before the crops can stabilize the soil surface. 

8.2.1
Loss of topsoil through water erosion

Loss of top soil through water erosion is the most common type of human-induced 
soil degradation. It is generally known as surface wash or sheet erosion. It occurs in 
almost every country, under a great variety of climatic and physical conditions and 
land use. As the topsoil is normally rich in nutrients, a relatively large amount of 
nutrients is lost together with the topsoil. Loss of topsoil itself is often preceded by 
compaction and/or crusting, causing a decrease in infiltration capacity of the soil, 
and leading to accelerated run-off and soil erosion.

8.2.2
Terrain deformation/mass movement through water erosion. 

The most common phenomena of this degradation type are rill and gully forma-
tion. Rapid incision of gullies, eating away valuable soil is well known and dra-
matic in many countries. Other phenomena of this degradation type are riverbank 
destruction and mass movement (landslides), and off-site deposition of the eroded 
material (Fig. 8.2a) in a negative way (choking of river beds; smothering of river-
side crops).
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The degradation of the above-ground vegetation and animal populations is prev-
alent in many areas, through direct human influence and aggravated by droughts 
of a more or less cyclic nature (Sahel, Southeastern Africa, Northeastern Brazil). 
By and large this biotic degradation is proving to be reversible in a few years time 
after return of the rains and the “resting” of the land from excessive human or ani-
mal occupation. 

Fig. 8.2 a,b. a Example of a flood and landslide during the 1997/98 ENSO event in Tanzania, b
Flooding scenario during 1997/98 El-Niño year in Tanzania
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8.3
Floods

Dryland rivers have extremely variable flows (as can be seen from the rainfall vari-
ability in Fig. 8.3) and river discharge (Fig. 8.2b), and the amount of suspended 
sediments are highly sensitive to fluctuations in rainfall as well as any changes in 
the vegetation cover in the basins. In Tanzania flood prone areas are characterized 
by high probability of rainfall greater than 1000 mm (Fig. 8.4). This is a scenario 
during 1997/98 El-Niño year whereby many farms with crops were washed out by 
the floods which were caused by the heavy rains (WMO 2004). The loss of vegeta-
tion in the head-waters of dryland rivers can increase sediment load and can lead 
to dramatic change in the character of the river to a less stable, more seasonal river 
characterized by a rapidly shifting series of channels. However, rainfall can lead to 
land degradation in other climates, including sub-humid regions due to excessive 
rainfall events either produced by thunderstorms, hurricanes and typhoons. 

8.4
Drought

Agriculturalists conceive drought as a shortage of moisture within the root zone 
for plant growth and development. On the other hand, hydrologists see droughts 
resulting in a severe reduction in stream, lake and reservoir levels. Economists 
view droughts as a serious water shortage that adversely affects the economy. How-
ever, meteorologists regard droughts as simply a prolonged period of precipitation 
deficiency that causes serious hydrological imbalance.

Fig. 8.3.  Rainfall analysis for Tanga during the 1997/98 El Niño year
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According to Mutoni (2000), the central part of Tanzania extending to the north 
eastern parts have a high probability of drought (Fig. 8.5). It is the consequence of 
a reduction in the amount of precipitation over an extended period of time, usu-
ally a season or more in length, often associated with other climatic factors such 
as high temperatures, high winds and low relative humidity that can aggravate the 
severity of the event.

Drought can be characterized as a normal, recurring feature of climate and it 
occurs in almost all climatic regimes, in areas of high as well as low rainfall. It is a 
temporary anomaly, in contrast to aridity, which is a permanent feature of the cli-
mate and is restricted to areas of low rainfall. Drought is the consequence of a nat-
ural reduction in the amount of precipitation received over an extended period of 
time, usually a season or more in length. Drought is also related to the timing (i.e. 
main season of occurrence, delays in the start of the rainy season, occurrence of 
rains in relation to primary crop growth stages) and to the intensity and number 
of rainfall events. Thus, each drought is unique in its climatic characteristics and 
impacts (Nyenzi et al. 1997)

Fig. 8.4.  Probability of rainfall exceeding 1000 mm in Tanzania
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8.5
Wind Erosion

For Africa, it is estimated that more than 100 million tones of dust per annum is 
blown westward over the Atlantic. The amount of dust arising from the Sahel zone 
has been reported to be around or above 270 million tons yr-1. In Tanzania wind 
erosion is maximum over those areas with a high probability of drought (Fig. 8.5).

Wind erosion-induced damage includes direct damage to crops through the loss 
of plant tissue and reduced photosynthetic activity as a result of sandblasting, buri-
al of seedlings under sand deposits, and loss of topsoil. The last process is particu-
larly worrying since it potentially affects the soil resource base and hence crop pro-
ductivity on a long-term basis, by removing the layer of soil that is inherently rich 
in nutrients and organic matter. Wind erosion on light sandy soils can provoke se-
vere land degradation and sand deposits on young seedlings can affect crop estab-
lishment 

Calculations based on visibility and wind speed records for 100 km-wide dust 
plumes, centred on eight climate stations around South Australia, indicated that 
dust transport mass was as high as ten million tons. Thus dust entrainment during 

Fig 8.5. Annual probability of droughts in Tanzania
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dust events leads to long-term soil degradation, which is essentially irreversible. 
The cost to productivity is difficult to measure but is likely to be quite substantial.

8.5.1
Causes of wind erosion

The occurrence of wind erosion at any place is a function of weather events inter-
acting with soil and land management through its effects on soil structure, tilth 
and vegetation cover. In regions where long dry periods associated with strong sea-
sonal winds occur regularly, wind erosion usually is a serious problem, as the veg-
etative cover of the land does not sufficiently protect the soil, and the soil surface is 
disturbed due to inappropriate management practices.

Wind erosivity is the main factor controlling the broad pattern of wind erosion. 
It has been defined as “that property of the wind which determines its ability to en-
train and move bare, dry soil in fine tilth”. It can be estimated from daily or hourly 
records of wind speed above a threshold related to the lowest speed which soil par-
ticles are entrained

8.5.2
Climatic Implications of dust storms

The very fine fraction of soil-derived dust has signification forcing effects on the 
radiation budget. Dust particles are thought to exert a radiation and indirectly 
through modifying the optical properties and longevity of clouds depending on 
their properties and in what part of the atmosphere they are found, dust particles 
can reflect sunlight back into space and cause cooling in two ways. Directly, they 
reflect sunlight back into space, thus reducing the amount of energy reaching the 
surface.

Wind erosion is possible when the wind velocity at the soil surface exceeds the 
threshold velocity required to move the least stable soil particle. The detached par-
ticle may move a few millimeters before finding a more protected site on the land-
scape. The wind velocity required to move this lest stable particle is called the static 
threshold. If the wind velocity increases, soil movement begins and if the velocity 
is sufficient, soil movement is sustained. This velocity is called the dynamic thresh-
old.

Loss of topsoil through wind erosion is the uniform displacement of topsoil and 
selective removal of fine particles by wind action. It is widespread, particularly in 
arid and semi-arid climates.

Terrain deformation by wind erosion is much less widespread than loss of top-
soil. It is defined as the uneven displacement of soil material by wind action and 
leads to deflation hollows and dunes.

Overblowing, which is defined as the coverage of the land surface by wind-car-
ried particles, is an off-site effect of the wind erosion types mentioned above. Over-
blowing may occur in the same mapped unit or in adjacent units. It may affect 
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structures like roads, buildings and waterways, but it can also cause damage to ag-
ricultural land.

Loss of nutrients is a form of chemical soil degradation which occurs if agricul-
ture is practiced on poor or moderately fertile soils, without sufficient application 
of manure or fertilizer ie., nutrient mining. It causes a general depletion of the soil 
fertility and leads to decreased productivity. Loss of organic matter by clearing the 
natural vegetation is also included in this type of chemical soil degradation, al-
though it often has a negative influence on the soil physical properties as well. The 
loss of nutrients by erosion of fertile topsoil is considered to be a side-effect of wind 
or water erosion, and not distinguished separately.

8.6
Climate change as cause and result of degradation of dryland areas

Human activities – primarily burning of fossil fuels and changes in land cover – 
are modifying the concentration of atmospheric constituents or properties of the 
earth’s surface that absorb or scatter radiant energy. Overgrazing in the Masailand 
creates land degradation by leaving the bare soil without vegetation (Fig. 8.6). In 
particular, increases in the concentrations of greenhouse gases (GHGs) and aero-
sols are strongly implicated as contributors to climatic changes and are expected 

Fig. 8.6. Overgrazing in the Masailand of Tanzania
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to contribute to further changes in climate in the 21st century and beyond. These 
changes in atmospheric composition are likely to alter temperatures precipitation 
patterns, seal level, extreme events, and other aspects of climate on which the natu-
ral environment and human systems depend.

According to WMO (2006), meteorological and hydrological hazards are linked 
with climate variability. Regular assessments and authoritative statements on the 
interpretation and applicability of observational data are needed for the study of cli-
mate variability and the implementation of a climate alert system to allow NMHSs 
to make early warnings on pending significant climate anomalies. Warnings of cli-
mate related disasters are becoming feasible from weeks to seasons in advance. 

Human-induced global climate change may, or may not negatively affect the 
climatic conditions of drylands, and hence their degradation. The current Global 
Circulation Models are yet too rough to come to unequivocal conclusions for re-
gions or local areas. The implications of a coupling between terrestrial and ocean 
models, and of the direct effect of increased atmospheric CO2 on plant growth are 
not yet known. In contrast to the situation with methane and nitrous oxide, the 
increase in the concentration of atmospheric carbon dioxide has a direct positive 
effect on plant growth through the so-called “CO2-fertilization” and the “CO2-an-
titranspiration” phenomena. Also, a slight increase of the surface temperature of 
open waters because of any global warming would result in a strong intensifica-
tion of the global hydrological cycle. This implies more rainfall in many parts, and 
thus more transpiration-cum-growth of plants, or more run-off to be used on-site 
or downstream for extra irrigation if stored adequately. These factors have a poten-
tially positive aspects of human-induced climate change in the field of agriculture 
and rural development, while also concentrating on how to deal with the potential 
negative consequences. Among the latter are the potential increase in the frequen-
cy and severity of extreme weather events (droughts, floods, hurricanes) because 
of an intensification of the hydrological cycle. According to a study by Hyera and 
Matari (1996), in Tanzania the temperature will increase by 2-3 ºC due to climate 
change (Fig. 8.7) and rainfall is likely to vary from -3 to 4% (Fig. 8.8). 

8.7
Conclusions

Sustainable land management practices in Tanzania are needed to avoid land deg-
radation. Land degradation typically occurs because of land management practices 
or human development that is not sustainable over a period of time. To accurately 
assess sustainable land management practices, the climate resources and the risk of 
climate-related or induced natural disaster in a region must be known. Only when 
climate resources are paired with potential management or development practices 
can the land degradation potential be assessed and appropriate mitigation technol-
ogy considered. The use of climate information must be applied in developing sus-
tainable practices as climatic variations contributes to land degradation and there 
is a clear need to consider carefully how climate induces and influences land deg-
radation.
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In this context, the following recommendations are made to address the interac-
tions between climate and land degradation in Tanzania:

Making an inventory of national land resources.
Assessing potentials and constraints in dryland farming and identifying agri-
cultural options to safely increase cropping intensity and yields, decrease risks 
and offering other advantages while reducing land degradation.
Studying the reasons behind poor land use, including land tenure-based prob-
lems, pricing of agricultural goods, subsidies, taxes, laws and social customs.
Encouraging farmers to adopt more sustainable forms of land use, including 
contingency crop planning in the case of droughts.
Encouraging pastorists to reduce their herds of stocks and looking for alterna-
tive means for them. 
Encouraging the use of indigenous knowledge in land preservation such as 
‘Ngoro’ farming system used for farming over southern highlands of Tanzania 
(Fig. 8.9).

Fig. 8.7. Projected temperature change due to climate change in Tanzania
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Fig. 8.9. Local ‘Ngoro’ farming system used for soil conservation on steep slopes. 

Fig. 8.8. Projected change in annual rainfall (%) due to climate change in Tanzania
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CHAPTER 9

Rainfall and Land Degradation
Leo Stroosnijder

Abstract. The complexity of the notion ‘land’ and its scale features leads to many 
different definitions of land and land degradation. Among the components of land 
degradation are desertification, soil degradation and erosion. There is a wealth of 
literature claiming that land degradation is serious. These so-called doom papers 
are based on ‘hard’ facts from remote sensing, computer models and measure-
ments. However, other papers have raised the question ‘how serious is land deg-
radation?’ In any discussion of land degradation there are four spatial-temporal 
scales that should be distinguished: regional, watershed, field and point. At each 
scale, one may use different proxies for land degradation. When assessing land 
degradation, ‘experts’ tend to overestimate the phenomenon; they should take bet-
ter account of its spatial and temporal dimensions. One of the main reasons they 
currently overestimate land degradation is that they underestimate the abilities of 
local farmers, many of whom have been able to modify their land management. In 
order to study land degradation at multiple scales it is also necessary to study rain-
fall at multiple scales. Rainfall can be analysed for land degradation at four differ-
ent scales: from the ‘small’ annual scale to the ‘large’ minute scale. Besides scales 
one may also distinguish between average values and temporal and spatial varia-
tions. In this paper, one or more examples of rainfall data are presented for each 
scale and interpreted with respect to land degradation. At the annual scale, trend 
analysis and rainfall probabilities are important. The decadal (10-day) scale is es-
pecially suitable for calculating the varying lengths of the growing season. At the 
scale of one day, the size classes of showers, return period (design storm), hydro-
logical and agronomic modelling and dry spell analysis are discussed. At the min-
ute scale, erosivity in El Niño and La Niña years is important.

Rainfall meets land at the soil surface. Rainfall is divided over several pedo-
hydrological components. Green water is that part of rainfall that is stored in the 
soil and available to plants. Land degradation decreases infiltration, waterholding 
capacity and transpiration, but enhances runoff and soil evaporation. These agro-
physical processes decrease the Green Water Use Efficiency (GWUE; the ratio of 
transpiration to precipitation). Special attention is given to estimating the effects 
of land degradation on ‘computing available soil moisture’ in order to understand 
what farmers perceive as drought. Rain falling on the land may be intercepted by 
vegetation, run off the ground surface, or infiltrate into the soil; this is reflected in 
the rainwater balance. Infiltrating water may be stored in the root zone or drain 
below the root zone to groundwater and stream base flow, contributing what is 
nowadays called ‘blue water’. These processes are reflected in the infiltration water 
balance. The maximum amount of water stored in the root zone available for plant 



168 Leo Stroosnijder

growth is a very important soil characteristic because it determines the potential 
survival of plants in a dry spell. Water stored in the root zone may be lost as evapo-
ration from the soil surface into the atmosphere, or taken up by plants and lost as 
transpiration. This is reflected in the soil water balance. In drylands in sub-Saha-
ran Africa the GWUE ranges from 5–15%, which is very low. In East Africa it may 
reach 20%, but in comparable climates in the USA the GWUE may be above 50%. 

The concepts of land degradation mitigation are derived from the rainwater bal-
ance. After drawing a number of conclusions, it is suggested how we could improve 
our understanding of land degradation by improving the availability of rainfall 
data at multiple scales.

9.1
Introduction

Land is the complex of soil, water and the natural flora and fauna in a landscape, 
above and below the soil surface. Land degradation is the decline in the extent to 
which land yields products useful to local livelihoods (Scoones and Toulmin 1999) 
or, in more recent terminology, in the decline in ‘ecosystem services’ (MEA 2005). 
The complexity of the notions ‘land’ and ‘land degradation’ and their scale features 
lead to many different definitions. 

A special form of land degradation is desertification, i.e. land degradation in the 
arid, semi-arid and dry sub-humid areas most vulnerable to land degradation. The 
previous UN Secretary-General Kofi Annan has called desertification one of the 
world’s most alarming processes of environmental degradation. Under the scenar-
io of climate change it is often claimed that the droughts, flash floods, dust storms, 
famine, migration and forest fires associated with desertification are bound to in-
crease, leading to loss in human well-being and bringing high socio-economic 
costs. That long-term food productivity is threatened by land degradation is of ma-
jor significance and concern, since this has serious impact on global food security.

According to the United Nations Convention to Combat Desertification 
(UNCCD 1997), over 250 million people are directly affected by land degradation. 
In addition, some one billion people in over one hundred countries are at risk. 
These people include many of the world’s poorest and most marginalised, who tend 
to lack strong political leverage.

In this paper, land degradation will be discussed mainly in relation to sub-Sa-
haran Africa. There are four spatial-temporal scales that should be distinguished 
in a discussion on land degradation: regional, watershed, field and point scales. At 
each scale one may use different proxies for land degradation, as will be discussed 
in section 9.2, with examples. There are many links between land and rainfall – di-
rect and indirect: rainfall affects vegetation (productivity, cover and biodiversity), 
the soil water status and the soil characteristics. In order to link land degradation 
at multiple scales to rainfall, it is also necessary to study rainfall at multiple scales. 
Rainfall can be analysed for land degradation at four different scales, each of which 
has its specific application(s). Besides scales, one must also distinguish between av-
erage values and temporal and spatial variations. In section 9.3, one or more ex-
amples of rainfall data for each scale are presented and interpreted with respect to 
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land degradation. An overview of scales used for the analysis of land degradation 
and rainfall is given in Table 9.1.

Farmers often experience land degradation as ‘drought’. Their notion of drought 
refers to the occurrence of dry spells (Stroosnijder 2007). However, several recent 
studies have presented little evidence for an increase in the length and/or frequen-
cy of dry spells. So, when farmers talk of ‘drought’, they must be referring to the 
amount of water that can be stored in the root zone soil profile (Green Water) and 
the use of this Green Water. In scientific terms, they are referring to the Green Wa-
ter Use Efficiency (GWUE), i.e. the fraction of rain that is used for plant transpi-
ration. In dryland systems in sub-Saharan Africa the GWUE ranges from 5–15%, 
which is very low compared to similar agro-climatic zones in the world. Land deg-
radation (of which soil erosion is the major cause) deteriorates soil physical charac-
teristics that affect a number of pedo-hydrological processes: it decreases infiltra-
tion, waterholding capacity and plant transpiration, but increases runoff and soil 
evaporation (Stroosnijder 2003). This is the subject of section 9.4.

Understanding that there is a link between productivity and the rainwater bal-
ance clarifies the term ‘desertification’ and provides useful concepts for the mitiga-
tion of droughts at the farm level. The goal of GWUE improvement is to maximise 
the productive flow of water as plant transpiration and to minimise the non-pro-
ductive water flows, including soil evaporation, runoff and percolation beyond the 
root zone. The concepts of land degradation mitigation are derived from the rain-
water balance: they are elaborated in section 9.5. Finally conclusions and recom-

Table 9.1. Useful scales for studying the relationship between land degradation and rainfall

Land Degradation Scale Land Degradation proxy

Regional Vegetation cover 
Productivity

Watershed Landuse changes

Field Soil fertility

Point Erosion
Soil organic matter
Physical soil qualities

Rainfall scale Application

Year Trend
Probability

Decade Length of growing season

Day Shower size classes
Return period
Hydrological and agronomic modelling
Dry spell analysis

Minute Rainfall erosivity
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mendations are presented as to how our understanding of land degradation could 
be enhanced through improving the availability of rainfall data at multiple scales. 

9.2
Land degradation

9.2.1
Defining land degradation

All current land degradation definitions refer to a loss in productivity of the land 
(Blaikie and Brookfield 1987). This implies that one of the possible proxies for land 
degradation is a decline in productivity of the land (Mazzucato and Niemeijer 
2000a). Soil degradation, being a component of land degradation, comprises ero-
sion and the decline in soil qualities: chemical changes due to leaching or salinisa-
tion, physical changes due to compaction or crusting, and biological changes due 
to the loss of soil organic matter or micro-organisms. With respect to erosion, it is 
useful to distinguish between on-site and off-site erosion. 

Recently a new definition has been proposed, based on the concept of ecosys-
tem services (MEA 2005). Furthermore, many have taken on board the notion 
expressed by Warren (2002) that land degradation is contextual and cannot be 
judged independently of its spatial, temporal, economic, environmental and cul-
tural context.

So, at present there are too many definitions for land degradation. In fact it may 
be questioned whether changes in land or land qualities that result from deliberate 
changes in land use, for instance due to economic development, may be called land 
degradation. Since humans have influenced the land since the origin of mankind, 
it may be better to call such changes ‘land development’ to distinguish them from 
undesired changes in ecosystem services.

9.2.2
The land degradation debate

There is a wealth of literature claiming that land degradation is serious. These so-
called doom papers are based on ‘hard’ facts from remote sensing, computer mod-
els and measurements. Examples are: Stoorvogel and Smaling (1990); Oldeman et 
al. (1991); Some et al. (1992); VandePol (1992); Pimentel et al. (1995); UNEP (1997); 
Smaling et al. (1997); Scherr (1999); FAO (2000); Pimentel (2006). In these papers, 
land degradation is expressed either in terms of the state of degradation (ha affect-
ed), or of the rate of degradation (soil loss in t ha-1) or of the impact (abandoned 
land or decline in productivity).

Many other papers, however, raise the question ‘how serious is land degra-
dation?’. Examples are: Tiffen et al. (1994); Biot et al. (1995); Leach and Mearns 
(1996); Fairhead and Leach (1996); Crosson (1997); Scoones and Toulmin (1998); 
Fairhead and Leach (1998); Mazzucato and Niemeijer (2000b); Lomborg (2001); 
Mortimore and Adam (1999); Benjaminsen (2001); Rasmussen et al. (2001); War-
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ren et al. (2001); Niemeijer and Mazzucato (2002); Lambin et al. (2001); Lal (2001); 
Woldeamlak and Stroosnijder (2003); and Fleskens and Stroosnijder (2007).

The extent, severity, and economic and environmental impacts of soil degrada-
tion by accelerated erosion are debatable (Lal 2001). Estimates of the global and re-
gional land area affected are tentative and subjective. The impact of erosion on soil 
qualities and productivity is also uncertain (Stocking and Murnaghan 2001), and 
field measurements are scale- and technique-dependent (Stroosnijder 2005). Al-
though considerable progress has been made in modelling soil erosion, the valida-
tion of the models remains poor.

Many of the authors mentioned above have concluded that there appears to be 
little evidence of widespread land degradation, though this does not preclude se-
vere local degradation in sub-Saharan Africa. It seems that when assessing land 
degradation the ‘experts’ may very well be overestimating it. The discrepancies 
found between more empirical assessment of land degradation (based on pro-
ductivity indicators and land properties) and the expert assessments and models 
that form the basis of most land degradation studies suggest that the methodol-
ogy of the studies needs to be improved in several ways; most notably, they need 
to deal better with the spatial and temporal dimensions of the problems they ob-
serve (Fresco and Kroonenberg 1992). In an attempt to explain this controversy in 
the literature several spatial scales will be distinguished, each with its appropriate 
proxies for land degradation.

9.2.3
Useful scales and proxies for land degradation

In a discussion of land degradation there are four spatial-temporal scales that 
should be distinguished: regional, watershed, field and point. These scales part-
ly overlap those used in erosion measurements (Stroosnijder 2005). At each scale, 
one may use different proxies for land degradation, some of which will be briefly 
discussed below.

9.2.3.1
Proxies at the regional scale: vegetation cover and productivity

Nicholson (2000) reports little evidence for the Sahel of large-scale denudation of 
soils, increase in surface albedo, or reduction of the productivity of the land, al-
though degradation has probably occurred in some areas. There has, however, been 
a steady build-up of dust in the region over the last half a century which has prob-
ably influenced large-scale climate.

Many studies use the ratio of net primary production (NPP) to precipitation, i.e. 
the rain use efficiency (RUE). This can be calculated from remotely sensed data and 
rain measurements on the ground. Prince et al. (1998) found RUE to be very resil-
ient, i.e. little variation between 1882–1990 for the Sahel, which implies that NPP 
is in step with rainfall, recovering rapidly from drought and not supporting the 
fears of widespread, large scale desertification. Their results even showed a small 
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but systematic increase in RUE. Hein and DeRidder (2006) found evidence in the 
same direction.

Kakembo (2001) found no relation between rainfall variation and the observed 
trends in vegetation degradation for South Africa. He attributed the observed deg-
radation to injudicious land use practices. 

Mazzucato and Niemeijer (2001) examined the correlations between agricultur-
al productivity (Fig. 9.1) and long-term rainfall (1956–1998), rural population den-
sity and animal traction index (as a proxy for technology) for Burkina Faso. From 
a stepwise regression analysis it became obvious that agricultural productivity per 
unit of cultivated area was mainly correlated with long-term average annual rain-
fall (environment) and barely related to rural population density (pressure on re-
sources) or animal traction (technology). There was no indication whatsoever that 
pressure on resources in the form of rural population density or livestock density 
had affected land productivity. As such, the spatial analysis of agricultural produc-
tivity of cultivated land did not provide any evidence of soil degradation being the 
result of pressure on soil resources.

9.2.3.2
Proxy for the watershed scale: landuse changes

The watershed scale is a popular research scale. Integrated watershed management 
is a new field of applied science and the ‘catchment approach’ has been practised for 
over 15 years in East Africa (Okoba 2005; Tenge 2005).

Woldeamlak Bewket (2003) studied land cover dynamics since the 1950s in the 
Chemoga watershed of the Blue Nile basin in Ethiopia. The results show that in the 
40-year period examined, forest cover increased at a rate of about 11 ha per annum 

Fig. 9.1. Sorghum 
and millet produc-
tivity (kg ha-1) in 
Burkina Faso over 
about 40 years 
(1962–1998), after 
Niemeijer and 
Mazzucato (2002)
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in the 36,400 ha watershed, which is evidence that the deforestation trend has been 
reduced and even partly reversed in the area.

Selamyihun Kidanu and Tekalign Mamo (2005) studied changes in land use and 
the associated incidence of gully erosion in the past 35 years at Ginchi watershed 
in the central highlands of Ethiopia. Their results reveal that 81 % of cropland in 
the base year was still cropland in 1994, while 17 % had been reconverted to grass-
land. Of the total grassland in the base year, only 33 % was still under grass in 1994, 
while 63 % had been converted into cropland.

Aklilu Amsalu et al. (2006) studied the dynamics of land resource use in the 
Beressa watershed (Ethiopia) in a 40–year period in the second half of the 20th 
century. The natural vegetation cover here has been extensively cleared, although 
most of the cleared areas have since been replaced with forest plantations (Table 
9.2). Grazing land has expanded remarkably at the expense of cropland and bare 
land. In response to perceived soil degradation, water shortage, socio-economic 
and policy changes, the farmers have gradually changed from annual cropping to 
tree planting and livestock production.

9.2.3.4
Proxy at the farm level: soil fertility

Applying a General Linear Model to 124 topsoil samples for several villages in east-
ern Burkina Faso and correcting for factors such as local soil type, soil texture and 
land use, Mazzucato and Niemeijer (2000b) found no significant differences be-
tween the villages in terms of organic matter, total nitrogen, total phosphorus and 
available potassium. This suggests that there is no relationship between chemical 
soil fertility and pressure on natural resources (Table 9.3).

DeRidder et al. (2004) re-examined soil fertility in the West African Sahel, con-
cluding that although nutrient budgets show negative trends in nutrient reserves, 
these are probably overestimated because lateral inflows and outflows are scale-
dependent, difficult to estimate and often ignored: ‘Under farming conditions, de-
cline in soil fertility can hardly be measured. Factors involved are inherent low 
soil fertility, heterogeneity of soils and highly variable soil fertility management in 

Table 9.2. Landuse changes in Beressa watershed (Ethiopia) between 1957 and 2000 (after Aklilu 
Amsalu et al. 2006)

Land use 1957 1984 2000

Natural forest 14.8 6.8 2.4

Cropland 54.8 56.6 60.6

Grazing land 8.5 18.7 11.6

Forest plantation 1.8 1.2 10.6

Bare 16.3 12.8 8.0
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space and in time. However, at coarser scales, gradients in soil fertility are detected 
being a result of centripetal transport of organic material’.

9.2.3.5
Proxies at the point scale: erosion, soil organic matter and physical soil qualities

One drawback of using erosion as a proxy is the difficulty of determining its mag-
nitude (Stroosnijder 2005). Four causes are often mentioned in the literature: the 
large temporal and spatial variation of erosion, the paucity of accurate erosion 
measurements, the problem of extrapolating data from small plots to higher scales, 
and the conversion of erosion into production and monetary units (impact). Mea-
surement techniques differ in their accuracy, equipment and personnel costs. The 
most accurate (and often most expensive) techniques do not always serve the pur-
pose. It is an illusion to think that the role of measurements can be taken over by 
the application of erosion prediction technology. Measurements are needed to de-
velop, calibrate and validate that technology. 

There seems to be less controversy with respect to the slow but continuous de-
crease in soil organic matter (SOM). Through several stages, such as shifting cul-
tivation, fallow rotation and permanent use, humans have taken much of the land 
in cultura, i.e. into cultivation, and so the natural landscape has changed into a 
cultural landscape. This development (very rapid on the geological time scale), has 
changed the vegetation cover. In a ‘cultural landscape’ there is less above-ground 
(or ‘plant’) organic carbon (POC) than in a ‘natural landscape’. Since POC and 
SOC (soil organic carbon) are correlated, when the natural landscape is trans-
formed into a cultural landscape, the SOC will start to decrease. This gradual pro-
cess will continue until SOC and POC have attained a new equilibrium. 

Agricultural production in sub-Saharan Africa typically takes place in a low-
input farming system: rainfed agriculture with little or no fertilisation – at best a 
limited input of manure from livestock, or compost from household waste. On the 
other hand, the consumption and utilisation of the agricultural products nowadays 
is virtually 100%. The grain, pulses, etc. grown are consumed by the farmers and 

Table 9.3. Changes in soil fertility between 1969 and 1996 in eastern Burkina Faso (after 
Mazzucato and Niemeijer 2000a)

Changes in soil fertility C(%) N(%) P2O5(%) K(meq. 100 g-1)

According to soil type
– Slightly weathered soils (Entisols) 0 - 0 0
– Leached ferruginous soils (Alfisols) + 0 0 +
– Brown tropical soils (Eutropepts) + 0 0 0

According to land use
– Uncultivated 0 - 0 +
– Cultivated 0 0 0 0

0 = no notable or significant change, + = higher fertility in 1996 and – = lower fertility in 1996
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their families, and the straw is either used for fodder (throughout the dry season 
the animals browse on the fields) or as building material for roofs, fences, etc. Due 
to the lack of replenishment of organic material, many agro-ecological systems lose 
SOM at an annual rate of 2% of their reserves of SOM (Pieri 1989).

A decrease in SOM adversely affects many physical, chemical and biological soil 
characteristics. Figure 9.2 shows an example: the decrease in infiltration resulting 
from decreasing SOM. 

9.2.4
Two conundrums

The above presents us with two interesting conundrums: (1) How is it possible that 
at the larger scale, soil physicists show proof of soil degradation while at lower 
scales there is no proof of land degradation? and (2) If, inspite of significant scien-
tific evidence, land degradation has been ongoing for decades, how could the peo-
ple living off that land have survived?

An explanation of the first conundrum lies in the way the natural mosaic of soil 
surface states is aggregated into land, catena and the landscape. In addition to de-
graded spots, there are always less degraded places, yet these are often less mea-
sured in degradation studies, causing an inherent bias. These latter points gain 
from runon of water and nutrients, seeds and organic debris, creating so-called 
islands of fertility. If we aggregate point information into higher scales we gener-
alise the mosaic of such points. Thus, averaging or compensation leads to less and 
less convincing evidence of land degradation at higher scales. In fact, this is simi-
lar to what is already known from scaling runoff and sediment generation (e.g. the 
sediment delivery ratio). The runoff from a 1 m2 plot may be 50% of rainfall, but 
at the bottom of a hill slope one may measure only half of this amount and at the 
watershed outlet the runoff may have fallen to only one-tenth of its original value. 
In other words, the severity of erosion is reduced when going from the point to the 
watershed scale. Our remote sensing tool with its pixel size well above the point 
scale does a kind of automatic averaging whose consequences we do not fully com-

Fig. 9.2. Infiltration 
as percentage of 
rainfall for dry, 
moist and wet soil 
conditions and vari-
ous carbon percent-
ages of sandy soils 
in the Sahel (after 
Hoogmoed et al. 
2000) 
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prehend: are they real or artificial? In addition, our models are not suited for ag-
gregating mosaic information that has high variation at scales of 1 m. Besides, the 
data is lacking for such models (Fleskens and Stroosnijder 2007). This makes it dif-
ficult to upscale and downscale !

The answer to the second conundrum was formulated by Mazzucato and Nie-
meijer (2001,) who state that a major reason for the overestimation of land deg-
radation has been the underestimation of the abilities of local farmers. It is clear 
that farmers in sub-Saharan Africa have not survived by following a capital-inten-
sive development route. This suggests that they have somehow been able to adjust 
their land management practices to the increased population density in an envi-
ronmentally sustainable way. There is much more to soil and water conservation 
and technological intensification than agricultural statistics reveal. The sub-Saha-
ran farmers have a large repertoire of technologies to draw from. They have devel-
oped flexible, efficient, and effective land management strategies to deal with the 
limited availability of labour and external inputs, as well as the harsh environment 
in which they work. What is more, they have been able to adapt. The indifference 
of many Sahelian farmers to high rates of soil loss may reflect their awareness that 
erosion does not seriously damage productivity in the short term.

9.3
Rainfall analysis for land degradation assessment

In order to study land degradation at multiple scales it is necessary to study rainfall 
at multiple scales too. Rainfall can be analysed for land degradation at four differ-
ent scales: from the ‘small’ annual scale to the ‘large’ minute scale. Each scale has 
its specific application(s). Besides scales, one may also distinguish between aver-
age values and temporal and spatial variations. A few examples of rainfall data for 
each of the scales are presented below and interpreted with respect to land degra-
dation.

9.3.1
Applications of the annual scale: trends and probabilities

Trends of annual rainfall are used to assess changes in rainfall that affect land deg-
radation mainly through changes in vegetation cover. Conway et al. (2004), analys-
ing 100 years of rainfall in Addis Ababa, conclude that there was no major shift or 
trend in annual and seasonal rainfall during the period 1898–2002. Well-known 
drought years in northern and northeastern Ethiopia are not picked out in the Ad-
dis Ababa rainfall record, suggesting that the series should not be used as a proxy 
for inter-annual rainfall variability in these parts of the Ethiopian highlands.

Niemeijer and Mazzucato (2001) averaged the annual rainfall of the 16 major 
stations in Burkina Faso with a long-term record. The result is shown in Figure 9.3. 
There is no trend if a period of 80 years (1920–2000) is considered. Within this pe-
riod, however, there is a period of almost 40 years (1950–1990) with a steady down-
ward trend. Annual rainfall decreased by about 400 mm over this period: from 
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1100 to 700 mm, a decrease of almost 40% (regression line in Figure 9.3). For lo-
cal farmers and pastoralists such a decline is very real and affects their daily liveli-
hoods significantly. 

The mean annual rainfall at Sakarani Mission (West Usambara Mountains, 
Tanzania) from 1928 to 2000) was 1070 mm and ranged from 441 mm y-1 to 1772 
mm y-1 (Vigiak, pers. com.). The median value was 1035 mm y-1, whereas a dry year 
(10% probability of non-exceedance) was 760 mm y-1 and a wet year (90% probabil-
ity of non-exceedance) was 1420 mm y-1. During the period of observation, a trend 
towards a reduction of total rainfall was visible, notwithstanding the high scatter 
among the years: the mean annual rainfall from 1928 to 1948 was 1270 mm, where-
as from 1980 to 2000 it was 931 mm.

A similar pattern was observed by Ayoub (1999) studying long-term rainfall 
in Sudan: he found a decline of 30–40 %. Aklilu Amsalu et al. (2006), however, 
studied rainfall dynamics in the Beressa watershed, Ethiopia from 1954–2003 and 
found that though contrary to farmers’ perceptions, the long-term rainfall pattern 
there has improved.

Another application of data on annual rainfall is to perform a statistical analysis 
to find rainfall probabilities, as done by Hoogmoed and Stroosnijder (1984). Varia-
tion in annual rainfall can be analysed to identify ‘normal’ (50% probability), ‘dry’ 
(90% probability of exceedance) and ‘wet’ (10% probability of exceedance) years: 
this approach is used for modelling land use scenarios (Stroosnijder 1996).

9.3.2
Application of the decadal scale: length of the growing season

The decadal (10-day) scale is mainly used by agronomists for plant growth, e.g. to 
calculate the length of the growing season(s). Hoogmoed and Stroosnijder (1984) 
give averages for decadal rainfall for a ‘normal’ and a ‘dry’ year for Niono in Mali 
(140 15’ N) at the southern edge of the millet-growing area of the Sahel (Figure 9.4). 
The 50% and 90% probability values for Niono are respectively 470 and 290 mm y-1.

Fig. 9.3. Average annual rainfall for 16 major rain stations in Burkina Faso (1923–1998)
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The ‘normal’ year curve is the average over 1957, 1959, 1962 and 1975. These years 
had their total rainfall in the period July–September closest to the 50% probabil-
ity value of a series of 30 years (1950–1980). In the ‘dry’ years 1966, 1972, 1973 and 
1974 the rainfall in the same period was closest to the 90% probability values. 

Figure 9.4 shows how long the growing season will be if a minimum precipita-
tion is set per 10-day period. For instance, if the lower limit is set at 40 mm 10d-1,
the amount necessary to trigger growth if one accounts for 50% runoff (Stroosni-
jder and Hoogmoed 1984), the period up to 15 September (general flowering date 
due to photoperiod) will be 75 days for a ‘normal’ year and 53 days for a ‘dry’ year. 
However, if a lower limit of 20 mm 10d-1 is set, an amount sufficient for growth if 
runoff is nil, this period will be 108 days for a ‘normal’ year and 93 days for a ‘dry’ 
year.

In that study, it was demonstrated that rainfall distribution over the growing 
season in the southern part of the Sahel is such that millet cropping should be pos-
sible. However, given that the growing cycle of millet must be of a minimum length 
in order to obtain a reasonable grain harvest, it is important that crop growth starts 
as early as possible. Often, sowing is possible only in wet soil, since dry soil is too 
hard to till. Moreover, rainfall may be so erratic that there is a considerable risk 
that insufficient water will be stored in the soil to keep the young plants alive in 
the early season and therefore fields have to be resown. If runoff losses could be de-
creased or avoided, the risk of the young crop exhausting the water reserves in the 
soil would also decrease.

Fig. 9.4. Decadal rainfall at Niono (Mali) for a normal (p=50%) and a dry (p=90%) year
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9.3.3
Applications of the diurnal scale: classes of showers (threshold values),
return period, dry spell analysis and agronomic and hydrological modelling 
with time steps of one day

To characterise the rainfall event pattern of Kwalei catchment, the diurnal rainfall 
totals measured at Sakarani Mission from September 1991 to August 2001 were an-
alysed. Rainfall events were grouped in three classes: rainfall less than 10 mm, be-
tween 10 and 20 mm, and more than 20 mm. These classes reflected the probability 
of overland flow generation, which was considered unlikely for rain events of less 
than 10 mm in 24h. In the ten years of observation, 66% of events were less than 10 
mm, 22% were between 10 and 20 mm and only 12% were above 20 mm. However, 
in terms of rainfall volume, events of less than 10 mm contributed 27% of the total 
rainfall, events between 10 and 20 mm contributed 30% and events larger than 20 
mm contributed 43% of the total rainfall. 

Figure 9.5 shows the composition of rainfall event per month and per rainfall 
volume per year for Sakarani. Both in terms of number and in terms of rainfall vol-
ume, rainfall events larger than 20 mm per 24h were frequent at the beginning of 
the long rainy season, in March, and during the short rainy season, especially in 
October, December and January. In these periods of the year, intense rainstorms 
that may generate overland flow are more likely to occur. During the months of 
April and May, however, the important contribution of events with less rainfall 
may affect the soil moisture conditions prior to the rainfall event, therefore in-

Fig. 9.5. Monthly rainfall of Sakarani Mission (West Usambara Moun-tains, Tanzania) divided 
over three size classes; < 10 mm, 10–20 mm and > 20 mm
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creasing the chance of overland flow being generated by both infiltration excess 
and saturation excess.

In 4 years of observation (1976–1979), Hoogmoed and Stroosnijder (1984) col-
lected similar figures: showers < 10 mm contributed 21 % to the total rainfall, show-
ers 10–20 mm 27 % and the bigger showers > 20 mm contributed the most – 52%!

9.3.3.1
Return period

The maximum 24h events per month of the Kwalei rainfall from September 1991 
to August 2001 were analysed with Gumbel’s probability distribution, to assess the 
return period of 24h rainfall. The Gumbel’s distribution of the 117 observations re-
sulted in the following equation: 

Xb = 16.32. (-ln(-lnk)) + 15.28 (with R2= 0.95) (1)

Where, Xb indicates the 24h event border and k the probability of non-exceed-
ance. 

Using this equation, the ‘design’ rainfall for a 25- year return period is 67 mm. 
Notwithstanding the good regression coefficient, the uncertainty increases for 
high values of rainfall. For example, according to this distribution, the event of 21 
October 1997 (120 mm) would occur once every 600 years. From this it is clear that 
care should be taken when extrapolated return periods.

9.3.3.2
Dry spell analysis

The success or failure of a crop depends more on the distribution of rainfall over 
the growing season than on the total rainfall in that period (Sivakumar 1991). A 
method to characterise the ‘goodness’ of this distribution is an analysis of the prob-
ability of dry spells. In meteorological analysis (using Markov chain methods) a 
dry spell is a period without effective rain. In agricultural terms (using a water bal-
ance model) a dry spell is a period with consecutive dry days resulting in a soil wa-
ter deficit causing crop water stress (Barron 2004). Meteorological analysis either 
over- or underestimates agricultural dry spell analysis, depending on the soil’s wa-
terholding capacity. Barron et al. (2003) consider a dry spell between 5–15 days to 
be harmful for sub-Saharan Africa. In Kenya and Tanzania, a 10-day dry spell has 
the potential to damage a maize crop due to water deficit.

9.3.3.3
Agronomic and hydrological modelling with time steps of one day

In agronomic modelling, the growth of a crop is often simulated using daily weath-
er data (Stroosnijder and Kiepe 1998). The soil water, distributed over multiple soil 
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layers is extracted by the plant roots, the driving force being the difference between 
the water potentials of the soil and the foliage. This allows the effect of land degra-
dation on crop yield to be estimated precisely.

In hydrological modelling one must specify what proportion of the daily rain-
fall infiltrates into the soil. This depends on the physical conditions at the soil sur-
face (Sheikh et al. 2007). Degraded soils are often topped with a crust that hampers 
infiltration (Hoogmoed and Stroosnijder 1984). Tilling such soils will break the 
crust and improve infiltration. No-till, often advocated to combat land degrada-
tion, is not a viable option for such soils. Stroosnijder et al. (1994) calculated run-
off during 35 growing seasons (1950–1984) for a millet crop in Mali under no-till 
and conservation tillage (CT, i.e. regular crust-breaking) conditions. Fig. 9.6 shows 
that for no-till the average runoff was 36.5 % of rainfall (SD = 3.4 %) while CT re-
duced runoff to 25.6 % (SD = 4.8 %). The difference is equivalent to 37 mm of avail-
able water.

9.3.4
Application of the minute scale: rainfall erosivity

With rainfall data at the ‘minute’ scale one may use the rainfall intensity for a de-
tailed analysis of rainfall as a land degradation factor. The erosive power of rainfall 
can be expressed as an index. Wischmeier and Smith (1978) found that soil erosion 

Fig. 9.6. Calculated runoff during 35 growing seasons (1950–1984) for a millet crop in Mali un-
der no-till and conservation tillage (After Stroosnijder et al. 1994)
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Table 9.4. Examples of kinetic energy and EI30 indexes for two-hour rainfall events in Peru.

Location 
Altitude

La Toma 3590 metres 
a.s.l.

Usnio 3260 metres 
a.s.l.

Manzanas 3020 metres 
a.s.l.

Interval(min) Intensity 
(mm h-1)

Δ EJ m-2 Intensity 
(mm h-1)

Δ EJ m-2 Intensity 
(mm h-1)

Δ EJ m-2

30 1.2 7.5 2.0 14.5 0.2 0.6

30 0.6 2.9 0.5 2.3 2.8 22.1

30 1.4 9.2 0.3 1.1 1.0 5.9

30 0.2 0.6 0.8 4.4 4.4 38.5

Total E (J m-2) 20.3 22.31 67.1

Max.30-min 
rainfall

1.4 2.0 4.4

EI30 
(J mm m-2h-1 )

20.3 x 1.4
= 29.13

22.3 x 2
= 44.6

67.1 x 4.4
= 295.1

by water (rill + interrill) correlates best with the kinetic energy of the rain, multi-
plied by the maximum 30-minute intensity. Various formulas are available for cal-
culating the kinetic energy of rainfall with help of the rainfall intensity. A review 
is given by VanDijk et al. (2002) who propose using KE = 0.283 (1 – 0.52 * e-0.042 
* I) with KE in MJ ha-1 mm-1 and I in mm h-1. For I > 50 mm h-1, all KE = formulas 
level off to 0.30 MJ ha-1 mm-1. It is commonly accepted that showers with intensity 
less than 10 mm h-1are not erosive.

A study of the spatial and temporal distribution of rainfall characteristics in La 
Encañada watershed in north Peru from 1995 to 2000 revealed that in the neutral 
years (9/95–3/96 and 9/96–3/97) mean annual rainfall was < 600 mm (Romero et 
al. 2006). However, during El Niño (9/97–3/98) and La Niña (9/98–3/99 and 9/99–
3/00) years, the annual total increased, the maximum being 1200 mm. In general, 
rainfall intensities were very low, with 96 % of events < 7.5 mm h-1. But during the 
El Niño year, the number of high intensity events increased in the lower part of 
the watershed (18%) where normally only 4 % of events were high intensity. The La 
Niña year was characterised by a large rainfall total, but lower intensities.

An erosivity analysis showed (Table 9.4) that in the lower part of the watershed, 
rain events are more erosive, especially during abnormal years such as El Niño. De-
pending on the year, some spatial variation was observable in the amount of rain-
fall falling at different altitudes. This variation seems to be related to the topogra-
phy and to phenomena like El Niño/La Niña that affect wind circulation and the 
convective movement of air masses. Areas at risk of erosive events can be identified 
within the watershed, although the response of soils depends not only on rainfall 
erosivity but on many other factors such as soil type, slope and vegetation. 
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9.4 
The rain water balance

Rainfall meets the land at the soil surface. The rainfall is divided over several hy-
drological compartments (Fig. 9.7)

In section 9.1, it was argued that the farmers’ perception of drought can be ex-
plained as a perception of a lack of available water due to deteriorated soil physi-
cal properties like soil depth and waterholding capacity. After testing a number of 
indices of agricultural drought, Keyantash and Dracup (2002) concluded that the 
‘computed soil moisture’ performed best according to six weighted selection crite-
ria. In this section “computation of soil moisture” will be demonstrated. As land 
degradation (of which soil erosion is the major cause) decreases infiltration, wa-
terholding capacity and transpiration and enhances runoff and soil evaporation 
(Stroosnijder 1992), special attention will be given to estimating the effect of land 
degradation on ‘computing soil moisture’.

9.4.1
The field water balance

Rain falling on the land may be intercepted by vegetation, run off the ground sur-
face, or infiltrate into the soil. This is reflected in the field water balance (Stroosni-
jder and Kone 1982): 

Fig. 9.7. The water stored in the soil and used by plants is green water. Runoff and deep drainage, 
recharging the groundwater and feeding streams, is blue water. (After Falkenmark and Rock-
strom 2004)
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P = INT + I + R  (2)

where,
P = rainfall (mm)
INT = interception of rain by vegetation (mm)
I = infiltration (mm) and 
R = runoff (mm). 

It is generally, assumed that runoff is lost from the field, giving notion to the terms 
on-site and off-site water. Interception is between 0 and 5 mm. Infiltration depends 
on the duration of a shower (h) and the soil’s infiltration capacity (IR in mm h-1). 
The latter depends on soil type, soil characteristic, soil surface condition and mois-
ture content. When soils are dry, the IR is high; the IR decreases with time of wet-
ting until it achieves a constant rate, called the terminal rate or final IR. This fi-
nal-IR value is high (> 50 mm h-1) for sand and low (< 10 mm h-1) for clay (see e.g. 
Morgan 2005). IR may also be low due to the swelling of clay soils. It will also be 
reduced if due to land degradation the soils are losing soil organic matter and, as 
shown by Hoogmoed and Stroosnijder (1984), may be severely reduced if the soil 
has a crust (due to land degradation). If the surface crust has low infiltrability, the 
annual runoff on deep coarse soils may even be as much as 13 % (Rockström and 
Valentin 1997).

9.4.2
The infiltration water balance

Infiltrating water may be stored (S in mm) in the root zone or drain (D in mm) 
below the root zone to groundwater and stream base flow, contributing to what is 
nowadays called ‘blue water’. These processes are reflected in the infiltration wa-
ter balance: 

I = ∆S + D (3)

where, ∆S (positive value) is the change in the amount of water stored in the root 
zone (mm) and D the drainage below the root zone (mm). 

During wetting by rain, the moisture content of root zone may become close to sat-
uration. In the next 24 h, however, the moisture content will fall as the water drains 
to below the root zone. This process stops when the soil water potential has reached 
a value that is called (for obvious reasons) the field capacity (FC). The soil water po-
tential is then between -10 kPa (pF 2.0) and -33 kPa (pF 2.5). 
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9.4.3
The soil water balance

Water stored in the root zone may be lost (negative value of ∆S) as evaporation 
from the soil surface into the atmosphere (E) or taken up by plants and lost as tran-
spiration (T). This is reflected in the soil water balance: 

∆S = E + T (4) 

The evaporation rate (mm d-1) depends on the moisture content of the topsoil, the 
drying power of the atmosphere and to what degree the plants shade the soil. A 
proxy for the latter is the Leaf Area Index (LAI). Stroosnijder (1987) developed and 
validated a simple equation for E under semi-arid conditions. As a parametric ap-
proximation for crops with an LAI < 1, E can be estimated as 2 mm d-1 during the 
short growing season (of about 100 d) under semi-arid conditions.

Plants in semi-arid regions are often able to produce with little water. An ex-
ample is millet grown in West Africa. The grain harvest is about 500 kg dry mat-
ter (DM) ha-1, straw and roots are each 1000 kg DM ha-1. Hence total dry matter is 
2,500 kg DM ha-1. Millet has a C4 photosynthesis mechanism, so uses water rather 
efficiently. The transpiration coefficient is 200 kg water per kg DM. The total crop 
then consumes 2500 * 200 = 500 000 kg water ha-1. This is only 50 mm ha-1. It often 
happens that with a growing season of 100 d, E equals 200 mm and T only 50 mm. 
This reflects the very inefficient use of precipitation.

9.4.4
Stored and available water

According to Stroosnijder (1982), the maximum amount of water stored in the root 
zone available for plant growth (i.e. that plant roots can extract from the soil) is a 
very important soil characteristic because it determines the potential survival of 
plants under a dry spell (i.e. periods of consecutive days without effective rain). The 
Total Available Water (TAW) in the rootable part of the soil profile is: 

TAW = RD * 0.9(FC – WP) (5)

where, RD is the rootable depth (mm) WP is the wilting point, i.e. the moisture 
content if the water potential equals -1.6 MPa (pF 4.2). 

Plants in soil at WP will die, hence the safety factor of 0.9. For example, in a non-
degraded soil with average physical properties, the root zone soil depth may be 
600 mm and (FC-WP) = 0.13. Hence TAW = 70 mm. With an actual evapotrans-
piration (ET) of 2.5 mm d-1 (E = 2 + T = 0.5) this implies that the reserves of water 
for a crop as described above are sufficient for a dry spell of 28 days or 4 weeks! Of 
course, this is only the case if the soil moisture content was fully replenished at the 
start of the dry spell. 
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In a degraded soil, the root zone soil depth is often reduced because the top-
soil has been removed by erosion. Also, the soil texture has become coarser due to 
selective removal of the finer particles and the structure has degraded due to the 
decrease of soil organic matter. In the above example this leads to a root zone soil 
depth of only 400 mm and an FC-WP of only 0.10. This implies that TAW is only 
36 mm – sufficient for only 14 days or 2 weeks! This change in the length of the dry 
spell that plants can overcome is what farmers mean when they speak of a ‘drought’ 
problem.

9.4.5
Farmers’ perception of drought

During recent research on Soil and Water Conservation (SWC) in the Sahel 
(Stroosnijder and VanRheenen 2001), Kenya (Biamah 2005), Ethiopia (Tesfaye Be-
shah 2003) and Tanzania (Hella and Slegers 2006), farmers mentioned drought as 
one of the main reasons for a decrease in land productivity. Farmers’ perception 
of drought is strongly influenced by and varies according to local environmental 
conditions and even between individual farmers in the same village, depending 
on the characteristics of their own fields. This implies that for farmers the concept 
of drought is contextual (Slegers et al. 2005). Recently it has even been proposed 
that drought must be considered as a social construction. McMahon and Finlayson 
(2003), for instance, state that “droughts are not easily defined other than by cul-
turally driven judgements about the extent and nature of impact”. 

Farmers relate their notion of drought mainly to the occurrence of dry spells. 
In several recent studies, little evidence has been presented of an increase in the 
length and/or frequency of dry spells. Using daily rainfall from 11 key stations for 
1965–2002, Seleshi and Camberlin (2006), found no trends in the yearly maximum 
length of Kiremt and Belg dry spells over Ethiopia. Similar conclusions were drawn 
by Mazzucato and Niemeyer (2002), Conway et al. (2004) and Romero et al. (2007). 
We must therefore look for another explanation for why farmers perceive dry spells 
to be more harmful nowadays than previously. I would argue that they perceive a 
lack of available water due to deteriorated soil physical properties like soil depth 
and waterholding capacity.

9.4.6
Green water use efficiency (GWUE)

Green water is that part of rainfall that is stored in the soil and available to plants. 
Infiltrating water may be held in the soil – green water (Ringersma et al. 2003) – or 
drain to groundwater and stream base flow (Figure 9.7). In transforming a ‘natu-
ral’ landscape into a ‘cultural landscape’ all physical, chemical and biological soil 
properties change and affect the field water balance directly and indirectly (Stroos-
nijder 1996). Food crops, for instance, cover the soil for only part of the year and 
therefore use less water for transpiration than the ‘natural’ vegetation that covers 
the soil permanently. The surplus water either percolates through the soil down 
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to the groundwater (creating higher water tables) or flows over the soil surface as 
overland flow in sheet flow or in rills, creating new drainage ways (gullies) with in-
herent erosion.

GWUE not only decreases due to land cover changes but also due to deteriora-
tion of physical soil qualities as a result of land degradation (mostly the result of 
a decrease of soil organic matter). Rain that hits bare soil causes soil aggregates to 
break up. Due to this surface crusting, only a small proportion of rainwater can in-
filtrate the soil; most of it runs off over the soil surface and is therefore lost for bio-
mass production. In a complex combination of both direct and indirect soil physi-
cal/hydrological processes, the proportion of the rain that is effectively used by 
vegetation decreases and the proportion that discharges increases. Pimentel (2006) 
considers the lower water availability due to land degradation and soil erosion to 
be a major global food and environmental threat. 

There are many ways of defining water use efficiency (WUE). Precipitation Use 
Efficiency (PUE) is defined as the yield divided by the precipitation (possibly cor-
rected for differences in stored water between subsequent years: ∆S). PUE is ex-
pressed in kg ha-1 mm-1 and ranges from 4 (low) to 10 (improved). PUE is particu-
lar useful in agricultural systems with a distinctive harvestable yield. However, in 
more general discussion of ‘ecosystems’ and in relation to the issue of regreening 
(and related carbon sequestration in soils), what matters is the total amount of bio-
mass produced (Stroosnijder and Hoogmoed 2004). For given species and loca-
tion there is a good correlation between the amount of biomass produced and the 
amount of water transpired. Therefore, in terms of water use efficiency it is of more 
relevance to use the concept of Green Water Use Efficiency (GWUE), expressed as 
the fraction Transpiration / Precipitation. In dryland systems in sub-Saharan Af-
rica the GWUE ranges from 5–15 %. In East Africa it may reach 20 %, but in semi-
arid but comparable climates in the USA it may exceed 50 %.

9.5
Dry spell mitigation and GWUE improvement

The goal of GWUE improvement is to maximise the productive flow of water as 
plant transpiration and to minimise the non-productive water flows, including soil 
evaporation, runoff and percolation beyond the root zone. In-situ water conser-
vation and on-farm water harvesting have been advocated and practised (40,000 
farm ponds have been created in northern Ethiopia alone in the last 2 years) but 
what is often missing is sufficient attention to the efficient use of that saved water. 

How can the efficiency of rain water use be improved? According to Eq. (2), one 
should increase I or, to achieve the same effect, reduce R. This is known as in-situ 
water conservation. If increasing I is not feasible or dangerous (e.g. landslide risk) 
one must safely dispose of excess water through drainage. Given that our aim is to 
increase the efficiency of rainwater use, this drainage water should be stored for 
later use. 

According to Eq. (3) one may also increase S (or TAW) and reduce D. According 
to Eq. (5) this may be achieved by improving FC-WP. Finally, according to Eq. (4) 
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the last option is to reduce E so that more of ∆S remains available for T. The com-
monest method is to mulch (Mando and Stroosnijder 1999). 

A variety of land management practices contribute to the improvement of 
GWUE. Examples are given in Table 9.5. Practices can also be classified as area 
practices where the practice is applied over the entire area of a farmer’s field and 
as line practices where only part of the field (usually along the contours) is treat-
ed (Table 9.5). All these practices store and use water on-site, i.e. within the field. 
Water can also be harvested from fields and stored off-site, i.e. outside the field 
(Stroosnijder 2007).

9.6
Conclusions and recommendations

9.6.1
Conclusions

The general outcome of this review is that it remains difficult to find proof of wide-
spread land degradation, especially at regional, watershed and farm scale. Vegeta-
tion and vegetation cover closely follows rainfall, and African terrestrial ecosys-
tems have proven to be more resilient than was previously thought. At the point 
scale, however, it seems that physical soil characteristics are deteriorating. This has 
consequences at the soil surface where rainfall and land meet and the rain is divid-
ed over several pedo-hydrological components. The inherent poor quality of most 
African soils is probably one reason for the current low green water use efficiency, 
i.e. the low fraction of rainfall used in transpiration leading to biomass produc-
tion.

Rainfall analysis at multiple scales has also revealed great variability, but not yet 
a consistent trend in connection with climate change. However, further deteriora-
tion of soil characteristics will affect the amount of water that can be stored in the 
root zone and drawn on to overcome dry spells. Farmers’ concerns about drought 
turn out to be a problem of how to cope with dry spells, as there is little evidence 
for a significant increase in the length or frequency of such spells. It appears that 
soils have changed and are less capable of providing crops with water during the 
dry spells that are so characteristic of African semi-arid areas. 

From the above one may derive the following conclusions:
Trends in Land Degradation. We should critically examine the ‘hard evidence’ 
from remote sensing, models and measurements, remembering that trends in 
land degradation are assessed differently in various parts of the world. Classical 
methods easily lead to doom conclusions but newer methods give a more mod-
erate picture of land degradation. 
Land Degradation Definition. There is a need to adjust current definitions of 
land degradation and desertification in light of new scientific insights like: (1) 
the concept of ecosystem services, (2) the need to distinguish between land deg-
radation and ‘land development’ as a consequence of economic development 
and (3) the contextualisation of land degradation.
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Ecosytem Behaviour. Vegetation follows rainfall. In sub-Saharan Africa the dy-
namics of rainfall are related to the combined effect of the North Atlantic Os-
cillation (NAO) and the El Niño Southern Oscillation (ENSO) (Oba et al. 2001). 
The authors were able to attribute 75% of inter-annual rainfall variation to that 
effect. Since NAO and ENSO can now be predicted more accurately, it should be 
possible to warn farmers to modify their farm management. Natural ecosystems 
are adapted to the magnitude and frequency of dry periods and these periods 
are crucial for the long-term functioning of such systems. 

Table 9.5. Land management practices and their effect on runoff, TAW and GWUE.

Reduce
Runoff
Eq. 1

Improve
TAW
Eq. 2

Improve
GWUE
Eq. 4

References

On-site: Area practice

Mulch x x x Konig 1992; Mando 1997

Stimulating soil fauna x x Mando 1997; 
Ouedraogo et al. 2007

Conservation tillage x x x Hoogmoed 1999; 
Biamah et al. 2003

Crust breaking x Stroosnijder et al. 1994

Organic amendments x x Biamah et al. 2003; 
Ouedraogo 2004

Water-nutrient synergy x Zougmore et al. 2003.

Exclosure x x Descheemaeker et al. 2006

On-site: Line practice

Hedgerows x x x Kiepe 1995

Stone rows x Azene Bekele Tesemma 1997; 
Zougmore 2003; 
Nyssen et al. 2006

Vegetation barriers x x x Spaan 2003

Trees x Azene Bekele Tesemma 1997; 
Selamyihun Kidanu 
et al. 2004

Terraces x Posthumus and Stroosnijder 
2006

Off-site

Water Harvesting x Selamyihun Kidanu 2004: 
Fleskens et al. 2005; 
Barron et al. 2007
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Green Water Use Efficiency. Africa’s green water use efficiency is very low. 
Data Availability. Researchers are finding it increasingly difficult to obtain rain-
fall data from public organisations without having to pay a (sometimes exorbi-
tant) fee. Some data are available on the Internet, but how reliable are they?
Help Farmers. There is a cornucopia of land management practices and policies 
that have merits under a certain combination of local circumstances but that 
fail in other settings. So, the problem is what advice can be given to the already 
knowledgeable farmers. 

9.6.2
Recommendations

The above conclusions lead to the following recommendations:
Trends in Land Degradation. There is a need to agree on a set of ‘standard’ scales 
with appropriate proxies for land degradation assessment. The monitoring of 
land degradation and of weather at these scales must be improved. Model stud-
ies should be combined with empirical studies at farm and village level.
Land Degradation Definition. UNCCD, UNEP, GEF and many of the other or-
ganisations involved should not hesitate to adjust current definitions of land 
degradation and desertification. Research and teaching have become too mono-
disciplinary. Very few professionals have an overview of the complexity of land 
management. What is needed are interdisciplinary approaches in research and 
teaching. 
Ecosytem Behaviour. There is a need to strengthen the study of thresholds, resil-
ience and dynamic equilibriums of terrestrial ecosystems in order to better un-
derstand, predict and value the dangers of land degradation.
Green Water Use Efficiency. Land management practices in Africa should focus 
on improving the proportion of rainfall that is used in biomass production. In-
vest in such improvement by introducing a system of conservation credits.
Data Availability. Make the available data more accessible. WMO should con-
tinue to strive for free access to meteorological data.
Help Farmers. African farmers have a good record of adapting their land man-
agement systems. This should not be ignored and efforts should be made to 
build on this record. A selection of best management options that would give 
sufficient benefits with respect to costs should be offered to farmers. There is a 
need to develop a cost-effective system for communicating early climate warn-
ings to farmers so that they can modify their land management.
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CHAPTER 10

Frequency of Wet and Dry Spells in Tanzania
Faustine F. Tilya and Mohamed S. Mhita

Abstract. Forty one years of daily data (1960-2000) have been used to investigate 
the spatial and temporal distribution of wet and dry spells during the rainfall sea-
sons of Tanzania. The frequency characteristics of wet and dry spells were based 
on the threshold of 1.0 mm of daily rainfall events. The observed frequency of wet 
and dry spells during the rainfall seasons over the period of study showed that at 
both bimodal and unimodal locations the frequency of occurrence of one-day wet 
and dry spell was highest at all locations then reduced smoothly as the length of 
the season progress. The analysis gave an indication that the longest run of wet 
spell of 25-days occurred during March – May rainfall season at Lushoto over the 
north eastern highlands on the bimodal regime. Similarly, longest run of wet spells 
of 28 days was also observed at Mbeya and Mahenge over the southwestern high-
lands on the unimodal regime. Longest dry spells run were noted over the semi 
arid parts of Tanzania including Dodoma, which registered the longest run of 249 
days that occurred in 1999 and coincided to a cold El Niño–Southern Oscillation 
(ENSO) event.

10.1
Introduction

Land degradation is threatening the livelihood of many communities in Tanza-
nian today. The degradation may be looked upon as a process or combination of 
processes arising from human activities and habitation patterns which include soil 
erosion caused by wind and or water, deterioration of the physical, chemical and 
biological properties of soils and long term loss of natural vegetation. Land degra-
dation processes escalated by climate variability, climate change, droughts, flash 
floods, dust storms, famine, migratory movements and forest fires are leading to 
high socio economic costs including food insecurity. Climatic variations are rec-
ognized as one of the major factors contributing to land degradation and it is thus 
important that greater importance be paid to understand the role of different cli-
matic factors in land degradation. Accessibility of sustainable land management 
practices becomes realistic when climate resources (historical data and research 
findings) are used together with management development practices for develop-
ment of appropriate mitigation technologies. 

The objective of this work was to enhance the basic understanding of the spatial 
and temporal characteristics of wet and dry spells in order to provide improved 
climate information tools that can be used to reduce the vulnerability of the cli-
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mate sensitive socio-economic activities to extreme weather/climate events in Tan-
zania. The work specifically investigated the frequency pattern of distribution of 
wet and dry spells and their respective run during the wet seasons. Similar studies 
were previously made during the rainy months in East Africa by Alusa and Gwage 
(1978), Ogallo and Chillambo (1984) and Mhita (1984). 

10.2
Data 

The data used in this study consisted of daily rainfall records obtained from Tan-
zania Meteorological Agency for the period 1960 to 2000 (Fig. 10.1). Mass curve 
analysis was adopted in this study to ensure consistency of the rainfall records. The 
analysis involved plotting cumulative annual rainfall amounts for a given station 
against duration of the series. Single/multiple lines fitted to the plot of the cumu-
lative values indicated homogeneity/heterogeneity of data respectively as used by 

Fig. 10.1. Homogeneous climatic zones of Tanzania
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Owiti (2005). Double mass curve approach was used to adjust the heterogeneous 
records as shown by Wilks (1995). 

10.3
Methodology

The basic method employed on the daily rainfall data included derivation of wet 
and dry spells using various threshold values and then investigating the frequency 
of occurrences of the wet/dry spells during the wet seasons for some selected sta-
tions representative of the homogeneous climatic zones of Tanzania (ICPAC 2003). 
Wet day in the study was defined as any day recording at least one mm of rainfall. 
Similarly, a dry day is one in which less than one mm of rainfall is recorded. Fur-
thermore a wet (dry) spell occurs when sequence of wet (dry) days are preceded 
and followed by dry (wet) days. These are normally the adopted thresholds of both 
wet and dry days by the Meteorological Service in Tanzania and other countries 
of East Africa. Other thresholds that have been used in some studies include those 
by Barrow (2004) and Gitau (2005). Frequencies of wet spells of some given runs of 

Fig. 10.2. The observed frequency of wet spell runs during the March-May (MAM_wet) and Oc-
tober-December (OND_wet) seasons at Engare Naibor
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days were derived from the daily data from a location during the period of study. 
If a spell of i wet days occurs in a month j and year k, then the number of occur-
rences of the spell during a month and year for a station was expressed mathemati-
cally as

m
Fijk =∑ Fijk (1)

i=l

where, m is the total number of years (41).
The frequency of such spells in any month Fj or any season Fs can be evaluated 

as
n m

Fj = ∑ ∑ Fijk (2)
i=l k=l

Fig. 10.3. The observed frequency of dry spell runs during the October – May period at Ma-
henge
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or 
3 n m  3

Fs =∑ ∑ ∑ Fijk =∑ Fj (3)
j=l i=l k=l  j=l

for bimodal locations and 
8 n m  8

Fs =∑ ∑ ∑ Fijk =∑ Fj (4)
j=l i=l k=l  j=l

Table 10.1. Observed distribution of maximum runs of wet spells 

Station Oct Nov Dec Jan Feb Mar April May

Bimodal Bukoba 10 13 14 11 23 16

Stations Mwanza 9 14 10 9 11 8

Musoma 10 12 13 10 11 12

Same 6 10 9 9 10 11

Lushoto 8 11 8 10 25 18

Tanga 9 13 7 6 11 15

DIA** 6 11 9 11 17 14

Unimodal Kigoma 9 9 12 5 7 6 16 12

Stations Mpanda 9 17 10 11 12 10 9 4

Tabora 5 17 18 10 8 11 10 6

Sumba* 4 10 14 12 11 11 12 6

Mbeya 5 8 20 28 13 11 15 7

Iringa 2 6 12 12 11 13 11 6

Songea 2 12 14 15 11 14 13 13

Mahenge 5 9 19 16 14 17 28 10

Tunduru 2 7 10 11 9 10 6 4

Mtwara 3 6 10 11 10 11 17 10

Loliondo 6 7 17 12 7 8 12 9

Ilonga 9 14 8 8 8 8 12 11

Singida 3 4 12 9 12 12 9 3

Dodoma 2 7 10 9 8 7 8 4
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for unimodal locations, where n is the longest possible dry or wet spell. Bimodal 
locations experience rainfall between October and December (vuli) and between 
March and May (masika) while unimodal stations ob-serve seasonal rains between 
October and May in the subsequent year. So from (3), j =1 on the first day of Octo-
ber (March) for vuli (masika) and j = 92 at end of December and May respectively. 
Similarly, from (4), j = 1 on first of October and j = 243 or 244 at end of May. Clima-
tologically, the wet seasons lasts for 3 (8) months on bimodal (unimodal) locations 
as also presented by Alusa and Gwage (1978) and Ogallo and Chillambo (1984). 

10.4
Results on the Frequency of wet/dry spells

The observed frequency of wet and dry spells during the rainfall seasons over the pe-
riod of study showed that at both bimodal and unimodal locations the frequency of 
occurrence of one-day wet/dry spell was highest at all locations then decreased grad-
ually as the length of the season progress as shown in figures 10.2 and 10.3. Ogallo 
and Chillambo (1984) also observed similar frequency run patterns in Tanzania.

The spatial observed distribution of maximum runs of wet spells is presented in 
Table 10.1. Wet spells of longer durations of over 10-days were dominant over high 
lands and close to large water bodies including Lakes Victoria and Tanganyika and 
along the coast. The longest run of wet spell of 25-days was observed during March–
May (masika) rainfall season at Lushoto over the north eastern highlands on the 
bimodal regime. Similarly, longest run of wet spells of 28 days was also observed 
at Mbeya and Mahenge over the southwestern highlands on the unimodal regime. 
Ogallo and Chillambo (1984), also using daily rainfall data for the period 1950 to 
1980, observed longest wet spells of 47 days at Mbeya over the south western high-
lands of Tanzania.

Similarly, the spatial distribution of observed maximum runs of dry spells is giv-
en in Table 10.2. They were found to be prevalent over the semi arid areas of Tanza-
nia. The longest frequency run was observed at Dodoma, which registered 249 days 
that occurred in 1999. Alusa and Gwage (1978) and Ogallo and Chillambo (1984) 
observed longest dry spell run of 61 days over central Tanzania. However, this study 
indicates that several stations exceeded this limit. The years with longest dry spells 
occurred in 1998/1999/2000 period when the region observed persistent drought as-
sociated with cold El Niño–Southern Oscillation (ENSO) events also called La Niña 
events as indicated by Redmond and Koch (1991) in the classification of El Niño and 
La Niña Winters. The return period of the ENSO events varies from 2 to 7 years, their 
intensity and duration vary and are hard to predict. ENSO events are noted to last 
from 14 to 22 months and said to be much longer or shorter (Glantz et al. 1991).

10.5
Conclusions

The results of this study show the spatial statistical distribution of the dry and wet 
spells that can be expected in any season during the 41-year period. The observed 
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frequency distribution of wet/dry spells showed that the frequency of occurrence 
of one-day wet/dry spell was highest at all locations and decreases gradually as the 
length of the spells progresses over time. Wet spells of longer durations of over 10-
days were dominant over high lands and close to large water bodies of Lakes Vic-
toria and Tanganyika and along the coast. This study indicates that several stations 
are recording fewer wet spells. Conversely, the number of dry spell run was noted 
to escalate in the semi-arid regions of Tanzania exemplified by Dodoma.

Enhanced dry spells and reduced wet spells in a location always has an effect 
on the available green water use efficiency as reflected by water balance in the soils 
expressed in terms of transpiration and rainfall availability for meaningful agri-
culture. Combating land degradation processes may therefore be successful if ap-
propriate measures including approaches to mitigate wet/dry spells are adhered to. 
These results may therefore constitute some useful information to monitor and as-
sess land degradation and hence strategies to restore degraded land in Tanzania. 
Further strategies may include continued research on land degradation and rain-
fall monitoring, combining model findings with empirical studies at farm and vil-
lage levels and timely transfer of rainfall information to end users.

It is expected that the Government will continue in future to adequately assist 
Tanzania Meteorological Agency and other research institutions in the country to 
enhance their contribution in accelerating the pace of economic growth and attain 
the United Nations Millennium Development Goals by 2015. 
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CHAPTER 11

Climate Variability, Climate Change 
and Land Degradation
Beverley Henry, Greg McKeon, Jozef Syktus, John Carter, Ken Day, 
and David Rayner 

Abstract. Effective response by government and individuals to the risk of land 
degradation requires an understanding of regional climate variations and the im-
pacts of climate and management on condition and productivity of land and veg-
etation resources. Analysis of past land degradation and climate variability pro-
vides some understanding of vulnerability to current and future climate changes 
and the information needs for more sustainable management. We describe experi-
ence in providing climate risk assessment information for managing for the risk of 
land degradation in north-eastern Australian arid and semi-arid regions used for 
extensive grazing. However, we note that information based on historical climate 
variability, which has been relied on in the past, will now also have to factor in the 
influence of human-induced climate change. Examples illustrate trends in climate 
for Australia over the past decade and the impacts on indicators of resource condi-
tion. The analysis highlights the benefits of insights into past trends and variability 
in rainfall and other climate variables based on extended historic databases. This 
understanding in turn supports more reliable regional climate projections and de-
cision support information for governments and land managers to better manage 
the risk of land degradation now and in the future. 

11.1
Introduction

The interaction between climate, human activities and land condition is complex. 
The extent to which land management practices affect the condition of the land 
is influenced by climatic factors, and conversely, the climate restricts the range 
of land management practices that can be sustainably employed. These interac-
tions, and their consequences, can lead to a deterioration of land condition which 
in turn has been shown to have impacts on the atmosphere and future climate. 
Hence, when discussing climate variations and land degradation, it is critical to be 
aware of the complex processes and feedbacks that occur on a range of temporal 
and spatial scales. Many of these processes and feedbacks are only partially under-
stood, and so sustainable practices will inevitably be planned against a background 
of limited scientific understanding and uncertainties surrounding future climate 
changes. 

Nevertheless, there are good reasons to act. It is widely accepted that land use 
practices must minimise land degradation in order to be sustainable in the long-
term. It is also widely accepted that climate variations are an important contribu-
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tor to the degradation of productive and natural lands. Many of the countries most 
severely affected by land degradation are already economically disadvantaged and 
their scope to withstand any downturn in productivity is limited. However, land 
degradation is a global issue affecting both developed and developing nations. 
Global efforts to understand how climate variability has contributed to resource 
damage and how current and future climate change may further exacerbate the 
damage is critical for economic and environmental sustainability. There is a clear 
need for continued research into global and regional climate systems, seasonal cli-
mate forecasting, climate trends, risk assessments and communication of those 
risks to land managers. Decision support tools and policy development based on 
sound science are prerequisites for the sustainable and productive use of lands. 

A number of definitions of land degradation and desertification have been pro-
posed, and the choice of definition will impact to some extent on the interpretation 
of the role of climate. However, the definitional question will not be addressed in 
this paper. We will use, as the basis for analysis, the definition of the United Na-
tions Convention to Combat Desertification (UNCCD), i.e. land degradation is a 
“reduction or loss, in arid, semi-arid, and dry subhumid areas, of the biological or 
economic productivity and complexity of rain-fed cropland, irrigated cropland, or 
range, pasture, forest, and woodlands resulting from land uses or from a process or 
combination of processes, including processes arising from human activities and 
habitation patterns, such as: (i) soil erosion caused by wind and/or water; (ii) dete-
rioration of the physical, chemical, and biological or economic properties of soil; 
and (iii) long-term loss of natural vegetation”. The UNCCD further describes de-
sertification as “land degradation in the arid, semi-arid and dry subhumid areas re-
sulting from various factors, including climatic variations and human activities”. It 
is the role of climatic variations that provides the focus of this paper. 

The socio-economic aspects of land management in dryland regions, where 
profitability and long-term productivity is often marginal, compound the scien-
tific complexity of this issue. It is impossible to cover all aspects of this problem in 
a single paper and we do not attempt to do so. Rather, we describe one approach to 
analysing and addressing the relationship between climate and land degradation, 
derived from our experience in Australia. The United Nations Development Pro-
gramme (UNDP) estimated that there are 54 million km2 of drylands globally, rep-
resenting approximately 40% of land area. About 15% of this total is in Australia, 
with the majority in Asia (34.4%), Africa (24.1%) and the Americas (24%). While 
all drylands can be considered to be at risk of degradation, the extent of degrada-
tion at any point in time is difficult to assess, again raising definitional questions 
(Prince 2002; Walker et al. 2002). Perhaps the scale of the problem can best be 
summarised in the assessment of the UNCCD that over 250 million people are di-
rectly affected by land degradation, and that one billion people, many already suf-
fering severe poverty, in over 100 countries are at risk

In the discussion that follows, we focus on the arid and semi-arid rangelands 
that are used for grazing domestic livestock in Australia – about 406 million ha 
across the continent. European settlement in Australia, beginning a little over 
200 years ago, had a major impact on the landscape,. However, reliable records are 
available for only a shorter period (i.e. a little over 100 years). The processes of land 
degradation occur on a range of time scales and can be attributed to both natural 
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factors and human activities. Determining the causes of changes in land condi-
tion is not straightforward because natural climate variations and other, often re-
lated, natural factors such as wildfires interact with human-caused factors such as 
overgrazing, the introduction of animal and plant pests and inappropriate use of 
burning. A major study of eight well-documented episodes of degradation in Aus-
tralia’s rangelands provides an understanding of the natural and human factors 
that contributed to those regional episodes (McKeon et al. 2004). Following a dis-
cussion of what we have learnt from analysing those historical events, we provide a 
description of preliminary research on how land use, land use change and climate 
change may exacerbate the risk of land degradation in the future. To illustrate this 
aspect, we present the example of a dynamical climate modelling experiment in 
which feedbacks cause regional land degradation to exacerbate drought conditions 
in central Australia. Further research aimed at a better understanding of how land 
degradation and climate feedbacks operate through the carbon, energy and water 
balances will enable dynamical climate modelling to provide more accurate cli-
mate projections in the future and so support sustainable resource management.

11.2
The risk of land degradation in Australia

Agriculture remains the major land use in Australia, occupying 61.5% of the land 
area (7.6 million ha) with 56% used for the grazing of natural vegetation and a fur-
ther 2.5% used for dryland grazing on improved pastures (SOE 2006). Australia’s 
rangelands are environmentally diverse landscapes and are susceptible to the im-
pacts of rainfall variability. Rainfall is not only very low in Australia, with over 
50% of the land area receiving less than 300 mm median annual rainfall, but also 
highly variable on timescales from intra-seasonal to multi-decadal and longer.  A 
major driver of variations in rainfall on inter-annual timescales is the El Niño – 
Southern Oscillation or ENSO (e.g. Nicholls 1988), particularly in the north-east 
of the continent. 

In Australia, the combination of agricultural land use and high natural climate 
variability – particularly the occurrence of severe and protracted drought periods 
– presents a challenge for sustainable land management. This challenge has result-
ed in a national and regional focus on policies and research into natural resource 
management and climate science that provides a valuable foundation for respond-
ing to climate change. Examples include:

Australia has implemented a National Drought Policy that encourages rural 
land managers to manage for climate variations, but which also provides finan-
cial assistance to farmers in “Exceptional Circumstances”, i.e. in rare and severe 
drought events. The current definition of an exceptional circumstance is one 
that is rare and severe, assumed to occur on average once in 20 to 25 years, and 
that causes a severe downturn in farm income over a prolonged period (Botterill 
2003; Day et al. 2003). 
The Australian Bureau of Meteorology provides climate data and seasonal out-
looks that enable farmers and graziers to proactively minimise the risk of en-
vironmental and economic damage to their properties during unfavourable 
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seasons. The Bureau’s information is complemented by application-driven in-
formation provided by private companies and by State governments, e.g. the 
Queensland Government Long Paddock website (www.Longpaddock.qld.gov.
au) which provides rainfall outlooks and probabilities for pasture growth for 
the season ahead.
The National Agricultural Monitoring System (NAMS), coordinated by the 
Commonwealth government, brings together a large amount of information 
from national and State organisations for land managers. The NAMS informa-
tion supports the adoption of risk management strategies as well as the devel-
opment of submissions for Drought Exceptional Circumstances financial assis-
tance.

Responsibility for land management in Australia lies with State governments. This 
paper focuses on Queensland (northeast Australia) in which over 85% of the 173 
M ha land area is managed for grazing domestic animals. Most of this area is semi-
arid to arid grasslands and woodlands. These rangelands are sensitive to the highly 
variable rainfall regime, with the risk of long-term degradation also linked to to-
tal grazing pressure from the combination of domestic livestock, native herbivores 
(particularly macropods), and feral animals including rabbits, goats and camels. 
Management of fire frequency, woody vegetation proliferation, weeds, and vegeta-
tion removal are additional factors in the land degradation equation. 

In this chapter, an integrated approach to providing climate science informa-
tion to support better management of the risk of land degradation (Fig. 11.1) is de-
scribed. The approach is based on: (i) maintaining a comprehensive program of 
land and vegetation condition monitoring using both remote sensing and field as-
sessment; (ii) modelling rangeland systems to understand biophysical processes 
in historical, present and future contexts; (iii) modelling regional climate systems 
and providing climate projections on seasonal and longer timescales (e.g. 3 months 
to 50 years into the future); and (iv) engaging with government and the community 
to provide information on current resource condition and risks of degradation.

This approach illustrates the critical aspects of managing the risk of land degra-
dation in a variable and changing climate:

Objective assessment of land condition, and analysis of how the current condi-
tions compare with historical conditions; 
Understanding the climatic and socio-economic factors that contribute to pro-
ductivity loss, degradation and recovery of land and vegetation resources;
Climate risk assessments based on seasonal and longer-term outlooks, and an 
understanding of the reliability of these climate projections; and
Information and education on the risk of land degradation and desertifica-
tion, e.g. ‘safe’ livestock carrying capacities both now and under future climate 
change.
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11.3
Monitoring land condition and degradation risk

The objective assessment of land condition over the extensive and diverse land-
scapes that characterise Australia’s extensive grazing lands requires innovative 
monitoring techniques. In Queensland an extensive remote sensing program 
(Statewide Landcover and Trees Study, SLATS) uses moderate resolution (25m x 
25m) Landsat imagery to detect and map woody vegetation change (clearing or re-
growth) (www.nrw.qld.gov.au/SLATS). The Landsat analyses are used in combina-
tion with other products such as MODIS imagery to monitor resources on other 
spatial and temporal scales. Foliage projective cover and extent of bare ground are 
analysed to indicate rangeland condition. 

Bare ground (or its converse, ground cover) is sometimes used as a surrogate for 
land condition but time series of remotely sensed data may be difficult to interpret, 
even where trends in an index are detected accurately. For example, an increase in 
cover on grazing lands may be interpreted as improving land condition when in 
fact it is due to weed infestation rather than an increase in cover of edible peren-
nial grasses. Field verification is critical to confirm the interpretation of remotely-
sensed imagery. Land managers need to feel confident that the remote sensing can 
successfully monitor the risk of land degradation, and field verification is essential 
in establishing acceptance of the technique. Further, experience in Queensland has 
shown that maintaining ongoing field data collection programmes to support the 
objective monitoring of land condition is essential. Transect and point measure-
ments are used to calibrate the remote sensing programs and process models (e.g. 

Fig. 11.1. Illustration of the multi-faceted approach used in Queensland for monitoring the risk 
of land degradation in extensive semi-arid and arid grazing lands and providing advice for man-
aging the risk of land degrada-tion in a variable and changing climate



210 Beverley Henry, Greg McKeon, Jozef Syktus, John Carter, Ken Day, and David Rayner

www.nrw.qld.gov.au/slats; Carter et al. 2000). In addition, a program of Rapid Mo-
bile Data Collection covering the extensive area of rangelands (Hassett et al. 2006) 
provides a large database of quantitative, calibrated pasture attribute records as 
well as qualitative expert observations. Over the past 14 years, approximately half 
a million km were travelled as part of this program, and close to a million observa-
tions have been taken, with, on average, three attributes recorded per observation. 
These data provide a valuable record of field conditions and are supported by ex-
tensive photographic records. 

Complementary field and remote sensing programs deliver objective and reli-
able monitoring of the impacts of climate and management practices on the arid 
and semi-arid lands used for broadscale grazing. However, understanding the 
changes in the condition of these lands requires an understanding of biophysical 
processes that affect landscape conditions. In arid and semi-arid systems, available 
water often determines plant growth, which influences the availability of feed for 
domestic livestock and other herbivores, and, through ground cover, susceptibility 
to soil loss. A process model that reflects plant function and soil water balance is 
required to provide a basis for analysing how the landscape functions. 

Australian Grassland and Rangeland Assessment by Spatial Simulation (Auss-
ieGRASS) is a simulation model developed to monitor grass production and land 
cover, and to analyse the impact of climate variability on grazing lands. In the op-
erational system, AussieGRASS runs a calibrated and validated water balance and 
pasture growth model on a 5 km grid across the continent, although in extensive 
broadscale grazing enterprises data-availability often significantly limits the ac-
curacy of simulated values (Carter et al. 2000). AussieGRASS is based on the de-
terministic, point-based, daily time-step model GRASP (Figure 11.2), which sim-
ulates soil-water, pasture growth and cattle or sheep production (McKeon et al.
2000).  Simulations of other indicators, including carbon stocks and grass cover, 
make the framework a valuable environmental calculator for rangelands. 

Total precipitation provides only a partial indication of drought impacts, where-
as pasture response, measured as growth, biomass and cover, provides a better as-
sessment of the impact of drought on rangelands, and a more realistic ranking of 
the current conditions in a historical context. Pasture growth integrates additional 
climatic factors such as temperature, humidity, solar radiation and the pattern of 
rainfall, as well as the initial condition of the ecosystem (particularly grass basal 
cover and soil moisture). 

AussieGRASS generates pasture simulations in near-real time, and the model 
is also linked to a seasonal climate forecast system (currently the SOI-Phase sys-
tem, Stone et al. 1996) to provide outlooks for three months ahead. By taking into 
account livestock numbers, AussieGRASS can also assess grazing pressure, and 
therefore be used to indicate degradation risk and identify opportunities for im-
proved management. Climate risk assessments provide land managers with infor-
mation to support proactive decision-making and during drought the information 
is also used to advise the government about the risk of land degradation. Hence 
spatial modelling and climate risk assessment in arid and semi-arid rangelands can 
produce benefits at the enterprise and regional scale, as well as providing an equita-
ble and objective assessment of pasture status in different Australian regions. 
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AussieGRASS is used to generate information products tailored for land man-
agers, and for assessing the impacts of droughts. These products are made available 
in near-real time, and for the season ahead. However, the process-based modelling 
framework also makes AussieGRASS a useful generic environmental calculator. 
Thus AussieGRASS is used to analyse current and emerging issues of critical im-
portance to natural resource management in Queensland such as landscape water 
balance, climate change impacts, carbon stocks in vegetation and soils, and impact 
of grazing on groundcover and sediment loss. Research is continuing to improve 
the accuracy of simulations and create new applications to support priority policy 
issues for government. 

11.4
Climate information 

High quality climate data, as both historical information and future projections, 
are a critical requirement for analysing the processes of resource condition. The 
Australian Bureau of Meteorology (BoM) provides daily national meteorological 
data. The Silo project, a collaboration between the Queensland Government and 

Fig. 11.2. Components of the rangelands systems, applicable to the grasslands and woodlands 
that characterise the extensive grazing lands of northern Australia, as simulated using the 
GRASP pasture growth and water balance model in the AussieGRASS spatial simulation frame-
work
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BoM, provides unbroken time-series of daily interpolated climate data from 1889 
to the present. Silo was initiated in 1997 in response to the need for long time-se-
ries of daily climate data for use in biophysical modelling applications, particularly 
for agricultural, water and rangeland management. Silo allows spatial models such 
as AussieGRASS to provide analyses of not only actual land condition, but also 
land condition ranked relative to conditions over more than a hundred years. Ex-
pressing current land condition in relation to history is critical to support drought 
policy where financial assistance is based on ‘rare and extreme’ conditions. The ap-
proach is also useful for showing trends and changes over time. 

Time-series of historical data are also required for seasonal forecasting or cli-
mate risk assessments that are based on analogue years, such as the SOI phase sys-
tem (Stone et al. 1996). Statistical modeling is used operationally to provide climate 
risk assessments using the AussieGRASS framework, but there is also a capability 
to link dynamical systems to the five km gridded surface, as described later in this 
chapter. Future developments in climate science will improve the accuracy of high-
resolution climate change scenarios, and it is may be possible to use these scenarios 
within AussieGRASS to simulate the impact of climate change on the risk of land 
degradation and on productivity (Hall et al. 1998).

11.5
Understanding past land degradation 
in Australia’s rangelands

An analysis of eight well-documented episodes of degradation in Australia’s range-
lands has provided insights into the factors that contribute to land and vegeta-
tion degradation (McKeon et al. 2004). Rainfall variability is a major driver, but 
land degradation is more than low moisture availability during droughts. Simi-
larly, recovery will not occur with one good season, and managing the breaking 
of a drought may be as important in avoiding long-term damage to grazed land-
scapes as managing the onset of dry conditions. A first step in understanding the 
sequence of conditions that precede the damage is, therefore, to understand the 
pattern of climate fluctuations, as discussed in the previous section, and the pres-
sures on the land imposed by natural and human activities. 

11.5.1
Climate regime

Australia’s climate reflects its location in the tropics/sub-tropics (approximately 
11oS to 39oS) and relatively small land mass in relation to surrounding oceans. Ta-
ble 11.1 summarises timescales of climate variations relevant to providing climate 
risk information for land management in north-eastern Australia. Climatic varia-
tions, particularly in rainfall, are the result of both the inherently chaotic nature 
of the climate system and also the effects of variations in sea surface temperatures 
and atmospheric circulation patterns (Fig. 11.3). The latter are to some degree pre-
dictable. Probabilistic seasonal climate outlooks in this region are based largely on 
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an understanding of the development of the ENSO phenomenon and its impact on 
rainfall. The strength of the relationship between ENSO and rainfall, and conse-
quently the reliability of ENSO-based forecasts, varies regionally and throughout 
the year. 

Farmers and graziers managing broadscale production against a background of 
highly variable rainfall would benefit from more reliable rainfall outlooks or cli-
mate risk assessments. However, even when the strength of signal is low, an under-
standing of regional climatology and the variability characteristic of the location is 
beneficial because it is recognised that a series of favourable years can lead to over-

Table 11.1. Major components of climate variation relevant to land management in Australian 
rangelands.

Climate system variation
Component

Time Period Literature Cited

Weather Daily/Weekly

Madden-Jullian Oscillation
(MJO) 

Intra-seasonal 
(30-60 days)

Donald et al.(2006)

Seasons Seasonal

Quasi-biennial 2.5 years White et al. (2003)

El Niño – Southern Oscillation
(ENSO

Inter-annual 
(2-7 years)

Pittock (1975); 
Allan (1985); 
Nicholls(1988); 
Nicholls (1991)

Quasi-decadal 9-13 years Noble & Vines (1993); 
White et al. (2003); 
Meinke et al. (2005)

Pacific Decadal Oscillation
(PDO) or Inter-decadal Pacific
Oscillation (IPO)

Inter-decadal Power et al. (1999); 
White et al. (2003)

Multi-decadal 30-100 years Hendy et al. (2003)

Climate Change components

Global Warming 
and Greenhouse

Since late-1800s Cai et al. (2005); 
Nicholls(2006)

Stratospheric Ozone Depletion Since 1970s Syktus (2005) ;
Cai et al. (2006) 

Asian Aerosols Since 1980s Rotstayn et al. (2006)

Land Cover Change Since mid-1800s Lawrence et al. (sumitted)

Milankovitch cycles or Ice Ages Thousands of years De Decker et al. (1988); 
Barrows et al. (2000)
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expectations of livestock carrying capacity, and that contributed to past episodes of 
land degradation (Fig. 11.4; McKeon et al. 2004).

A dominant influence on sustainable management of Australia’s rangelands is 
extended periods (more than three years) of above or below median rainfall (Fig. 
11.3). In these sequences of above-average years, stock and other herbivore num-
bers have built up, e.g. in the 1880s/90s, 1920s, 1950s, 1970s, 1998-2001. If com-
modity prices declined rapidly, graziers tended to retain stock in the hope of an 
upturn in market conditions. Examples of such a decline in prices in Australia 
were seen in the1890s due to global depression, 1925 when wool price collapsed, 
1929 due to a severe global depression, 1960s when wool and cattle price again de-

Fig. 11.3. Graphic illustration of the high variability in annual rainfall in Australia’s rangelands 
taking the example of average values for the 12 months from April to March averaged across the 
western New South Wales grazing lands and expressed as a percent anomaly of the long-term 
mean. The patterns of inter-annual and inter-decadal variability can be related to state of ENSO 
and the Pacific Decadal Oscillation
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clined, and 1974 with a beef price collapse.  High stocking rates and poor markets 
provided conditions more likely to result in degradation of arid or semi-arid range-
lands if drought sets in. A severe drought in combination with high stock numbers 
can then result in loss of ground cover and resource damage. Recovery can occur 
relatively rapidly with a sequence of above-average rainfall years, but if there has 
been a loss of topsoil, depletion of seed stores, and related long-term degradation. 
In some cases, recovery could require decades or the resource may not return to 
its previous state. 

These analyses highlight the value of an integrated approach to assessing the 
risk of land degradation. Reducing stock numbers early when going into a dry pe-
riod will conserve ground cover and reduce degradation. Information on current 
condition and seasonal outlooks provides support for more sustainable manage-
ment decisions especially on suitable stocking rates.  Ground cover and pasture 
biomass monitored using satellite imagery and field data, combined with seasonal 
climate forecasting systems and pasture growth modelling, provide the basis for a 
seasonal conditions report, climate risk assessment and drought alert. Integrating 
such assessment with information on stock numbers and total grazing pressure en-
ables the degradation risk to be estimated and provide an alert system for severe 

Fig. 11.4. Degradation episodes recorded in regions of Australia’s range-lands as described by 
McKeon et al. 2004
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conditions. Delivery to graziers by email or website provides timely support for re-
sponsive management.  

11.5.2
Climate change and land degradation 

Key requirements for climate risk assessment are understanding of: (1) the inter-
action of climate and management practices on land condition; and (2) the reli-
ability of climate outlooks. Seasonal forecasts have been developed using statistical 
systems but climate change means that the past climate may not provide a reliable 
guide for future conditions. The threat to land and vegetation in arid and semi-arid 
regions, in particular, may be greater than previously experienced (IPCC 2007). 

Australia experienced protracted dry conditions with a strong El Niño in 
2002/03 and this resulted in severe drought in much of the east and south-west of 
the continent (Fig. 11.5). In some of these areas, there had not been a return to aver-
age rainfall at the time of writing (February 2007). Although graziers have reduced 
stock numbers, the extended dry conditions have resulted in groundcover loss, tree 
death, and dust storms and other evidence of soil loss and land degradation (R. 
Hassett, Queensland Department of Natural Resources and Water, Pers. Comm.).

Fig. 11.5. Rainfall for the period April 2001 to January 2007 ranked relative to historical values 
since 1890 shows that large areas of Australia’s rangelands have experienced extremely dry con-
ditions with many in the lowest percent of records
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The extensive dry conditions since 2002 are only partly due to the state of the 
ENSO. Factors that have contributed to the decline in rainfall include very warm 
conditions in the central equatorial Pacific Ocean, large-scale changes in the hemi-
spheric circulation related to stratospheric ocean depletion, and changes in land 
cover (Watkins 2005). 

11.5.3
Future climate variations and land degradation

Climate change is expected to increase vulnerability of arid and semi-arid re-
gions to degradation. There is growing evidence that the frequency and extent of 
droughts has increased as a result of global warming. The fraction of land surface 
area experiencing drought conditions has risen from 10-15% in the early 1970s to 
more than 30% by early 2000 (Dai et al. 2004). There has been a general tendency 
towards increased precipitation in the high latitudes, particularly in the Northern 
Hemisphere, and decreased precipitation in semi-arid regions.  A global analysis 
showed that abrupt changes in rainfall are more likely to occur in arid and semi-
arid regions, and that this susceptibility is possibly linked to strong positive feed-
backs between vegetation and climate interactions (Narisma et al. 2007). It has not 
been possible to determine the cause of rainfall decline in eastern Australia (Nich-
olls 2006), but the observed trends are consistent with broader changes observed in 
the global sub-tropics (Dai et al. 2004; Vecchi et al. 2005).

Analysis of the observed Australian climate record since 1950 shows that mean 
surface temperatures have increased by approximately 1oC on average, that there 
has been an increase in the frequency of heatwaves and a decrease in the occur-
rence of frosts, and that rainfall has decreased across eastern Australia and in-
creased in the north-west (Manins et al. 2001; Smith 2004; Nicholls 2006). 

During the past decade there has been a strong and persistent rainfall deficit in 
eastern Australia and similarly the reduced rainfall conditions in the south-west 
corner of Australia have continued. Reductions of up to 20% in annually averaged 
totals are common across large regions of the continent (Fig. 11.6a). At the same 
time large parts of north-western Australia have experienced a significant rainfall 
increase of greater than 30%. The persistent changes in the pattern of rainfall over 
the continent have placed significant stress on ecosystems and landscapes. The de-
cline in rainfall over this period has resulted in an even greater reduction in soil 
moisture and a significant reduction in environmental river flows. The reduction in 
available soil moisture combined with increasing surface temperatures (Fig. 11.6b) 
contributes to lower plant growth, loss of ground cover, thus increasing the risk of 
erosion. The potential flow to stream simulated by the AussieGRASS model using 
daily observed climate parameters shows a reduction of 40 to 60% over the conti-
nent (Fig. 11.6d). 

Climate risk assessment and climate forecasting skill have been shown to be 
important in improving decision making in the rangelands of Australia. Howev-
er climate risk information for Australia has been based largely on the behaviour 
of ENSO. A challenge for assessing the risk of land degradation in the future is to 
develop a climate forecasting capability that can account for both human-induced 
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and natural climate variations, especially on quasi-decadal to longer time-scales. It 
is no longer possible to assume that the next 30 years will be some random sample 
of historical climate variations and existing statistical systems will need to be mon-
itored for assessing whether they retain the skill in assessing the probabilities of 
ENSO development and associated seasonal rainfall. New approaches are therefore 
needed to more accurately estimate seasonal climate risk and provide projections.

Fig. 11.6. Observed and simulated anomalies in annual (a) rainfall, (b) mean surface tempera-
ture, (c) soil moisture in upper 1metre of the soil profile, (d) potential flow to stream, (e) pasture 
growth and (f) pasture cover, for the period 1993-2006 expressed as a percent of averages for 
1970-1992. 1970-1992 is assumed to represent the long-term ‘normal’ conditions
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Global Climate Models (GCMs) are increasingly being used to interpret histori-
cal climate variability and to provide seasonal climate forecasts based on current 
sea-surface temperatures, i.e. conditions that include global warming. Interpreta-
tion of natural climate variations will benefit from improved historical datasets 
such as those being developed by the Atmospheric Circulation Reconstructions 
over the Earth (ACRE) initiative. The ACRE project involved recovery of historical 
instrumental surface data and using this to improve and extend the time series of 
digitised records. These data will then support surface observations-based reanaly-
sis with sufficient data coverage to be valid globally to the mid-19th century (Dr Rob 
Allan, Hadley Centre for Climate Change, Met Office, UK, Pers. Comm., Compo et 
al. 2006). The reanalysis products are expected to also provide an observational ba-
sis for assessing ocean-atmosphere model integrations simulating anthropogenic 
effects on recent climate and allow current and future climate change impacts to be 
assessed against a reliable background. However, a major challenge remaining for 
climate scientists is to link low resolution (e.g. 2o) climate models with historical 
climate data to create high resolution, e.g. (0.05o) spatial biophysical models (e.g. 
Syktus et al. 2003).  With such models, the impacts of a range of climate change 
scenarios can be tested to support the adoption of appropriate adaptation strate-
gies for future conditions. 

In summary, the risk of land degradation will be better managed with (1) an un-
derstanding of past trends and variability in rainfall and other climate variables; 
(2) plausible regional climate change projections; and (3) a basis for resource man-
agers and government policy to more confidently change decisions in response to 
a likely changing climate.

Acknowledgements

The contribution of many climate and rangeland scientists is gratefully acknowl-
edged. Particular thanks go to Robert Hassett for expert advice on land condition 
and degradation risk across Queensland over more than a decade and Alan Pea-
cock for preparing many of the figures. The financial support of the World Meteo-
rological Organization (WMO), Department of Natural Resources and Water and 
Meat and Livestock Australia to attend the International Workshop on Climate 
and Land Degradation is gratefully acknowledged.

References



220 Beverley Henry, Greg McKeon, Jozef Syktus, John Carter, Ken Day, and David Rayner

.

th

rd th

 (In review)

.



Chapter 11: Climate variability, climate change and land degradation  221

J. Climate

th

53

th

.



CHAPTER 12

Fire Weather and Land Degradation
Opha Pauline Dube

Abstract. Recent years have witnessed a global increase in more intense, wide-
spread and frequent fires that threaten human security and ecosystems and con-
tribute to green house gas emissions which result in climate change with feed-backs 
on both fire patterns and land degradation. The interplay between fire weather-risk 
and land degradation is complex and involves several non linear inter-actions that 
influence trends in both fire patterns and land degradation processes. Majority of 
fires are lit by humans but the influence of humans on fire patterns is closely related 
to fire weather. Weather conditions are the main factors of fire readiness in a given 
fire prone area. Frequent and more intense fires reduce bio-mass supported in an 
area, affecting the productive soil layer which leads to soil erosion, change in spe-
cies composition and a general decline in biodiversity and hence land degradation. 
In this regard fire is an agent of land degradation which is defined here as a persis-
tent reduction in the capacity of ecosystems to supply services. In arid to semi-arid 
and dry sub-humid areas, extensive burning may be followed by low rainfall peri-
ods thus exposing soil to erosion agents such as heat, and wind and subsequent en-
croachment of the area by fast growing weeds when normal rainfall return which 
increases fire risk in that area than before.

Of major concern is how climate change will influence the interaction between 
fire weather and land degradation. Observations in different regions already link 
more intense fires witnessed in the past decade to climate change generated hot-
ter and drier summer weather, in addition to fire suppression practices. Prolonged 
drought under climate change is likely to intensify land degradation due to land 
use pressure setting conditions for the spread of more fast growing highly flam-
mable weeds during the onset of rainfall. Current evidence suggests that in arid 
to semi-arid lands, invasive highly flammable herbaceous species associated with 
degraded lands may out-compete native vegetation during abnormally wet periods 
under climate change. And with increased fire weather-risk, these areas will un-
dergo increased hot fires facilitated by accumulated dry highly flammable biomass 
of these invasive species and hence putting the landscape under a perpetual cycle 
of increased susceptibility to land degradation and fire. Future land degradation 
studies need to put greater emphasis on the role of fire weather for a better assess-
ment of burning conditions and interaction with land degradation processes.
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12.1
Introduction

Fires burn large areas annually in all continents, affecting boreal and temperate for-
ests, tropical forests, tropical and subtropical savannas, wood-lands and open for-
ests (Bond et al. 2005; Carmona-Moreno 2005) (Figure 12.1). About 168 million ha 
burn annually south of the equator in Africa; in the US the ten-year average of area 
burnt (1990-1999) was 1.5 million ha; and in Europe the annual burnt area reached 
740,379 ha during the 2003 drought (Goldammer and de Ronde 2004; Amatullia et 
al. 2007). Recent decades have experienced incidents of frequent, more intense and 
widespread fires that threaten human security, ecosystems and contribute large 
green house gases into the atmosphere and ultimately influence climate processes 
(Goldammer 1998; Soja et al. 2007). These fires have been linked to hotter and drier 
weather due to climate change in addition to land management (Stocks et al. 1998; 
Bond et al. 2003). There is a need for increasing our understanding of the effects of 
fire on the productivity of ecosystems, in particular, its interaction with land deg-
radation and resulting feedbacks (Bond et al. 2005; Soja et al. 2007).

Fire is a process of combustion which requires fuel (in this case vegetation), heat 
(by human or natural processes) sufficient to ignite available fuels and oxygen to 
feed the chemical reaction (oxidation) that occurs during the process of burning 
(Stocks et al. 1997; Trollope et al. 2004). The process of combustion and spread of 
burning is closely linked to climatic factors such as precipitation, temperature and 
wind and these define the fire weather. Fire weather influences:

Fig. 12.1. MODIS Global fire map for period: 07/30/06–08/08/06 (2006211-2006220). An accu-
mulation of active fires over a 10-day period detected by MODIS on board the Terra and Aqua 
satellites. Each colored on the map dot indicates a location where MODIS detected at least one 
fire during the compositing period. Color ranges from red where the fire count is low to yellow 
where number of fires is large. (Credits: Fire maps by Jacques Descloitres, MODIS Rapid Re-
sponse System at NASA/GSFC; Fire detection algorithm by Louis Giglio; Fire locations pro-
duced by the MODIS Rapid Response System since mid-2001 and Background image created by 
Reto Stokli) (http://rapidfire.sci.gsfc.nasa.gov/firemaps/)
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Pre-fire conditions that determine if a fire will occur at all
The process of burning which relates to the spread and intensity of the fire and 
The post-fire period that is, the short and long term consequences of fire (Pyne 
et al. 1996). 

A combination of these meteorological parameters and other factors such as soil 
fertility, topography, herbivore and land management in general can increase or 
decrease fire-weather risk and influence the effect of fire on the landscape (Van 
Wilgen and Scholes 1997; Goldammer and de Ronde 2004). 

The importance of fire in shaping ecological processes has long been recognized 
(Frost and Robertson 1987; Pyne 1995; Pyne et al. 1996; Goldammer and de Ronde 
2004). For example, rainfall and landscape factors may define the distribution of 
forests but the actual location of forests is influenced by fire patterns (Geldenhuys, 
1994; Bond et al. 2004). Under natural conditions fire is considered to be one of the 
most important rejuvenating factors in nearly all forest ecosystems (Hagner 1999; 
Keeley and Rundel 2005; Savadogo et al. 2007). It is known to stimulate seed ger-
mi-nation in different Acacia species in semi-arid lands and there are indications 
that smoke treatments from fires can be of use in the propagation of economically 
important wild plants (Kulkarni et al. 2007). In the boreal region wildfire ignited 
by lightning clears old and dead trees thus opening space for new seedlings and in-
creasing availability of nutrients and in the process maintaining age structure, spe-
cies composition, and the floristic diversity of these forests (Pyne et al. 1996; GEO 
3 2002; Beverly and Martell 2005; Soja et al. 2007). 

While the ecological role of fire is well documented, its broader role in environ-
mental processes and resulting feedback on climate and ultimately livelihood sys-
tems has until recently received limited attention (Pyne et al. 1996; Van Wilgen et 
al. 1997; Goldammer 1998; Gonzalez-Perez et al. 2004). Recent work has shown 
that in addition to its known ecological dimensions, fire is also an important land 
use tool, a growing global hazard and a factor in climate processes with feed backs 
on land degradation (IPCC 2001a; Dube 2005; Goldammer and de Ronde, 2004).

Land degradation, which occurs in all continents that have dryland areas (Asia, 
Africa, Australia, America and to a lesser extent Europe) has received wide inter-
national recognition since the 1970s following the devastating drought in the Sa-
hel region and the subsequent establishment of the UN Convention on Combating 
Desertification (UNCCD) in 1994 (MA 2005b; WMO 2005). The UNCCD defined 
desertification as “land degradation in arid, semi-arid and dry sub-humid lands 
resulting from various factors including climatic variation and human activities”. 
Land degradation is defined as the reduction or loss of the biological or econom-
ic pro-ductivity of dry lands (MA 2005b). Changes in fire regimes due to climate 
change are likely to extend susceptibility to land degradation to, for instance, hu-
mid-temperate and boreal zones, regions which are not normally considered to be 
the most vulnerable to this phenomenon (Hagner 1999; Soja et al. 2007; Groisman 
et al. 2006).

Drylands are marked by seasonal moisture patterns, a factor which also makes 
them fire prone areas (Feddema and Freire 2001; Goldammer and de Ronde 2004; 
Soja et al. 2007; MA 2005b). Water scarcity limits plant production and other eco-
system provisioning services in these regions (Nicholson 2002; Leemans and Klei-
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don 2002). Drylands are home to a third of the global population, majority of which 
are greatly depended on ecosystem services than in any other region (MA 2005b; 
Nicholson 2002). But about 20% of these regions are already degraded and scenar-
ios of future development point to intensification of land degradation if interven-
tions are not made (Feddema and Freire 2001). Sub-Saharan and Central Asia are 
the most vulnerable (MA 2005b). Land degradation affects 46% of the surface area 
of Africa and most of those residing in these areas live in poverty (WMO 2006; 
AEO 2002; AEO II 2006). 

Although fire occurs over a short time and has visible immediate impacts in 
contrast to the slow and somewhat imperceptible processes of land degradation, 
both processes are strongly driven by climate and also result in feedbacks on cli-
mate processes (Gitay et al. 2002; Foley et al. 2003). In addition to climate, topogra-
phy and land use management are also influential (Dukes and Mooney 1999). The 
interplay between fire, land degradation and links to climate carries multiple di-
mensions and will become more complicated under climate change. Depending on 
climate, topography and other factors, fire can lead to land degradation (MA 2005a 
and b). But under certain conditions, land degradation too can create conducive 
conditions for fire to thrive (Lovich and Bainbridge 1996). 

This chapter aims to highlight the link between fire-weather risk and land deg-
radation and potential feed backs. The focus of the chapter is on the role of fire 
weather on pre and post-fire effects on the landscape. Understanding the interac-
tions between fire- weather risk and land degradation and feed backs under the 
current climate will, hopefully help to model future trends and determine appro-
priate mitigation and adaptation measures required. The first section of the chap-
ter provides background on the land degradation phenomena, fire and fire weath-
er. This is followed by a section on the role of fire in land degradation, the interface 
between fire and land degradation and implications of climate change. The final 
section covers the need for international collaborations to mitigate the negative ef-
fects of fire on the landscape. 

12.2
The land degradation Problem

Land degradation processes result from reduction of vegetation cover through for 
example; frequent burning and subsequent exposure of soil to agents of soil erosion 
such as heat, wind and water (Shakesby et al. 2007). Ultimately this leads among 
others to fragmentation of the landscape; loss of soil fertility; change in vegetation 
species composition and loss of bio-diversity; salinisation in some regions; and 
siltation which reduces the capacity of reservoirs, increases susceptibility to flood-
ing and has negative effects on fresh water fish production (Lorup et al. 1998; Dube 
and Kwerepe 2000; Dube and Pickup 2001) (Figure 12.2). Depending on the land-
scape and other factors, degraded areas are quickly colonized by annual grasses 
and or woody weeds (bush encroachment) (Gitay et al. 2002; Leemans and Klei-
don 2002). 

Climatic factors such as large inter-annual variability in precipitation and ex-
treme temperatures contribute to increased vulnerability of dry lands to land deg-



Chapter 12: Fire Weather and Land Degradation  227

radation (Feddema and Freire 2001; Leemans and Kleidon 2002). In some parts 
of the Kalahari in Southern Africa annual precipitation during dry years deviates 
from the long-term average by as much as 80% (Geist and Lambin 2004). Dry land 
areas have poorly formed soils with low organic matter which make them highly 
susceptible to erosion processes once exposed (WMO 2006). The role of socio-eco-
nomic factors in addition to climate in land degradation processes have been not-
ed in various studies (Dube and Pickup 2001; IPCC 2001a; Vogel and Smith 2002; 
MA 2005b; Geist and Lambin 2004). Land use impacts that threaten ecosystem re-
silience in dry lands usually intensify over drought periods when demand for eco-
systems services far exceeds supply (Dube and Pickup 2001; AEO 2002; Gitay et al. 
2002; Geist and Lambin 2004; MA 2005b; AEO II 2006). Land degradation is an 
interactive process involving multiple factors among which climate variability and 
land use play a significant role (Reynolds and Stafford Smith 2002; Geist and Lam-
bin 2004; Lioubimtseva and Adams 2004).

12.3
Influential characteristics of fire in land degradation

In general about 90% of bush fires globally are lit by humans (Main and Haines 
1974; Frost and Robertson 1987; Pyne et al. 1996; Van Wilgen and Scholes 1997; 
Goncalves et al. 2006); some through arson, carelessness, prescribed burns, but 
majority of ignition sources are linked to population increase, livelihood systems 
practiced and the breakdown of traditional land management systems (Frost 1994; 
Goldammer and de Ronde 2004; Sheuyange et al. 2005). The number of fires lit 
does not always relate to area burnt for instance, in Alaska human ignitions ac-

Fig. 12.2. Sheet and gully erosion along drainage lines over areas with depleted vegetation due to 
overgrazing and other wood harvesting activities in the vicinity of a village in the North east 
District, Botswana. (Courtesy of M.B.M. Sekhwela)
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count for about 85% of the fires but only 10% of the area while the rest is due to 
lightning (Soja et al. 2007).

Most fire prone areas have a distinct wet period which allow fuel to accumulate 
and a dry period providing conditions for fire to easily ignite and spread quickly, 
hence the susceptibility of dry lands to fire (Beverly and Martell 2005; Keeley and 
Rundel 2005; Shakesby et al. 2007). These areas also tend to experience cycles of 
drought and exceptionally wet years; examples include Sub-Sahara Africa (Gold-
ammer and de Ronde 2004) and areas under the Mediterranean climate (the Medi-
terranean region, the coasts of California and Chile and the east coast of Australia) 
(Pyne et al. 1996; Gimeno-García et al. 2007; Goncalves et al. 2006). 

12.4
Fire Weather 

The effect of fire on land degradation depends on fire behavior which is mostly in-
fluenced by weather but also by topography and human activities. Land manage-
ment and herbivores can reduce fuel load or change the vegetation structure for in-
stance from grasslands to woody layers with limited herbaceous cover and hence 
lower the fire-weather risk environment (Van Wilgen and Scholes 1997; Dube and 
Pickup 2001; Moleele et al. 2002) (Table 12.1). Other land uses such as timber har-
vesting help open forests and increase susceptibility to fire as was the case for the 
1983 Indonesia fires (Pyne et al. 1996). The role of humans in fire patterns occur 
under a conducive fire environment (Pyne et al. 1996; Van Wilgen et al. 2004). 
Large fierce fires of 2000 in the United States of America were due to human in-
terventions including timber harvesting and years of fire suppression which led to 
expansion of fire sensitive species such as Calocedrus decurrens (Torrey) and Florin 
(incense-cedar) but also the severe drought experienced during that year (Frank-
lin 2006).

Fire weather defines the environment that is conducive for fire to occur. The ba-
sic elements in fire weather are meteorological factors: air temperature, precipita-
tion, relative humidity, wind speed (Table 12.2. and Fig. 12.3) (Van Wilgen and 
Scholes 1997). The effect of these variables on fire spread rates is the same in dif-
ferent regions for example, the savannas with fire fuel consumption of 500 g m-2

in arid zones to 1500g m-2 in sub-humid experience similar effects as humid bo-
real and temperate ecosystems where forest fuel can be as high as 4000-5000g m-2

(Stocks et al. 1997). 
Topography can influence fire weather in various ways. Depending on steep-

ness, slope influences wind speed and direction and also through soil moisture it 
influences fuels load (Geldenhuys 1994). Rough terrain may change direction and 
variability of wind speed affecting fire spread and ability for fire to be suppressed 
(Geldenhuys et al. 2004). Soil fertility combined with rainfall influences fuel type 
and density. Aspect influences amount of rainfall and exposure to the sun. Fuels 
that are located on slopes facing the sun are likely to loose moisture rapidly and 
therefore have a higher fire-weather risk. 
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12.4.1
Fire season

Meteorological factors are instrumental in determining the fire season i.e. the pe-
riod over the year when the fire-weather risk is at its highest and fires are most 
likely to occur (Fig. 12.3). In Botswana, south of the equator, the fire season begins 
around August and reaches its peak in September after which it declines. Temper-
atures are high over November to March in Botswana but few fire incidents occur 
at this time due to high relative humidity (RH) and moisture in the fuel since this 
is the wet season (Figure 12.3). For the African savannas north of the equator, the 
peak fire season is in January when rainfall reaches the lowest levels, less than 25 
mm (de Ronde et al. 2004). 

Lighting fires are more likely between October and January in Southern Afri-
ca at the beginning of the wet season, when thunderstorms are active. In contrast 
majority of human induced fires occur within May to September (de Ronde et al. 
2004) extending from winter to the dry season. In general early dry season fires i.e. 
at the onset of the dry season, when the vegetation is still moist, are less harmful 
than middle to late dry season fires, when vegetation has lost most of the moisture, 
air temperature is high and relative humidity RH is low (August to October for 
much of Southern Africa) (Figure 12.3). Frequent middle to late season fires are the 
most destructive because in addition to reduction of vegetation cover they may kill 
the seed bank and emerging plants and destroy soil properties as noted below. 

Table 12.1. Fire scars relative to distance from water source on historical Air Photographs in 
Ranch 19 in the Hainaveld, Ngamilad District, Botswana. The scars were visually identified using 
tone, texture and shape and assessment of their spatial dimension was also estimated visually.

 Year Zones* Fire scar Average of 5year Rainfall 
compared to long term annual 
mean of the area**

1957 1 Limited area burned > Mean

2 Moderate to extensive burn

1973 2 Moderate to extensive burn > Mean

3 Moderate to extensive burn

1983 – None at all distances < Mean

1991 2 Limited area burned < Mean

1996 2 Limited area burned < Mean

3 Moderate to extensive burn

* Zones mark distance from the water source such that Zone 1 = 0-1.5 km: Zone 2 = 1.5-3 km: 
and Zone 3 = 3-5km. 
**Long term mean annual rainfall is 450mm
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In addition to the fire season there is also a difference in fires in terms of timing 
within a day. Night or morning fires are likely to be cooler and of lower intensity 
and hence less destructive than day time fires when temperatures are higher.

12.4.2
Types of fire

There are different types of fires and these have different impacts on the landscape. 
Using fuel types, especially vertical projection, which are defined by climatic fac-
tors, fire has been categorized into different classes: ground fires that burn organ-
ic matter underground; surface fires that burn litter, grasses and shrubs (Figure 
12.4); and crown fires that cover the crown layer fuels (Trollope et al. 2004; Gov-
ender et al. 2006). Other classifications of fire are based on spread in relation to 
wind and position of fire in relation to fire perimeter: a head fire is a surface fire 
driven by wind hence it burns in the direction of the wind; a back fire is a fire that 
burns against the wind and or down slope; flank fire is intermediate to the other 
two; and spot fires are caused by burning embers carried a distance from the head 

Table 12.2. Elements of fire weather and their relation to fire (Sources: Frost and Robertson 1987; 
Pyne et al. 1996; Van Wilgen and Scholes 1997; Goldermmar and de Ronde 2004)

Elements of Fire 
weather 

Interaction with fire

Wind Affects the rate of fire spread i.e. it provides oxygen for fire to burn 
and helps to dry fuel ahead of the fire which further facilitates 
burning. This positive relationship with fire occurs for head fires 
in particular and up to a certain wind speed after which for the 
case of grasses for instance, the rate of fire spread may be decreased 
(Trollope et al. 2004)

Air temperature Reduces fuel moisture hence fire is likely to be more in-tense 
at mid-day or during hot weather conditions when maximum 
temperatures occur. The positive relation with fire is maintained 
depending on other factors, such as precipitation.

Precipitation 
(rainfall heavy fog, 
dew, snow)

Determines quantity, type and condition of fuel which in-
fluences type and intensity of fire. For instance, there is a positive 
relationship between fire and rainfall. But precipitation also 
increases fuel moisture and hence reduces ability for fire to occur 
and as a result it also has a negative effect during certain periods. 

Relative hu-midity 
(RH)

Because the amount of moisture in the air affects fuel moisture 
content there is a negative relationship between RH and fire. RH is 
lowest in the afternoon and this increases the potential for fire to 
occur. Fire tends to occur during months of low RH depending on 
general plant moisture and other weather parameters such as wind 
(Figure 12.3).
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fire. In general slope has a positive effect on head fires and a negative impact on 
back fires. 

Fire types relate to heat energy produced and maintained during burning and 
as a result they have different effects on vegetation and soil. Surface fires burning 
as back fires in the grassland and savannas tend to maintain high temperatures 
for a slightly longer period than surface head fires and as a result they can depress 
the re-growth of grass more than head fires (de Ronde et al. 2004). Both head and 
back fires cause great damage on lower height shrubs. But when the shrub heights 
increases head fires have more effect due to the fact that they tend to have greater 
flame height than back fires (Pyne et al. 1996). 

12.4.3
Fire intensity

Fire intensity is the key factor determining the impact of fire on ecosystems and the 
probability for fire to give rise to land degradation. Meteorological factors together 
with fuel available to burn, affect the heat produced during burning, the amount of 

Fig. 12.3. Monthly mean rainfall, temperature and relative humidity (RH) related to fire distribu-
tion at Francistown, Botswana. The fire season begins roughly in August over the dry season, 
when vegetation has had nearly 3 months of no rainfall and by then temperatures begin to rise 
while RH declines. The peak of the fire-weather risk is in September when RH is below 30%. The 
fire season declines by end of October when rainfall peaks and RH increases. (Data was provid-
ed by the Department of Meteorological Services – Botswana)
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fuel burnt and the spread of a fire, all of which influence fire intensity. Fire intensity 
is given as follows (Trollope et al. 2004):

I = H x w x r

where, I = fire intensity (kJ s-1 m-1)
H = heat yield (kJ kg-1)
W = mass of available fuel (kg m-2)
r = rate of spread of the fire front (m s-1)

On average intense fires spread at rates of 30-60 m min-1 but exceptionally high 
speed fires of about 100 m min-1 have been registered (Stocks et al. 1997). For areas 
of lower fuel loads such as the savanna intensity levels rarely exceed 20 000 kW/
m-1 in contrast to boreal fires with levels between 50 000 and 100 000kW/m-1 occur 
(Stocks et al., 1997). In the Kruger National Park in South Africa it has been noted 
that for large fires to occur there is need for fuel in excess of 3500 kg ha-1 in addi-
tion to the dry hot weather (Van Wilgen et al. 2000). 

Because arid to semi-arid and dry sub humid areas experience a highly vari-
able climate, the fire-weather risk is also variable and this influence fire intensity 
and plant response to fire (Govender et al. 2006). High fire intensity is experienced 
when prolonged hot and dry conditions follow periods of high fuel production i.e. 
average to exceptionally wet years. Fire timing influences fire intensity and hence 

Fig. 12.4. A controlled surface fire at the Kruger National Park, July 2003. The fire burned the her-
baceous layer and shrubs of about 2m in height. (Courtesy of Diane Davies and Chris Justice)
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the level of damage on vegetation and soil (Hiers et al. 2000). In general high fre-
quency of fire-weather risk that results in high intensity fires is the most detrimen-
tal on ecosystems. Post-burn conditions such as level of land use pressure and rain-
fall experienced on burnt sites also determine the short and long-term effects of fire 
on the landscape (Pyne et al. 1996; Frost and Robertson 1987).

Understanding fire weather, fire season, fire type and intensity forms the basis 
for developing a fire danger index. Fire danger rating is a key factor in fire early 
warning systems providing information on the degree of fire-weather risk (Pyne et 
al. 1996; Pearce et al. 2005; Goncalves 2006).

12.5
Fire weather and land degradation

The need to use fire in land use management in developing countries contribute 
to frequent fire outbreaks while in developed countries past fire protection pro-
grammes and increased public access to forests are some of the factors that con-
tribute to outbreaks of large scale burning under high fire-weather risk (Frost 1994; 
Goldammer and de Ronde 2004 and GEO 3 2002). This section looks at how the 
different characteristics of fire behavior noted above interactively affect ecosystem 
productivity and contribute to land degradation. 

12.5.1
Effect of Fire on vegetation

The effects of fire on vegetation depend on a variety of factors among which is fire 
intensity, frequency, type and timing and vegetation type and post burn conditions 
(Hall 1994; Hiers et al. 2000). In the short term fire reduces vegetation cover while 
long term effects may include change in vegetation structure and species compo-
sition with implications on biodiversity and general productivity of the landscape 
(Shakesby et al. 2007).

12.5.2
Fire and vegetation structure 

The effect of fire on vegetation structure depends on tree species, height and diam-
eter in addition to fire type, timing and frequency. In general woody plants become 
more resistant to fire as their height increase (Tews et al. 2006). In grass fires for 
instance, in the savannas, high intensity and repeated burning kill young woody 
plants (less than 0.5 m to 2 m height) and seeds (Frost and Robertson 1987; Tews et 
al. 2006) (Figure 12.4). Ground fires damage shallow rooted tree species through 
injury to the roots (de Ronde et al. 2004). 

High intensity crown fires occurring during the late dry season can be very 
destructive on woody vegetation because they result in complete combustion of 
leaves, killing the aerial portions of trees and shrubs such that they can only re-
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sprout from the bottom (Figure 12.5). From experiments in Eastern Cape in South 
Africa crown and surface head fires were found to cause greater damage on shrubs; 
75% reduction in phytomass as opposed to crown and surface back fires with 42% 
reduction (de Ronde et al. 2004). 

Late dry season fires in southern Africa reduce the regeneration of Miombo 
species such as Baikiaea plurijuga and Guibourtia coleosperma (Geldenhuys et al. 
2004). About 44% of the of the total population of P. angolensis Miombo woodland 
species in Nagmiland in Botswana were found dead after the 1998 dry season fires 
(Ministry of Agriculture 1999). Frequent and intense day time prescribed burning 
in the Kruger National Park over the 1957-1991 period contributed to the decline 
in big trees (Van Wilgen 2004). 

The decline of large tress in particular, may also be due to herbivory in addition 
to fire. Elephants (Loxodonta Africana) for example, destroy large trees and accu-
mulate dead plant material on the ground which is easy to ignite. By so doing they 
change forest into open woodlands which are sus-ceptible to fires (Yeaton 1988; 
Geldenhuys et al. 2004). Others have also noted that in some cases the impacts of 
fire on woody vegetation might be event driven i.e. occurrence of a certain type of 
fire at certain threshold intensity may cause major damage in contrast to annual 
fires that are below threshold (de Ronde et al. 2004). 

Nevertheless, repeated burning progressively changes the vegetation structure 
to open shrub-woodland vegetation type which is a more fire prone system be-
cause of high grass biomass production (Bond et al. 2003 and 2004; Geldenhuys et 

Fig. 12.5. A fire scar with burnt shrubs resprouting from the base on the sandy soils Etsha – Gu-
mare area, western Okavango Delta in Ngamiland District in Botswana, 2003 (Courtesy of Bal-
akidzi Nduna)
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al. 2004; Van Wilgen et al. 2004; Keeley and Rundel 2005; Sheuyange et al. 2005; 
Franklin et al. 2006; Styger et al. 2007). Fire is noted to have had a role of stabilizing 
open vegetation formations by impeding establishment of forest species in the sub-
tropical South America zones now covered by grassland vegetation, despite the hu-
mid climatic conditions that allow for forest development (Bond et al. 2005; Over-
beck and Pfadenhauer 2005). Similar conclusions have been made for the grass-
lands of Ethiopia using Carbon isotope pattern in the soil profiles indicating that 
current vegetation patterns in fire prone areas reflect effects of past fire regimes 
(Michelsen et al. 2004). 

Areas of frequent burning result in reduced biodiversity and a landscape that 
supports fast growing flammable invader species which are known to colonize dis-
turbed areas (Bond et al. 2005; Sheuyange et al. 2005; Overbeck and Pfadenhauer 
2005; Franklin et al. 2006; Savadogo et al. 2007). Repeated fires may breed a fire 
loop i.e. the more the fires the more open the vegetation resulting in higher fire 
proneness which increases the fire return period (Frost and Robertson 1987; Keeley 
and Rundel 2005; Styger et al. 2007). Indications are that withdrawal of fire under 
favorable conditions i.e. with sufficient rainfall, invariably leads to the develop-
ment of a dense closed canopy which eventually develops into a forest with more 
diverse species composition (Frost and Robertson 1987; Bond et al. 2005; Sheuy-
ange et al. 2005; Franklin et al. 2006).

12.5.3
Fire and Biodiversity

One indicator of land degradation is loss of biodiversity and this can be en-
hanced by fire. The role of fire in biodiversity is however, complex and is also 
influenced by factors other than fire regime (defined in terms of fire frequency, 
season, severity and area burnt and the vegetation type) and post-fire conditions 
(Gill 1994; Hiers et al. 2000; Castellano and Ansley 2007). For example, Themeda 
triandra in East Africa increases under frequent burning and decreases if fire is 
excluded. But because this species is susceptible to drought in a semi-arid envi-
ronment, less burning or total protection will be most favorable (Frost and Rob-
ertson 1987). 

Frequent fire affects species richness because species have different fire toler-
ance levels. Fire tolerance include among others: developing insulating tissues in 
the young stages such as a thick, corky bark and high wood moisture and or a de-
veloped underground swollen root systems which grow coppice shoots after fire 
(Van Wilgen and Scholes 1997; Geldenhuys et al. 2004). Fire may favor certain spe-
cies and reduce or eliminate others under different conditions (Van Wilgen et al. 
2004; Savadogo et al. 2007). For the Fynbos ecosystem in South Africa, biodiversity 
is maintained through periodic burning. But this depends on the fire regime such 
that where the fire return interval is short then species such as serotinous proteas 
which mature after 3-10 years may not get adequate time to accumulate seedbank 
for species continuity. On the same token if the fire interval is longer the serotinous 
proteas may get extinct because very few seeds produce seedlings without post-
burn conditions (Geldenhuys et al. 2004). 
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Fire season has differential effects on the reproductive phenology and total flow-
er production in different species. Lightning-season fires have been found to cause 
more synchronized and delayed flowering within and among species in longleaf 
pine savannas in northern Florida (Hiers et al. 2000). Most plants burned prior to 
mid-April produced flowers before May while those burned in the late spring and 
summer did not produce flowers until July or August in longleaf pine savannas. 

Plant regeneration is also affected by fire season as noted for woody plants above. 
Several understorey species within the Fynbos regenerate best when exposed to au-
tumn fires (March-April) than winter fires (June, July and August). Frequent win-
ter fires may promote some species of Asteraceae which are known to suppress 
other species and create a fire hazard environment if allowed to occur at high den-
sity (Geldenhuys et al. 2004). But autumn burn only can result in high density of 
proteas hence the need for a mix of summer and autumn burns and limited winter 
fires to maintain biodiversity. While in the southern Great Plains in the USA, high 
intensity summer fires favored C4 over C3 grasses and this is thought to be due 
to differences in post-fire soil conditions such as increased temperature, reduced 
moisture and reduced mineralizable nitrogen while C3 grasses were negatively af-
fected by fire regardless of the season (Castellano and Ansley 2007). In general C4 
grasses are favoured by warm, dry conditions, have greater nitrogen use efficien-
cy (NUE) and store a larger proportion of their total N in belowground structures 
than C3 grasses (Dukes and Mooney 2001). 

A combination of fire and other disturbances on the landscape result in great-
er loss of biodiversity and the development of land degradation. In eastern Mada-
gascar the slash and burn agricultural practice has led to the loss of native species 
to exotic invader shrubs and herbaceous species (Styger et al. 2007). Low intensity 
early dry season burning can be detrimental if followed by heavy grazing of the 
emerging highly nutritious forage in post-burn areas because of loss of soil water 
required to sustain vegetation over the dry season. The same may apply to areas 
of severe burn if followed by intense post-burn herbivory activity or low rainfall 
resulting in recruitment failure (van de Vijver 1999; Geldenhuys et al. 2004; Van 
Wilgen et al. 2004). 

For the herbaceous layer the effect of fire on species composition is character-
ized by reduction in perennials species (Savadogo et al. 2007). In the Kruger Na-
tional Park in South Africa low diversity of grass species was linked to frequent 
and intense day time prescribed burning during the 1957-1991 period (Van Wil-
gen et al. 2004). Frequently burnt areas are eventually dominated by fire resistance 
species i.e. that have the capacity of regrowth after fire and the capacity for seeds 
to germinate after thermal exposure. These are usually annual and pioneer species 
which quickly establish themselves on post-burnt areas (Brooks and Pyke 2001). 

In an endeavor to reduce negative impacts of fire in the Kruger National Park, 
a range of thresholds relating to fire patterns which if exceeded signal that burn-
ing will progressively lead to loss of biodiversity were developed. These thresholds 
were based on fire-return interval, seasonal distribution of fires, and ranges of fire 
intensities and area burnt (Van Wilgen et al. 2004). However, it has been noted for 
the fire-dependent longleaf pine savannas known for their highest levels of ende-
mism in North America, that a variable fire regime (i.e. variation in fire seasons) 
might be a better approach to conserving biodiversity than relying on a particular 
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fire regime (Hiers et al. 2000). Similar conclusions have been made regarding fire 
severity (defined by biomass consumed) for the Fynbos (Geldenhuys et al. 2004; 
Van Wilgen et al. 2004). 

12.5.4
Impacts of fire on soil

As with biodiversity the impacts of fire on soils are very complex and vary with 
soil properties, soil moisture, slope, fire regime and fuel load and post-burn condi-
tions (Geldenhuys, et al. 2004; Gonzalez-Perez et al. 2004). Fire affects both physi-
cal and chemical properties of soils particularly the productive soil layer. Changes 
in the soil physical properties leads to loss of the productive soil, increased run-
off during wet periods, lower underground water recharge which increases water 
deficit over dry periods and thus increasing the intensity of drought over dry peri-
ods (Feddema and Freire 2001). These changes eventually contribute to the noted 
change in vegetation structure, species composition and general decline in biodi-
versity, all of which are features of land degradation (Gimeno-García et al. 2006; 
Shakesby et al. 2007).

12.5.4.1
Degradation of physical properties of soil 

The effect of fire on physical properties of soil result from indirect effects related to 
loss of above ground biomass leaving the soil exposed to agents of soil erosion: sun-
light, wind and rainfall/water which leads to soil degradation (Hall 1994; Gelden-
huys et al. 2004; Gonzalez-Perez et al. 2004; Gimeno-García et al. 2006). Fires in 
African savannas can consume about 70-90% of the herbaceous standing crop and 
grass litter leaving much of the soil exposed (Frost and Robertson 1987). On sites 
burnt annually for many years, infiltration rates have been found to be much lower 
than on adjacent unburnt sites, largely as a result of changes in soil surface struc-
ture (Frost and Robertson 1987; Savadogo et al. 2007). 

The effects of frequent intensive fire depend on soil type. In fine textured soils, 
aggregate stability is reduced and soil compaction may occur which gives rise to 
decrease in infiltration capacity and aeration and increased runoff (Frost and Reb-
ertson 1987; Gonzalez-Perez et al. 2004; Savadogo et al. 2007; Shakesby et al. 2007). 
In coarse textured soils, there may be a development of a water repellent layer in 
the soil profile resulting in reduction of runoff. Water repellency is due to organ-
ic matter transformed into vapour phase during burning and later condensed and 
chemically bonded to soil particles (Geldenhuys et al. 2004; Gonzalez-Perez et al. 
2004; Shakesby et al. 2007). 

In areas of steep slope, leaching occurs along with loss of fine particles down 
slope. In such cases, heavy runoff due to reduced infiltration capacity can be expe-
rienced even from mild rain showers. Frequent high intensity fires should be avoid-
ed on steep slopes. Reduction of infiltration leads to low water table, low soil mois-
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ture and increased siltation down slope which increases susceptibility to flooding 
(Shakesby et al. 2007). 

One of the immediate effects of fires on soil depending on heat produced dur-
ing burning is loss of soil moisture especially within the top soil layer and this has 
negative implications in vegetation productivity (Castellano and Ansley 2007). Soil 
has a low thermal conductivity and as a result it has been noted that temperatures 
recorded at 2 cm below the surface seldom exceed 35oC and below this depth there 
is almost no rise in temperature particularly for savanna fires which are generally 
of relatively lower temperatures (Frost and Robertson 1987). But in post-burn soil 
temperatures can be significantly higher than in areas not affected by fire, differ-
ences of 80oC compared to 23oC respectively have been noted (Frost and Robert-
son 1987; Geldenhuys et al. 2004; Gonzalez-Perez et al. 2004; Savadogo et al. 2007). 
These high temperatures combined with increased wind speed on bare post burn 
areas result in rapid loss of soil moisture in the top soil layer which usually is the 
most important in vegetation production. The effect of fire on soil moisture is likely 
to be greatly felt in arid and semiarid areas where water is already a major limiting 
factor in vegetation growth (van de Vijver 1999). 

12.5.4.2
Soil chemical properties

Chemical effects of fire are also very complex. Intense repeated burning has nega-
tive effect on soil chemical properties, first through loss of soil organic matter lead-
ing to loss of mineral nutrients through leaching although this varies depending 
on type of fire, soil and vegetation (Hall 1994; Michelsen et al. 2004). In Ethiopia 
decreasing carbon concentration downwards the soil profile and relatively high 
soil respiration were found in infrequently burnt forest and woodland in contrast 
to fire prone grassland systems suggesting loss of carbon during dry season fires 
which has implications on nutrient cycling (Michelsen et al. 2004). But in some 
cases there may be an increase in organic matter due to deposition of dry leaves 
and charred plant materials in fires that partially affect the tree canopy (Gonzalez-
Perez et al. 2004). 

In the savannas where soil nutrients are concentrated in the surface soil, fire in-
duced erosion gives rise to depletion of the nutrient status of the soil, in addition to 
reduction in soil depth and water holding capacity. The soil top layer is the most af-
fected because it is the most exposed to thermal effects of fire. However, others have 
also noted in the case of the savannas, where grass cover dominates, that the effect 
of few dry season fires on soil nutrients can be limited because by then the growth 
of most grasses is retarded and nutrients are relocated to underground storage or-
gans (van de Vijver 1999; Castellano and Ansley 2007). 

The effect of fire on chemical properties of soil can be divided into two catego-
ries i) rapid mineralization of organic matter into ash, and ii) change in microcli-
mate which affects rates of decomposition and mineralization (Frost and Robert-
son 1987; Pyne et al. 1996; Johansen 2001). In the short term, fire causes a drastic 
reduction in soil microbial biomass. Burning has been observed to favour bacteria 
over fungi which is less fire tolerant (Gonzalez-Perez et al. 2004). 
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Initially fire releases mineral nutrients in the form of ash into the top soil layer 
hence making it readily available for plant use. The fertilization effect of fire which 
is partly a result of increased presence of N-fixing bacteria after wildfires and an 
increase in soil pH linked to increase in exchangeable cations in soil, explain the 
reasons behind the slash and burn practice and fast regrowth in post-burn areas 
(Gonzalez-Perez et al. 2004). Annual plants respond more rapidly to this increased 
level of nutrients after fire than native plants perennial plants (Asher et al. 2001; 
Brooks and Pyke 2002). 

The effect of mineralization on production is mostly transitory in most cases 
lasting for the early part of the growing season (Frost and Robertson 1987; Hall 
1994; Michelsen et al. 2004; Styger et al. 2007). It depends among other factors on 
soil properties, the amount of vegetation converted to ash, the weather, fire fre-
quency and intensity. Ash disposal lasts for roughly 2-3 weeks after fire and there-
fore is not a long term source for nutrients. If moisture levels are very low, this tem-
porary fertilization may not be used but it might be lost to the wind. In sandy soils 
there might be rapid leaching of nutrients and as a result, nutrient pools may de-
crease after fire. Hall (1994) found that nearly 100 times more calcium and magne-
sium, 30 times more phosphorus and 20 times more potassium were lost in runoff 
from burnt plots in a forest area in Australia indicating that significant nutrient 
movement can occur due to burning leading to loss of soil productivity.

Nitrogen loss can reach 96% of the total available from the top soil especially 
where fire temperatures are above 400oC (Frost and Robertson 1987; Geldenhuys et 
al. 2004; Castellano and Ansley 2007). Loss of nitrogen through volatilization and 
through leaching becomes a strong limiting factor for plant growth and cannot be 
compensated by mineral disposal (Hall 1994). Legumes (plant fixing nitrogen) can 
balance this nitrogen loss to some extent subject to availability of suitable condi-
tions. In contrast, phosphorus which has been found to have a role in stimulating 
tree growth after fire, has a higher temperature volatilization, up to 500oC and is 
less susceptible to leaching (Frost and Robertson 1987). In arid to semi-arid lands, 
nitrogen and phosphorous are in general, the most important nutrients limiting 
the productivity of plant communities, second only to water (Billing et al. 2003). 

12.6
Interface between fire weather and land degradation

Increased land use pressure during drought depletes vegetation cover and exposes 
the landscape to agents of soil erosion (Holmgren and Scheffer 2001). When rain-
fall returns and depending on severity of the problem and other factors such as soil 
type, these areas are invaded by fast growing more flammable annual and pioneer 
species as is the case for areas of repeated burning (Brooks and Pyke 2002; Sheuy-
ange et al. 2005). Hence while fire can be an agent of land degradation, land degra-
dation too may provide conditions that shorten fire intervals setting the area into a 
land degradation-fire cycle. With persistent drought, the land degradation-fire cy-
cle might be broken due to declining fuel loads but it may return with the onset of 
rain as invaders will be quick to recruit before native species get established.
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Land degradation is exacerbated where the effect of fire is combined with other 
land use pressures (Dukes and Mooney 1999). Investigations in semi-arid parts of 
Argentina found that soil carbon in burnt non-grazed areas increased by 16% as 
opposed to burned and overgrazed sites where loses of 38% were registered (Abrila 
et al. 2005). Reduction in fallow period under the slash and burn practice in Mad-
agascar, from 8-15 years to 3-5 years within a period of 30 years, led to loss of the 
rainforest vegetation and eroded soils that are invaded by Aristida and Hyperrhe-
nia grass species. The use of annual burning to manage pasture for cattle grazing 
in these areas further perpetuates a fireland degraded environment (Styger et al. 
2007). While in the Mediterranean basin of southern Europe, a combination of 
overgrazing and fire on mountain ranges puts the area at great risk of severe land 
degradation (Kosmas et al. 2000; Geist and Lambin 2004).

Depending on various factors including soil type and rainfall, depletion of in-
digenous vegetation either through fire or other land use pressures in drylands 
has in some areas provided favorable conditions for woody plants to out compete 
grasses leading to the spread of woody weeds (or bush encroachment) (Tews and 
Jeltsch 2004; Sheuyange et al. 2005). Bush encroachment is another indicator of 
land degradation. A long history of grazing in the Mediterranean basin of southern 
Europe led to loss of indigenous forests and the colonization of the area by highly 
resilient shrub, phrygana vegetation reflecting various stages of soil degradation 
(Geist and Lambin 2004). In Botswana species such as Dichrostachys cenario, Aca-
cia tortilis and Melefera dominate overgrazed areas although this depends on soil 
type (Dube and Pickup 2001; Moleele et al. 2002). Areas dominated by shrubs suf-
fer greater soil loss and higher evaporation because of lack of a total surface cover 
that is provided where there is a herbaceous layer.

12.7
Fire weather, Climate change, and Land degradation

The effect of climate change on fire and land degradation and the resulting inter-
action and potential feedbacks on the climate process in the long run are of great 
concern (Lioubimtseva and Adams 2004; Abrila et al. 2005; Soja et al. 2007). The 
inter-relationship between land degradation and climate change are still not clear 
and others argue that the contribution of dry land degradation to global warming 
is unlikely to be more than a few percent of the total greenhouse forcing (Feddema 
and Freire 2001; Hulme and Kelly 1993). While Geist and Lambin (2004) have not-
ed in their analysis that fire is reported as a cause of desertification only one-third 
as often as prolonged drought periods. Further work is required in the light of fu-
ture climate change induced fire regimes and the effect of this on fireland degrada-
tion interactions and feedbacks.

Intensive fire and land degradation can have a significant effect on climate be-
cause of the influence on amount of carbon stored and released into the atmo-
sphere (Michelsen et al. 2004). Lal et al. (1999) estimate an average reduction in the 
soil organic carbon pool by 8–12 tons of carbon ha-1 in the arid regions due to land 
degradation. Large scale destruction of soil has major implication on global carbon 
budget given that the total carbon content in the soil over the whole planet is three 
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times larger than total carbon stored in terrestrial vegetation (Houghton 1995). Be-
cause fire and widespread land degradation either individually or acting together 
alter sources and sinks of greenhouse gases and influence the hydrological cycle 
they can significantly influence global warming (Abrila et al. 2005).

Heat from burning fires results in high surface temperature which induces arid-
ity because of rapid loss of moisture from the top soil layer and from vegetation as 
it burns. The loss of vegetation over extensive areas whether through fire or other 
land use induced land degradation reduces evapotranspiration resulting in low la-
tent heat flux which influence meteorological processes (Nicholson 2002; Geist and 
Lambin 2004; Herrmann and Hutchinson 2005). Desertification induced miner-
al dust in the atmosphere has also been shown to have a potential to modify both 
the incoming shortwave solar radiation and outgoing longwave radiation resulting 
in either a cooling or heating effect depending on cloud cover or the albedo of the 
underlying surface (Nicholson 2001). The potential role of large scale land cover 
change in perpetuating the severe 30 years drought of the Sahel has been noted in 
various studies (Otterman 1974; Charney et al. 1975; Foley et al. 2003; Geist and 
Lambin 2004). Similar observations are being made regarding possible effects of 
large scale changes in the boreal forest region due to climate change induced dis-
turbances such as fires (Soja et al. 2007). 

Fire releases large quantities of carbon stored in soils and vegetation into the at-
mosphere within a short time (Michelsen et al. 2004). The 1997-1998 peat and for-
est fires in Indonesia are estimated to have released up to 2.57 Pg (1015 g) of carbon, 
equivalent to 40% of the annual global carbon emissions from fossil fuel burning 
(Page et al. 2002). In Siberia, an average of 203 Tg C was released from forest fires 
in the years from 1998 to 2002 (Soja et al. 2004). While much of the CO2 released 
is recaptured on decadal timescales through vegetation regrowth, this depends on 
availability of favourable plant growth conditions. In addition to carbon, fires emit 
various trace gases such as carbon monoxide, methane, nitrogen compounds, and 
other trace pollutants which are important in atmospheric chemistry (Van Wilgen 
et al. 1997; Choi et al. 2006). 

Current evidence suggests that anthropogenic emissions are already changing 
the climate (IPCC 2001b). The world is 0.6o C warmer than about 150 years ago and 
observations show that this trend is continuing, for example 1998 was the hottest 
year on record. The increase in global mean temperatures has been shown to ac-
count for the increase in climate extremes globally since mid 1970s (Groisman et 
al. 2007). In particular there has been an increase in the areas under drought af-
fecting for instance the Sahel, eastern Asia and southern Africa and cases of both 
the drought and wet periods in for example, the U.S. and Europe. This has been 
linked to the observed shift in ENSO activity towards more warm phases after 
about 1970s compared to the period since 1900 coinciding with high global mean 
temperatures (Dai et al. 1998; Holmgren and Scheffer 2001; IPCC 2001b; Dayton-
Johnson 2004). The increasing climate variability generates high fire-weather risk 
conditions and also susceptibility to land degradation (Geist and Lambin 2004; 
Beverly and Martell 2005). 

Increased fire activity in the recent decades has been linked to an increasing 
fire-weather risk due to drought resulting from the El Niño- Southern Oscillation 
phenomenon. For example, the 1983 destructive “Ash Wednesday” fires in Austra-
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lia which left large areas covered in smoke for weeks (Pyne et al. 1996; Goldammer 
1998); and the 1982-1983 and 1997-1998 peat and forest fires in Indonesian and Ma-
laysian provinces estimated to have caused damages to livelihoods systems of the 
amount exceeding $14 billion (Goldammer 1998). In the high and mid-latitudes, 
the warming trend has been linked to the increase in summer drought and elevated 
evapotranspiration which is associated with increasing frequency of extreme fire 
years across the circumboreal region (North America and Russia) (Groisman et al. 
2006; Soja et al. 2007) (Figure 12.1). Soja et al. (2007) notes that in Siberia, 7 of the 
last 9 years have resulted in extreme fire seasons, and that more frequent extreme 
fire incidents have been experienced in Alaska and Canada.

In the boreal forest, potential fire weather under a CO2 doubling scenario shows 
an increased fire season length by 30 days across Canada (Soja et al. 2007). The in-
creased fire-weather risk results from high surface temperatures which give rise 
to more thunderstorms, increasing ignitions from lightning, for instance by 20 to 
40% between 50 and 60° N latitude (Groisman et al. 2006; Soja et al. 2007). Because 
of increased fire weather severity, ignition by humans is also expected to increase, 
18 and 50% for 2050 and 2100, respectively, for Ontario (Soja et al. 2007). In Aus-
tralia it has been shown that the frequency of days with very high and extreme For-
est Fire Danger Index ratings is likely to increase in south-east Australia by 4–25% 
by 2020 and 15–70% by 2050 (Hennessy et al. 2006). Similar conclusions have been 
made for New Zealand (Pearce et al. 2005). Forest fires will result in important 
feedback mechanism affecting climate processes in future and trends in land deg-
radation. However, there are limited studies on future trends in fire patterns over 
most of the developing world particularly the fire prone systems such as Sub-Saha-
ran Africa which are characterized by highly vulnerable economies.

Climate extremes experienced in the form of exceptionally wet conditions under 
elevated CO2 are likely to facilitate greater potential for invasive species to spread 
by outcompeting indigenous ones (Dukes and Mooney 1999; Brooks et al. 2004). 
Observations show that a number of invasive species respond favorably to increas-
ing levels of CO2 concentration in the atmosphere under wet conditions although 
this requires further work (Bassiri et al. 1998; Smith et al. 2000; Lioubimtseva and 
Adams 2004). Results of experiments in the US showed that a non-native invasive 
grass Bromus (cheatgrass) known to increase the frequency of intense fires from a 
75–100-year cycle to a 4–7-year cycle was far more productive than native plants 
during wet years under high CO2 (Smith et al. 2000; Lioubimtseva and Adams, 
2004). Elevation of CO2 under climate change is also likely to increase shrub cover 
(Dukes and Mooney 1999; Lioubimtseva and Adams 2004). Bond et al (2003) has 
linked the spread of shrubs in Southern Africa to increase in CO2 over the last cen-
tury. Indications are that there might be an increased likelihood of accumulation 
of large highly flammable biomass in areas that normally support lower fuel load 
resulting in high fire–weather risk which will have an impact on wild-life and soil 
(Brooks et al. 2004; Liebhold et al. 1995). 

Recent studies suggest that by 2090s the land area in drought at a global scale 
will increase from 1% in the present day to 30 %, 40 % and 50 % for extreme, severe 
and moderate drought respectively (Burke et al. 2006). A decrease in rainfall by as 
much as 1.5% annually over the last quarter of the 20th century has been observed 
over southern Africa, accounting for the frequent droughts and subsequent land 
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degradation experienced in the past decades (Geist and Lambin 2004). As noted 
earlier, drought and wetting cycles increase fire-weather risk. Increased fire activ-
ity under climate change will markedly reduce plant biomass and also given that 
there is likely to be an increase in climate variability, these conditions will greatly 
increase susceptibility to land degradation. This will have long term consequences 
on the productivity of soil particularly in dry lands where soils take a longer time 
to develop for example up to 5,000–10,000 years in arid southern Utah (Johansen 
2001; Billings et al. 2003; Lioubimtseva and Adams 2004).

12.8
Fire forecasting for mitigation of land degradation

Future land degradation programs should incorporate monitoring of fire patterns 
at all levels to establish changes in fire type, behaviour and regimes in response to 
changes in influential climatic parameters due to global warming. Large parts of 
the developing world are already vulnerable to fire for several reasons including 
widespread poverty which necessitate use of fire as a land use tool and inadequate 
resources deployed to monitor and control destructive fires. In contrast in the de-
veloped world billions of dollars are spent annually to mitigate bush fires eg., $1.6 
billion was used in 2000 fires only in the USA (Williams 2001). Recent large scale 
hot fires driven by global warming and indications from model work that severe 
fire weather events will increase in future, point to the potential for fire to pose a 
problem of magnitude beyond the capacity of a single nation to handle regardless 
of its economic position. Feedbacks of these fires extend beyond the areas burnt 
and are still not well understood (Bond et al. 2003 and 2004; Soja et al. 2007). There 
is also limited effort particularly in developing world to establish the area burned 
annually and identify areas that are under threat of too-frequent burning (Roy et 
al. 2005). However various satellite products that can be used to map burnt areas 
have become more readily available (Figure 12.6a).

International fire frameworks need to be in place to monitor fire weather in dif-
ferent regions and provide timely information on the dimension of the problem, its 
link with development of land degradation, feed-backs on global warming and im-
plications on livelihoods. Initiatives to develop international cooperation on Wild-
land Fire Management were made at the 3rd International Wildland Fire Confer-
ence and Fire Summit held in Sydney in 2003. These and other similar initiatives 
need to be moved to an implementation stage. 

International fire monitoring should be established as part of fire early warning 
systems and should be linked to land degradation studies. This can be built upon 
the fire danger rating systems which is quickly developing to incorporate satellite 
based information (Goncalves et al. 2006). Satellites provide timely, repetitive and 
global coverage of various parameters required to study fires and land degradation 
(Figure 12.6b). Examples of available pool of satellite fire products include the nor-
malized difference vegetation Index (NDVI) for fuel load assessment and the MO-
DIS Fire Rapid Response Data System providing timely information on active fires 
globally (http://rapidfire.sci.gsfc.nasa.gov) (Figure 12.6b). Most of these data is un-
derutilized particularly in Africa (Dube 2005).
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Also less used in developing countries, is the fire danger rating system which 
requires engagement of Meteorological Services in provision of fire weather infor-
mation. Regional and international initiatives are ongoing to address these defi-
ciencies. The Global Fire Monitoring Center (GFMC) provides global information 
on fire. The Global Observation of Forest Cover and Global Observation of Land 
Cover Dynamics (GOFC-GOLD) is an international initiative which among others 
has set up a series of regional networks in Southern and Central Africa, Northern 
Eurasia, Latin America, South East Asia and Australia to address global land cover 
and fire dynamics (Brady et al. 2006). For example, the GOFC-GOLD regional net-
work in Southern Africa, the Southern Africa Fire Network (SAFNet), has func-
tioned since 2000 focusing on use of satellite data in fire management and moni-
toring (Dube 2005; Roy et al. 2006). These structures form rudimental frameworks 
upon which a global fire early warning system can be built.

GOFC-GOLD and other international organizations working on fire have de-
veloped a collaborative proposal for a global early warning system for wildland 
fire (Brady et al. 2006). This proposal was put in place following recommenda-

Fig. 12.6 a, b. a A false colour Landsat Thematic Mapper September 1996 (dry season) image of part 
of Hainaveld Ranches in Ngamiland, Botswana showing burnt scars in shades on white through 
brown to dark brown depending on the condition of post-burn areas. The False colour image is 
based on the Green (band 2 represented by blue), Red (band 3 represented by green) and Middle 
infrared (band 5 represented by a red colour) radiation bands. b Active fires over Angola, Demo-
cratic republic of Congo, Zambia and neighboring countries captured on MODIS Aqua satellite 
overpass on 11 July 2003. The image is shown at the resolution of 2 km pixel size. The red dots rep-
resent fires that were burning when the satellite passed over the area. However, this product needs 
to be validated in the field. (http://rapidfire.sci.gsfc.nasa.gov/firemaps/)
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tions of the UN World Conference on Disaster Reduction (WCDR) in Kobe, Japan, 
January 2005, and the proposal of the UN Secretary General to develop a Global 
Multi-Hazard Early Warning System (GEWS). The goal of the proposed global ear-
ly warning system for wildland fire (EWS-Fire) is to provide a scientifically sup-
ported, systematic procedure for predicting and assessing international fire danger 
that can be applied from local to global scale (Brady et al. 2006). In this case the 
GOFC-GOLD networks will form important channels for dissemination of infor-
mation on mechanisms of fire early warning as well as early warning for frequently 
burnt areas that have increased susceptibility to land degradation.

12.9
Conclusions

Not all fires cause land degradation and the effect of fire varies over time depend-
ing on vegetation type. In fire-dependent vegetation communities fire plays an in-
tegral role in determining community structure and nutrient cycling such that fire 
suppression threatens biodiversity in those cases (Hiers et al. 2000). Controlled 
fires are used in different parts of the world to reduce the potential for fires to 
cause long term negative effects on the landscape and property and to stimulate in-
creased productivity. In southern United States of America, fire is used to treat 2–3 
million ha of forest and agricultural lands each year (Wade et al. 2000).

Climatic factors are key drivers of fire and land degradation despite the influ-
ence of human activity. Climate has been found to account for 86% of driving fac-
tors of desertification in Southern Africa (Geist and Lambin 2004). But the link 
between fire and land degradation is complex and variable. While under certain 
climatic conditions and over a certain time span fire can play a positive role on the 
ecosystem, this can change mostly due to change in fire weather driven by climatic 
factors (Lambin and Geist 2006). Meteorological factors increase the possibility for 
human lit fires to occur hence reducing fire intervals and or increasing fire inten-
sity by influencing fuel load. 

Frequent hot fires can create a fire loop through loss of native vegetation to flam-
mable fast growing species hence maintaining a landscape marked by low biodi-
versity and that is highly susceptible to land degradation. Climate may also create 
a fire prone environment through land use induced land degradation aggravated 
by prolonged drought. The inter-relationship between climate, fire and land degra-
dation and the cumulative effect of burning at the local level are currently not re-
ceiving appropriate attention. This is a concern given their direct link to landscape 
productivity and livelihoods particularly for dry land areas where a large section of 
the population is directly depended on immediate environmental resources. 

Climate change makes the link between climate and fire and implications on 
land degradation an important area to consider in future resource utilization plans 
and general ecosystem wellbeing. Fire due to lighting has been known to be an 
important natural factor in ecosystem maintenance. But climate change induced 
lightning fires are changing this positive role of lightening in fire on ecological 
processes by changing the fire-weather risk. Global warming has been linked to 
recently experienced fire regimes which have a greater potential to increase soil 
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and nutrient losses and a great impact on nutrient pathways. These fires rapidly al-
ter sources and sinks of greenhouse gases and influence the hydrological cycle and 
as a result have feedbacks on climate change processes. It is not clear how climate 
change will influence the role of fire on land degradation in different parts of the 
world and the implication on livelihood systems. It is therefore important to es-
tablish fire monitoring structures, provide information on fire intensity and area 
burnt and monitor post burn areas. A global fire early warning system is required 
given the potential for climate change to increase the fire-weather risk which will 
increase fire hazards and result in feedbacks on the climate. 
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CHAPTER 13

Importance of Drought Information 
in Monitoring and Assessing Land Degradation
Moshe Inbar

Abstract. Drought is a normal feature of climate, but also one of the most com-
mon and severe of natural disasters. In most world regions the economic damages 
caused by droughts are greater than those caused by any other events such as earth-
quakes and volcanic eruptions. World-wide population growth has intensified the 
pressure on water resources and increased the vulnerability to drought. Prolonged 
drought cycles are a major factor in land degradation processes and affect extensive 
geographical areas. While such a natural hazard may strike any climatic region, its 
occurrence is more frequent in arid and semiarid regions. According to long term 
rain measurements, Israel with its Mediterranean climate, has experienced three 
consecutive dry years for every 50 years period. The recent drought of 1998-2001 
in northern Israel was the most extreme during the last 130 years. It affected the 
water flow of the Jordan River and brought the level of Lake Kinneret to its lowest 
point in historical periods. Changes in land-use, water pumping and flow diver-
sion, have exacerbated the negative impact of droughts and caused land degrada-
tion, such as the drying of wetlands and salinization of freshwater aquifers. The in-
creased use of urban treated waste water for irrigation, with its significantly higher 
salt content, is another cause of soil degradation, and has a major economic impact 
on irrigated farming schemes. Wetlands and aquatic environments around Lake 
Kinneret and other regions of the country, were practically dry for six consecutive 
years, affecting fish-breeding and endemic aquatic species. Various solutions have 
been applied: drip irrigation, recycling of wastewater, reduced allocations and in-
creased pricing of water supplies, desalinization plants, etc. However, the failure by 
successive governments to introduce drought contingency planning and sustain-
able management of water resources, has already damaged agriculture and nature 
conservation. The imminent dangers of drought are liable to lead to a major crisis 
in the country’s water resources and affect all sectors of society. 

13.1
Introduction

Drought is a normal feature of climate, but also one of the most common and se-
vere of natural disasters. It originates from a deficiency over an extended period of 
time, usually a season or more (National Drought Mitigation Center 1995). In most 
world regions the economic damages caused by droughts are greater than those 
caused by any other events such as earthquakes and volcanic eruptions. World-
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wide population growth has intensified the pressure on water resources and in-
creased the vulnerability to drought.

Prolonged drought cycles are a major factor in land degradation processes and 
they affect extensive geographical areas. While such a natural hazard may strike 
any climatic region, its occurrence is more frequent in arid and semiarid regions. 
Extensive droughts have afflicted African countries causing major losses to their 
economies (Sivakumar et al. 2005).

The total economic loss from Natural Disasters increased from 5 U$S Billion/
year in the 60’s to more than 50 U$S Billion/year in the last decade of last century 
(Fig. 13.1). Droughts are among the most expensive disasters and the 1988 drought 
in the United States was the costliest natural disaster in the US history prior to the 
Katrina disaster (Fig. 13.2).

“When God created the American West, to paraphrase Mark Twain, he provided 
plenty of whiskey to drink and just enough water to fight over” is the quotation in 
the TIME magazine (1988) on the effects of the drought, reminding that the water 
shortage subject was also a major issue more than a hundred years ago in the US 
west. Water conflicts are dramatized even more in modern societies.

Droughts are known since early stages of human history: several quotations 
from the Bible stress the impact of drought on daily life and society:

Fig. 13.1. Economic losses for natural disasters in the world, 1950-1999 (Munich Re Group 
2000)
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Genesis, chapter 41:
30: but after them there will arise seven years of famine, and all the plen-
ty will be forgotten in the land of Egypt; the famine will consume the land, 
31: and the plenty will be unknown in the land by reason of that famine which will 
follow, for it will be very grievous.

Deuteronomy, chapter 11: 
17: and the anger of the Lord be kindled against you’ and he shut up the heavens, 
so that there be no rain, and the land yield no fruit, and you perish quickly off the 
good land drought for consecutive years drought for consecutive years was then as 
today a major natural disaster:

Samuel, chapter 212: 
1:Now there was a famine in the days of David for three years, year after year; and 
David sought the face of the Lord.

Drought risks are escalating due to increasing and shifting populations that in-
tensify pressure on water resources (Wilhite 2000).

Fig. 13.2. The 1988 Big 
Drought in the United States
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13.2
Drought as a Natural Disaster

The total risk (R) or the expected number of injuries and lives lost and property 
damage, is a function of the hazard magnitude (H), the victims and affected ele-
ments (E), and vulnerability (V) (Bell 1999):

R= f ( H, E, V)

Natural Disasters have following characteristics:
They are caused by natural processes, and may be accelerated and aggravated by 
human activities, like large floods or landslides.
High magnitudes, with scales for the magnitude
They occur suddenly, usually last for a short time and unpredictably in some 
cases like earthquakes, or with short warning time like in volcanic eruptions. 
Droughts are an exception and are prolonged events. 
They produce serious human and economic losses.

Natural drought is a prevailing hazard in the Near East (Bruins 2000). The avail-
able resources of freshwater in the region are rather small in comparison with the 
world standard, and water stress is a problem if a country has less than 1700 m3

person-1 yr-1. Israel resources are even below the figures for most neighboring coun-
tries (Table 13.1). Water withdrawn overcomes the renewable water resources by 
110%.

Israel has large areas with a hyperarid climate (precipitation/potential evapo-
transpiration (P/ETP) <0.03) and arid climate (P/ETP=0.03-0.20). In the Northern 
Jordan basin, most of the area is semiarid (P/ETP=0.20-0.50). The average rainfall 
is 700 mm with an ETP of 1600 mm ( P/ETP=0.41). Only the mountainous areas 
get more than 800 mm rainfall and have a subhumid climate.

The study defines the drought effects in Israel and other semi-arid countries in 
relation to land degradation and water resources management, and examines the 

Table 13.1. Population and renewable fresh water in the Near East (Adapted from Soffer 1999 and 
World Population)

Population 
(million)

Renewable fresh water 
(million m3 y-1)

Fresh water 
per capita (m3 y-1)

Turkey 72.6 105,000 1446

Egypt 80 60,000 750

Syria 19.2 10,500 547

Lebanon 3.9 3,700 949

Israel 7.1 1,600 225

Jordan 6.1 750 123
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potential implications for the water resources in Israel, in order to provide infor-
mation to the public and decision makers.

The public, and sometimes also decision makers, do not have long memories 
and there is a need to provide the scientific background and information to the 
drought problem.

13.3
Droughts in Israel

According to long term rain measurements series for Jerusalem (since 1846), 
Shechem-Nablus (since 1922), Beirut, (Lebanon, since 1876), Kfar Gil’adi (since 
1921), Israel with its Mediterranean climate, has experienced consecutive three dry 
years every 50 years period (Table 13.2).

Severe and extensive hydrologic drought affected the majority of the streams 
in Israel (Ben-Zvi 1987). The recent drought of 1998-2001 in northern Israel was 
the most extreme during the last 130 years. It affected the water flow of the Jordan 
River and brought the level of Lake Kinneret to its lowest point in historical peri-
ods (Fig. 13.3) (Inbar and Bruins 2004). The Jordan river water flow was during the 
consecutive dry years below half of the average annual flow, causing the low levels 
of the Kinneret lake (Table 13.3). Droughts are a major component of the total di-
sasters in Israel (Inbar 2004) (Figs. 13.4 and 13.5).

13.4
Human interference

During the recorded data period, different environmental conditions in the catch-
ment changed significantly due to:
a. Deforestation: native forests were almost completely cut, specially for coal sup-

ply to the railway system at the beginning of the twentieth century. Since the es-
tablishment of the State of Israel an intensified program for aforestation was de-
veloped.

Table 13.2. Drought years in 30 years period, Northern Israel

Years Drought years in 30 years periods Std

1877–1900 (1887, 1888, 1889, 1890) –0.94

1900–1930 no drought

1930–1960 (1932, 1933, 1934) 
(1957, 1958, 1959, 1960, 1961, 1962)

–1.05
–0.75

1960–1990 (1989, 1990, 1991) –0.84

1990–2003 (1999, 2000, 2001) –1.30
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b. Intensified agriculture, changing land use.
c. Water pumping and irrigation: most of the spring water flow in the dry season 

is used for agricultural purposes.
d. Water diversion: The National Water Carrier diverts since 1964 most of the Jor-

dan flow to the central and southern parts of the country.
e. Drainage of Lake Hula: The lake and adjacent swamp areas were drained in or-

der to gain land.
f. Overgrazing: The centuries overgrazing custom changed, and in the last de-

cades there is a decrease in the traditional overgrazing herds into modern pas-
ture systems.

Fig. 13.3. Lake Kinneret level for the period 1993-2006. The extreme drought of 1998-2001 low-
ered the level to the lowest known level in history: -214.9m

Fig. 13.4. Drought as a major 
component of total disasters in 
Israel
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These changes in land-use, water pumping and flow diversion, have exacerbated 
the negative impact of droughts and caused land degradation, such as the drying 
of wetlands and salinity of freshwater aquifers. The increased use of urban treat-
ed waste water for irrigation, with its significantly higher salt content, is another 
cause of soil degradation, and has a major economic impact on irrigated farming 
schemes (Table 13.4). Wetlands and aquatic environments around Lake Kinneret 
and other regions of the country, were practically dry for six consecutive years, af-
fecting fish-breeding and endemic aquatic species.

Fig. 13.5. Lake Kinneret (Lake of Galilee) is the major surface water reservoir of Israel, providing 
30% of the total national water consumption

Table 13.3. Jordan River water flow during drought periods

Year Q (106 m3) Std. value

1988/89 267 –0.93

1989/90 183 –1.52

1990/91 232 –1.18

1998/99 201 –1.39

1999/00 215 –1.30

2000/01 169 –1.62
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13.5
Solutions

Various solutions have been applied: drip irrigation, recycling of wastewater, re-
duced allocations and increased pricing of water supplies, desalinization plants, 
etc. However, the failure by successive governments to introduce drought contin-
gency planning and sustainable management of water resources, has already dam-
aged agriculture and nature conservation. The imminent dangers of drought are 
liable to lead to a major crisis in the country’s water resources and affect all sectors 
of society.

In order to cope with future drought periods, there is a need to have a reliable 
water reservoir in the aquifers and surface water reservoirs. Presently the figures 
are close to the red line and a basic need is for about two billion m3.

There is uncertainty about the future. The most reliable figures are the increas-
ing population and standard of living, and that means an increase in the demand 
for water. In Israel two main major water policies are defined (Gvirtzman 2002): 
first, the megaprojects, including import from foreign source (Turkey) by ship or 
pipe transport, the Mediterranean or Red Sea canal to the Dead Sea. Most of the 
projects are not viable under currently political factors (Soffer 1999). The second 
policy is based on local development, such as desalinization from the Mediterra-
nean, desalinization of underground brackish water, increase of purification of do-
mestic sewage water for agricultural purposes, aggressive water saving policy and 
increase of precipitation by cloud seeding.

13.6
Drought events in Mediterranean and South America countries

Other Mediterranean countries had experienced similar increase of drought pe-
riods (Conte et al. 2002). Since the beginning of the 20th century, Morocco had 
balanced phases of rainy and drought years. This balance seems to have broken 
since 1975, as the number of dry years has a tendency to exceed the humid ones. 
The 1980-1984 drought in Morocco was perhaps the most severe in the country 
over a period of 1000 years (Stockton 1988). A high mortality of trees was re-
corded.

In Algeria the frequency of the years of high drought is 10% on the coast and 
20% in the continental areas. 11 drought sequences of more than one year were 
recorded in the 110 year old Tunis-Manoubia station (Laouina 1998). Drought in 
North Africa introduces severe constraints and can be catastrophic. It affects the 
whole economy, resulting in a deficit in the growth of meadow herbs, reducing re-
plenishment of aquifers and increasing land degradation processes by overgrazing 
and water salinity.

Drought in South America is connected with the El Niño years. In Brazil the 
most affected area is the Northwest covering 800,000 km2. For the period 1877 to 
1995, drought affected 25 years, and three prolonged droughts of three consecutive 
years were registered (Nogueira de Souza and Vidal de Oliveira 2002). The effects 
were a drastic reduction in vegetation inducing famine and high mortality.
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In Argentina in 1995 high temperatures were registered and a severe drought af-
fected large areas of the “pampas” in the southern region. Drought affects the area 
every 10 years on average. The main effect is on agriculture, crops yielding only 600 
kg ha-1 against an average of 1600 kg ha-1 (Piccolo et al. 2002).

13.7
Discussion and Conclusions

Global circulation models are inaccurate for relatively small basins because they 
have a spatial resolution of about 80,000 km2. Lake Kinneret watershed area is 
2,700 km2. Globally the potential evapotranspiration will increase by 4% for ev-
ery increase of 1 °C in temperature, leading to a decrease in the available water re-
sources.

The largest impact will probably be the recurrence or more frequent extreme 
events like droughts and floods, leading to natural disasters. Water resource man-
agers assume that the future resource base will be the same as that of the past. 
However, new components must be considered: climate change and human inter-
ference in water resources availability. There is uncertainty in the effects of both of 
them and different operational scenarios must be developed. Following topics de-
mand further research and public involvement:
1. The two multi-year drought periods in the last 13 years are either a fluctuation 

in a long term range of cycles, or a climatic change towards a drier average.
2. Is the impact of the extreme drought irreversible? This is a complex issue due to: 

– Irreversible salinity processes in aquifers.
– Negative ecological conditions in Lake Kinneret ( blue algae)
– Drying of wetlands
– Socio-economic impact on rural populations: shift to agro-tourism and in-

dustrial sectors and migration to urban centers.
3. Solutions. Water management towards efficiency in water consumption in the 

agricultural sector by several methods and technologies:
– Drip irrigation (Figs. 13.6 and 13.7)
– Use of urban recycled waste water
– Reducing water allocations (up to 50% in drought years)
– Desalinization plants (400 MCM in 2010- increase of 25% of water resources)
Saving in the domestic sector by educational means and probably also by in-
creased pricing of water supply. Water leaking in the pipe systems may be a con-
siderable amount of the total water use (Fig. 13.8). 

4. Water affairs. The Israel centralized system is still under pressure of different 
sectors and various ministries, and there is a need of a comprehensive policy.

5. Global change, Man-impact and drought. Global climate change will increase 
the frequency of droughts, human impact will exacerbate their effect, and only 
a clear policy and comprehensive management may reduce the vulnerability to 
drought disasters. (Figs. 13.9 and 13.10).

In the Old World regions, rural land degradation generally is associated more with 
agricultural and pastoral activities than with other forms of land use. However, ur-
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Fig. 13.6. Drip irri-
gation of a vineyard 
in the semi arid 
province of Men-
doza-Argentina

Fig. 13.7. Drip irri-
gation of a cotton 
field in Israel, in the 
dry season. All wa-
ter supply is by irri-
gation.
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ban industrial, mining and forestry land uses also have an important impact on the 
biophysical environment.

Soil erosion and soil degradation, involving changes in the physical, chemical 
and biological structure of the soil, has been a consequence of vegetation changes 
and exacerbated by irrigation agriculture. Soil degradation occurs as increasing of 
salinity, accumulation of nutrients associated with fertilizers and pesticides.

Countries faced with a growing population without increasing the total water 
resources will be affected by drought in all aspects of the economy. The failure by 
successive governments to introduce drought contingency planning and sustain-

Fig. 13.8. Water 
shortage in the Isra-
el map: cartoon 
showing the last 
drops left after a 
prolonged drought
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Fig. 13.10. Increase of extreme temperatures in the world

Fig. 13.9. Tempera-
ture development in 
the last 1000 years 
(Northern Hemi-
sphere). The green-
house gas concen-
trations alter the 
energy budget in the 
lower atmosphere
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able management of water resources, has already damaged in Israel the agricul-
tural economy sector and nature conservation. The dangers of drought are liable 
to lead in Israel and many other countries in the climatic semiarid belt to a major 
crisis in the country’s water resources and affect all sectors of society. Science has 
to provide the background for the understanding of the present situation and may 
develop the future scenarios of drought contingency.

References

Table 13.4. Total water consumption in Israel by sectors: 1993-2003 (after Schwartz et al., 2004)

Year Total Agriculture Industrial Domestic

Total Fresh
water

Sewage Brackish 
and 
Floods

1993 1762.4 1125.0 846.4 199.7 79.3 110.0 527.0

1994 1813.0 1143.6 841.4 219.3 82.9 113.9 555.5

1995 1981.0 1273.8 896.8 250.0 127.0 119.4 588.1

1996 2012.7 1284.3 892.3 270.0 122.0 124.4 604.0

1997 2007.8 1263.8 854.1 255.4 154.3 122.8 621.2

1998 2165.8 1364.9 918.3 271.0 175.6 129.2 671.7

1999 2072.9 1204.6 824.3 285.0 155.3 126.5 681.8

2000 1923.7 1137.4 729.1 260.0 148.3 124.2 662.1

2001 1800.4 1021.9 563.1 265.0 193.8 120.1 658.4

2002 1830.7 1007.0 540.0 287.0 180.0 121.8 688.4

2003 1859.6 1045.1 562.5 285.0 197.6 116.5 698.0
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CHAPTER 14

The Role of Land Degradation in the Agriculture 
and Environment Nexus
Anna Tengberg and Svanhild-Isabelle Batta Torheim

Abstract. The relationship between agriculture and environment could be viewed 
as conflicting (win-lose) or as synergistic (win-win). A win-lose situation is occur-
ring when agricultural activities such as clearing forest for cultivation is leading to 
environmental degradation or when environmental protection prevents agricul-
tural activity. A synergistic approach, on the other hand, assumes that sustainable 
environmental management and agricultural production can be achieved simulta-
neously. One central goal of the Global Environment Facility (GEF) and UNEP is 
to mainstream sustainable land management into sectors such as agriculture and 
forestry, thus assuming that win-win situations are possible. The different concep-
tual frameworks that UNEP has applied and developed in its GEF-funded land 
degradation projects highlight different aspects of the relationship between agri-
culture and environment. 

The paper draws on 10 years of UNEP/GEF experience in working at the envi-
ronment-agriculture nexus starting with the People, Land Management and Envi-
ronmental Change Project (PLEC). PLEC illustrates the potential for synergies be-
tween environmental and developmental objectives by developing sustainable and 
participatory approaches to biodiversity management and conservation based on 
farmers’ technologies and knowledge within agricultural systems. The Land Use 
Change, Impacts and Dynamics Project (LUCID) developed a model on how to use 
land use change analysis in combination with social and economic variables as a 
tool to assess biodiversity loss and land degradation across landscapes. The Millen-
nium Ecosystem Assessment (MA) assessment framework offers a mechanism for 
decision-makers to: (1) identify options that can better achieve core human devel-
opment and sustainability goals; and (2) better understand the trade-offs involved 
in decisions concerning the environment. The Land Degradation Assessment in 
Drylands (LADA) uses the Driving Forces-Pressures-State-Impact-Responses (DP-
SIR) framework in analysing the environment-agriculture nexus in drylands. 

This overview shows how the relationship between agriculture and environ-
ment can be analysed using different models and approaches depending of scale 
and level of analysis. The PLEC model is useful at the local level in reconciling en-
vironmental and livelihood goals. Land use change analysis is a useful tool at the 
landscape level in analysing drivers of land degradation and biodiversity loss. The 
ecosystem services approach by the MA provides a tool for decision-makers at na-
tional level to make informed decisions about trade-offs between agriculture/hu-
man well-being and the environment. Finally, LADA will use the DPSIR frame-
work for integration of information collected at different scales, from the local to 
the global. 
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14.1
Introduction

Land degradation is a global problem associated with desertification, loss of bio-
logical diversity and deforestation in arid, semi-arid and dry sub-humid zones. 
‘Desertification’ is defined as land degradation in drylands, which covers some 47 
percent of the globe’s surface (UNEP 1997). However, land degradation is consid-
ered by many observers to be highly variable, discontinuous, arising from different 
causes and affecting people differentially according to their economic, social and 
political circumstances (Mortimore 1998; Swift 1996; Leach and Mearns 1996b; 
Thomas and Middleton 1994; Beinart 1996). Estimates as to the extent and impact 
of land degradation are conflicting and have in an increasing number of cases been 
proved to be based on false assumptions, as in the case with forest islands in the 
Guinean zone of West Africa (Fairhead and Leach 1996; Fairhead and Leach 1998) 
and soil erosion in East Africa (Tiffen et al. 1994). Due to this complexity, sever-
al actors have advocated for a reorientation of the United Nations Convention to 
Combat Desertification (UNCCD) from how to combat environmental problems 
in drylands to how to improve people’s livelihoods in drylands (e.g. Movik et al. 
2003).

It has been argued that the United Nations Environment Program (UNEP) has 
perpetuated the desertification narrative through its major role in organising the 
UN Conference on Desertification in Nairobi in 1977 and its follow up on the Plan 
of Action to Combat Desertification (Swift 1996; Lonergan 2005). The Action Plan 
resulted in the report of the Executive Director to the UNEP Governing Council 
in 1984, which stated that “The scale and urgency of the problem of desertification 
as presented to the Desertification Conference and addressed by the Plan of Ac-
tion have been confirmed. Desertification threatens 35 per cent of the earth’s land 
surface and 20 per cent of its population,” (sited in Swift 1996). In the 21st Century, 
UNEP has taken on board new scientific evidence and understanding of the envi-
ronment in drylands and supported the publishing of a special issue of the Journal 
of Arid Environments on the “greening” of the Sahel in 2005 (e.g. Herrmann and 
Hutchinson 2005). UNEP has also developed a new Strategy on Land Use Manage-
ment and Soil Conservation (UNEP 2004) that stresses the need to adopt an eco-
system approach to integrate the management of land, water and living resources. 
Thus, a direct link is made between environment, land and soil issues and sustain-
able development and poverty reduction. 

The interactions between humans and the environment are complex and driv-
en by land use and land-use change, climate variability as well as policy and insti-
tutional factors. This paper will attempt to shed light on these interactions by ex-
amining the conceptual approaches and results of some UNEP projects that were 
co-funded by the Global Environment Facility (GEF). The first part of this paper 
explores the potential links between agriculture and environment in terms of the 
existence of conflicts or synergies. A comprehensive understanding of this nexus 
is a prerequisite for proper decision-making in regard to necessary interventions 
to promote sustainable development. Thus, the second section introduces four dif-
ferent frameworks for examining the agriculture and environment nexus as they 
are developed and used by UNEP projects. These frameworks highlight different 



conflicting and synergic aspects of the relationship between agriculture and envi-
ronment. 

14.2
Agriculture and environment – conflicts and synergies 

Land degradation is caused by human-induced or natural processes which nega-
tively affect the capacity of land to function effectively within an ecosystem. When 
examining the role of land degradation in the agriculture and environment nexus, 
it is essential to understand the human induced impact on the productive capacity 
of the land. However, the relationship between agriculture and environment is far 
more complex than simply assuming that agriculture causes land degradation. The 
causal relationship between agriculture and land degradation also goes in the oth-
er direction as the degradation of land severely hampers agricultural productivity 
(e.g. Biggelaar et al. 2003) as also demonstrated by economic valuation of loss in 
productivity due to soil erosion in East Africa (Ellis-Jones and Tengberg 2000). 

Perspectives on the relationship between agriculture and environment can 
broadly be grouped in two, the ‘Malthusian camp’ versus the ‘Boserup camp’.1 The 
former camp sees a conflict between humans, population growth, agricultural ac-
tivities and the environment. They stress the inherent degenerative impact of ag-
riculture on the environment. Rapid population growth is seen to be associated 
with increased poverty and natural resource degradation, caused by, amongst oth-
er things, land scarcity, reduced fallow periods, deforestation, cultivation of mar-
ginal lands and underdeveloped human capital (Tiffen et al. 1994). 

Arguably, there is a conflict between agriculture and the environment in at least 
two ways: (1) agricultural activities can lead to environmental degradation. Ex-
amples of this include the overgrazing of rangelands, cultivation of land that is in-
appropriate for agriculture or use of inappropriate land management techniques 
leading to e.g. soil erosion, salinisation and water logging, soil nutrient depletion, 
soil compaction, etc; (2) another conflicting side of the agriculture and environ-
ment relationship is the cases where environmental conservation prevents agricul-
tural activity, as, for example, in protected areas where agriculture is prohibited. 

The other perspective on the agriculture-environment nexus assumes that the 
goals of environmental conservation and agricultural activities can be achieved si-
multaneously. Such a synergy approach is therefore in line with the ‘Boserup camp’ 
that looks at population growth as a trigger of technological innovation that in-
creases production. The goal to create synergies is obvious in the operations of 
UNEP (2004) and of the Global Environment Facility (GEF) – the financial mech-
anism of the Multilateral Environmental Agreements (MEAs) in e.g. Biodiversity, 
Desertification and Climate Change. Both institutions support efforts to main-

1 For a longer introduction to this debate, Brookfield (1995) and Tiffen et al. (1994) provide a perspicu-
ous overview of the two ‘camps’. We apply a simplified interpretation of the original texts of Malthus 
and Boserup in order to highlight the essence in different theoretical approaches to the agriculture 
and environment nexus. 

Chapter 14: The Role of Land Degradation in the Agriculture and Environment Nexus  269



270 Anna Tengberg and Svanhild-Isabelle Batta Torheim

stream sustainable environmental management into sectors such as agriculture 
and forestry. 

The notion of human-induced desertification is linked to the conflict perspec-
tive on the relationship between agriculture and the environment. It has its origin 
in the French colonial administrators in West Africa, who thought that the Sahara 
desert was enlarging thanks to unsustainable land management practises includ-
ing extensive use of fire for clearing of vegetation as well as overgrazing (Stebbing, 
1937 in Swift, 1996). Swift (1996) argues that the received narrative of desertifica-
tion provided a convenient point of convergence for the interests of three main 
constituencies: national governments in Africa, international aid bureaucracies, 
especially United Nations agencies and some major bilateral donors. The domi-
nance if this narrative resulted in the adoption of approaches that actually rein-
forced the conflict between agriculture and environment. This was for example the 
case with the agrarian reforms introduced in Ethiopia in the mid-1970s, whose net 
effects was to lessen farmers’ incentive for good natural-resource management by 
decreasing both the security of land tenure and the profitability of agriculture (Ho-
ben 1996). According to Hoben (1996), the neo-Malthusian narrative’s denigration 
of indigenous agriculture has lead experts and planners to overlook and filter out 
much information about the strengths of indigenous resource-management prac-
tices. The worst thing about this narrative, he continues, is that it fostered a major 
investment in technologies and activities that did little to address environmental 
degradation or farmers’ needs. 

Well-known desertification narratives have been challenged by findings by 
long-term studies on environmental and agricultural change in the Sahel in West 
Africa of which many are collected by Leach and Mearns (1996a). As Hutchinson 
and Herrmann (2005) summarise, these studies have found evidence of significant 
transitions from degraded land-use trajectories to more sustainable and produc-
tive production systems. These include increases in cereal yields, higher densities 
of trees, improved soil fertility management, locally higher groundwater tables, re-
ductions in rural poverty, and decreased out-migration. Hence, many local or in-
digenous land management practises capitalise on the complexity of the environ-
ments in which they operate to develop diverse and ecologically resilient land man-
agement systems adapted to variability and non-linear processes (Beinart 1996), 
while commercial and intensive agriculture tends to seek order and uniformity. 

Land degradation can cause problems at three levels (Pagiola 1999): At the field 
level, land degradation can result in reduced productivity; at the national level, land 
degradation can cause problems such as flooding and sedimentation; while at the 
global level, land degradation can contribute to climate change, and damage to biodi-
versity and international waters. Thus, land degradation is a cause of concern for ev-
erybody although the impacts differ at different scales. The next sections will outline 
different frameworks for understanding the agriculture and environment nexus at 
these different levels with a focus on the role of land degradation. These frameworks 
are hence a good starting point to assess the different aspects of the nexus to identify 
where there are conflicts that need to be addressed and where there are synergies that 
can be utilised. The differentiation of levels for interventions is a prerequisite for ap-
plying proper approaches and to avoid the fallacies of the past where there was an as-
sumed conflict, but in reality the interventions created a conflict. 
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14.3
PLEC – a local level framework to link environment and agriculture

The People, Land Management and Environmental Change Project (PLEC) was a 
global project co-funded by GEF through UNEP from 1998-2002 and led by the 
United Nations University. The main objective was to develop sustainable and 
participatory approaches to biodiversity management and conservation based on 
farmers’ technologies and knowledge within agricultural systems at the commu-
nity and landscape levels. 

PLEC studied the impact of population and development on agricultural land 
resources and biodiversity (Brookfield 1995). It focused on small farmers in the 
tropics and subtropics, on their own innovations and adaptability, and on the rea-
sons why some manage their resources sustainably, while others fail to do so. The 
PLEC philosophy was summarised by one of its members as: “The important ques-
tion now is not which traditional practices, as practiced in the past, are sustainable, 
but rather which conditions cause people to conserve their resources, and which 
conditions favour their destruction, or over-exploitation, of local resources” (cit-
ed in Brookfield 1995). Thus, PLEC assumed that both conflicts and synergies can 
emerge in the relationship between agriculture and environment. Using a bottom 
up approach by taking farmers as the entry point, PLEC set out to identify factors 
that determine when conflicts will happen and when synergies can occur. Initial-
ly, PLEC was a research project focusing on methods of farmers’ management of 
their resources, especially biodiversity resources. The research soon revealed that 
a minority of farmers managed their resources better than others and thus gained 
greater production while at the same time conserving or creating biodiversity and 
reducing environmental degradation. PLEC referred to these farmers as ‘expert 
farmers’ (Brookfield 2003).

Based on the expertise of these expert farmers, PLEC developed a replicable 
methodology to allow locally adapted solutions to biodiversity and land manage-
ment emerge and be taken up by scientists and policy makers. The concept of agro-
diversity was central in this work, which is a broader term than the more com-
monly used concept of agrobiodiversity (Brookfield et al. 2003; Brookfield 2002). 
While the latter refers to the diversity of plants and animals used for food and agri-
culture, agrodiversity is a broader concept as it captures the interlinkages between 
the environment, both natural and modified, and agricultural activities typically 
found in small-scale farming systems in developing countries. It is also related to 
development issues such as demography, macro-economy and livelihoods. Farm-
ers of traditional and low input agricultural systems have long favoured diversity 
on the farm (Pretty 1995). By maintaining diversity and developing a variety of 
strategies, farmers are spreading risk. For example, Pretty (1995) refers to surveys 
of non-irrigated rice systems in south east Asia where farmers described different 
combinations of landscape position, soil type, hydrology, and flood and drought 
risk, and showed how they matched these to different combinations of rice variet-
ies and management practices. PLEC identified different elements of agrodiversity 
that conceptually capture the diversity not only in the farmers’ fields, but also how 
they organise themselves and utilise that diversity. 
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According to Brookfield and Stocking (1999), agrodiversity is composed of the 
following elements (see Fig. 14.1): Agrobiodiversity, which is the diversity of use-
ful plants in managed ecosystems. It refers to all crops and other plants used by 
or useful to people. The term Management diversity includes all methods of man-
aging the land, water and biota for crop production and maintaining soil fertil-
ity and structure. Local knowledge, constantly modified by new information, is 
the foundation of management diversity. Organisational diversity is often called 
the socio-economic aspects of agriculture and includes diversity in the manner in 
which farms are owned and operated and in the use of resource endowments and 
the farm workforce. Elements include labour, household size, the differing resource 
endowments of households, and reliance on off-farm employment. Also included 
are age group and gender relations in farm work and differences between farmers 
in access to land. Organisational diversity thus embraces management of all re-
sources, including land, crops, labour, capital and all other inputs. Farmers with 
different resource endowments organise differently in accordance with their spe-
cific circumstances. 

All these three elements belong to a modified environment. Biophysical diver-
sity is part of the natural environment and refers to soil characteristics and their 
qualities and the biodiversity of natural plant life and the faunal and microbial bi-
ota. It takes account of both physical and chemical aspects of the soil, surface and 
near-surface physical and biological processes, and hydrology. Climatic variability 

Fig. 14.1. The different elements that together constitute Agrodiversity (Adapted from Brookfield 
and Stocking 1999)
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and change, including macroclimate and microclimate, are also part of the natu-
ral environmental factors that affect farm management outcomes. Agrodiversity 
is the sum of all these elements and can be defined as “the dynamic variation in 
cropping systems, outputs and management practice that occurs within and be-
tween agroecosystems. It arises from bio-physical differences, and from the many 
and changing ways in which farmers manage diverse genetic resources and natural 
variability, and organise their management in dynamic social and economic con-
texts” (Brookfield 2001). 

The agrodiversity framework of PLEC has some parallels to the better known 
Sustainable Rural Livelihood (SRL) approach developed in the late 1990s (e.g. Car-
ney 1998a or Ellis 2000). Carney (1998b) adopts the following definition of SRL: 
“A livelihood comprises the capabilities, assets (including both material and social 
resources) and activities required for a means of living. A livelihood is sustainable 
when it can cope with and recover from stresses and shocks and maintain or en-
hance its capabilities and assets both now and in the future, while not undermin-
ing the natural resource base”. Central to SRL is the analysis of five different types 
of assets upon which individuals draw to build their livelihood. These are natural, 
social, human, physical and financial assets. PLEC was adopting a SRL approach to 
address the issue on how farmers use and conserve biodiversity. Agrobiodiversity 
and biophysical diversity in the PLEC framework resemble the term natural capi-
tal of the SRL framework. 

The importance of the SRL approach is to direct attention to the links between 
assets and the options people possesses in practise to pursue alternative activities 
that can generate the income level required for survival (Ellis 2000). This resem-
bles the PLEC approach of agrodiversity where the way farmers utilise the agrobio-
diversity resources at hand differs according to diversity in management and or-
ganisation as illustrated in the PLEC framework. Stocking (2002) situates agrodi-
versity and land degradation in the sustainable rural livelihood debate and global 
environmental agenda. He presents a ‘win-win’ scenario for sustainable rural live-
lihoods, with components involved in land degradation and biological diversity. 
Environmental protection is essentially part of the global agenda, enshrined in 
two global conventions (i.e. the UN Convention to Combat Desertification and the 
Convention on Biological Diversity). According to Stocking (2002), many land us-
ers also wish to protect their environment, but this is in the context of their prima-
ry goal of maintaining production rather than for environmental protection per se.
PLEC recognised these links and its demonstration sites showed how the enhance-
ment of biodiversity can be combined with improvements in production and liveli-
hood (see the case studies in Brookfield et al. 2002). 

PLEC was organised in five ecosystem clusters and its project sites in Africa, 
Asia and Latin America were selected based on the particular agrodiversity con-
ditions found in those areas. One of the best PLEC examples of synergies between 
agricultural and environmental concerns is from China, where an expert farmer 
converted a rocky and sloping 0.5 ha plot into an agroforest with over 100 species 
with a mixture of timber, fruit, medicinal plants, and wild species (Dao et al. 2003). 
The agroforest generated a stable and growing income, and served as an attractive 
model for other village farmers to reforest the upper slope near the state nature 
reserve and to diversify their sources of income as well as the landscape. This ap-
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proach is in sharp contrast to monoculture of coffee and sugar plantations being 
promoted by companies in the area. 

Examples of how agrodiversity can improve resilience in the face of land deg-
radation and climate change can be found within each of the principal elements 
of agrodiversity. To ensure farmers’ cooperation in agrodiversity management, it 
is necessary to seek ways of linking conservation with development. This syner-
gistic approach adopted by PLEC was successful in combining the local agenda of 
sustainable rural livelihoods with the global agenda of environmental conserva-
tion, i.e. combating land degradation and preserving biodiversity while sustaining 
livelihoods. An important lesson from PLEC is that interventions intended to ad-
dress land degradation in the agriculture and environment nexus at the local level 
should take into consideration the diversity among local natural resource users. 
Furthermore, by recognising farmers’ skills and knowledge the chances of creat-
ing synergies increase. 

14.4
LUCID – a landscape level framework

The Land Use Change, Impacts and Dynamics Project (LUCID) is an example of 
how to examine the agriculture-environment nexus at the landscape level. LUCID 
is a network of scientists at leading national and international institutions who 
have been studying land-use change in East Africa and its implications for land 
degradation, biodiversity, and climate change for many years. LUCID received 
GEF funding from 2001 to 2004 via UNEP and was led by the International Live-
stock Research Institute (ILRI). The main objective was to analyse new and exist-
ing data concerning the linkages between the processes of change in biodiversity, 
land degradation and land use in order to design a guide on how to use land use 
change analysis to identify spatial and temporal trends, and linkages.

An important tool for LUCID was the use of spatial and temporal analysis of 
land use change over the last 50 years in project sites in Kenya, Tanzania and Ugan-
da. The way people use land has changed dramatically over the last half-century 
in East Africa (Maitima et al. 2004a). Several of the trends identified by LUCID 
indicate a conflicting relationship between agriculture and environment. Two of 
the largest changes have been the expansion of mixed crop-livestock systems into 
former grazing and other more natural areas, and an intensification of agricul-
ture. Land use change from bush to grazing has tended to reduce soil organic car-
bon content, soil moisture, pH, bulk density and nitrogen (Kamau 2004). Land 
use change from grazing to continuous cropping rapidly impacts soil properties 
because former methods to maintain soil productivity such as shifting cultivation 
and fallowing are no longer practiced. 

LUCID also identified rising levels of human-wildlife conflict (Campbell et al. 
2002; Githiga et al. 2003; Reid et al. 2004). This includes injury and loss of life, and 
crop damage. Many farmers have responded by fencing land. With increased indi-
vidual tenure, the impact of fencing upon livestock management and upon wild-
life dispersal will increase. The overall picture emerging from LUCID is that con-
flicts between agriculture and environment related priorities are on the rise. Based 
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on its several case studies in Kenya, Tanzania and Uganda (Maitima et al. 2004a; 
Maitima et al. 2004b), LUCID developed a model for Land Use Change analysis 
(Fig. 14.2). 

This model of land-use change suggests that in pastoral areas without cultiva-
tion, the sequence of land cover as a result of land-use change is as follows: wood-
lands are transformed to bush land, which then become grassland which today 
provide pasture for livestock. 

In wetter, cultivated areas, LUCID came up with a more complicated sequence 
of land-use changes. In the process of change from forest to grassland, a subse-
quent change in land-use takes place from grazing to cultivation. The land can be 
used intensively through either high-intensity grazing, intensive monocropping or 
intensive mixed cropping. The different land uses have different impacts on the en-
vironment. However, the results of intensive land use is negative for the environ-
ment resulting in degraded ecosystems (e.g. reduced species numbers and plant 
cover), eroded soils, depleted soil nutrients, loss of native species and poor crop 
productivity. 

The LUCID framework integrates ecological, socio-economic and land use data 
and theory. In summary, the principal findings of LUCID are the expansion of 
farming, grazing and settlements at the expense of native vegetation over the last 
20 years, and the loss of biodiversity and plant cover accompanying the loss of na-

Fig. 14.2. Land-Use Change Model developed based on the last fifty years of development in East 
Africa (adapted from Maitima et al. 2004a). The top sequence (1) is applicable to changes in pas-
toral areas, the bottom (2), more complex sequence is applicable to wetter, cultivated areas
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tive vegetation due to cultivation and overgrazing, leading to the destruction of 
habitats, with particular consequences for large mammals and local extinction. In 
addition, the significant changes in land cover over large areas observed by LUCID 
could have negative feedbacks on the local and regional climate. Although LUCID 
did not explicitly analyse the links between land-use change, land degradation and 
climate change, the project found that there was a grave concern in the region with 
climate change, and a perception that extreme weather events, such as droughts 
and floods were becoming more frequent. A recommendation from the project was 
therefore that there is a need for further research on regional climate change trends 
and interactions between climate change and land cover and land-use change.

14.5
The Millennium Ecosystem Assessment and LADA – global frameworks 

14.5.1
The Millennium Ecosystem Assessment

The Millennium Ecosystem Assessment (MA) was a global project with many part-
ners co-funded by GEF through UNEP. The main objective was to contribute to 
improved decision-making concerning ecosystem management and human well-
being, and to build capacity for scientific assessments of this kind. The assessment 
focused on ecosystem services, which are the benefits people obtain from ecosys-
tems, such as food, water and climate regulation, how these services have affected 
human well-being and how such changes may affect people in the future. It also 
focused on the responses that might be adopted at local, national, or global scales 
to improve ecosystem management and contribute to human well-being and alle-
viate poverty.

The Ecosystem Services Approach, developed by the MA, is bridging environ-
ment and human well-being concerns, and is therefore a valuable framework for 
analyzing the linkages between people and their environment. The MA identified 
land use patterns and practises as one of the major causes of desertification (MA 
2005). For example, irrigation has led to increased cultivation and food produc-
tion in drylands, but in many cases this has been unsustainable without extensive 
public capital investment. When analysing how future development paths will af-
fect desertification, the MA concludes that population growth and increase in food 
demand will drive expansion and intensification of cultivated lands (MA 2005). It 
argues that if unchecked, desertification and degradation of ecosystem services in 
drylands will threaten future improvements in human well-being and possibly re-
verse gains in some regions. 

The Assessment is operating with different categories of ecosystem services 
(MA 2003):
• Provisioning Services, which are products obtained from ecosystem such as food, 

fresh water, fuel wood, fibre, biochemicals and genetic resources.
The Regulating Services are benefits obtained from regulation of ecosystem pro-
cesses including climate regulation, disease regulation, water regulation, water 
purification and pollination. 
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The Cultural Services are non-material benefits obtained from ecosystems, and 
refers for example to spiritual and religious benefits, educational benefits or cul-
tural heritage.
The Supporting Services are services that are necessary for the production of all 
other ecosystem services such as soil formation, nutrient cycling and primary 
production. 

Changes in these services are driven by direct and indirect driving forces and 
these changes have consequences for human well-being. The indirect drivers of 
change, which include changes in demography, economy, socio- political context, 
science and technology as well as culture and religion, influence the direct drivers 
of change and also affect human well-being. The direct drivers of change of ecosys-
tem services can be changes in local land use and cover, species introduction or re-
moval and climate change. Further, the direct drivers of change influence human 
well-being. Human well-being and poverty reduction is measured in terms of ba-
sic material for a good life, health, social relations, security and freedom of choice 
and action. The degree of human well-being is influencing the indirect drivers of 
change, but is affected by all the three other components in this model. 

How can the ecosystem services approach contribute to an enhanced under-
standing of the agriculture-environment nexus? Agricultural activities are cap-
tured in the box of figure 14.3 of direct drivers of change. For example, changes in 

Fig. 14.3. The MA framework (adapted from the MA 2003)
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local land use and cover are often associated with agriculture. From another per-
spective, agriculture could also be seen as part of human well-being as it provides 
basic material for a good life, which is highly influenced by ecosystem services. To 
what degree harvests will be good depends on water, climate, and nutrient cycling. 
Hence, the MA assessment framework offers a tool for decision-makers to identify 
options that can better achieve core human development and sustainability goals. 
All decision-makers must balance economic growth and social development with 
the need for environmental conservation. In cases of conflict between agriculture 
and environment, this framework can assist the analysis of consequences of differ-
ent choices, so that agricultural development does not happen in a haphazard way 
at national level, as seems to have been the case in East Africa over the last 50 years, 
as documented by LUCID.

The assessment framework can also help decision-makers to better understand 
the trade-offs involved in decisions concerning the environment. Progress towards 
increasing food production, for example, has often been at the cost of progress to-
wards other objectives such as conserving biological diversity or improving water 
quality. The MA complements sectoral assessments with information on the full 
impact of potential policy choices across sectors and stakeholders. A country can 
increase food supply by converting a forest to agriculture, but in so doing, it de-
creases the supply of services that might be of equal or greater importance, such 
as clean water, timber, ecotourism destinations, or flood regulation and drought 
control.

Impacts of human activities such as overgrazing or soil salinaztion, and climate 
variables such as inter-annual variability in rainfall and drought events, on vegeta-
tion productivity are difficult to distinguish. Thus, the MA recommends that long-
term monitoring to distinguish between the role of human actions and climate 
variability in vegetation productivity be undertaken (MA 2005).

14.5.2
Land Degradation Assessment in Drylands 

The Land Degradation Assessment in Drylands (LADA) builds on the recommen-
dations of the MA for new and reliable data on the extent and impacts of deserti-
fication (MA 2005). LADA is an on-going project that is receiving GEF funding 
from 2006 to 2010 through UNEP and is led by United Nations Food and Agricul-
ture Organisation (FAO). The main objective of LADA is to assess causes, status 
and impact of land degradation in drylands in order to improve decision making 
for sustainable development in drylands at local, national, sub-regional and global 
levels. 

LADA will conduct a global assessment of the extent and magnitude of land 
degradation using data derived from remote sensing and climate data to produce 
maps of changes in Normalised Difference Vegetation Index (NDVI) and rain-use 
efficiency over the past 20 years. It will also work with six pilot countries to develop 
tools and methods for national-level assessment. These countries are South Africa, 
Senegal and Tunisia in Africa, Argentina and Cuba in Latin America and the Ca-
ribbean and China in Asia. In addition, a number of other countries and regions, 
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such as Central Asia, have expressed interest in the LADA methodology. Assess-
ments are designed to ensure the transfer of benefits of capacity building and re-
duced land degradation accrued nationally or regionally, to the local level where, 
degrading land use activities and the costs of land degradation are incurred. 

LADA will use the Driving-Force, Pressure, State, Impact and Response (DP-
SIR) framework, which is already in wide use in e.g. the EU and UN. The DPSIR 
framework will be used for integration of data from the local to the global level. 
However, one of the weaknesses with the framework is that it does not consider in-
teractions between variables in each box (Fig. 14.4) and LADA will therefore try 
to identify aggregated indicators. LADA has reduced the key set of indicators from 
the original 120 to 20-30, as illustrated in Fig. 14.4. 

Fig. 14.4. DPSIR Framework with LADA Indicators (adapted from FAO 2006)
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14.6
Conclusions

The different theoretical frameworks discussed in this paper are contributing to 
enhancing the understanding of the agriculture-environment nexus in different 
ways and our examples have shown that different scales of analysis require differ-
ent models and approaches. At the local level it is crucial to identify synergy situ-
ations and approaches that improve rural livelihoods while at the same time con-
serving the environment. The Agrodiversity approach of PLEC is a useful tool for 
conducting this type of analysis. It is an adaptation of the more generally known 
Sustainable Rural Livelihood framework that is often used in development circles. 

At the national and regional level an important goal with the analysis is to iden-
tify long-term trends and whether there are conflicts between agricultural devel-
opment and environmental sustainability. If this information is used to inform 
policy and planning, situations like the one described by LUCID in East Africa 
with growing conflicts between different types of land use threatening the long-
term environmental sustainability of the region, could hopefully be avoided. The 
LUCID framework provides a tool for such analysis. 

To gain a global overview of environmental changes brought about by agricul-
ture, integration of information at different scales and across sectors is essential 
and here both the MA and DPSIR frameworks can be used depending on the na-
ture of the data and the target audience. The MA framework can also be used at 
national level to analyse trade-offs between different land-use scenarios. In this 
context, it is also important to consider the potential value of all ecosystem servic-
es. Traditionally, decision-makers only used to consider the more obvious provi-
sioning services of ecosystems, such as production of food and fuel. However, for a 
long-term sustainable management of natural resources, trade-offs between provi-
sioning services on the one hand and regulating, supporting and cultural services 
of ecosystems on the other hand, should also be considered before decisions that 
affect the agriculture and environment nexus are taken.

The scale sensitiveness of these frameworks can facilitate the development of 
more efficient and effective policy and programmes for addressing land degrada-
tion. Thus, they represent a tool for decision-makers and actors engaged in devel-
opment interventions directed towards the agriculture-environment nexus to de-
sign locally adopted solutions that trigger synergies and prevent conflicts. 

With regard to the role of climate in understanding the agriculture and envi-
ronment nexus, there is a need to understand the long-term trends in climate and 
land-cover change and how they interact. This is exemplified by the LUCID proj-
ect as well as long-term studies of rainfall and land cover changes in the Sahel 
(e.g. Olsson et al. 2005). Olsson et al (2005) argue that the ‘greening’ of the Sahel 
is largely caused by increased rainfall from the 1980 until today. Moreover, differ-
ent types of land-use have different potentials for storing carbon below and above 
ground, but better methods for quantifying carbon stocks are required in order to 
enhance the understanding of the interactions of climate, agriculture and the envi-
ronment (e.g. Milne et al. this issue). Integration of climate information with anal-
ysis of long-term trends in land-cover change is therefore necessary in order to un-
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derstand the drivers of change at the agriculture and environment nexus, an aspect 
that needs further strengthening in the frameworks analysed in this paper. 
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CHAPTER 15

Using Weather and Climate Information 
for Landslide Prevention and Mitigation
Roy C. Sidle

Abstract. Landslides are significant natural hazards that degrade the productivity 
of soils, harm humans, and damage property. Extended and intense rainfall is the 
most common triggering mechanism of landslides worldwide. Sites are most sus-
ceptible to landsliding during wet antecedent conditions. Typically deep-seated, 
slow moving landslides (e.g., earthflows, slumps) are triggered or reactivated by 
an accumulation of precipitation over several days or weeks. In contrast, shallow, 
rapid landslides (debris avalanches, debris flows) usually initiate during individu-
al intense or large storm events. Successfully predicting landslide hazards in large 
regions greatly depends on our ability to link meteorological conditions with vari-
ous types and extents of slope failures. Four available methods for linking available 
weather and climate information to landslide initiation are discussed: (1) simple 
rainfall – landslide relationships; (2) multi-factor empirical assessment methods; 
(3) distributed, physically-based models; and (4) real-time warning systems. Each 
of these methods has certain strengths and weaknesses related to landslide hazard 
assessment. Of the land use practices that exacerbate landsliding, roads/trails and 
forest conversion to agriculture (typically associated with burning) exert the great-
est impacts. Climate change scenarios that promote higher intensity storms, more 
rainfall, and vegetation with weaker root structure or less root biomass will likely 
increase landslide susceptibility; however, such impacts are currently speculative 
and will be difficult to unravel from anthropogenic effects. 

15.1
Background

Landslides contribute to land and water degradation by stripping nutrient-rich 
soil mantles from hillslopes (Sidle et al. 1985; Page and Trustrum 1997; Knapen 
et al. 2006) and depositing excessive sediments in streams (Nakamura et al. 2000; 
Roghair et al. 2002). Although landslides are natural geomorphic processes that 
shape landscapes, the magnitude and particularly frequency of these mass move-
ments can be greatly affected by land use activities (e.g., Sidle and Ochiai 2006). 
In developing regions of Africa, Asia, and Latin America, widespread changes in 
land cover are occurring associated with forest conversion to cultivated agricul-
ture, exotic plantations and pastureland; shifting cultivation; urban and residen-
tial sprawl; and networks of poorly designed roads and paths. These land uses ex-
acerbate the potential for landslide initiation by reducing rooting strength in soils, 
reducing evapotranspiration and increasing soil water content, and creating un-
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stable cuts and fills on hillslopes (Sidle et al. 2006; Sidle and Ochiai 2006). Unfor-
tunately, these effects of landslides on land degradation are often overlooked for 
two reasons: (1) awareness of landslides is often limited to cases where lives are 
lost and buildings are damaged and (2) landslides occur episodically, and the long-
term significance of these processes are typically disregarded if such failures have 
not occurred in recent years (e.g., Sidle and Ochiai 2006). The disregard of land-
slide potential can be unintentional, as in the case of many rural areas in develop-
ing countries, or ‘blindly intentional’, as in the case of developers in urban areas 
(Smyth and Royle 2000; Kamai and Shuzui 2002; Sidle et al. 2005). 

The most common triggering mechanism of landslides is extended and intense 
rainfall. Thus, landslides are very different from many types of land degradation 
processes because they are most likely to occur in periodically wet sites. Earth-
quakes also trigger spectacular landslides; these occur very unexpectedly and thus 
can inflict heavy casualties (Keefer 1984). However, earthquake-triggered land-
slides are much less widespread than rainfall-induced slope failures (Sidle and 
Ochiai 2006). Mountainous regions with heavy snowfall also experience landslides 
during the melt season, sometimes accompanied by rain-on-snow (Megahan 1983). 
Antecedent soil moisture greatly affects the stability of hillslopes during individual 
rainfall events, extended sequences of storms, and during earthquakes, depend-
ing on the type of potential landslide (Crozier and Eyles 1980; Crozier 1999; Sidle 
and Ochiai 2006). Typically deep-seated, slow moving landslides (e.g., earthflows, 
slumps) are triggered or reactivated by an accumulation of precipitation over sev-
eral days or weeks (Iverson and Major 1987). In contrast, shallow, rapid landslides 
(debris slides, debris avalanches, and debris flows) usually initiate during individ-
ual intense or large storm events that may be preceded by wet conditions (Sidle and 
Swanston 1982; Fuchu et al. 1999). Successfully predicting landslide hazards in 
large regions greatly depends on our ability to link meteorological conditions with 
various landslide types and the magnitude and frequency of these failures. Four 
available methods for linking available weather and climate information to land-
slide initiation are described in this chapter: (1) simple rainfall – landslide relation-
ships; (2) multi-factor empirical assessment methods; (3) distributed, physically-
based models; and (4) real-time warning systems. Each of these methods has cer-
tain strengths and weaknesses related to landslide hazard assessment. Additionally, 
various scenarios of climate change and land degradation will be discussed related 
to these landslide prediction and forecasting methods. While the emphasis herein 
will be on land degradation, it is not practical to separate the more catastrophic is-
sue of potential casualties from this discussion, especially for developing nations. 
Thus, to some extent, vulnerability related to landslides will be covered.

15.2
Overview of factors and processes related to climate-initiated landslides

The timing (relative to pre-existing climate conditions) and spatial patterns of 
rainfall and snowmelt are closely associated with landslide initiation (e.g., Starkel 
1976; Keefer et al. 1987; Hardenbicker and Grunert 2001). Due to orographic ef-
fects, higher mountain elevations usually experience larger volumes of rain and 
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snowfall. In dry regions, rainfall-initiated landslides may also occur due to intense 
precipitation associated with convective storm cells (e.g., Caine 1976; Rapp and 
Nyberg 1981). Climate attributes that directly affect landslide initiation include: 
(1) total storm rainfall; (2) short-term intensity; (3) antecedent storm precipitation 
and the distribution of this precipitation prior to the landslide-triggering event; (4) 
storm duration; (5) snow accumulation and water content; and (6) snowmelt rate 
(associated with radiation and wind). These attributes all influence the generation 
of pore water pressure in unstable hillslopes (Sidle and Swanston 1982; Fernandes 
et al. 1994). While many studies in mountainous regions have implied a correla-
tion of long-term precipitation with shallow landslide occurrence (e.g., Eyles 1979; 
Glade 1998; Pasuto and Silvano 1998), other studies where more detailed precipi-
tation data have been collected (e.g., Sidle and Swanston 1982; Keefer et al. 1987; 
Larsen and Simon 1993; Finlay et al. 1997; Fuchu et al. 1999) have concluded that 
short-term rainfall intensity is a more important triggering factor. Unfortunately 
in developing nations where the consequences of landslides are the most daunt-
ing, the availability of short-term (hourly) rainfall data is uncommon. Thus, while 
the more typically available daily rainfall data are useful indicators of susceptible 
landslide areas, short-term rainfall intensity data obtained from continuous rain-
fall records are much more applicable to prediction of landslides (e.g., Wu and Si-
dle, 1995; Baum et al. 2002) and real-time landslide/debris flow warning systems 
(e.g., Reid et al. 1999).

15.2.1
Shallow, rapid landslides 

Shallow, rapid landslides on hillslopes consist of debris slides, debris avalanches, 
and debris flows in order of increasing water content and speed of movement. De-
bris flows also occur as in-channel phenomena and may be directly associated (in 
time) with landslides or may occur independently of landslides following a pro-
gressive in-filling of landslide sediment and other erosion/bioturbation materials 
(Trustrum and DeRose 1988; Benda and Dunne 1997; Sidle and Ochiai 2006). Of-
tentimes, a debris slide or avalanche on a hillside will proceed rapidly downslope 
to a channel, where, after incorporating more water, it becomes a debris flow (Sidle 
and Chigira 2004; Chen 2006). Such combination slide-flows often entrain addi-
tional materials as they move downslope and thus can be very deadly (Figure 15.1). 
These generally shallow landslides typically occur on steep slopes with low-cohe-
sion soil mantles where either the underlying bedrock or some other low perme-
ability substrate facilitates the buildup of a perched water table during storms or 
snowmelt events. The most susceptible slopes are concave in plan form (Massari 
and Atkinson 1999; Palacios et al. 2003), but these rainfall-initiated landslides may 
also occur on planar or even convex slopes.

During large rainfall or snowmelt events, shallow groundwater accumulates in 
the soil mantle above a low permeability layer (e.g., Sidle and Swanston 1982; Harp 
et al. 1990; Dai et al. 1999). In some cases, the influx of subsurface water can occur 
from fractures in the underlying bedrock (Montgomery et al. 1997; Sidle and Chi-
gira 2004). A common meteorological sequence for triggering shallow landslides is 
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wet antecedent conditions followed by a prolonged period of rainfall with a burst 
of high intensity (e.g., Okuda et al. 1979; Sidle and Swanston 1982; Keefer et al. 
1987). Because shallow, rapid landslides are triggered by individual rain (or snow-
melt) events, the availability short-term rainfall records (and temperature records 
for snowpack ripening) are essential for prediction purposes. Antecedent rainfall 
data are also an important determinant of shallow rapid landslides, but they can 
not be used in exclusion of storm data. Deeper-seated, rapid landslides (oftentimes 
debris avalanches and flows) may require an extended period of rainfall and gen-
erally initiate in the latter period a moderate to large storm. Such failures include a 
significant proportion of weathered or fractured bedrock within the slide mass, but 
the materials are typically not clay-rich as in slow moving deep-seated landslides 
(Sidle and Ochiai 2006). 

15.2.2
Slow, deep-seated slope failures

In contrast to shallow, rapid landslides which are triggered by individual storms or 
snowmelt events, slow, deep-seated landslides typically occur after a critical accu-
mulation of subsurface water. These deeper slope failures occur on gentler slopes 

Fig. 15.1. Shallow debris avalanche that transformed into a debris flow and moved downslope, 
Okaya, Japan, July 2006
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in highly weathered or altered clay-rich regoliths which undergo plastic deforma-
tion over a wide range of soil water conditions (Swanson and Swanston 1977; Sidle 
and Ochiai 2006). Typically an extended rainy or snowmelt period, several weeks 
or longer, is required to initiate slope movement (Wasson and Hall 1982; Coe et 
al. 2003). Thereafter, movement continues through the rainy or melt season and 
then subsides when water inputs are sporadic. Examples of such landslides are ro-
tational slumps, earthflows, and slump-earthflow combinations. Soil creep, while 
not a landslide per se, is a plastic deformation of the hillslope soil mantle and be-
haves much in the same manner as earthflows (Sidle and Ochiai 2006). Although 
slow, deep-seated mass movements generally do not kill people, they can inflict 
heavy property damage and are responsible for the transport of large volumes of 
sediment to streams and rivers in certain regions (Dietrich and Dunne 1978; Sa-
saki et al. 2000).

Usually deep-seated slope failures respond non-linearly to accumulations of 
soil water. During dry seasons, little if any movement may occur during sporadic 
rainfall events. However, once the soil mantle is recharged to a critical threshold, 
mass movement responds to further rainfall or snowmelt inputs (Swanson and 
Swanston 1977; Bechini 1993), as shown in an example of earthflow movement and 
groundwater response for the huge Chausuyama landslide in Nagano Prefecture, 
Japan (Oyagi 1977) (Figure 15.2). This phenomena of a marked increase in earth-
flow movement following a threshold accumulation of soil water supports the ob-
servations of seasonal surging of earthflows recorded in many areas (e.g., Wasson 
and Hall 1982; Iverson and Major 1987; Coe et al. 2003). Due to the complex hy-

Fig. 15.2. Ground-
water dynamics 
related to earth-
flow movement; 
Chausuyama 
landslide, Nagano, 
Japan (data from 
Oyagi, 1977)
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drology within the soil mantles of these deep-seated mass movements, responses 
to precipitation or snowmelt inputs vary greatly from site to site. Thus, it is difficult 
to generalize about threshold triggering climate conditions and it is often neces-
sary to obtain groundwater data in specific movement sites to ascertain dynamic 
behavior. Localized features on these mass movements, such as sag ponds, terraces, 
and tension cracks, store or route water and exacerbate episodic movement (Swan-
son and Swanston 1977; Coe et al. 2003). 

15.2.3
Surficial mass wasting 

Dry ravel and dry creep are technically not landslides, however they involve the 
downslope movement by gravity of individual soil grains, aggregates, and coarse 
fragments and are therefore classified as mass wasting processes (Sidle and Ochiai 
2006). Evidence of dry ravel can often be seen as talus cones or accumulations at 
the base of steep, sparsely vegetated hillslopes or behind obstructions (Figure 15.3). 
Ravel is strongly affected by freezing-thawing and wetting-drying cycles in soils 
(Sidle and Ochiai 2006). As such ravel responds to quite different climate char-
acteristics compared to other mass wasting processes. Changes in diurnal tem-

Fig. 15.3. Extensive dry ravel occurring on steep hillsides during active freeze-thaw conditions; 
Kumanodaira, Japan
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perature regimes within a range just above and below 0°C, as well as short-term 
changes in soil moisture content (affected by temperature, wind, and precipita-
tion), greatly affect ravel rates. Although dry ravel generally transports far less sed-
iment than other mass wasting processes, it can be significant in steep sites with 
sparse vegetative cover, especially where soils have been disturbed (e.g., road cuts 
and fills, burned sites, regarded soils) (Megahan 1978; Florsheim et al. 1991; Sidle 
et al. 1993). 

15.3
Methods to link weather and climate data to landslide initiation

Several methods of assessing landslide hazard are available, including terrain sta-
bility mapping, rainfall-landslide relationships, multi-factor, empirical landslide 
hazard assessments, distributed, physically-based models, and real-time warning 
systems. Of these methods, terrain stability mapping typically does not use weath-
er and climate except in a very broad way (e.g., Kienholz et al. 1984; Howes and 
Kenk 1988), thus it is not included in this discussion. Typically, increasing specific-
ity in the spatial and temporal resolution of landslide predictability is accompanied 
by increasing demands for weather and climate data.

15.3.1
Simple rainfall-landslide relationships

Mean storm intensity – duration relationships for landslide triggering events have 
been developed for global data sets (Caine 1980) as well as for regional applications 
(Canuti et al. 1985; Larsen and Simon 1993; Wieczorek et al. 2000; Fiorillo and 
Wilson 2004). When such simple relationships are coupled with real-time rain-
fall data, such analyses can provide the basis for early warning systems for shal-
low landslides (Keefer et al. 1987; Iiritano et al. 1998). Using a global data set of 73 
shallow landslides and rainfall data, Caine (1980) developed a log-log relationship 
between average rainfall intensity during storms and storm duration (Figure 15.4). 
The lower threshold of this relationship, which should indicate the lower limits for 
average storm intensity and duration that can trigger shallow landslides are given 
as: 

I= 14.82 D-0.39

where, I is the mean intensity of the rainstorm (mm h-1) and Ds is the storm dura-
tion (h). Thus, in principle, if at any time during a storm when the average rainfall 
intensity exceeds the threshold value (I), shallow, rapid landslides may occur.

More regional application of this mean intensity – duration method of establish-
ing threshold triggering conditions for shallow landslides has been accomplished 
in many areas. Larsen and Simon (1993) focused on a set of 256 tropical storms in 
Puerto Rico that triggered landslides over a 32-yr period (in contrast to Caine’s ear-
lier data which were mostly from temperate regions). For storms with durations < 
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10 h, almost three times the rain intensity was needed to trigger landslides in Puer-
to Rico compared to temperate regions; after ≈ 4 days duration, the rainfall neces-
sary to trigger landslides converged with Caine’s global threshold. Two studies in 
Italy yielded contrasting results, suggesting the need for detailed regional specifi-
cation. In Campania, intensity-duration thresholds all plotted well above Caine’s 
global threshold, partly because selected data were excluded during smaller events 
in which only single debris flows occurred in these pyroclastic deposits (Fiorillo 
and Wilson 2004). In the Piedmont Region of northwest Italy, the intensity-du-
ration threshold that captured 90% of the landslides from four events plotted just 
below Caine’s threshold for long-duration storms (> 10 h); for shorter duration 
storms, the thresholds were similar (Aleotti 2004). In the Santa Cruz Mountains 
of California, Wieczorek (1987) found that the intensity-duration threshold, based 
on 7 yrs of climate data in which individual landslides were mapped, fell well be-
low Caine’s threshold. In Carnation Creek catchment in Vancouver Island, British 
Columbia, Dhakal and Sidle (2004a) modeled the occurrence of shallow landslides 
during the 86 most significant storms from 1972 to 1990 and compared their char-
acteristics to Caine’s global threshold; 65 storms produced only one landslide and 
36 of these storms were below Caine’s threshold; all 21 storms that produced 2 or 
more landslides fell above the threshold. Cannon and Ellen (1985) divided the San 
Francisco Bay region into areas of low (≤ 660 mm) and high (> 660 mm) mean an-
nual precipitation. Based on antecedent moisture conditions and intensity – dura-
tion data, thresholds were delineated for abundant landslide initiation. Keefer et 
al. (1987) utilized these relationships together with geological indicators of instabil-

Fig. 15.4. Rainfall intensity – duration relationship based on the global data set of Caine (1980); 
open circles represent data in the original set that may not be reliable or based on in-channel de-
bris flows
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ity and real-time rainfall data to develop a warning system for landslides during ma-
jor storms in the region. Because these thresholds were derived for abundant land-
slides, the precipitation threshold is above Caine’s threshold; however, the dry pre-
cipitation threshold is similar.

In regions where rainfall intensity-duration-frequency relationships are well 
documented, they may be overlain on mean storm intensity – duration thresholds 
to identify return periods for various combinations of intensity and duration of 
precipitation that may trigger shallow landslides (Sidle et al. 1985). Such applica-
tions are complicated because these threshold relationships are based on landslides 
triggered by minimal rainfall inputs under almost saturated soil conditions. Thus, 
it may be necessary to add an index of antecedent soil moisture or at least wet and 
dry antecedent soil moisture conditions to better utilize such simple intensity-du-
ration relationships for shallow landslide prediction (Sidle et al. 1985; Sidle and 
Ochiai 2006).

To apply even the simplest relationships between rainfall and landslide occur-
rence, it is obvious that daily rainfall values will generally not suffice. The mini-
mum climate data required needs to be of a resolution that average storm intensity 
can be accurately calculated and that storm duration can be established. Generally 
this would require hourly rainfall data. 

15.3.2
Multi-factor, empirical landslide hazard assessments

Numerous examples of landslide hazard assessment that use multi-factor overlays 
can be found in the literature. These assessments produce maps of potential land-
slide hazards or decision tools that can be used for land use planning in unstable 
regions. As such, they typically do not address dynamic environmental conditions 
that affect landsliding and thus often do not consider weather and climate data. 
Nevertheless, this methodology is included here because of the potential to im-
prove this approach by including more detailed meteorological data. Early inves-
tigations that predated sophisticated Geographic Information Systems (GIS) uti-
lized basically the same concepts as incorporated in the more advanced processing 
systems of today. For example, a conceptually advanced slope hazard assessment 
was developed for the San Francisco Bay region almost 30 years ago using detailed 
information derived from maps of slope gradient, previous landslide deposits, and 
surficial and bedrock geology (Nilsen et al. 1979). A key to the success of this sta-
bility mapping was the intensity of field data that had been compiled over many 
years in this urban region. 

The factors incorporated in empirical landslide assessments are usually selected 
based on characteristics of existing landslides. In most empirical landslide analy-
ses, it is assumed that landslides are more likely to occur under conditions similar 
to those of previous failures (Brabb 1984; Varnes 1984). Both univariate and mul-
tivariate statistical analyses are used to determine the relationships of various fac-
tors to the presence or absence of landslides (Soeters and van Westen 1996; Dhakal 
et al. 1999). Because there has been a proliferation of empirical landslide analyses 
in various regions, only a few representative examples are presented for Himalaya 
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region, which is one of the most susceptible landslide areas in the world (Starkel 
1972).

Because of the high loss of life, property destruction, and damage to natural re-
sources associated with landslides in the Himalayas, numerous empirical landslide 
hazard assessments have been conducted in this region (e.g., Kienholz et al. 1984; 
Gupta and Joshi 1990; Anbalagan 1992; Pachauri and Pant 1992; Pachauri et al. 
1998; Dhakal et al. 1999, 2000). The assessments of Dhakal et al. (1999, 2000) and 
Pachauri and Pant (1992) have been at the medium scale (1:25,000–1:50,000) for 
total areas ranging from about a hundred to several hundred km2, while the study 
by Gupta and Joshi was conducted in a much larger area at a less detailed scale. The 
investigation by Kienholtz et al. (1984) in Kakani, Nepal, was conducted at a more 
detailed (1:10,000) scale in an area of 60 km2. In this general region landslides are 
triggered by both earthquakes and rainfall; however, because of very limited spa-
tially distributed data in this mountainous area, these causative factors are not di-
rectly included in these empirical analyses of landslide hazard potential. 

Gupta and Joshi (1990) employed a very simple landslide hazard assessment in 
the Ramganga catchment of the Lower Himalayas by mapping recent and old land-
slides from aerial photographs and overlaying this information on geologic maps, 
remotely sensed maps of land use, and maps of major faults and thrust zones. Four 
criteria were selected for this univariate analysis of landslide hazards: (1) five gen-
eral lithology groups; (2) five categories of land use; (3) eight distance ranges from 
major tectonic features; and (4) eight slope aspect classes. The distribution of land-
slides in various slope aspects is a surrogate for the influence of rock structure and 
physiography on landslide occurrence. Landslides tend to be more frequent in the 
direction of the dip of the bedrock. Since the hazard assessment only incorporat-
ed recent and older failures (i.e., not potential failures), slope gradient was not in-
cluded in the analysis. This important parameter would obviously improve the GIS 
hazard zonation especially if inferences on future land use changes and predictive 
capabilities are desired. Percentages of landslide occurrence in all criteria classes 
were computed and compared to the average landslide incidence; subcategory val-
ues >33% higher than the overall average were weighted as high risk (2), values 
<33% lower than the average were weighted as low risk (0), and values in the range 
of ± 33% of the mean were weighted as moderate risk (1) (Gupta and Joshi 1990). 
All criteria were equally weighted in this preliminary analysis. Areas where vegeta-
tion was either sparse or totally removed were most susceptible to landslides. More 
detailed hazard analysis should consider the potential of weighting each of the cri-
teria based on local knowledge and relationships of parameters to landslide initia-
tion. The methodology is illustrated in Figure 15.5 along with suggestions for im-
provement, such as including general patterns of rainfall data.

An example of a rather sophisticated multivariate analysis of landslide poten-
tial in the Kulekhani catchment (124 km2) of central Nepal is presented by Dhakal 
et al. (1999, 2000). They employed a detailed distributional map of landslides pro-
duced from aerial photo interpretation and later field reconnaissance together with 
data derived from a digital elevation model (DEM), geology, and land use/cover 
maps to analyze the factors and sub-factors influencing landsliding by discrimi-
nant (Quantification Scaling Type II; QS-II) analysis. Eight terrain factors were 
selected, partly based on availability of data: slope gradient, slope aspect, eleva-
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tion, drainage basin order, distance from the ridge, distance from the valley, land 
use/cover, and geology; three to seven subclasses were designated for each factor 
with geology being the most detailed. For each grid-cell of the landslide and non-
landslide groups, class codes of the eight terrain factors are assigned for the Q-S 
II analysis. The Q-S II method was deemed suitable for landslide hazard assess-
ment because nominal variables (factors) such as geology or land use/cover are of-
ten most important to discriminate between landslide and non-landslide groups. 
The quantification of classes of the factors is accomplished such that the propor-
tion of variance between the groups to the total variance is maximized (Dhakal 
et al. 2000). The scores derived from the Q-S II analysis can then be used to pro-
duce a map showing five different relative categories of landslide hazard. For the 
Kulekhani catchment, geology was the most important factor affecting landslide 

Fig. 15.5. A multi-factor empirical landslide assessment by Gupta and Joshi (1990) for the Ram-
ganga catchment in India. Recommendations are included for improvement (colored panels)
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hazard with elevation, land use, slope gradient, and slope aspect contributing pro-
gressively lesser to the hazard assessment (Dhakal et al. 1999). As with the other 
empirical methods, this analysis does not directly consider landslide triggering 
factors (i.e., rainfall and earthquakes) although certain factors may serve as sur-
rogates for these. This multivariate analysis has the advantage of assessing various 
combinations of factors (Dhakal et al. 2000). 

The landslide hazard zonation for the Kathmandu-Kakani area of Nepal (Kien-
holz et al. 1984) is more detailed and based on extensive field investigations. This 
analysis includes information on regolith thickness, slope length and gradient, 
topographic expression, hydrogeology, and certain land use practices in addition 
to geologic and land use/vegetation indicators. Deep and shallow landslides were 
differentiated as were other erosion types. Land use played a significant role in this 
assessment, with terraces, converted forest areas, and roads all highly susceptible 
to landslides. Such land use assessments are difficult at scales of 1:50,000 or more 
general. Nonetheless, specific triggering factors (e.g., rainfall amount, rain inten-
sity, seismicity) could not be included in this more detailed assessment due to lack 
of distributed data. 

15.3.3
Distributed, physically-based models

Distributed, physically-based landslide models require extensive data inputs, but 
represent the most accurate methodology for incorporating climate dynamics into 
landslide hazard assessments. Design storm scenarios or long-term synthetic se-
quences of climate can be incorporated into these models to examine such impor-
tant system functions as: (1) timing of landslide occurrence related to rainfall in-
puts; (2) effects of land cover change (both short and long-term); and (3) effects of 
various site parameters on slope stability. Distributed physically-based models are 
potentially the most powerful tools in landslide hazard analysis, particularly when 
they incorporate DEM data based on Lidar (Dietrich et al. 2001), actual rainfall in-
puts (Baum et al. 2002; Dhakal and Sidle 2004a), and long-term land use scenar-
ios (e.g., Dhakal and Sidle 2003). However, widespread application of these mod-
els has been limited because they require distributed input data (including DEM’s) 
and expertise with GIS and computer modeling. Additionally, all of the dynamic, 
physically-based landslide models developed to date can be applied only to shal-
low, rapid failures.

A distributed, physically based landslide model (dSLAM) that was developed to 
examine the spatial and temporal impacts of vegetation changes on shallow land-
slide probability was developed by Wu and Sidle (1995) and later extensively modi-
fied (IDSSM) by Dhakal and Sidle (2003, 2004a,b). The model incorporates an infi-
nite slope analysis (based on factor of safety), continuous temporal changes in root 
cohesion and vegetation surcharge (Sidle 1991, 1992), and the stochastic influence 
of rainfall on pore water pressure. As such, the model simulates the actual pro-
cess of landslide initiation rather than just the factors affecting landslides. Rain-
fall is input as actual storm sequences, events generated from historical data, or 
records synthesized using Monte Carlo techniques (Wu and Sidle, 1995; Sidle and 
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Wu, 1999; Dhakal and Sidle 2004a). The catchment is first divided in to a series of 
“TOPOTUBES” (perpendicular bisectors of slope contours), based on the stream-
tube topographic model (Moore et al. 1988) to simplify shallow groundwater mod-
eling (Dhakal and Sidle 2004b). Subsurface water is routed through TOPOTUBES 
via a kinematic wave equation. Dynamic pore water pressures calculated in each 
grid cell are used to calculate factor of safety for slope failure based on the infi-
nite slope equation. The model has been tested with good results in both the Ce-
dar Creek basin of coastal Oregon (Wu and Sidle 1995; Sidle and Wu 1999) and a 
sub-basin of Carnation Creek on Vancouver Island, British Columbia (Dhakal and 
Sidle 2004a,b). An example of the simulated temporal distribution of landslide vol-
umes in the Carnation Creek sub-catchment is shown for a 200-yr period with a 
series of 50-yr clear-cuts and partial-cuts (90 overstory removal) (Dhakal and Sidle 
2003) (Figure 15.6).

Spatially distributed data on soil properties is necessary to ensure accurate rep-
resentation in distributed models. Particularly soil depth and cohesion are impor-
tant (Wu and Sidle 1995); however, these parameters may be difficult to obtain 
for many sites of interest, especially in developing countries. Additionally, hourly 
rainfall data are required due to the demands of the dynamic, shallow groundwater 
model (Dhakal and Sidle 2004b). These dilemmas pose limitations on the applica-
tion of distributed models, although certain algorithms that relate these properties 
to topographic attributes and more readily available data (e.g., soil texture) may 
prove useful. Nevertheless, a major advantage of such distributed models is their 
ability to simulate long-term scenarios of changing land use. 

Fig. 15.6. Simulated landslide volumes for long-term scenarios of clearcutting and partial cutting 
(90% stand removal), each with a 50-yr rotation cycle, using the distributed landslide model ID-
DSM (adapted from Dhakal and Sidle, 2003)
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15.3.4
Real-time warning systems

Real-time warning systems for landslides typically rely on telemetered rainfall in-
formation that is subjected to a relatively simple set of algorithms to activate either 
an ‘alert’ or ‘evacuation’ of an area. Because of the expense associated with teleme-
tered rainfall data and the subsequent rapid processing of these data, such meth-
ods are typically in the privy of developed nations and applied only in highly pop-
ulated or traveled regions. A rather sophisticated landslide warning system has been 
installed along several unstable portions of U.S. Highway 50 in northern Califor-
nia (Reid et al. 1999). Real-time data on ground motion and pore water pressure 
are telemetered to computers, and graphs of these responses are directly supplied 
via the internet to local officials, geotechnical engineers, and emergency managers. 
Similar warning systems have been used along railway corridors in Seattle, Wash-
ington and along unstable roads in Hong Kong, California, and Oregon. In Japan, 
alarms are issued based on rainfall forecasts in susceptible mountainous areas; fol-
lowing alarms, if a designated threshold of total rainfall occurs, the road is closed 
(Yoshimatsu 1990). Warning systems for debris flows that would impact downslope 
residents have employed ‘trip-wire’ and video systems; however, such systems ne-
cessitate rapid evacuation plans due to the high velocities of debris flows. 

The ability to link real-time climate data to physically-based landslide models 
should be highly beneficial for the assessment of landslide hazards in high risk ar-
eas. The application of real-time rainfall data along with antecedent moisture and 
geological indicators of instability to the development of a landslide warning sys-
tem for the San Francisco Bay region is an excellent example (Keefer et al. 1987). 
While such an advanced warning system depends on spatially distributed, accu-
rate, and timely disseminated rainfall data, it is possible that similar applications 
could be successful in densely populated regions of developing countries where lo-
cal governments and international donors support regional telemetered networks 
of rain gages. Further advances in such warning systems may be possible in the fu-
ture with advanced forecasting using improved Doppler radar systems, although 
problems exist related to orographic effects in mountainous terrain (Gysi 1998). 
As more of these radar networks come on line worldwide, the potential to use such 
data in landslide forecasts will increase. 

Certain limitations exist related to landslide warning systems based strictly 
on rainfall characteristics. Such systems cannot discriminate landslide potential 
amongst different geologic materials or different land uses. The utility of teleme-
tered rainfall data to predict landslides depends strongly on the density of rainfall 
gauges, particularly in dissected mountainous terrain or in areas that receive con-
vective storms. In spite of these limitations, landslide warning systems based on a 
combination of rainfall forecasts, real-time rainfall data, antecedent precipitation, 
and ground motion could save lives and reduce damages if properly implemented 
in populated areas of developing nations. However, most mountainous terrain in 
both the developed and developing world is far too remote for accurate, real-time 
warning systems to be employed in the next few decades. 
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15.4
Effects of land degradation and climate change in landslide

Most landslides contribute to land and water degradation, and land use activities 
associated with various types of land degradation (e.g., forest clearing, roads and 
paths, fire, grazing) can exacerbate the occurrence of landslides. Climate change 
may exert variable effects on different types of landslides depending on the chang-
es in seasonal and short-term precipitation. The greatest impacts of climate change 
on landslide occurrence are likely via modification of evapotranspiration and root 
strength of vegetation. Oftentimes the interactions between climate change im-
pacts and anthropogenic effects are difficult to unravel.

15.4.1
Land degradation

Of the land management practices that increase the susceptibility of hillslopes to 
landslides, roads and forest conversion (including the effects of fire) usually exert 
the greatest effects (Sidle et al. 2006). While much emphasis has been placed on for-
est logging practices, particularly in the tropics, the practice of forest harvesting 
with subsequent secondary forest regeneration needs to be clearly distinguished 
from forest conversion to agriculture, pasture or exotic plantations. Forest harvest-
ing with subsequent regeneration increases landslide potential in a 3 to 15 yr ‘win-
dow’ after logging, while the increases related to forest conversion are essentially 
permanent (Sidle and Ochiai, 2006).

Roads and trails cut into steep hillsides decrease the stability of the natural ter-
rain by: (1) adding weight to the slope in the embankment fill; (2) steepening the 
slope in both the cut and fill surfaces; (3) removing support in the cutslope; and (4) 
rerouting and concentrating road drainage water (Sidle et al. 1985, 2006). The rela-
tive importance of these destabilizing factors depends on the design and construc-
tion standards (if any) of the road and associated drainage system. Additionally, 
road location is very important; midslope roads in steep terrain have the greatest 
destabilizing effect, while valley bottom and ridgeline roads have progressively low-
er influences on slope stability (Sidle and Ochiai 2006). Numerous studies world-
wide have found that forest roads increase landslide erosion by approximately two 
orders of magnitude as compared to undisturbed forest land, with average landslide 
erosion rates from road right-of-ways in unstable terrain of about 50 t ha-1yr-1. How-
ever, such increases are highly variable; in North America these increases range 
from 25 to 350-fold in unstable terrain (Sidle et al. 1985; Sidle and Ochiai 2006). 
In developing countries mountain roads, even those used for vehicular traffic, may 
produce much higher rates of landslide sediment. A recent investigation along a 
new mountain road in Yunnan, China, found that landslide erosion was approxi-
mately 9,600 t ha-1 yr-1 during the first four years after construction. Most of this 
sediment was directly transported into the headwaters of the Mekong River. 

Progressive forest clearing/conversion and associated land degradation in devel-
oping countries of Africa, Asia, and Latin America have been associated with gen-
eral increases in landslides (Haldemann 1956; Harwood 1996; Fischer and Vasseur 
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2000) although specific rates of increase have not been reported. The major effect 
of conversion of forest land to agriculture on landslide erosion can be attributed to 
a permanent loss in rooting strength compared to previous forest or brush vegeta-
tion (Sidle et al. 1985; Sidle and Dhakal 2002). Shallow rooted crops and grasses 
have negligible rooting strength compared to deeper-rooted trees and shrubs (Rice 
et al. 1969; Marden and Rowan 1993; Bergin et al. 1995). Such long-term reduc-
tions in rooting strength following forest conversion are associated with increases 
in landslide probability (Sidle et al. 2006). Studies of forest conversion and relat-
ed land degradation have generally not persisted long enough to capture landslide 
erosion. Terraces constructed on steep converted hillsides exacerbate landsliding, 
especially those that impound water (Johnson et al. 1982; Kienholz et al. 1984; 
Billard et al. 1993; Sidle and Ochiai 2006), even though many practitioners view 
such practices as generally beneficial for erosion control. Conversion of forest or 
brushland to pastureland has accelerated landslide erosion in many regions of the 
world. Widespread conversion of mixed evergreen forests of North Island, New 
Zealand, during the development of pastoral hill country between 1860 and 1920 
caused severe landslide erosion and reduced productivity of the land (Ministry of 
Works and Development, 1970; Garrett, 1980; Trustrum et al., 1983). In addition 
to increased landsliding in pastureland due to weak root systems of grasses, tram-
pling and destruction of vegetation along streambanks by cattle contribute to bank 
failures (Sidle et al. 2006). Agroforesty may reduce the incidence of landslides on 
steep slopes compared to forest sites converted to agriculture or grass because of 
the greater rooting strength of planted trees, albeit less than rooting strength of 
mature forests. 

Fire is often used in conjunction with forest clearing and its role in promoting 
landslides and debris flows is quite complicated and poorly understood. Debris 
accumulation in headwater channels can be greatly enhanced by burning and re-
sultant surface erosion and dry ravel (Florsheim et al., 1991; Wohl and Pearthree, 
1991; Meyer et al., 1992). Such accelerated loading of these channels immediately 
after fire can increase the probability of a debris flow. Additionally, fires consume 
large woody debris in channels and thus may destabilize stored sediment and de-
crease channel roughness (Cannon and Reneau, 2000). If a moderately large rain-
storm occurs after burning, a debris flow may result in these overloaded channels 
(e.g., Wells 1987; Cannon and Reneau 2000). In contrast, the susceptibility of hill-
slope landslides increases after burning because of the gradual decay in rooting 
strength. Superficially, it may appear that the immediate effects of fire may de-
crease the susceptibility of landslides due to increased surface runoff and reduced 
water inputs into the soil (Sidle et al., 1985). Rice (1977) concluded that although 
burning may initially reduce landsliding, as rooting systems decay and new vege-
tation restores the infiltration capacity of soils, the burned sites become more vul-
nerable to slope failure. Rice et al. (1982) estimated that landslide erosion would 
increase 3-fold when a 15-year prescribed burning interval was used in brushland. 
With such a burning interval, the age distribution of brush is clustered in the pe-
riod of minimum rooting strength and the site is this sensitive to large landslide-
producing rainstorms. Typically the effects of burning on dry ravel production are 
short-lived; as sites revegetate, ravel decreases markedly (Sidle and Dhakal, 2002).
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15.4.2
Climate change

Although certain types of landslides may be influenced by increases in mean air 
temperature and changes in regional annual and seasonal precipitation, the initia-
tion and persistence of slope failures are more related to the timing and short-term 
rates of rainfall and snowmelt. Long-term changes in average temperature and pre-
cipitation as well as shifts in the frequency of extreme events are anticipated. Such 
climate changes will affect landslide scenarios throughout the world (Evans and 
Clauge 1994; Wyss and Yim 1996). The effect of climate change on other environ-
mental factors, such as vegetation and soil, may introduce more complex interac-
tions related to landslide occurrence (Sidle and Dhakal 2002).

Landslides triggered by snowmelt in the Northern Hemisphere will likely de-
cline south of latitude 60°N because of decreases in snowfall (Rowntree 1993). 
However, those landslides that do occur will probably occur earlier in the year be-
cause thinner snowpacks will ripen more quickly and release meltwater earlier in 
the spring (Sidle and Dhakal 2002). The effects of possible changes in rain-on-snow 
on landslide initiation cannot be estimated in current climate-change forecasts. 
Shallow, rapid landslides will only increase in scenarios of increasing rain event in-
tensity, whereas, deep-seated mass movements will increase with seasonal increas-
es in precipitation. Thus, the former will require spatially explicit information on 
changes in rainfall intensity during individual storms, which is not yet reliable in 
climate change forecasts. Data on seasonal precipitation changes that affect deep-
seated mass movements (slumps, earthflows, soil creep) are more reliable from cli-
mate change predictions, but the spatial resolution of such data leaves much to be 
desired. With predicted increases in winter rainfall in northern latitudes, rates of 
deep-seated landslide movement may increase in some areas; however, the actual 
period of this movement may decrease due to shorter winters. Dry ravel may re-
spond more directly to long-term climate warming, increasing as vegetation cover 
becomes sparse and with increasing frequency of fire. The predicted longer, drier 
summers (Loaiciga et al. 1996) would exacerbate fire hazard and increase rates of 
ravel on burned sites.

An important long-term consequence of climate change is the redistribution 
of vegetation and even entire ecosystems as the result of sustained warming and 
altered patterns of rainfall and snow accumulation. Because vegetation rooting 
strength depends on species and below ground root biomass (Sidle, 1991; Sakals 
and Sidle, 2004), vegetation cover changes will affect landslide susceptibility. As 
growing seasons increase in warmer climates, the resultant increases in evapo-
transpiration may reduce landslide potential. The effects of climate change in the 
tropics on landslide initiation are believed to be less than in temperate regions be-
cause of the smaller projected changes in temperature and precipitation; however, 
any long-term changes in vegetation cover could especially influence deep-seated 
landslide rates.
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15.5
Summary related to weather and climate information needs

Weather and climate information are important for predicting the spatial and tem-
poral distribution of landslides as well as developing realistic long-term scenarios 
for assessing impacts of anthropogenic practices on landslide magnitude and fre-
quency. In predicting landslide occurrence, a clear distinction must be made be-
tween the methods and climate information needed for the more commonly stud-
ied surface erosion compared to landslides. For real-time predictions of shallow, 
rapid landslides it is imperative to have hourly rainfall data. Such intensity data 
are generally required in physically-based shallow landslide models and even sim-
ple rainfall-landslide relationships. Linking real-time climate data with physical-
ly-based landslide models may be one of the greatest challenges for developing im-
proved landslide warning systems in the next decade. Given that most gauges in 
developing nations only collect daily rainfall, a high priority needs to be placed on 
more intense networks of recording rain gauges, not only near populations, but 
also at elevations where landslides typically originate that may impact people and 
property located downslope. Also, multi-factor empirical landslide analyses can be 
improved by including probability estimates for design storms (average intensities 
or maximum short term intensities) that are known to trigger different types of 
landslides. Such analyses need to focus on the different climate dynamics associat-
ed with shallow and deep landslide initiation. Currently, most analyses do not dif-
ferentiate amongst various landslide types, and thus, different climatic triggering 
responses or thresholds. Additionally, there are currently no sufficient distributed 
physically-based models that address deep-seated landslides. 

Existing daily precipitation records are useful to estimate the reactivation of 
existing deep-seated landslides based on historical knowledge of their behavior; 
however, such records need to be augmented by additional gauges located at appro-
priate elevations (i.e., not just on farms or in villages) to better reflect landslide ini-
tiation/reactivation mechanisms. Temperature records are less useful in landslide 
prediction although they can be used to assess the susceptibility of dry ravel. Long-
term trends or future projections of temperature can suggest general patterns of 
vegetation redistribution and weathering rates, both of which affect landslides. The 
incorporation of climatic change scenarios into landslide hazard assessments and 
models appears to be a complex task given the inaccuracies in future temporal and 
spatial predictions (e.g., Buma and Dehn 1998). 

Because the impacts of landslides in developing regions have been largely ig-
nored except for cases where people or expensive property are directly affected, 
more emphasis needs to be placed on the distribution and extent of these mass 
movements in rural regions where they will degrade land productivity and water 
supplies. While many international donors have sponsored relatively short-term, 
plot-scale surface erosion studies in developing nations and subsequently devel-
oped expensive erosion control strategies and land use recommendations based on 
these findings, landslide processes and interactions with anthropogenic practices 
in these same regions have been largely ignored. Even in longer-term catchment 
studies, the occurrence of landslides and their influence on sediment budgets has 
only been documented in a few cases (Douglas et al., 1999; Chappell et al., 2004). 
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To fill this void, landslides must be quantified using long-term sediment budgets to 
adequately quantify erosion rates and sedimentation processes. Such information 
is crucial in formulating sustainable land management practices and developing 
appropriate prediction methods for such areas. 
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CHAPTER 16

Drought Hazard and Land Management 
in the Drylands of Southern Africa
Juliane Zeidler and Reagan Chunga

Abstract. Significant climatic variability is a common phenomenon in southern 
Africa. Frequent and persistent dry periods, unpredictable and variable rainfall 
and temperatures are considered normal climatic conditions. Additionally predic-
tions of long-term climate changes for the sub-region suggest that by 2050 temper-
atures will be significantly higher and rainfall greatly reduced over extensive areas 
of southern Africa. Innovative drought hazard and land management responses 
are being implemented in the southern Africa sub-region. Best practices and clear 
shortcomings that have been identified and lessons learnt can feed into future re-
sponse development. The adaptive response capacities of farmers, pastoralists and 
natural resource managers for example have to be strengthened in anticipation of 
worsening climatic conditions for crops and livestock productivity, conservation 
and sustainable use of biodiversity and land management, as a matter of priority. 
Concurrently capacities at the regional and national decision-making levels need 
also to be addressed.

Case examples from the sub-region demonstrate that intensive support to in-
dividual farmers and communities can significantly improve land management 
practices, responsiveness to climatic variability and improve livelihood security. 
Furthermore, it is clear however that pilot approaches need to be “up-scaleable”. 
Pilot studies may not be success stories if lessons learnt are not integrated in a wid-
er systems context. It is also clear that local level interventions on their own will 
do little to address the issues of land degradation, desertification, sustainable land 
management, and drought hazard in an integrated way that reaches across to the 
regional and national decision making levels.

The cases selected provide examples of (i) an early warning system (EWS), and 
(ii) drought and/or desertification policy. These examples are being analysed based 
on experiences from southern Africa. Short narrative descriptions are provided 
and salient lessons learnt synthesised.

16.1
Introduction

Significant climatic variability continues to be a common phenomenon in south-
ern Africa. Frequent and persistent dry periods, unpredictable and variable rain-
fall and temperatures are considered normal climatic conditions, especially in the 
drylands. Overall, southern Africa is considered a dry area, and two to three severe 
drought events can be expected somewhere in the region per decade (Tschirley et 
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al. 2004). Additionally, predictions of long-term climate changes for the sub-region 
suggest that by 2050 temperatures will be significantly higher and rainfall great-
ly reduced over extensive areas of southern Africa (IPCC 2001). The Intergovern-
mental Panel on Climate Change (IPCC) Third Assessment Report and subsequent 
studies (Scholes and Biggs 2004; Biggs et al. 2004) suggest that by 2050 tempera-
tures in the sub-region will increase by 2oC to 4oC and precipitation will be 10% to 
20% less than the 1961-1990 baseline. Increased frequencies and intensities of dry 
periods are consequently expected. 

Although dry periods are considered “normal”, extreme natural events put 
people, production and governance systems under pressure. Droughts can lead to 
emergencies through food shortages, enhanced pressures on natural resources and 
ecosystems, and testing and sometimes non-performance of service delivery and 
emergency responses. 

The clear interlinkages between dry periods and land degradation will be de-
picted and explored in more detail in Section 16.2 of this paper. Overall, it is assert-
ed that if reliable and relevant climate and weather data were more readily available 
to and applied by key user groups, i.e. farmers, other resource managers, exten-
sion officers, emergency response units, and policy and decision makers, countries 
would be more readily prepared for dealing with the dry periods and occasional 
disasters, droughts and related land degradation threats challenging the region. At 
the same time, adaptive capacities to predicted climate changes would be strength-
ened. Integration and cognizance of weather and climate data in land use planning 
and land management, as well as better understanding and acknowledgement of 
the interlinkages between land degradation and dry period would go a long way to-
wards more sustainable land management in southern Africa. 

Innovative drought hazard and land management responses are already be-
ing implemented in the southern African sub-region. Best practices, clear short-
comings and region specific challenges can be identified. These lessons learnt from 
previous and ongoing work can feed into improved future response development. 
This paper analyses cases selected to identify key issues to be addressed to improve 
strategies for more efficient use of weather and climate information and application 
for reducing land degradation. Examples of ongoing responses currently applied in 
southern Africa are presented focussing on (i) an early warning system (EWS), (ii) 
drought and/or desertification policies and (iii) local level responses. 

16.2
Drought and land degradation: conceptual interlinkages 

The interlinkages between normal dry periods, drought and land degradation are 
manifold – and two-directional. Drylands are considered to be “drought-adapt-
ed”, i.e. dry periods and more severe droughts naturally occur and the ecosystem 
is adapted to its occurrence. The interlinkages are exacerbated, however, by the in-
creasing population pressure, increased consumption expectations, as well as over-
all an increase of rural poor. Most countries in southern Africa, with rapidly grow-
ing populations, and the various ecosystems occurring across the region, includ-
ing drylands and more humid ecosystems, experience droughts at least at certain 
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times. Although the impacts of dry periods in drylands which are considered to 
be more drought resilient (Behnke et al. 1990; Scoones 1995; Illius and O’Connor 
1999), may differ from more humid areas, generally prolonged and severe droughts 
impact on the bio-physical and socio-economic environment (Figure 16.1). 

Droughts, or even normal dry periods, may lead to water scarcity. Reduced or 
complete failure of rainfall impairs primary production and may lead to failures 
of harvests and livestock deaths, and ground water recharge can be significantly 
disturbed. Food insecurity and shortages are the frequent result. These directly af-
fect human well-being, and especially already vulnerable groups, often those who 
depend directly on subsistence farming for their daily livelihood, poor people and 
those already exposed to health challenges, i.e. pregnant women, children, elder-
ly people, ill people, for example suffering from HIV/AIDS and related symptoms 
(IECN 2006). Loss of agricultural produce and income derived therefrom, can se-
verely threaten household economics and the ability to cope with the impacts of the 
extreme events. Prevailing dry periods and severe droughts often lead to the over 
utilization of natural resources, e.g. leading to overgrazing of rangeland, or the 
over harvesting of other biodiversity products such as natural foods (“veld foods1”) 
and game. Land and related natural resource degradation can be the effect.

Fig. 16.1. Impacts on the bio-physical and socio-economic environment induced by prolonged 
drought. It is important to note that both bio-physical and socio-economic impacts can lead to 
increased land degradation risk (Fig. 16.2)

1 “Veld foods” is a term widely utilized in southern Africa and refers to plant or animal food sources 
especially collected as alternative or additional food source during drought times. 
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Areas that are degraded are less resilient, and dry period and drought impacts 
can be expected to be more severe. The concept of ecosystem services is an impor-
tant one in this context, and crucial work has been carried out by the Millennium 
Ecosystem Assessment. Especially relevant to this region is the Southern African 
Millennium Ecosystem Assessment (Scholes and Biggs 2004; Biggs et al 2004). It 
can be said that areas where ecosystem services are impaired, i.e. where degrada-
tion is evident, resilience, including for dry periods and drought, may be reduced. 

Analysing in some more detail the three bottom impact areas of prolonged 
drought, i.e. potential health impacts, less income and potential land/resource deg-
radation highlights how both bio-physical and socio-economic impacts can lead to 
increased land degradation risk see (Figure 16.2) below.

During prolonged drought the human resource capacities of farmers and other 
resource managers can be severely reduced. Reduced capacities to attend to agri-
cultural and livestock husbandry activities can lead to unsustainable land man-
agement practices. It is already observed in southern Africa that households who 
have lost family members suffering from HIV/AIDS or are tending to people liv-
ing with HIV/AIDS are more vulnerable and usually have less resources to prop-
erly manage land, crops and animals (IECN 2006; ABCG 2002; FAO and UNAM 
2001; FAO 2003). Further, small-scale farmers often have no or few opportunities 
to accumulate savings for emergency situations, i.e. droughts or even normal dry 
periods. Thus if during such periods, there is no harvest or livestock herds perish, 

Fig. 16.2. Drought impacts lead to increased land degradation risk. Indirect impacts such as 
through effects on human resource capacities and house-hold economics, increase the vulnera-
bility of farmers and farming systems, and consequently worsen the land degradation threat. 
Drought hazard and land management response actions have to be cognizant of these intricate 
interlinkages and interactions to be effective
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such households may be driven into severe debt and poverty. Lack of cash to rein-
vest into herd re-establishment after the dry period or drought has passed, does, for 
example, push farmers to keep their herds even in times when de-stocking would 
be advisable as one way to prevent land degradation. 

Although this deliberation is not all-inclusive, it makes a clear case of the issues at 
stake when considering the important two-directional interactions between normal 
dry periods, drought and land degradation, the economic impacts and consequences 
for development. Predicted climate change in the region will aggravate the situation, 
and thus it will become more important to examine the inter linkages and devise 
comprehensive strategies to address the need to apply climate and weather data more 
rigorously in development planning and adaptive resource management.

16.3
Response actions in the southern African region: 
what can we learn?

16.3.1
Early Warning Systems (EWS)

16.3.1.1
Mechanisms for ESW in Southern Africa: what works – what doesn’t?

EWS exist for a variety of extreme events including droughts and floods, earth-
quakes and tsunamis, as well as fires and other events. These systems exist on a 
diversity of levels, including local level EWS, which often are based on indigenous 
knowledge and locally established management systems, and reach to sophisticat-
ed national, regional and global EWS. The Southern African Development Com-
munity (SADC), representing the southern African region, has established a strong 
EWS with a Regional Early Warning Unit and maintains a dedicated Drought 
Monitoring Centre situated in Harare, Zimbabwe2. This Centre is designated to as-
sist with regional EWS information generation and dissemination, i.e. on drought 
hazards. The regional Centre works in close association with all SADC countries 
and intricate information flow chains have been established over the past decade 
(Nyenzi et al. 2006). The Centre is responsible for research and science, models and 
predictions; the southern African Regional Climate Outlook Forum (SARCOF) is 
composed of members of each SADC country, who, together with the Centre, pro-
duce consensus seasonal forecasts, which are then adapted to national conditions. 
SARCOF and the national institutions associated constitute part of the communi-
cation mechanism that reach out to planners and other forecast users. The set-up 
generally satisfies the request that EWSs should be people centred and have four 
elements to be effective (UN 2006): 

Knowledge of the risk faced
Technical monitoring and warning service

2 See www.sadc-fanr.co.zw; www.fews.net/south/ for details
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Dissemination of meaningful warnings to those at risk, and 
Public awareness and preparedness to act. 

Early warning infrastructure in the region is linked to the SADC and existing na-
tional Food Security Networks and Emergency Response Institutions, usually con-
stituted of multiple stakeholders. 

 In the context of land degradation management, the key issue is that not only 
emergency planners at the national and regional level have access to adequate 
weather and climate data for emergency responses in case of drought, but that the 
farmers and local level resource manager are prepared to deal with normal dry 
times and drought by applying appropriate response measures. For example, fore-
casts are needed to inform the choice of seed varieties for either higher productiv-
ity or drought resistance, the timing of planting, stocking rates and other. Applica-
tion of and response to forecast information at this level is of highest importance. 
It is at this level that it is decided if sustainable land management practices are ap-
plied – or not. However, it is exactly at this level that a great number of obstacles 
to the acquisition and application of weather and climate data exist and workable 
strategies have to be employed to significantly impact on this level. 

Considering the enormous impact dry periods and droughts place on national 
economies, is seems also important that relevant data and information on weath-
er and climate, medium-and longer-term, are integrated more systematically 
throughout economic and development planning per se. A discussion paper pre-
pared by the UNDP Drylands Development Centre in 2005 (UNDP 2005), elo-
quently describes the impact droughts can have on economies especially in de-
veloping countries. They make a strong case that not addressing drought in a de-
velopment planning context can put severe limitations to options countries have, 
especially in those countries that can expect more frequent and severe droughts 
under climate change scenarios for the region. These observations and analysis 
should be expanded to consider normal dry periods as well. 

16.3.1.2
Analysis & Synthesis: looking at different scales

Two different levels of EWS will be analysed in the context of this paper, concern-
ing (i) information needs and challenges to successfully addressing such needs at 
the farmers’ level, and (ii) an indicative analysis of capacity needs at the national 
and regional level for improved provision of weather and climate information. 

16.3.1.2.1
Local level

Although climate forecast information may in general be available (even if they could 
be improved: see “national and regional level” analysis below) such information is not 
readily accessible to small scale farmers and rural communities in developing coun-
ties e.g. in southern Africa, and adequate response actions are not rigorously applied. 
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Pilot studies conducted in several parts of southern Africa have investigated the utility 
of climate information in agricultural management and farmers’ information needs. 
The following types of information/predictions have been identified to be of particu-
lar use (Ziervogel 2001; Chikoore and Unganai 2001; Patt and Gwata 2002): 

Onset date of the main rains (as it differs from expected).
Quality of the rainy season (rainfall amount).
Cessation date of the main rains (as it differs from expected).
Temporal and spatial distribution of the main rains.
Timing and frequency of active and dry periods (wet and dry spells).
Agronomic recommendations in terms of, for example, which crop varieties to 
grow.

The most useful forecast information according to farmers is early warning of a 
poor season, the commencement of the season and whether the rains would be ad-
equate (Phillips et al. 2001). It is probable for people living in low rainfall zones, 
where rainfall is more variable, that seasonal forecasts for wetter years are of great-
er value than warnings of a poor season (Phillips 1998). An important consider-
ation is that “the forecast needs to be stated in a language and in terms the user un-
derstands” (Unganai 2000).

Usually it is asserted that it is a matter of communication and outreach to the 
local levels that is needed, and governments are often criticised for not taking the 
necessary actions. However, it appears that the situation is more complex. Patt and 
Gwata (2002) undertook some in-depth research in Zimbabwe, analysing what 
type of weather and climate data are needed by local farmers, how such informa-
tion should be provided and what the key constraints are for effective local level re-
sponses to take place. Generally they identify six constraints to forecast effective-
ness: (1) credibility, (2) legitimacy, (3) scale, (4) cognition, (5) procedures, and (6) 
choices. Other sources (Phillips et al. 2001; Ziervogel 2001) add to this list both ac-
cess and structure of decision set (Table 16.1). These authors analysed causes and 
effects of the constraints and made recommendations as to how to address the 
identified constraints.

From their analysis it is clear that weather and climate information needed at 
the local level has to go far beyond producing a forecast, and effecting the appro-
priate application of data so provided requires dedicated inputs. As Patt and Gwata 
(2002) point out, intense extension and outreach work, e.g. through training work-
shops, is required to actually get weather and climate information fully integrated 
into land management decision making. 

The challenge is to reach out to the key target group concerned with land man-
agement decision making – critically, local farmers and resource managers. When 
discussing strategies for more efficient use of weather and climate information and 
its application for reducing land degradation, the role of these stakeholders can-
not be overemphasised. Recommendations made from the case study in Zimba-
bwe pointed to the need to invest enormous human and financial resources into 
the capacity building and empowerment of the local resource manager. Currently, 
most international and multilateral instruments place responsibility for such local 
level outreach and devolution efforts to national governments. The enormous in-
vestments required to reach but a few people is indicative of the scale of efforts re-
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Table 16.1. Constraints to effective communication of weather and climate data to the farmer 
and resource manager level based on case study research in Zimbabwe and Lesotho and 
recommendations made by the researchers (Patt and Gwata 2002; Phillips et al. 2001; Ziervogel 
2001) in a UNDP/GEF proposal to the GEF 2006

Constraint Cause Effect Recommendation

Access Mode of information 
delivery not tailored to 
remote rural areas.
No national radio 
coverage

Users resort to 
indigenous knowledge 
systems

Establish community 
radio stations and 
information centres

Relevance Forecast generators do 
not interface with users 
to correctly define user 
needs

Forecasts not used Strengthen forecaster 
– user interface

Credibility Previous forecasts 
perceived as wrong: 
source not trusted

Users will do business 
as usual

Rely on trusted 
communicators

Scale/
geographic 
location

Forecasts tells users 
nothing about events in 
their local area

Forecast not 
incorporated in decision 
making

Work with users to 
analyze implications for 
local area

Cognition Forecast is new, different 
and confusing/ difficult 
to understand

Users either do not use 
forecast or use it in a 
counterproductive way

Work repeatedly with 
the media and users to 
help them understand 
forecasts for their local 
area and to correct past 
mistakes

Legitimacy Forecasts perceived 
as superseding local 
knowledge or hurting 
users

Both forecast and 
concomitant advice 
ignored

Incorporate local 
knowledge in forecast 
process; involve users in 
formulating advice

Procedures / 
lead time

Forecast arrives at the 
wrong time, to the 
wrong people or is 
unexpected

Forecast not 
incorporated

Repeat communication 
to resolve timing, 
relevant actors and 
consistency

Choices Forecast does not 
contain enough new 
information to alter 
specific decisions

Users will not change 
decisions in response to 
forecast

Improve forecast skill; 
encourage users to make 
incremental decisions

Structure of 
decision set

Limited management 
options

Farmers will do business 
as usual

Create opportunities to 
diversify livelihoods
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quired to up-scale and reach out to a majority of farmers and resources managers 
nation-wide. Politicians and decision makers are faced with the need for pragmatic 
solutions and it is not only their responsibility to devise more practicable strategies 
and response actions. 

In Namibia, currently efforts are ongoing to establish a National Drought Risk 
Management Centre, which, through an intricately established multi-stakeholder 
mechanism would process and communicate relevant information to the end user 
level (Seely et al. 2006). Such a system would involve the extension services of the 
Ministry or Agriculture, Water and Forestry, and outreach and training for com-
munities through approaches and programmes such as the Farming Systems Re-
search and Extension (FSRE), Forum for Integrated Resource Management (FRIM) 
and Local Level Monitoring (LLM) piloted in Namibia (see also section 16.3.2, Pol-
icy Instruments). It is essential to make special efforts to connect successful com-
munity action and research (Seely and Moser 2004; Seely and Wöhl 2004). 

In terms of EWS for drought occurrence, a recent UN report highlights and 
stresses the importance of traditional and indigenous knowledge systems, which 
are partially still applied and seem to be scientifically quite robust (UN 2006). It 
might be overall more practical and cost effective to promote such local systems in-
stead of superimposing complicated and not fully appropriate top-down systems. 
Many of these indigenous and traditional knowledge systems are effective when 
population remains relatively constant and effective governance is in place. With 
rapidly growing populations and changing governance structures, these systems 
require combination with alternative systems.

16.3.1.2.2
National and regional level

The above described SADC Drought Monitoring Centre in Zimbabwe is an estab-
lished institution. Relevant and relatively well functioning regional platforms have 
been established though SARCOF. Additionally, linkages to regional and national 
emergency response entities exist. However, there are constraints that hamper the 
efficient work of these institutions. For example, funding and technical support to 
the Centre are limited and new mandates and work responsibilities, e.g. that would 
emerge, from the aforementioned requirements on the local level, can not be met at 
current state. It is clear that currently existing EWS globally are not adequate and 
capacity gaps are pertinent. The Global Survey of EWS, published by UN (2006) 
looked at a comprehensive set of EWS, including for drought hazards. The survey 
identifies a suite of constraints relating to risk knowledge, monitoring and warn-
ing systems, dissemination and communication and response capacities. Drought 
monitoring, as well as environmental monitoring, including land degradation are 
covered in the study. Overall the need to establish better global linkages for sharing 
information and providing adequate early warning are noted, and existing capac-
ity gaps ought to be addressed as a matter of priority. However, the survey places 
a strong emphasis on building and improving national people-centred EWS, and 
proposals for such capacity building are presented. 
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Supporting information is presented in the Climate Africa Report (Washing-
ton et al. 2004) commissioned by the UK Government. This document identi-
fies capacity needs and potential support actions in the field of improving climate 
and weather information and the long-term response capacity to climate change 
in Africa. It is shown that African climate observing systems are in a worse state 
than that of any continent and shown to be deteriorating. Relative to many parts 
of the world, scientific understanding of the African climate system as a whole is 
low, although the southern African climate system is comparatively better under-
stood than that of other areas in Africa. It is noted that traditionally the provi-
sion of climate services and information by many African National Meteorological 
and Hydrological Services (NMHSs) was developed around transport demands, 
with short-term forecasts, whilst longer-term climate concerns are a lower prior-
ity. However, as partially asserted above, seasonal forecasting and the provision of 
probabilistic climate information on time scales from months to a year have im-
proved and could meet informational needs relevant to farmers and in the land 
degradation context.

An appraisal of the current weather and climate facilities within Africa reveals 
numerous gaps not only in the ability of Africa to satisfy international agreements 
but also to provide quality national climate services. A review of climate policy 
within Africa identifies important limitations in the use of climate within policy 
planning. The report further finds that international support for African climate 
activities is “diffuse and largely discontinuous”. Based on the analysis the report 
suggests immediate issues for consideration in addressing the gaps, and options 
and cost-benefit information for implementation. 

16.3.1.3
Salient points 

The persistent dry periods and drought risk knowledge currently place inadequate 
emphasis on social, economic and environmental vulnerability. EWS need to be 
both more inter- and multi-disciplinary in their nature to address key manage-
ment concerns. Competent capacities have to be strengthened and built in institu-
tions which could provide more sophisticated research information and become 
more valuable for developing adequate response actions. For example, the current-
ly provided drought early warning information could be further refined through 
an additional vulnerability element, which could be presented in an integrated 
manner, and targeted beyond the “food security” community.

Capacity gaps in Africa’s (including southern Africa) weather and climate ob-
servatories exist and overall capacity bottlenecks need to be identified and over-
come to ensure that weather and climate data are included in land use and man-
agement planning and implementation. Rigorous application of seasonal forecast 
information can contribute to preventing land degradation. It is recognised that 
it will be difficult for national governments to generate and allocate sufficient re-
sources to building up a strong observatories system. Developing environmental 
observatories would provide a broader set of information, whilst at the same time 
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serving a wider set of user groups and information needs while satisfying the re-
quirements of more inter- and multi-disciplinary research.

The technical, scientific and financial capacities to produce rigorous information 
are limited and need to be improved and supported. Strong scientific research and 
knowledge generation is required to generate sufficiently accurate information. Al-
though the SADC (Southern African Development Community) region has a com-
petent authority dedicated to EWS, updated data from national sources is a major 
deficiency. The low number of observatories is evident and data quality is not al-
ways adequate. Even if the data foundation is being improved, technical capacities 
have to be developed that enable countries to process the data according to the lo-
cal and national information needs. It has been observed that there is currently a 
major bottleneck in communicating the available weather and climate information 
and in synthesizing it in the most appropriate ways. Perhaps a new generation of 
professionals is needed to overcome these current capacity gaps. It seems that, for 
example, traditional “weather/climate professions” as well as profiles of extension 
officers do not suffice current demands and new profiles may be needed. 

Local level outreach is effort- and resource-intensive and hence pragmatic and 
practical strategies and responses are needed which really reach out to the intended 
end user of weather and climate information. It becomes apparent that the commu-
nication of weather and climate data is a key bottleneck. Although certain mecha-
nisms are being tested, two main questions are (i) who is responsible for the com-
munication of the information, and (ii) how much does it cost to provide effective 
communication which is extremely resource intensive. Can we come up with more 
practical and pragmatic strategies?

16.3.2
Policy instruments

16.3.2.1
Drought Policy: empowering farmers to monitor rainfall 
and to take adaptive management actions: an example from Namibia

Drought and/or desertification/land degradation related policy instruments exist 
in most countries in the southern African region. However, drought risk as well as 
land degradation risk, are seldom integrated into other relevant policy instruments 
relating to agriculture, water and related food security and emergency manage-
ment. In the context of this paper, there is a need for exploring if and how the use 
and application of weather and climate data could be integrated on a policy level to 
help curb land degradation, and contribute to drought preparedness in countries.

As an example, the Namibian National Drought Policy and Strategy can be used. 
Namibia has a drought policy as well as a desertification policy. Whilst the lat-
ter is relatively unknown and not widely applied, the drought policy and strate-
gy is considered an important policy instrument fostering drought preparedness 
of farmers rather than emergency responses. An important element is the defini-
tion of drought which focuses on differentiating normal dry periods with ‘disaster’ 
droughts that occur on average 1 out of 20 years. This policy entails elements that 
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require the farmer and resource manager to monitor the condition of the natural 
resource base and rainfall. In disaster drought situations only those farmers qualify 
for emergency relief and subsidies who can demonstrate that the conditions of the 
natural resource and rainfall base are indeed impaired due to prolonged drought 
and not just due to natural climatic variability. The farmer also must demonstrate 
that adequate management responses were applied, which would fall within a re-
alistic framework of drought preparedness that could be expected at the farmers’ 
level. The specific provisions made in the Namibian Drought Policy should:

Prevent “relief fraud” which can cost the Government large sums of money;
Reduce dependency on drought relief which may reduce coping abilities in fu-
ture drought situations;
Support the implementation of local level EWS, based on resource and rainfall 
tracking principles, and thus 
Empower the farmer and local resource manager to apply adaptive management 
practices, which would reduce land degradation and vulnerability to extreme 
events, and contribute to drought preparedness for natural dry periods and di-
saster droughts. 

A “carrot and stick” incentive system is used to promote the active implementation 
of the provisions. 

16.3.2.2
Analysis: What can be done at the policy level?

The example of the Namibian National Drought Policy and Strategy indicates how 
the use and application of climate and weather data can be promoted through na-
tional policy setting. Considering that Section 16.3.1 on EWS identified the devo-
lution of information and management responses to the farmer and resource man-
ager as a key bottleneck, this approach is novel. However, analysis of the Namibian 
case indicates additional shortcomings and constraints. 

The Drought Policy is not widely implemented, although the Ministry of Agri-
culture, Water and Forestry (MAWF) has undertaken a number of serious attempts 
to promote the instrument. Most recently during its last Ministerial Planning a 
plan of action was devised that should foster application of the policy. Addition-
ally the third phase of Namibia’s National Programme to Combat Desertification 
(2000-2004), Namibia’s equivalent to the National Action Programme (NAP) un-
der the UNCCD, focused on promoting the policy and supporting implementa-
tion through a targeted communications strategy. The national policy was simpli-
fied into a small handbook for farmers and translated into vernacular languages. 

3 As part of Namibia’s National Programme to Combat Desertification (NAPCOD) Desert Research 
Foundation of Namibia (DRFN) developed guidelines and systems for natural resource tracking tar-
geting local farmers (Napcod 2003; Zeidler 2000); similar tools have been developed for application 
in conservancies, which integrate more information on wild-life and biodiversity (Stuart-Hill et al. 
unpublished).
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Materials were disseminated and introduced during workshops at pilot sites of the 
programme. Where needed, the acquisition of raingauges was supported and a Lo-
cal Level Monitoring scheme3 was developed, targeting especially communal area 
farmers.

The Drought Policy and its provisions have been implemented more widely in 
the commercial farming sector4 where agricultural extension services were histor-
ically more active and farmers have a relatively higher level of coping capacities 
compared to communal areas. Uneven capacity is evident in, for example, financial 
and infrastructural resources, human resource capacity and tenure arrangements 
(freehold versus communal or open access). Implementation of these instruments 
in communal areas has been much less successful to date, largely for the reasons 
and constraints outlined for EWS in the previous section. Outreach to remote vil-
lages and communities, and individual farmers is resource intensive and up-scal-
ing efforts to a nation-wide level is hard to achieve in a country with low popula-
tion density like Namibia. Enforcement of the policy is difficult to achieve alone 
as the human and financial resources of the extension services (i.e. of MAWF) are 
constrained. 

It could be that the intricate and relatively sophisticated resource tracking and 
adaptive management systems advocated are not appropriate for the key target 
groups we are dealing with. There could be a stronger emphasis on recognising and 
utilising existing traditional and indigenous EWS/tracking systems including for 
weather and climate data; this would perhaps allow for wider applications of such 
methods. However, a challenge would be to recognise such systems, adapt them for 
application to changing conditions, and integrate them equitably into the drought 
policy context outlined above. 

As long as dry periods and drought are dealt with as a standalone natural di-
saster without linking it to the overall development priorities of the country, e.g. 
to economic performance and trade relationships, the magnitude and importance 
of this policy will not be recognised and the necessary resources for the instru-
ments’ implementation will not be allocated. It is important to ensure that arid-
ity and drought are not only a concern to the agriculture and water sector, but 
also food security. Environmental sustainability and the interlinkages between 
dryness, drought and land degradation are important, as are further expansions 
to health, trade, and poverty alleviation, mention a few. In the context of climate 
change adaptation considerations, such more encompassing relationships can po-
tentially be elevated. It is notable that Namibia recently developed Climate Change 
Adaptation activities under the GEF-funded Pilot Partnership for Integrated Sus-
tainable Land Management (CPP for ISLM), a medium term country programme 
that addresses land degradation and development in a cross-sectoral and integra-
tive system. In this context, dryness, drought and land degradation, including the 
use and application of weather and climate information, are imbedded in a clear 

4 In Namibia historically a “commercial” or freehold farming sector is distinguished from the small-
scale or subsistence farming sector primarily in the communal areas. This is a heritage of the apart-
heid era, which still to date is dominating many development and socio-political decisions and frame 
conditions.
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development and management context. In such a context, immediate value-added 
information needs would fall into the realm of informing land use planning and 
land management with comprehensive climate scenarios that would identify best 
options for longer-term land use decisions as well as seasonal land management 
decisions (Zeidler 2006). 

16.3.2.3
Salient points

National (development) policies should be informed by an understanding of policy 
options which integrate climate and land degradation considerations. For example, 
it should be systematically considered in which situation a specific policy increases 
or decreases the vulnerability to dry period and drought and potential risk of land 
degradation. If a designated drought policy is being developed it has to be ensured 
that it receives the justified level of priority – with its strong economic and devel-
opment impacts. 

Policy makers have to be pragmatic and take into account resources, constraints 
and opportunities associated with the instrument. It is important to design policy 
instruments in a way that they are implementable, whilst identifying the highest 
leverage and avenues through which a lasting and effective enabling environment 
can be created for positive action. In many countries good policies have been de-
veloped, however implementation is slow because many of the well-intended in-
struments are not practical. Often implementation is expensive and enforcement 
is complicated. Especially dealing with issues that may not obviously be national 
priorities (climate, land degradation), very well crafted instruments need to be de-
veloped to effect change.

Applying incentive systems that would promote the implementation of a policy 
may work. In the Namibian case, the tracking of natural resources including rain-
fall and/or the application of forecast data and practicing adaptive land and natu-
ral resource management based on such data are novel approaches which should 
be promoted. Linking performance to qualifying for drought relief thus develop-
ing a clear incentive linkage is a clever thought. However, it is clear that even if ap-
propriate incentive measures can be identified, many implementation and enforce-
ment obstacles remain. 

Different people/groups have different approaches and capacities to assessing 
and managing drought risks, usually as a function of their opportunities, situation, 
experience and this variety needs to be taken into account when devising drought 
policies or other relevant policy instruments. In the context of using monitoring 
and tracking systems of natural resources and climate ie., in the Namibian policy 
context it is important to not disadvantage inclusion of traditional and indigenous 
knowledge systems as well as “western” scientific monitoring systems. Traditional 
and indigenous knowledge systems should be identified and promoted and equi-
tably integrated into the policy context, where they are proven to be (scientifically) 
robust. This would potentially also improve on the level of “implementability” of 
the policy instrument, and allow more people to act on the instrument.
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Land use options under different climate conditions should be identified and 
made known to farmers/ resource managers. This can be done both in terms of 
long term land uses (e.g. shifting from livestock to game-based meat production 
or nature tourism) or shorter-term options such as planting drought resistant crop 
varieties in a predicted drought year, de-stocking at an early stage, and providing 
incentives for de-stocking through maintenance of strong prices for meat, amongst 
others. An integrated analysis of climate and weather data and scenarios with oth-
er environmental and agricultural information as well as social and economic pa-
rameters would be called for. 

16.4
Synthesis and conclusions 

Based on the sections described earlier, a synthesis of the lessons learned from the 
case studies of ongoing work in terms of dry periods and drought hazard and land 
degradation management in southern Africa can be drawn (Figure 16.3). Such a 
synthesis is targeted at identifying opportunities to improve EWS to address, in 
particular, climate and land degradation needs.

Fig. 16.3. Based on the analysis of drought hazard and land degradation management responses 
applied in southern Africa, a synthesis of (i) ongoing work, (ii) key constraints, and (iii) oppor-
tunities for improving the use and application of weather and climate data to reduce land degra-
dation are derived
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It is apparent that different needs, constraints and opportunities are identified 
at different scales of stakeholder target groups. It is opportune to address climate- 
and weather-related work on a regional and even broader international scale. The 
existing networks, institutions and mechanisms in the SADC region seem to be 
well situated to serve that role, and to potentially expand and improve the scope of 
work that is truly needs-driven. The potential to further establish inter- and multi-
disciplinary working groups and fields of proficiency should be explored to better 
serve countries to address key environmental and development challenges which 
are emerging, in amongst other cases, the context of climate change adaptation.

It cannot be overemphasised that capacity constraints at the national and local 
scale impede the effective use of weather and climate data, especially as the much-
needed forecast information is not effectively transmitted to the end user. This is 
not the result of bad will, but there are challenges that have to be recognised open-
ly and honestly to be able to overcome this problem. While NMHSs are generally 
challenged to meet new and ever increasing needs, e.g. for more and better climate 
data, new customer services, modern technical and research fields, Governments 
in general face the enormous task of decentralisation and devolution of rights and 
responsibilities to the people. Considering that we are referring to a developing 
country situation, many of the end users can only be “reached” through an enor-
mous effort of engagement, capacity building and infrastructure development. It is 
the responsibility of the science and research community as well as policy makers 
and practitioners to come up with pragmatic and practical solutions and strategies. 
Such strategies have to be implementable and effective in achieving more sustain-
able development. It is simply not good enough for the science and research com-
munity to provide information and “make it available”, if the key end user groups 
have no means to tap and apply that information. It may mean that we have to look 
at developing an entire new cadre of practitioners who are able to work at the inter-
face of the various levels. It may mean that we have to rethink the way we conduct 
research and apply science.
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CHAPTER 17

Climate Monitoring in the Southern Africa 
Development Community
Bradwell J. Garanganga

Abstract. The Drought Monitoring Centre (DMC) is a specialized institution in 
climate diagnosis, prediction and applications for the Southern African Develop-
ment Community (SADC) comprising 14 member states with well over 220 mil-
lion inhabitants. SADC is largely semi-arid to arid. The SADC countries, there-
fore, experience recurrent vagaries of climatic extremes such as droughts, floods, 
tropical cyclones and tsunamis. Consequently, there are far-reaching negative im-
pacts on socio-economic development of the member states and the well being of 
most of the inhabitants of the region. Impacts can easily exacerbate land degrada-
tion. The main objective of the DMC is to contribute to minimizing negative im-
pacts of the climatic extremes on the socio-economic development of the region; 
and for the rational use of natural resources. This is achieved through the moni-
toring and diagnosis of near real-time climatic trends, and generating medium-
range (10-14 days) and long-range climate outlook products on monthly and sea-
sonal (3-6 months) timescales. These outlook products are disseminated in timely 
manner to the communities of the SADC principally through the national Mete-
orological/Hydrological Services (NMHSs) regional organizations, relief and in-
ternational development partner agencies. The provision of early warning for the 
formulation of appropriate strategies to combat the adverse effects of climate ex-
tremes affords greater opportunity to decision-makers for development of pru-
dent plans for mitigating the negative impacts. The main activities of the DMC 
are described with suitable examples. The DMC is continuing to transform itself 
into a centre of excellence in climate analysis, prediction and applications with 
particular emphasis on the extremes across the SADC. It develops the capacity 
of the SADC NMHSs scientists on climate diagnosis and prediction; and users in 
climate applications. 

17.1
Introduction

The Southern African Development Community (SADC) comprises 14 member 
states with well over 220 million inhabitants whose socio-economic development 
is intrinsically and inextricably tied to rainfed agricultural activity and utilization 
of other natural resources. SADC is a region of tremendous contrasts (Fig. 17.1): the 
14 countries vary in size from 17,400 km2 (Swaziland) to 2.3 million km2 (Demo-
cratic Republic of Congo-DRC). Population ranges from 1.08 million (Swaziland) 
to 54.9 million (DRC); per capita income from US$ 110 (DRC) to US$ 4,500 (South 
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Africa); gross domestic product (GDP) from US$ 1.07 billion (Lesotho) to US$ 
212.8 billion (South Africa) (SADC 2005). 

Climatic extremes such as tropical cyclones, floods and droughts have led to 
losses of life, property and environment especially in developing countries. This 
has also been demonstrated in southern Africa during the recent spate of floods 
and droughts that affected the region. These climatic extremes not only have far-
reaching implications on socio-economic development of the member states but 
also oftentimes wreak havoc on their ecological balance. An example of climate 
related disasters that occurred in the region are the devastating droughts of 1991-
94 and the heavy floods of early 2000’s that have had a negative and far-fetched 
bearing on socio-economic well being and land degradation of the SADC coun-
tries. Against this background of recurrent negative impact of vagaries of weather 
and climate and under the guidance of WMO, African countries formed Drought 
Monitoring Centres (DMCs) in Nairobi and Harare in 1989/90 for eastern and 
southern African subregions. These centres helped in mitigating the negative im-
pacts of droughts from respective regional perspectives. 

Each country must use climate information and prediction services to ultimate-
ly design its own set of policies to deal with the many challenges in these areas, 
which include:

Fig. 17.1. Map of SADC countries
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Land management
Poverty and economic growth 
Human resource development
Population growth, urbanization, and displacements
Natural resources and agricultural inputs

Extremes in climate tend to exacerbate the ecological balance. This is in addition 
to direct land degradation caused by droughts and floods, because poor commu-
nities will over-exploit resources in order to sustain themselves when agriculture 
fails due to either drought or floods.

17.2
Climate related natural disasters including land degradation

About 80% of the world-wide natural disasters derive from extremes of climate 
(Fig. 17.2). These oftentimes lead to land degradation, especially in the developing 
economies. Tropical cyclones rank highest due to their direct impacts on the com-
munities and their environments. The impacts due to droughts are indirect and 
evolve slowly. Recent years have amply demonstrated the vulnerability of SADC 
member states to the extremes in climate. Food unavailability has been one of the 
major problems over the past few years due tropical cyclones, floods, droughts, and 
at times hailstorms. Other sectors such as environment, water resource manage-
ment, health and power utilities can easily be also at the mercy of extremes of cli-
mate variations.

Poor economic performance due to droughts or floods has in general negative 
consequences on employment availability. This leads to communities carrying out 
activities to sustain themselves during the duration of impacts of hostile climatic 

Fig. 17.2. Climate related natural disasters of the globe
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conditions. For instance, communities tend to engage in activities such as rampant 
cutting down of trees for re-sale as fuel wood in order to purchase food and oth-
er vital supplies. This invariably leads to land degradation. Application of climate 
system monitoring information and prediction products play an important role in 
minimizing negative impacts of climatic extremes.

17.3
Overview of the summer climate system of southern Africa

SADC is the region of Africa from the equator (DRC) all the way to the south 
shores of the subcontinent and the Island states of Madagascar and Mauritius out 
in the Indian Ocean. It lies between the South Atlantic and Indian Ocean subtrop-
ical high-pressure cells in a region subject to the interaction of tropical easterly 
and extra-tropical westerly airflows. Both these high pressure cells change their 
longitudinal positions during the Southern Hemisphere summer and winter. The 
seasonal longitudinal shifts of the subtropical high-pressure cells have a direct ef-
fect on the weather systems over southern Africa. Rainfall in southern Africa also 
comes from evaporation over the Indian Ocean. Moisture in the air is generally 
higher in the northeast of the region and lower in the southwest. Rainfall also in-
creases towards the equator. Generally there tends to be more rain in DRC, Tanza-
nia and northern Mozambique, and less in Namibia and Botswana.

Rainfall is seasonal throughout most of the region. A five to seven month wet 
season occurs during summer (roughly October to April). The main systems that 
result in the distribution of rain in both space and time in the subregion are the 
Inter-Tropical Convergence Zone (ITCZ) and transient westerly cloud systems 
associated with cold fronts that regularly traverse southern Africa and generally 
support the former. The ITCZ is a zone of intense rain-cloud development creat-
ed when the southeast trade winds (from the southern part of the region) collide 
with the northeast Monsoons (winds from the north). The movement of the ITCZ 
southwards away from the equator marks the start of the main rainy season in the 
southern hemisphere.

Over the equatorial belt across the southwest Indian Ocean and within the in-
fluence of the ITCZ, tropical cyclones form and cause devastation in the commu-
nities, which is often quite dramatic. For instance, in 2000 the devastation caused 
by tropical cyclone Eline captured the attention of many due to the extensive media 
interest. The rain-producing westerly cloud bands rooted in the troughs emanat-
ing from mid latitude weather systems, at times pushes northwards to interact with 
ITCZ creating ideal conditions for widespread rains over southern Africa. This oc-
curs more frequently in the good summer rainfall seasons.

An atmospheric anticyclone commonly referred to, as the Botswana Upper 
High, is disruptive of good rainfall distribution. This is a high-pressure cell gener-
ally centred over Botswana between three and six kilometers above sea level. Its fre-
quent occurrence almost always results in drought in most countries of the region 
except the northeastern. In some instances, like an expanding balloon, it tends to 
push the rain-bearing ITCZ and active westerly cloud bands out of the region and 
over the Indian Ocean. This is part of the subtropical high-pressure system, which 
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will have failed to migrate sufficiently southwards as is generally expected in the 
summer months. 

17.4
El Niño-Southern Oscillation phenomenon

One of the major contributors to the extremes in the climate system world-wide is 
the El Niño-Southern Oscillation (ENSO) phenomenon. During the La Niña phase 
of ENSO, sea surface temperatures (SSTs) in the equatorial east Pacific Ocean up 
to the Ecuadorian and Peruvian coasts are colder than normal. During the El Niño 
phase of ENSO, the opposite is the case i.e. the equatorial east Pacific SSTs are 
warmer than usual. The impacts of El Niño on global scale are depicted in Fig. 17.3. 
Most of the countries in the SADC region experience acute food shortages due to 
failed agricultural production from El Niño induced droughts. These conditions 
are quasi-periodic. Both phases of ENSO cause disturbance to the steady global 
climate system. These extreme variations of the SSTs in the equatorial east Pacific 
Ocean occur every few years and last for approximately one year. 

Empirical studies show that many regions of the global tropics and sub-tropics 
exhibit climate anomalies that correlate with the ENSO (Ropelewski and Halpert 
1987,1989). In many regions influenced by the ENSO changes, the statistical rela-
tionships include zero and lagged correlations of sea-surface temperatures (SSTs) 

Fig. 17.3. Impacts of El Niño around the globe 
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and Southern Oscillation Index (SOI), which provide a basis for predictions. Rain-
fall anomalies juxtaposed on ENSO index, SOI, are shown in Fig. 17.4. Although 
many ENSO phases show closely timed oceanic and atmospheric responses, Deser 
and Wallace (1987) suggest that even El Niño and the Southern-Oscillation are not 
always as well linked and have occurred separately, often leading and lagging one 
another. Such fluctuations in ENSO could conceivably also explain failures of some 
correlations of ENSO with expected climatic anomalies.

17.5
Cycles of droughts in southern Africa 

Droughts develop from a complex interaction of factors including land use, water 
management practices, weather and human activity. Extensive droughts have af-
flicted southern Africa from time to time, e.g. 1921-1930, 1946-47, 1965-66, 1972-
73, 1982-83 and 1986-87 culminating in the most severe droughts in the period 
1991-95 and 2001-02. These times were also major El-Nino years. It is important 
to note that the 2001/02 droughts occurred in a neutral ENSO phase that is there 
was neither pronounced El Niño nor La Niña. Wet years were rare during this pe-
riod and drought was the norm for most of the continent. In 1981 drought was se-
vere in the Sahel. In 1982, drought intensified and prevailed throughout much of 
subtropical Africa. By 1983 drought or below average rainfall affected nearly the 
whole continent. In southern Africa a severe drought that many describe as the 
worst in terms of the deficiency of rainfall and associated negative impacts ravaged 
the whole sub-region during 1991/92. These droughts contributed to negatively to 
ecosystems in the region. 

The effects of drought are cross-cutting, with severe direct impacts on agricul-
ture, water resources, and natural vegetation and indirect effects on health, and 

Fig. 17.4. Rainfall 
anomalies over 
southern Africa and 
SOI
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other sectors of the economy and institutions. The impacts of drought worsen envi-
ronmental degradation, including soil erosion, water pollution, and deforestation. 
A single-season drought may not have a major impact on environment or livestock 
numbers as the latter can survive, though they may not put on weight or breed. 
However, a drought lasting two or three seasons, which sometimes happens, tends 
to more severely exhaust the available food resources, thereby decimating herds 
(Fig. 17.5). The 1991-92 drought, which ravaged most of southern Africa, killed 
more than one million cattle in Zimbabwe alone, while the 1962 drought killed 
nearly all the zebra in Botswana (SADC/IUCN/SARDC 1994).
Other impacts of drought are that they cause land degradation particularly of cul-
tivated land and rangelands. There is a greater impact from wind after a long dry 
spell. Subsequently soil from the cultivated land is blown away. Further sheet ero-
sion easily sets in particularly at the early stages of the rainy season. On the range-
lands, there is depressed growth of vegetation. Animals tend to browse those spe-
cies, which they normally do not eat. Thus, the ecosystem is greatly disturbed 
during drought periods. There is also concentration of animals among the few wa-
tering holes that will be available resulting in the trampling and loosening of the 
soil around these spots. Therefore, erosion will easily set in.

Fig. 17.5. An example of impacts of droughts on flora and fauna in the SADC region 
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17.6
Cycles of floods over southern Africa

From historical data, southern Africa has had its share of flooding rains. Most of 
southern Africa gets extensive floods largely during the La Niña phase. However, 
flooding the northeastern parts is associated with El Niño. During 2000 floods, 
there was significant human suffering and infrastructural damage with bridges 
being broken and large sections of major roads rendered impassable across many 
countries in the southern portions of the subregion associated with the deluges 
that gripped the region. At the same time the northeasternmost areas of the subre-
gion were reeling under drought conditions. The 1999-2001 seasons were dominat-
ed by active tropical cyclone activity, which caused considerable human suffering 
across parts of SADC. Tropical cyclone Eline had devastating effect in the region. 
Eline ravaged parts of southern Africa with the heaviest rains stretching from the 
bulk of southern half of Mozambique through parts of the Northern Province of 
South Africa into southeastern half of Zimbabwe. Over 200 mm of rains was reg-
istered within a period of less than 48 hours in many stations in the southeastern 
half of the Zimbabwe. Consequently people in this region experienced consider-
able suffering associated with flooding rains from Eline (Figs. 17.6 and 17.7). The 
2000-2001 saw the southern portions registering flooding rains again although the 
devastation was less dramatic than the previous season. The financial costs are still 
to be fully assessed. Various media have shown how extensive and at times intense 
the calamity was. 

Tropical cyclone Japhet has had its impacts over the subregion in 2003. This 
caused some damage in its wake. But as it weakened after landfall it also contribut-
ed to a reversal of some rainfall deficits that had affected the southeastern sections 
of the subregion. The other positive attribute of Japhet was contributing to recovery 
of some of the crops that were virtually wilting.

17.7
Climate extremes and ecosystems

Extended droughts and warmer temperatures in southern Africa lead to changes 
in biogeographic distributions and loss of biodiversity. Ecosystems that support a 
rich biological diversity and variety of trophic pathways display greater resilience 
to disease, pestilence and extreme environmental conditions.

Climate directly determines the nature and functioning of ecosystems. Sus-
tained droughts and attendant higher temperatures can trigger biomal shifts and 
loss of terrestrial species. The perennial droughts threaten accelerated land deg-
radation with possibility of increased aridification such that semi-arid areas are 
likely to become arid and dry sub-tropical areas could shift to semi-arid condi-
tions. Permanent damage to natural wetlands is also likely to occur. Furthermore, 
increased temperatures, accompanied by reduced winter rainfall threaten the rare 
succulent flora that characterises the Sperrgebiet in Namibia, for example. 

Thus, there is need for mitigating the effects of extremes in climate variabil-
ity and climate change on local and regional wildlife populations and the water 
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Fig. 17.6. Example of gully erosion due to flooding in parts of the SADC region

Fig. 17.7. Aftermath of tropical cyclone Eline flooding in parts of Mozam-bique. (Source: Salva-
tion Army)

resources and habitats that support them. They will require a reduction in land 
degradation, land clearing and other activities that cause a loss of natural habitats 
and ultimately increase the sensitivity of ecosystems, particularly those in arid and 
semi arid areas, to drought and other extreme climatic events. 
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Extremes in climate affect both energy production and energy consumption 
in the region. Due to limited hydropower output during droughts, communities 
will invariably supplement their energy requirements through fuelwood obtained 
through usually wanton deforestation. The extent of these effects is closely linked 
to economic development and will largely be determined by the regions future de-
pendency on fuelwood and electricity produced from hydropower. Solar energy is 
currently underutilised in the region but has tremendous potential for mitigating 
drought induced power deficiencies. 

17.8
Climate monitoring as a regional strategy 
to mitigate climate-related disasters and land degradation

Given the susceptibility of region to climate extremes, institutions such as the 
SADC Drought Monitoring Centre, under the guidance from WMO, have been es-
tablished since the late 1980’s in order to contribute to the mitigation of the nega-
tive impacts of drought or floods on the communities. This resulted from the re-
alization that a regional approach was more cost-effective in dealing with large-
scale phenomena such as droughts that are largely transboundary in nature. Over 
the years, these regional institutional structures have built partnerships with sister 
international institutions in order to be more effective in contributing to effective 
application of climate information and prediction services to the communities. 
SADC has been able to develop some mitigation measures to deal with impacts of 
extreme climate events on sustainable multisectoral socio-economic development 
and rational use of natural resources.

The DMC generates and disseminates important outputs such as 10-day forecast 
bulletins and seasonal rainfall outlooks, as a contribution to mitigation of negative 
impacts of extreme climatic anomalies. Consequently, many stakeholders are in-
stitutionally linked with the DMC. DMC has the responsibility of monitoring and 
prediction of the global and regional climate system including extreme variations 
in a timely manner. These extremes generally take the form of flood or drought, 
and whose description should be with respect to intensity, geographical extent and 
duration. It provides relevant early warnings for the formulation of appropriate 
strategies to combat adverse effects of climatic extremes. However, the level of so-
cio-economic development in a particular country is oftentimes the limiting factor 
with respect to the amelioration of negative impacts of climatic extremes.

The DMC is continuing to transform itself into being a centre of excellence in 
climate analysis, prediction and applications with particular emphasis on the ex-
tremes across the subregion. It develops the capacity of the SADC National Meteo-
rological/Hydrological Services (NMHSs) scientists in climate diagnosis, predic-
tion and applications through secondment programmes. The DMC also conducts 
training workshops and seminars in climate analysis, prediction and applications. 
Through these processes the centre provides the scientists from NMHSs an oppor-
tunity to have a greater capability to:

receive, analyse and archive global atmospheric and oceanic data needed to im-
prove the scope and accuracy of the forecasts;
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accelerate applied research focused on climate predictability on seasonal to inter 
annual time scales in order to systematically produce useful climate forecasts on 
regional scale for several months;
conduct systematic experimental forecasts of such climate variability and pro-
vide them to the appropriate agencies in participating countries; and
assist participating countries in effectively using these experimental forecasts to 
meet their particular social and economic needs.

The development of a critical mass of climate practitioners in turn immensely ben-
efits the users of climate services in the subregion, i.e. institutions from both pub-
lic and private sectors. 

17.9
Institutional linkages

Apart from the NMHSs, there are other beneficiaries of climate information and 
services offered by the DMC. The linkages between producers and users of climate 
information and products are shown in Fig. 17.8. The users can be categorised as 
the following decision makers:

Fig. 17.8. Linkages of DMC with producers and users of climate products
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17.9.1
International aid and development agencies

Information can help in determining the location and nature of greatest difficul-
ties and the import, distribution and storage requirements for food and essential 
non-food commodities.

17.9.2
Government ministries and departments

Climate information is applied in policy making and strategic and tactical plan-
ning aimed at the overall national well being of individuals, consumers, and com-
merce and industry. Actions at Governmental level could be the optimisation of 
trading opportunities and control of import and exports, regulation of internal 
water and power supplies, strengthening of distribution systems, change of taxa-
tion and subsidies, and mitigation or adaptation to large scale potential disasters 
that could arise out of epidemics, seawater inundation, floods, drought and desert-
ification. 

17.9.3
Private sector

Climate information can also assist policy making in multi-sectoral matters (e.g. 
water for power or agricultural use). Specific measures of benefit would be in-
creased national trade margins (or reduced gaps), reduced hazard related deaths, 
etc. The private sector also benefits by getting prediction products that serve as de-
cision tools.

Sectoral interests, such as farming, forestry, fisheries, water resource manage-
ment, environmental quality, energy, transport, health, leisure, retail, banking, 
insurance, legal, construction, urban design etc. do directly or indirectly benefit 
from products and other services from the DMC. The indirect benefit is through 
the NMHSs as the latter will have learned techniques to down-scale DMC prod-
ucts to country levels. 

17.10
Southern African Regional Climate Outlook Forum 

The Southern African Regional Outlook Forum (SARCOF) was initiated in Kado-
ma, Zimbabwe, in September 1997. This is part of a global effort to coordinate fore-
casting activities of respective regions for the benefit of the user community. Since 
then the Forums have brought together climate scientists, the user community and 
policy-makers, from SADC and other parts of Africa and from cooperating insti-
tutions in the region and overseas. This collective and inter-disciplinary process 
of training, technical analysis and preparedness forums to formulate appropriate 
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strategies to combat the adverse effects of climate extremes on various socio-eco-
nomic sectors such as agriculture, disaster management, health, water resources, 
media, etc. 

Workshops for climate practitioners and other targeted users are held back to 
back with SARCOFs (Figs. 17.9a and b). Climate experts from all NMHSs of the 
SADC countries attend the SARCOFs. The overall objective of the workshops is to 
build the capacity of the SADC NMHSs in preparing and issuing seasonal forecasts 
in their respective countries. 

The Forums also look at lessons learned from previous SARCOFs. In particular, 
the usability of forecasts and their verification are areas that generate interest from 
participants (Figs. 17.10a and b). The DMC is responsible for organizing the annual 
SARCOF subject to availability of funds. 

The investments in capacity building and climate application activities are yield-
ing some return. Particularly after the SARCOF processes there are greater possi-

Fig. 17.9. (a) SAR-
COF process and 
(b) Malaria outlook 
product from SAR-
COF

a
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bilities for the application of climate information to minimize impacts of hydro-
meteorological disasters and to enhance potentialities to maximize production. 
However, the funding constraints sometimes lead to half measures being taken 
because there will not be adequate resources to fully implement the potential pro-
grammes to fruition. Some of the benefits are realizable long-term. Reaching af-
fected people is itself a major challenge in the assessment of the usefulness of appli-
cation of climate information by many stakeholders. SADC Member States await 
the outcome from the SARCOF process through their NMHSs in order to make 
appropriate plans. 

17.11
Conclusions 

Extremes in climate variability are major and recurrent problems for southern Af-
rica. The ability of the majority to cope with such disasters is compromised by the 
fact that the population is predominantly rural, and is directly or indirectly de-
pendent on rainfed agriculture. In addition, many of these people continue to live 
below the poverty datum line, lacking resources, access to necessary modern fa-
cilities, information and economic advantages. As such their capacity to absorb, 
deflect or manage potential or actual disasters is reduced. These disasters often ex-
acerbate land degradation. Environment with its ecosystems is sensitive to climate 
change, especially those ecosystems which have been heavily exploited. Thus, in 
order to help mitigate future vulnerability, it is essential to ensure that local, re-
gional and global policies be promoted for sustainable use of the environment free 

Fig 17.10 a, b. a Seasonal forecast product and b and forecast verification product samples
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of man-made land degradation. Southern Africa is a region highly prone to a vari-
ety of hazards including drought, floods, cyclones, pest infestation, epidemics and 
environmental hazards, including landmines. Regional structures such as SADC 
have begun to prioritize disaster management by identifying human and finan-
cial resources to strengthen information sharing and for rational natural resource 
management. The DMC plays a key role in areas such as disaster management, land 
management, energy, health and other sectors. Many users, including policy mak-
ers, highly value the services and products provided by the centre. A great deal has 
been achieved by the DMC in informing end-users of impending droughts, floods 
or other climate patterns that impact negatively on agricultural production, the en-
vironment and other socio-economic sectors within the region.
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CHAPTER 18

Carbon Sequestration and Land Degradation
Alan J. Franzluebbers and Paul C. Doraiswamy

Abstract. Storing carbon (C) in soil as organic matter is not only a viable strat-
egy to sequester CO2 from the atmosphere, but is vital for improving the quality 
of soil. This presentation describes (1) C sequestration concepts and rationale, (2) 
relevant management approaches to avoid land degradation and foster C seques-
tration, and (3) a summary of research quantifying soil C sequestration. The three 
primary greenhouse gases (CO2, CH4, and N2O) derived from agriculture have in-
creased dramatically during the past century. Conservation management practices 
can be employed to sequester C in soil, counter land degradation, and contribute 
to economic livelihoods on farms. Trees can accumulate C in perennial biomass of 
above-ground and below-ground growth, as well as in the deposition of soil organ-
ic matter. Minimal disturbance of the soil surface with conservation tillage is criti-
cal in avoiding soil organic C loss from erosion and microbial decomposition. Ani-
mal manures contain 40-60% C, and therefore, application to land promotes soil 
organic C sequestration and provides readily-available, recycled nutrients to crops. 
Green manures can be used to build soil fertility, often with leguminous plant spe-
cies having symbiotic root associations with nitrogen-fixing bacteria. Grasslands 
have great potential to sequester soil organic C when managed properly, but can 
also be degraded due to overgrazing, careless management, and drought leading to 
accelerated soil erosion and undesirable species composition. Opportunities exist 
to capture and retain greater quantity of C from crop and grazing systems when 
the two systems are integrated. Fertilization is needed to achieve production goals, 
but when applied excessively it can lead to environmental pollution, especially 
when considering the energy and C cost of manufacture and transport. Agricul-
tural conservation management strategies to sequester CO2 from the atmosphere 
into soil organic matter will also likely restore degraded land and/or avoid further 
land degradation.

18.1
Introduction

Land degradation is an insidious process that threatens the sustainability of agri-
culture, not only in the arid and semi-arid regions, but also in the sub-humid and 
humid regions, as a result of the loss of agro-ecosystem capacity to meet its full 
potential. Resulting from complex, and little understood, interactions among pe-
riodic weather stresses, extreme climatic events, and management decisions, land 
degradation is a serious global concern in a world searching for sustainable devel-
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opment to meet the needs of a rapidly increasing human population, to reverse the 
negative impacts of our choices on the environment in which we live, and to fairly 
distribute the world’s resources in a socially justifiable manner.

Atmospheric concentration of radiatively active trace gases [also called green-
house gases (GHGs)] has been increasing dramatically during the past several cen-
turies (IPCC 2001). Several of the important GHGs in the atmosphere are derived, 
at least partially, from agricultural activities. Three of the most important GHGs 
related to agricultural activities are carbon dioxide (CO2), methane (CH4), and 
nitrous oxide (N2O). On a global scale, the relative contribution of each of these 
GHGs to global warming potential is depicted in Figure 18.1. Carbon dioxide ac-
counts for almost 75% of the global warming potential of GHGs. The source of this 
CO2 is dominantly from fossil fuel combustion. Since 1750, the concentration of 
CO2 has increased 31%, the concentration of CH4 has increased 151%, and the con-
centration of N2O has increased 17% (Fig. 18.2). In the USA, the contribution of ag-
riculture to GHG emission has been estimated to be only 7% of the country’s total 
GHG emission (USDA 2004).

Global concern for the rising atmospheric concentration of GHGs is also in-
creasing, because of the important implications of these gases on global warm-
ing. Potentially dramatic consequences of even relatively minor climate change 
could cause devastating weather-related occurrences, such as increased frequen-
cy and duration of droughts, more widespread and severe flooding events, greater 
frequency and intensity of tornadoes and cyclones, and melting of polar ice caps 
that could threaten abundant human civilizations along coastal continental ar-
eas. Understanding the linkages between agricultural land-use activities and GHG 
dynamics should help society to strengthen its resolve to avoid these potentially 
devastating impacts and design effective mitigation strategies to bolster ecosystem 
functioning and overcome human-induced land degradation.

Fig. 18.1. Relative distribution of 
greenhouse gas emission by gas 
type on a global basis in 2000 
(EPA 2006)
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Rising concentration of atmospheric CO2 has been largely attributed to expanding 
use of fossil fuels as an energy source. Reducing net GHG emission is possible by:

Reducing fossil fuel combustion and becoming more energy efficient
Relying more on low-C energy sources, such as
– Capturing solar energy
– Generating wind power
– Harvesting biofuels
Sequestering C

Fig. 18.2. Historical re-
cord of CO2, CH4, and 
N2O in the atmosphere 
(IPCC 2001)
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This paper focuses on the last option of sequestering C to reduce GHG emission. 
Carbon sequestration can be defined as the long-term storage of C so that the ac-
cumulation of CO2 in the atmosphere can be reduced or slowed. Carbon sequestra-
tion can occur globally in one of several compartments:

Terrestrial biosphere
Underground in geologic formations
Oceans

This paper focuses on the terrestrial biosphere, which is directly manipulated by 
agriculture through changes in vegetation and soil disturbance.

Carbon sequestration in the terrestrial biosphere can be accomplished by:
Increasing the net fixation of atmospheric CO2 by terrestrial vegetation with em-
phasis on enhancing physiology and rate of photosynthesis of vascular plants.
Retaining C in plant materials and enhancing the transformation of C to soil or-
ganic matter.
Reducing the emission of CO2 from soils caused by heterotrophic oxidation of 
soil organic C.
Increasing the capacity of deserts and degraded lands to sequester C.

Storing C in soil as organic matter is not only a viable strategy to sequester C from 
the atmosphere, but is also essential in improving the quality of soil. Soil organic 
matter plays a vital role in:

Soil fertility, by slowly supplying nitrogen and many other essential elements 
and molecules to plants through mineralization/immobilization turnover.
Water cycling, by contributing to soil aggregation and water-holding capacity.
Soil biodiversity, by providing the C and energy sources needed for soil biologi-
cal community development.
Environmental detoxification, by supplying chemical bonds, physical support, 
and biological activity.
Biogeochemical cycling, by storing and delivering many globally important ele-
ments interacting through the atmosphere, hydrosphere, lithosphere, and bio-
sphere.

18.2
Management Approaches

The terrestrial C cycle can be simply divided into the two primary processes of 
photosynthetic uptake of CO2 from the atmosphere (i.e., C input) and respiration 
of CO2 from living organisms back to the atmosphere (i.e., C output). On a glob-
al scale under steady-state conditions, rates of C input and output have often been 
considered balanced (Schlesinger 1997). Terrestrial C sequestration efforts, there-
fore, must recognize the inherent balance between these processes.

Maximizing C input to the terrestrial biosphere from the atmosphere is possible 
in agricultural systems through a variety of management options, including:

Plant selection, whereby large differences in photosynthetic capacity occur 
among species, cultivars, and varieties. Perennial plant species often have ad-
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vantages over annual crops at capturing C, because of a longer growing sea-
son and more extensive root distribution (Liebig et al. 2005). However, selection 
of appropriate annual crops in rotation sequence can maximize growth poten-
tial under certain environments. A continuing effort has focused on cultivating 
high-biomass producing energy crops to maximize photosynthetic capture of 
CO2 (Baral and Guha 2004).
Tillage management, whereby the type and frequency of tillage is used to pro-
mote the most prolific plant production possible. Tillage is often used to im-
prove the physical condition of soil so that crops can achieve maximum growth 
potential, but it is also a tool that disturbs soil and promotes oxidation of soil or-
ganic matter (Franzluebbers 2004).
Fertilization management, whereby the source, rate, timing, and placement of 
fertilizer is used to optimize plant production potential. Sufficiently balanced 
and adequate nutrient supply are essential management considerations to maxi-
mize genetic potential of plants (Lal and Bruce 1999), but the high energy cost of 
mining and manufacturing inorganic sources of nutrients must be recognized 
as a source of GHG emission (Schlesinger 2000).
Integrated management, whereby pests can be adequately controlled and envi-
ronmental and socio-economic consequences of agricultural activities can be 
balanced with agronomic production considerations (Makumba et al. 2007). 

Minimizing C loss from soil to the atmosphere has also been a major focus of ag-
ricultural research on C sequestration. Management options to minimize C loss 
from soil include:

Reducing soil disturbance by less intensive tillage and erosion control (Lal et al. 
1998).
More fully utilizing available soil water, which not only promotes optimum 
plant growth, but also reduces the oxidative capacity of soil microorganisms to 
decompose soil organic matter and crop residues (Lal 2004).
Maintaining surface residue cover to increase plant water use and production. 
Surface residue cover also fosters greater fungal abundance in the soil microbial 
community, which promotes greater stabilization of soil aggregates and resis-
tance of soil organic C to decomposition (Nichols and Wright 2004).

In agriculture, there are many management practices that can be employed to se-
quester C and counter land degradation. The following sections describe some key 
management practices to combat land degradation. How these management prac-
tices might also contribute to soil C sequestration will be highlighted.

18.2.1
Tree Plantings

Trees can accumulate C in perennial biomass of above-ground and below-ground 
growth, as well as in the deposition of soil organic matter. The intentional mixing 
of trees or other woody perennials with agricultural crops, pastures, and/or live-
stock is defined as agroforestry. Agroforestry exploits the ecological and econom-



348 Alan J. Franzluebbers and Paul C. Doraiswamy

ic interactions of the different components to attain greater sustainability (Nair 
1993). This section focuses on agroforestry-related changes in C accumulation 
rather than on natural or planted forests.

Issues of importance in agroforestry systems are:
Climate
Selecting adapted species
Soil conditions
Plant density
Intended use
Spatial arrangement of trees and other land uses.

The types of agroforestry practices include complex agroforestry systems, bound-
ary plantings, hedgerow intercropping, and improved fallow (Albrecht and Kan-
dji 2003). Carbon sequestration potential of tropical agroforestry systems has been 
estimated. 

From plantation survey data in Australia (400-600 mm zone), mean C accumu-
lation rate of 3.8 Mg ha-1 yr-1 occurred in the woody biomass from a variety of tree 
species (Fig. 18.3). In the central Philippines, C sequestration in the above-ground 
biomass of Leucaena leucocephala during 6 years of growth was estimated at 10.7 
Mg C ha-1 yr-1 (Lasco and Suson 1999).

Carbon accumulation in the soil is the major sink for hedgerow intercropping 
systems used to produce biomass for improving soil fertility. In Nigeria, L. leuco-
cephala and Gliricidia sepium intercropping systems sequestered 0.20 Mg C ha-1

yr-1 in the topsoil compared with sole cropping (Kang et al 1999). From two exper-

Fig. 18.3. Survey of above-ground C accumulation from a diversity of trees in Victoria, Australia 
(400-700 mm rainfall) as affected by stand age (Hassall and Associates Pty Ltd 1998)
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iments in Malawi (6 to 9-year studies), a G. sepium intercropping system seques-
tered soil organic C at a rate of 1.2 Mg ha-1 yr-1 in the surface soil (0-20 cm), but at a 
rate of 6.2 to 11.7 Mg ha-1 yr-1 when calculated to a depth of 0-200 cm (Makumba et 
al. 2007). Deep rooting of the trees was considered a key feature of this difference 
in estimates. Using Century and RothC models in Sudan and Nigeria, soil organic 
C accumulation with tree plantings was estimated at 0.10 ± 0.05 Mg ha-1 yr-1 (Far-
age et al. 2007). 

18.2.2
Conservation-Tillage Cropping

Minimal disturbance of the soil surface is critical in avoiding soil organic mat-
ter loss from erosion and microbial decomposition. Successful conservation-till-
age cropping systems have been developed and evaluated throughout the world. 
As part of a system for conservation agriculture, conservation-tillage cropping 
can improve plant production, reduce environmental pollution, and store a greater 
quantity of soil organic C (http://www.fao.org/ag/ca/index.html). 

Climatic conditions can influence the amount of soil organic C expected to be 
sequestered with adoption of conservation tillage. With more extreme dry and/or 
wet conditions, soil organic C sequestration tended to be highest in milder and 
warm-wet climatic regions of North America (Fig. 18.4). Mean soil organic C se-
questration in North America is estimated at 0.33 Mg C ha-1 yr-1. In the warm-moist 
climatic region of the southeastern USA, adding a cover crop to a conservation-till-
age system can nearly double the rate of soil organic C sequestration due to addi-

Fig. 18.4. Summary of mean  standard deviation of soil organic C seques-tration by no tillage in 
different regions of North America (Franzluebbers and Follett 2005)
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tional plant biomass input and better crop growth due to surface residues (Fran-
zluebbers 2005). 

Maintaining adequate surface residue cover with conservation-tillage cropping 
systems has also been shown to be very important for efficiently utilizing rainfall 
and producing adequate crop yield. From the 12th year of an irrigated wheat–maize 
rotation in the volcanic highlands of central Mexico, the rate of water infiltration 
was 18 cm h-1 when crop residue was removed and 90 cm h-1 when crop residue was 
retained on the soil surface with no tillage management (Govaerts et al. 2007). The 
change in water delivery to the soil resulted in rather dramatic changes in crop 
yield during the last 7 years of the study, in which maize and wheat yields were 40% 
greater when crop residue was retained as compared to removal of crop residues.

Using a remote sensing–crop modeling approach in Mali, Doraiswamy et al. 
(2007) observed that modification of traditional cropping systems to better control 
erosion with ridge tillage could shift agricultural production in the region from a 
net emitter of CO2 to a net sink for CO2. Combining ridge tillage with other im-
provements in crop management could reduce soil erosion to 20-40% of that pre-
dicted in traditional cropping systems with conventional tillage (Table 18.1).

18.2.3
Animal Manure Application

Since animal manure contains 40-60% C, its application to land should promote 
soil organic C sequestration. In a review of studies conducted in the southeastern 
USA, poultry litter application to crop and pasture lands led to significant change 
in soil organic C only when evaluations were conducted for more than 2 years (Ta-
ble 18.2). Conversion of C in poultry litter to soil organic C was 17 + 15% among 
these studies. Although soil organic C has been shown to increase with animal ma-

Table 18.1. Predicted change in soil erosion and organic C sequestration by EPIC-Century 
modeling during a 25-year period in Mali (Doraiswamy et al. 2007). Traditional cropping and 
mean crop yield from 1985-2000 included maize (1.5 Mg ha-1), cotton (1.2 Mg ha-1), and millet 
and sorghum (1.0 Mg ha-1)

Management Erosion 
(Mg ha-1 yr-1)

Change in organic C 
(Mg C ha-1 yr-1)

Conventional tillage (CT) 16.5 –0.023

CT with increased fertilizer 15.0 –0.006

Ridge tillage (RT) 6.6 0.001

RT with increased fertilizer 5.9 0.027

RT with fertilizer and residues 3.5 0.086

Fertilizer inputs averaged 24 kg N ha-1 and 7 kg P ha-1 with the low level and 39 kg N ha-1 and
9 kg P ha-1 with increased fertilizer level
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nure application, very few whole-system data have been collected. Manure appli-
cation may simply transfer C from one land to another, while investing energy in 
transport and handling operations. A full C accounting approach is needed to ad-
equately assess manure application as a viable C sequestration strategy. 

Other long-term studies on farmyard (FYM) application to soil have clearly 
shown its benefit to soil fertility, yield enhancement, and soil organic C storage. 
In an 18-year field experiment in Kenya (23 °C, 970 mm), soil organic C increased 
by 0.17 ± 0.07 Mg C ha-1 yr-1 with FYM (10 Mg ha-1 yr-1) compared to without FYM 
(Kapkiyai et al. 1999). Of the C applied in FYM, 9 ± 3% was retained in soil as or-
ganic C. Crop yield with FYM (5.3 Mg ha-1) was 61% greater with FYM than with-
out FYM.

In a 45-year field experiment in Nigeria (28 °C, 1070 mm), soil organic C in-
creased by 0.21 ± 0.01 Mg C ha-1 yr-1 with FYM (5 Mg ha-1 yr-1) compared to without 
FYM (Agbenin and Goladi 1997). In this naturally P-deficient soil, total soil P in-
creased by 12 ± 12 kg ha-1 yr-1 with FYM.

In a 30-year field experiment at Ranchi, India (23 °C, 1450 mm), soil organic 
C was greater with FYM (3.9 g kg-1) than without FYM (3.3 g kg-1) (Manna et al. 
2007). Total soil N was also 17% greater with FYM than without FYM application. 
However, soybean and wheat yields were generally not affected by FYM applica-
tion.

In a 30-year field experiment at Hawalbagh, India (1035 mm), soil organic C in-
creased by 0.56 ± 0.02 Mg C ha-1 yr-1 with FYM (10 Mg ha-1 yr-1) compared to with-
out FYM (Kundu et al. 2007). Above-ground crop biomass production with FYM 
(6.4 Mg ha-1) was 2.4 times greater than without FYM application.

In a 22-year field experiment in Italy (14 °C, 760 mm), soil organic C increased 
by 0.20 Mg C ha-1 yr-1 with FYM (7.5 Mg ha-1 yr-1) compared to without FYM (Govi 
et al. 1992). Soil humification index increased to 60% with FYM compared to 51% 
without FYM.

In a 20-year study of pearl millet–wheat cropping in India (26 °C, 440 mm), soil 
organic C increased with increasing FYM application rate (Fig. 18.5). However as 
a percentage of C applied in FYM, increasing FYM application rate led to less effi-
cient retention of C in soil (Gupta et al. 1992). 

Reviewing the climatic influence of animal manure application on soil organic 
C storage, temperature regime appears to have a greater impact than precipitation 

Table 18.2. Summary of how poultry litter application to crop and grazing land affected soil 
organic C in 8 published studies in the southeastern USA (Franzluebbers 2005)

Response Soil organic C (Mg ha-1)

Without manure With manure

2-year studies (n=6) 19.8 ± 8.9 19.6 ± 8.4

11 ± 8-year studies (n=8) 30.6 ± 11.4 36.8 ± 10.6

SOC sequestration for all (Mg ha-1 yr-1) 0.26 ± 2.15

SOC sequestration for >2-year studies 0.72 ± 0.67
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regime. Retention of C in soil was 23 + 15% of C applied from animal manure in 
temperate or frigid regions, but was only 7 + 5% in thermic regions. Moist regions 
retained 8 + 4% of C applied with animal manure, while dry regions retained 11 +
14%. These data are consistent with environmental controls on soil microbial ac-
tivity and suggest that future research will require increasing acknowledgement of 
the linkage between climate and potential C sequestration.

18.2.4
Green-Manure Cropping Systems

Green manures are used to build soil fertility, often with plant species having the 
capacity to fix nitrogen from the atmosphere through root associations with nitro-
gen fixing bacteria. The C contained in green manure biomass following its termi-
nation can be subsequently stored in soil organic matter.

On an abandoned brick-making site in southeastern China (16.5 °C, 1600 mm), 
planting of ryegrass as an understory crop under China fir for 7 years resulted in 
soil organic C sequestration of 0.36 ± 0.40 Mg C ha-1 yr-1 (Zhang and Fang 2006). 
With soybean as a green manure for 8 years in Columbia (27 °C, 2240 mm), maize 
yield with green manure (4.2 Mg ha-1) was 20% greater than without green manure 
(Basamba et al. 2006). Soil organic C did not change during the 8 years of green 
manuring, probably because of rapid decomposition caused by abundant precipita-
tion, warm temperature, and nutritious residue quality.

At the end of 12 years of Sesbania green manuring in India (24 °C, 715 mm), soil 
organic C sequestration was 0.09 ± 0.03 Mg C ha-1 yr-1 (Singh et al. 2007). At the end 
of 13 years of wheat/soybean–maize cropping with and without vetch as a green-

Fig. 18. 5. Soil organic C as a function of farmyard manure application rate during 20 years in In-
dia (Gupta et al. 1992)
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manure cover crop in southern Brazil (21 °C, 1740 mm), soil organic C sequestra-
tion was −0.30 ± 0.15 Mg C ha-1 yr-1 under conventional tillage and 0.66 ± 0.26 Mg 
C ha-1 yr-1 under zero tillage (Sisti et al. 2004). These data suggest that climatic con-
ditions, green manure nutrient quality, and placement in the soil are all important 
considerations in affecting soil organic C change with green manuring.

18.2.5
Improved Grassland Management

Degradation of permanent grasslands can occur from accelerated soil erosion, 
compaction, drought, and salinization. Strategies to sequester soil organic C in 
grasslands must, by necessity, improve the quality of grasslands. Strategies for res-
toration should include:

Enhancing soil cover
Improving soil structure to minimize water runoff and soil erosion

Achieving a balance between agricultural harvest and environmental protection is 
needed (i.e., stocking density should be optimized). On an oak-grassland in central 
Texas USA (18 °C, 440 mm), water infiltration was highly related to percent ground 
cover. However, cattle stocking density played an even larger role in controlling 
water infiltration with time (Fig. 18.6). 

Establishment of bermudagrass pasture following long-term cropping in Geor-
gia USA (16 °C, 1250 mm) resulted in significant soil organic C accumulation dur-
ing the first 8 years of management (Fig. 18.7). How forage was managed had a 
large impact on the rate of soil organic C accumulation during the first 5 years, e.g. 
soil organic C sequestration rate was 0.30 Mg C ha-1 yr-1 when forage was removed 
as hay, 0.65 Mg C ha-1 yr-1 when forage remained unharvested, and 1.40 Mg C ha-1

yr-1 when forage was grazed moderately to moderately heavy by cattle during the 
summer (Franzluebbers et al. 2001). 

18.2.6 
Cropland-Grazingland Rotation

Opportunities exist to capture a greater quantity of C from crop and grazing sys-
tems when the two systems are integrated, because:

Ligno-cellulosic plant materials can be utilized by ruminant animals
Manure is deposited directly on the land
Weeds can be managed with management rather than chemicals

Especially when combined with conservation-tillage cropping, significant poten-
tial exists to avoid loss of soil organic C that can accumulate during a perennial 
pasture phase (Fig. 18.8). In Uruguay, soil erosion averaged 19 Mg ha-1 under con-
ventional-tillage continuous cropping, 7 Mg ha-1 under conventional-tillage crop–
pasture rotation, 3 Mg ha-1 under no-tillage continuous cropping, and <2 Mg ha-1

under under no-tillage crop–pasture rotation (Garcia-Prechac et al. 2004). Soil or-
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Fig. 18.6. Water in-
filtration as affected 
by long-term graz-
ing management in 
an oak-grassland 
from Texas (Thu-
row et al. 1988)

Fig. 18.7. Soil organ-
ic C as affected by 8 
years of bermudag-
rass manage-ment 
in Georgia USA 
(Franzluebbers et 
al. 2001)

Fig. 18.8. Organic C 
in the surface 6 cm 
of soil during the 
first 2 years of crop-
ping following long-
term perennial pas-
ture in Georgia 
(Franzluebbers un-
published data)
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ganic C with crop–pasture rotation was also greater than with continuous crop-
ping in both tillage systems. In the long-term, crop yield was enhanced with crop–
pasture rotation than with continuous cropping, especially with no tillage (Garcia-
Prechac et al. 2004). 

In Argentina, rotations with <7 years of conventional-tillage cropping alternat-
ed with >3 years of perennial pasture were able to maintain soil organic C and oth-
er important soil properties within acceptable limits to avoid degradation (Stud-
dert et al. 1997). Diaz-Zorita et al. (2002) found that cattle grazing in crop–pasture 
rotations compacted surface soil only under conventional tillage, but not under no 
tillage. The ability of soil to resist compaction under no tillage was attributed to 
greater structural stability.

In warm-moist climatic regions of the world, sufficient opportunities exist to 
integrate crops and livestock to achieve greater agricultural sustainability through 
enhanced nutrient cycling, better pest control, and diversification of agricultural 
enterprises (Katsvairo et al. 2006, Franzluebbers 2007). 

18.2.7
Optimal Fertilization

Fertilization of crops is often needed to overcome deficiencies in nutrients sup-
plied by soils, especially in soils exhausted by years of (a) soil erosion, (b) intensive 
disturbance with tillage, and (c) continuous harvest of products that remove large 
quantities of nutrients. On the other hand, excessive fertilization can occur when 
maximum agronomic prescriptions exist without regard for economic and envi-
ronmental consequences. Today, the C cost of fertilization has become increasingly 
scrutinized (Schlesinger 1999; Izaurralde et al. 2000).

In a review of data available from the warm-moist climatic region of the south-
eastern USA, there was a positive response of soil organic C with the application of 
N fertilizer (Fig. 18.9). The mean N fertilizer rate to achieve maximum soil organ-

Fig. 18.9. Mean change in soil organic C as affected by N fertilizer rate in the southeastern USA 
(Franzluebbers 2005). Dotted lines represent the lower and upper limits of C cost of N fertilizer 
manufacture, distribution, and application



356 Alan J. Franzluebbers and Paul C. Doraiswamy

ic C sequestration was 171 kg N ha-1 yr-1, within the range of values often reported 
to maximize plant yield. However, when considering the C cost of N fertilizer (i.e. 
C costs of manufacture, distribution, and application), the optimum N fertilizer 
rate was 107-120 kg N ha-1 yr-1 based on C costs of 0.98 to 1.23 kg C kg-1 N fertiliz-
er (Izaurralde et al. 1998, West and Marland 2002). Also accounting for the global 
warming potential of assumed N2O emission associated with N fertilizer applica-
tion (1.586 kg C kg-1 N fertilizer; IPCC 1997), optimum N fertilization to maximize 
C offset would then be reduced to 24-37 kg N ha-1 yr-1 to achieve soil organic C se-
questration of 0.07-0.11 Mg C ha-1 yr-1 (Franzluebbers 2005). 

18.3
Summary and Conclusions

Greenhouse gas concentrations in the atmosphere are increasing and the threat 
of global change requires our attention.
A diversity of agricultural management practices can be employed to sequester 
a greater quantity of C in plants and soils. However, further research efforts are 
needed to:
– Synthesize currently available data
– Fill the gaps in our knowledge with additional, targeted research efforts
Strategies to sequester soil C will also likely restore degraded land and avoid 
further degradation.
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CHAPTER 19

Sustainable Land Management Through Soil 
Organic Carbon Management and Sequestration – 
The GEFSOC Modelling System
E. Milne, M.F. Sessay, M. Easter, K. Paustian, and K. Killian

Abstract. Soil organic carbon (SOC) is vital for ecosystem and agro-ecosystem 
function. Any sustainable land management strategy should, therefore, include a 
consideration of long-term effects on SOC. In the future, we have the opportunity 
to adopt land management strategies that lead to greater C storage in the soil. How-
ever, to do so, we need consistent estimates of SOC stocks and changes under vary-
ing land use and climate change scenarios. A Global Environment Facility (GEF) 
project developed a generically applicable system (the GEFSOC Modelling System) 
for making such estimates. The system links two dynamic SOC models, designed 
for site scale applications (Century and RothC) and an empirical method, to spatial 
databases, giving spatially explicit results that allow geographic areas of change in 
SOC stocks to be identified. The system was developed using data from four con-
trasting eco-regions (The Brazilian Amazon, Jordan, Kenya and the Indian part 
of the Indo-Gangetic Plains). These areas were chosen, as they are located in re-
gions previously underrepresented by soil C models. The system was then used to 
estimates SOC stocks and changes between 1990 and 2030 under likely land use 
change scenarios in each of the four regions. Losses in SOC of between 5 and 16 % 
were projected for each of the four areas over a 30-year period (2000–2030), driven 
by a range of factors including deforestation, overgrazing and conversion of graz-
ing land to agriculture. Implications for sustainable land management and future 
land use policy are discussed for The Brazilian Amazon, Jordan, Kenya and the In-
dian Indo-Gangetic Plains.

19.1
Introduction

Soil organic carbon (SOC) is vital for ecosystem and agro-ecosystem and function 
is a major determinant of soil fertility and soil physical properties such as aggregate 
stability and water holding capacity. The loss of SOC is almost always synonymous 
with a loss of productivity and an increased risk of land degradation. Any sustain-
able land management strategy should, therefore, include a consideration of long-
term effects on SOC. The management of SOC is also important because of its role 
in the global carbon cycle and therefore, the part it plays in the mitigation or exac-
erbation of atmospheric levels of greenhouse gases (GHGs). 

SOC is highly sensitive to changes in land use and management, with changes 
from native ecosystems such as forest or grassland to agricultural systems almost 
always resulting in a loss of SOC. Similarly, climate change has the potential to al-
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ter SOC as changes in temperature, precipitation and carbon dioxide (CO2) con-
centrations could affect net primary production (NPP), C inputs to soil and soil C 
decomposition rates (Falloon et al. 2007). To complicate issues, climate change is 
likely to act as a driver for land use change, thus further altering terrestrial C flux-
es. We have the opportunity in the future to devise and adopt land use and land 
management strategies that lead to greater C storage in the soil, thereby improving 
soil fertility, minimising loss of C from soils to the atmosphere and potentially mit-
igating the effects of greenhouse gases (GHGs). The importance of taking this op-
portunity is recognised by 3 of the United Nations Environmental conventions, the 
UN Convention to Combat Desertification (UNCCD), the UN Framework Con-
vention on Climate Change (UNFCCC) and the UN Convention on Biodiversity 
(UNCBD). However, before we can take this opportunity, we need consistent es-
timates of SOC stocks and future SOC stock changes under varying land use and 
climate scenarios. 

Between 2002 and 2005, The Global Environment Facility (GEF) co-financed a 
project entitled ‘Assessment of soil organic carbon stocks and change at national 
scale’. The aim of this project was to improve national assessment methodologies 
relating to land use options and UNFCC requirements and to support core activi-
ties of the GEF and the Intergovernmental Panel on Climate Change (IPCC) by de-
veloping and demonstrating a generic tool that quantifies the impact of land use/
management and climate change scenarios on carbon sequestration in soils at the 
national and regional scale.

The project developed The Global Environment Facility Soil Organic Carbon 
(GEFSOC) modelling system. 

19.2
Project Rationale and Approach

The GEF identified a need to determine how proposed large scale projects involv-
ing changes in land use and land management are likely to impact SOC in the fu-
ture. This would help them to identify those projects with potential benefits in 
terms of C sequestration or potential dangers in terms of land degradation risk. 
Likewise, land use planners and policy makers working at the national and sub-
national scale benefit from knowing how proposed large scale land management 
plans may affect SOC stocks in the future. In the case of non-Annexe I countries, 
this can also help in the identification of projects that may be suitable for Clean De-
velopment Mechanism (CDM) funding. The GEFSOC project therefore designed a 
system that works at large scales namely the sub-national or national scale.

Several studies have considered SOC stocks at the plot scale (Paustian et al. 
1992, 1997; Smith et al. 1997; Schlesinger and Lichter 2001). Such studies use site 
specific data sets to make inferences about SOC stocks and changes in relatively 
homogeneous conditions. Results are also site specific, limiting their wider appli-
cability. The IPCC developed a computational method for estimating SOC stock 

1 This paper represents the view of the authors and not necessarily that of UNEP.
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changes that can be used at the national and sub national scale. An updated version 
of the method is described in the IPCC Good Practice Guidance (GPG) for Land 
Use, Land Use Change and Forestry (IPCC 2004). The method computes projected 
net stock changes of C over a given period of time (the default period is 20 years), 
in a one step process. The method can use default information on climate, soil type 
and land use/management (tillage and productivity) held by the IPCC (a Tier 1 ap-
proach) or, if available, country specific data (a Tier 2 approach). One main draw-
back is that it considers the change in one step (e.g. one stock for year 1 and another 
for year 20), assuming a linear rate of change over the period in question. 

Another drawback is that much of the data available for deriving the empirical 
factors in the IPCC default approach are derived from studies in North America 
and Europe (typically more studies are available for temperate versus tropical areas 
and mesic versus arid areas), which may result in bias (IPCC 2004). Consequently 
there are few studies applying the IPCC method to large areas in non-temperate 
countries. One exception is a study by Grace et al. (2004), that used a modification 
of the IPCC method to estimate SOC stock changes in five contrasting eco-regions 
including The Indo-Gantic Plains and Uraguay. This produced a robust starting 
point, from which stock change estimates could be made. It also allowed an analy-
sis of the uncertainties associated with stock change estimates. The study used the 
stock change between years 1 and 20 to calculate an average annual C stock change 
rate. However such an approach does not account for possible annual fluctuations 
or the dynamic processes underlying SOC stock change.

A modelling approach allows estimates to be made in a manner that accounts 
for the underlying dynamic processes leading to SOC change. Ecosystem mod-
els, designed for site scale applications can be linked to spatial databases, giving 
spatially explicit results that allow geographic areas of change in SOC stocks to 
be identified. There are several advantages to this approach. SOC can be divided 
into several conceptual pools for modelling purposes, with turnover times ranging 
from days to centuries (Jenkinson 1990). Stock changes over relatively short tim-
escales can, therefore, be influenced by events (such as land use change), that have 
occurred throughout a site’s history. SOC models allow land use and land manage-
ment histories to be taken into account when projecting future SOC stocks. Anoth-
er advantage of a modeling approach is that it allows identification of geographic 
areas with potential for C release or potential for C sequestration. This can be use-
ful for land use planners and policy makers when considering a range of different 
possible scenarios (Falloon et al.1998). 

Over the past ten years, researchers at the Natural Resource Ecology Labora-
tory (NREL), USA have developed software with this approach and used it to es-
timate SOC stock changes at the sub-national and national scale for areas of the 
USA (Paustian et al. 1997). A similar approach has been used at the national scale 
in Europe (Falloon et al. 1998) and at the watershed scale for areas of Mexico and 
Cuba (Ponce Hernandez 2004). However, a need remained for a national and re-
gional scale spatially explicit dynamic system that is generically applicable and can 
be applied to as wide a range of soil types, climates and land uses as possible. The 
GEFSOC Modelling System was developed to meet this need.
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19.3
Development of the GEFSOC Modelling System

In order to make the GEFSOC system generically applicable, data from four con-
trasting eco-regions (The Brazilian Amazon, Jordan, Kenya and the Indian Indo-
Gangetic Plains) were used. These areas were chosen for several reasons: First, the 
areas are currently under represented by soil organic matter models; Second, they 
all had relatively good availability of soils data; Third, research groups with exper-
tise in SOC dynamics were already established in these countries. The GEFSOC 
Modelling system links two of the most widely used SOC models Roth-C (Cole-
man and Jenkinson 1996) and Century (Parton et al. 1988) and the IPCC compu-
tational method (Penman et al. 2003) to spatial databases via a GIS. RothC is a soil 
carbon model that accounts for the effects of soil type, temperature, moisture con-
tent and plant cover on the turnover of organic C in soils. It uses a monthly time-
step to calculate total organic C and microbial biomass. SOC is split into 4 active 
compartments and a small amount of inert organic matter. Century is a general 
ecosystem model which simulates the dynamics of C, N, P and S in different plant/
soil systems. Unlike Roth-C it has plant productivity, water movement, and nitro-
gen leaching sub-models. Both models were originally developed using temperate 
data sets. 

The GEFSOC System was developed in stages (Fig. 19.1). The first stage was the 
evaluation of the performance of the two SOC models in soil/climate and land use 
conditions found in the 4 case study countries. In order to do this, long-term data 
sets, which had repeatedly measured SOC, were needed. These were taken from 
long term experiments where possible and from chronosequences where this was 
not possible (for example in the case of the Brazilian Amazon). The models were 
then run and their ability to simulate these data sets assessed (Bhattacharya et al. 
2007a; Cerri et al. 2007a; Kamoni et al. 2007). Modifications were then made to the 
models, including the addition of new and improved crop forestry and pasture files 
to the Century plant productivity sub-model (Easter et al. 2007). 

At the same time, case study scientists collated and formatted spatially explicit 
national and sub-national data sets of soil, climate and land use (Stage 2). All soils 
data were put into SOTER (soil and terrain database) format (van Engelen 1999). 
In some cases, attributes needed to run the models were missing (for example bulk 
density). A consistent method for filling these attribute gaps, using a combination 
of newly collated data, expert opinion and taxotransfer rules, was developed by 
Batjes et al. (2007). Application of this method resulted in a complete soils database 
for each case study area, with all the necessary attributes needed to run the two 
models. Land use data included historical, current and projected future land use. 
These were used to build land management sequence diagrams for predetermined 
geographic units (for example in the case of the Brazilian Amazon for Municipios 
or counties). Historical and current land use was based primarily on in-country 
government statistics. Future land use was estimated using FAO projections of 
changes in cropping area and crop production (FAO 2002). This was supplemented 
with knowledge of future government plans and expert opinion. 

Stage 3 was the development of the GEFSOC system itself which consisted of 2 
primary elements, a set of program modules to run RothC, Century and the IPCC 
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method and a graphical user interface (GUI) (Easter et al. 2007). The approach was 
based on research work carried out at the NREL, Colorado State University over 
the past 10 years. The GUI allows the user to input detailed land management in-
formation such as crop type, planting/harvest time, grazing events, fertiliser in-
puts etc. for all possible land uses in the area to be considered. 

Stages 4 and 5 were to run the system to give estimated SOC stocks and stock 
changes for each case study area between the years 1990 and 2030. For stage 4, the 
year 2000 was used as the ‘current’ year, dictated by the availability of land use 
data. The GEFSOC system can generate output data at points in time determined 
by the user. The models operate on a monthly time-step and therefore produce large 
amounts of data. To help produce meaningful output, the user determines output 
years on the last page of the GUI. The system then gives SOC stocks for these years. 
In addition, the system carries out a regression using all data between the output 
years to give estimated SOC change rates. The model runs for the GEFSOC Proj-
ect therefore produced SOC stocks for the years 1990, 2000 and 2030 and change 
rates between these years for the Brazilian Amazon, Jordan, Kenya and the Indian 

Fig. 19.1. The five stages of 
GEFSOC system develop-
ment (reproduced from 
Milne et al. 2007)
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Indo-Gangetic Plains. As a means of determining how well our system was work-
ing, SOC stocks produced by the GEFSOC system for a base line year (1990) were 
evaluated against independent results obtained using ‘existing’ techniques, for ex-
ample mapping based approaches (Batjes et al. 2007; Bhattacharya et al. 2007b; Al-
Adamat et al. 2007; Cerri et al. 2007b; Kamoni et al. 2007b).

19.4
Estimated SOC Stocks and Stock Changes Between 1990 and 2030 
and Implications for Sustainable Land Management

Table 19.1 shows estimated SOC stocks for the year 2000 (the ‘current’ stock) made 
using The GEFSOC System. RothC and Century make estimates for the first 20 
cm of soil and the IPCC method for the first 30 cm. RothC estimates for the Indi-
an IGP were unrealistically high and are therefore omitted. Evaluation of RothC 

Table 19.1. Soil organic carbon stocks and stock change estimates for the years 2000 and 2030 
made using the GEFSOC Modelling System. Source: Milne et al. (2007b)

Area GEFSOC Modelling System outputs SOC stocks Tg C

Year 2000

RothC (0-20 cm) Century (0-20 cm) IPCC (0-30 cm)

Amazon Brazil 27,003 32,603 26,951

Jordan 102 66 242

Kenya 1,522 1,415 2,009

IGP, India – 1,324 1,381

Year 2030

Amazon Brazil 25,004 30,431 23,391

Jordan 100 57 249

Kenya 1,308 1,311 1,975

IGP, India – 1,265 1,381

Estimated SOC stock change 2000 – 2030, Tg C

Amazon Brazil –1999 –2,172 –3,560

Jordan –2 –9 7

Kenya –214 –104 –34

IGP, India – –59 0
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model runs for this area is being carried out. In general, estimates made using the 
GEFSOC System were in the same range as those made using more traditional map 
based approaches (Batjes et al. 2007).

19.4.1
The Brazilian Amazon

The Brazilian Amazon has a hot humid climate, experiencing precipitation of up to 
3,000 mm yr-1 in some places. However, due to the vast area covered by the region (> 
5 million km2) local climate varies throughout. Two soil orders (Oxisols and Alfi-
sols) cover approximately 75% of the area (Cerri et al. 2007). The Brazilian Amazon 
is dominated by comparatively recent land use change, namely the conversion of 
tropical forest to pasture or crop land. Approximately 80% of the area is still under 
native vegetation but the area also has the highest rate of deforestation in the world. 
An estimated 2.38 million ha were deforested throughout the Brazilian Amazon in 
2002-2003 (Simon and Garagorry 2005).

The GEFSOC project used a land use change scenario for the Brazilian Amazon, 
for 2000-2030 that was based on deforestation rates over the past 20 years, some 60 
years of agricultural census data and FAO predictions of agricultural expansion in 
the area. This ‘business as usual’ scenario, assumed a deforestation rate of 20,000 
km2 yr-1 with deforestation continuing to be most intensive in the southern and 
eastern sections of the basin. The increasing importance of soybean production as 
a driver of deforestation was taken into account in the scenario, with an estimated 
70% of newly deforested land being cleared for soybean production by 2030 (Cerri 
et al. 2007b). 

GEFSOC System SOC estimates for the Brazilian Amazon in the year 2000 
ranged from approximately 27,000 to 32,000 Tg depending on the method used 
(Cerri et al. 2007b). The highest stocks were associated with native forest and well 
managed pasture. Between 1990 and 2030, under a scenario of continued land use 
conversion, Cerri et al. (2007b) estimate an overall loss of 4,200 Tg C from soils. 
Most of this would be associated with the loss of native forest although some loss-
es would also result from the degradation of rangeland. Under the same scenario, 
small gains in SOC stocks (from 217 Tg in 1990 to 620 Tg in 2030) are projected 
as secondary vegetation becomes established on abandoned areas. Slow gains are 
also projected for well-managed pasture during the same period, however this is a 
long way from offsetting overall losses from soil and becomes insignificant when 
the large losses of C from above ground vegetation are considered (approximately 
8,000 Tg, Cerri et al. 2007b).

Given the estimated losses of SOC associated with a business as usual scenar-
io, the most obvious recommendation for future sustainable land management in 
the Brazilian Amazon is the cessation, or at least reduction of deforestation. Un-
fortunately this is unlikely to happen in the near future given current agricultural 
subsidies (Fearnside 2001) and the phenomenal rate of agricultural expansion that 
is currently occurring in the region (Sanches et al. 2005). The SOC stock changes 
estimated by the GEFSOC project show the long-term advantages of good pasture 
management. Several studies have shown that under good management, pasture 
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can reach or even surpass SOC levels found under native forest (Cerri et al.1991; 
Moraes et al.1995; Neill et al.1997). Another recommendation to increase SOC 
stocks, should therefore, be enforcement of measures to reduce overgrazing such 
as minimising stocking rates and using appropriate pasture species on the 50 % 
plus of degraded pasture land in the Brazilian Amazon.

19.4.2
The Indian Indo-Gangetic Plains

The predominantly flat alluvial plains of the Indian IGP become increasingly hu-
mid as you travel from west to east, with precipitation ranging from 300 – 1600 
mm yr-1 (Bhattacharya et al. 2007b). In contrast to the Brazilian Amazon, the In-
dian Indo-Gangetic Plains have a long history of cultivation going back hundreds 
of years. The area is, therefore, likely to be subject to changes in land management 
in the future, rather than drastic change in land use. Over the past 40 years, the In-
dian IGP has been dominated by a rice wheat rotation. Current land use informa-
tion for the Indian IGP, gathered for the GEFSOC project shows 50 % under a rice/
wheat rotation, 45 % under some form of double or triple cropping system, 1% un-
der fallow rice, with the remainder under other systems including a small amount 
of natural forest (Bhattacharya et al. 2007b). The future land use change scenar-
io used in the project assumes a diversification of cropping systems in the area in 
response to the fact that India is currently over producing both rice and wheat. 
Therefore, triple cropping systems are assumed to expand at the expense of double 
cropping and fallow systems.

For the year 2000, GEFSOC system estimates of total SOC stocks for the Indian 
IGP were approximately 1300 Tg (Bhattacharya et al. 2007b). Over 99% of the In-
dian IGP is cultivated with 49% under a rice wheat system. All of the multi crop 
systems involving rice had C stocks of approximately 30 Mg ha-1. The triple crop 
systems had lower stocks than the double crop systems, probably due to lower crop 
residue returns associated with vegetable production. There are small SOC losses 
between 1990 and 2000 associated with conversion of pasture and forest to crop-
land. However, overall there is a gain in SOC during 1990–2000, associated with 
an increase in productivity. Between 2000 and 2030, this increase is lost and levels 
fell back to 1990 SOC levels. This is due mainly to the increase in triple cropping 
systems at the expense of rice/fallow and double cropping systems.

Output from the GEFSOC project has shown that a move to triple cropping sys-
tems involving a wider range of crops in the Indian IGP could lead to a decrease in 
SOC (Bhattacharya et al. 2007b). However, the levels of SOC in the double crop-
ping rice wheat system are associated with higher productivity and an assump-
tion of higher returns to the soil. Under continued rice/wheat, SOC increases are 
projected to reach equilibrium by the year 2020 in clay soils and to have already 
reached equilibrium by 2000 in sandy soils. Several studies have shown declining 
yields of rice and wheat in the IGP in recent years (Kataki et al. 2001; Pingali and 
Shah 2001) and sustainability of the system has been questioned (Duxbury 2001). 
Diversification of crops grown in the Indian IGP has the potential to reduce irri-
gation in the area, especially if less rice is grown. Less irrigation could reduce land 
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degradation problems by curbing salinisation. At present, the GEFSOC Modelling 
System does not account for salinisation and feedback on SOC stocks, however, the 
system developers are hoping to address this in the future. Diversification of crops 
therefore appears to be a reasonable strategy in terms of sustainability, although it 
should be done with a mixture of double and triple cropping systems. The model 
runs also showed the SOC benefit of systems involving fallow. A rotation of differ-
ent systems in the Indian IGP, with some involving fallow could take advantage of 
this benefit without reducing yields too drastically.

19.4.3
Jordan

Jordan covers a relatively small area (89,206 km2) and has an extremely arid cli-
mate with 80% of the country being classed as desert and receiving precipitation of 
< 200 mm yr-1 (Al-Adamat et al. 2007). In recent years, sustainable land manage-
ment has become a national priority as land and water resources struggle to keep 
up with population increase. As expected, SOC stocks in Jordan were low, reflect-
ing the arid climate. Stocks for the year 2000 were 102 Tg and 66 Tg according to 
RothC and Century (Al-Adamat et al. 2007). Despite the difference between the 
two estimates, stock distribution between land classes was similar, with rangeland 
accounting for about 70%, cropland about 20% and other land uses the remaining 
10%. The projected land use change scenario for Jordan saw continued overgrazing 
in the Badia region leading to the degradation of good rangeland. This drives SOC 
stock decline from the year 2000–2030 at a rate of 0.46% yr-1 according to the Cen-
tury model. Some small increases in SOC stocks are predicted in the Jordan Valley 
between 2015 and 2030 due to vegetable production being replaced by banana and 
citrus (Al-Adamat et al. 2007). However this assumes sufficient water will continue 
to be available between 2015 and 2030. 

Declining SOC stocks in the Jordan Badia region will have serious consequenc-
es, potentially leading to irreversible land degradation and desertification. Mea-
sures to reduce overgrazing and allow rangeland regeneration should therefore be 
a priority for Jordanian policy makers if existing SOC stocks are to be safeguarded. 
Excessive overgrazing began in the Jordanian Badia during the 1990s. Subsidies 
led to a massive increase in the number of sheep and goats in the region, having a 
detrimental effect on traditional nomadic grazing practices. National initiatives to 
address overgrazing problems are in place, such as rangeland management agree-
ments with Bedouin and research into drought tolerant species (Personal commu-
nication, Badia Research and Development Centre, Safawi, Jordan). However, the 
problem is complex involving socioeconomic and cultural as well as environmen-
tal factors. 

Land degradation in the Badia has a knock-on effect on land use in the rest of 
the country. The Jordanian Ministry of Agriculture cites rural to urban migration 
as a key problem in Jordan (MoA 2003). A growing urban population will have in-
creased water demands, creating more competition for water resources with other 
sectors such as agriculture. This has implications for the SOC stocks in the heav-
ily irrigated Jordan Valley. Experts from Jordan have argued that the production of 
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many of the crops grown in the Jordan Valley makes no sense in economic terms 
or in terms of water use (Al-Weshah 2000). In general, the same products can be 
imported at a lower price. However, political instability in the wider region has dic-
tated a policy of self sufficiency and unless circumstances change, Jordan is likely 
to continue growing heavily irrigated crops in the Jordan Valley.

19.4.4
Kenya

Of the four case studies considered, Kenya has the most complex land use (Kamoni 
et al. 2007). This is a reflection of the variety of climatic zones in the country that 
range from humid to very arid. Like Jordan, Kenya is dominated by grazing land 
with approximately 40% of the country being used for grazing. GEFSOC national 
SOC stock estimates for Kenya were approximately 1450 Tg for the year 2000. The 
largest C stocks were associated with grazing land as this occupies the largest area 
of the country. Native forest had the highest C stocks on a per ha basis (approxi-
mately 80 M ha-1). Following forest, commercial agriculture and plantations had 
the highest per area SOC stocks reflecting higher inputs and production. Grazing 
lands tend to occur in the driest areas of the country where agricultural oppor-
tunities are limited. For both Jordan and Kenya, IPCC estimates made using the 
GEFSOC system were higher than estimates made using the two modelling meth-
ods. This was due to default land classifications being used and highlights one of 
the limitations of the IPCC method Tier 1 aaproach. The land use change scenario 
between the year 2000 and 2030 for Kenya assumed continued conversion of natu-
ral savannah to subsistence agriculture. Using this scenario, the GEFSOC system 
estimated a national decline in SOC stocks of approximately 100 Tg over the 30-
year period. 

The findings of the GEFSOC project suggest that in order to maintain SOC 
stocks in Kenya in the next 30 years, efforts should focus on the sustainable use of 
existing grazing lands and a reduction in the rate of conversion of savannah and 
grazing lands to subsistence agriculture. Loss of SOC would lead to an increased 
risk of soil erosion, a lowering of soil fertility and a lowering of the soils capacity to 
store water. This last point is especially important as Kenya receives rainfall in two 
distinct rainy seasons and water storage capacity can therefore prolong the grow-
ing season. Encouraging sustainable use of grazing lands and reducing conversion 
to subsistence agriculture is made difficult by Kenya’s complicated land tenure sys-
tem. In recent years, a sub-division of land has lead to a complex multitude of land 
owners and a degradation of resources. The situation is compounded by the fact 
that only 18% of Kenya is deemed to be high to medium potential agricultural land 
(Kamoni et al. 2007) and that 57% of Kenyans live below the poverty line (NEMA 
2003). In such circumstances, the appropriate management of SOC is vital to en-
sure the sustained productivity of land in the future.
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19.5
Conclusions

The GEFSOC Modelling System provides the opportunity for developing countries 
to use an advanced (Tier 3) inventory method, incorporating the two most wide-
ly used soil C simulation models available (Century and RothC), to improve their 
estimates of land use related C emissions and/or sequestration. The GEFSOC sys-
tem also provides estimates using the default Tier 1 approach (the IPCC method), 
within the same software package. SOC stock change estimates produced for the 
four case areas in this project all showed a general decline in SOC if current land 
use trends continue. These estimates can help in the formulation of national GHG 
inventories and in the identification of SOC enhancing land management activities 
in specific soil/climate combinations in each case study area. The GEFSOC System 
is available to anyone wishing to use it for research, educational or planning pur-
poses from http://www.nrel.colostate.edu/projects/gefsoc-uk/.
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CHAPTER 20

Seasonal Variation of Carbon Dioxide, Rainfall, NDVI 
and it’s Association to Land Degradation in Tanzania
Juliana J. Adosi

Abstract. In recent years there has been global concern over extreme weather 
events like droughts and floods which are linked to climate change. This concern 
has arisen from both observed and modeling studies that have indicated a possible 
climate change. Carbon dioxide which is principally linked to climate change, is 
a green house gas that has been blamed to be the driving force. However extreme 
weather events have been observed to cause land degradation in different parts of 
the globe. While studies on global scale show a significant increase in CO2 result-
ing in global warming and hence climate change, few regional studies have been 
carried out to demonstrate changes at the regional level. In this study trends and 
variability of CO2, rainfall and NDVI over Tanzania were investigated to find out 
their association with land degradation.

Results reveal that CO2 exhibits a bimodal distribution, with a maximum in 
March and December, while minimum values are observed in January and May. 
This pattern can be associated with the annual cycle of vegetation cover. During 
maximum CO2 season, the land is bare and thus subjected to land degradation. 
NDVI showed a maximum in May and January/December for areas with bimodal 
rainfall and March/April for areas with unimodal rainfall. NDVI showed a mini-
mum in March and October for bimodal areas and September/October for uni-
modal areas. A decreasing trend in NDVI is evident in most stations in different 
seasons over the country. This is a signal for land degradation and should be arrest-
ed. Rainfall, a very important factor in environmental sustainability, has proved 
to be decreasing in different seasons over the country. As it decreases it leaves the 
land dry, hinders vegetation and other hydro related factors. Decreased rainfall re-
sults in dry soil, decreased vegetation and hence land degradation. Excessive rain-
fall also contributes to land degradation by washing away loose and exposed soil 
in some parts of the country by floods. There is a need to arrest this situation for 
better land use.

20.1
Introduction

Over the recent decades many parts of the world have experienced a high frequen-
cy of extreme weather events such as floods and droughts. These extreme anoma-
lies in weather systems has been linked with climate change. The main indicator 
of climate change has been the rise in global temperature which has principal-
ly been linked with increase of carbon dioxide in the atmosphere. Carbon diox-
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ide (CO2), being a green house gas, plays a major role in the energy balance of the 
earth’s atmosphere. It transmits short wave radiation while absorbing out going 
long wave radiation. Instrumental records indicate an increase of 0.3-0.6 ºC in 
global mean surface temperature over the last 100 years (IPCC 1992; 1995; 2001). A 
study on the space and time characteristics of minimum and maximum tempera-
tures over Tropical East Africa indicated a positive trend (King’uyu 1994; King’uyu 
et al. 2000). Scenarios of climate change (Hyera and Matari 1996) and trends and 
variability of surface temperature over Tanzania (Adosi 2002) also showed simi-
lar patterns. 

Rise in global temperature may cause the melting of glaciers and polar ice caps 
which will lead to sea level rise. This may submerge islands and lowlands resulting 
in displacements that may interfere with clean water resources and food shortage. 
Health problems like increases in malaria cases also arise because of warm climate, 
which favors breeding places for vectors. Excessive rainfall may favor breeding 
places for hostile insects like Nairobi fly as is evident by their increase during the 
1997/98 El Niño rains. Outbreaks of other related waterborne diseases like cholera 
and diarrhoea may reach such a level that the medical personnel may not be able to 
cope with. Climate change may impact on the ecosystem by the extinction of the 
present plant and animal species and emergence of new hostile species. There may 
be changes in the weather patterns such as a shift in the rainfall seasons resulting 
in extreme weather events like floods and droughts which will cause land degrada-
tion. Exposed mountain peaks due to the melting of the ice caps will make them 
susceptible to land degradation through wind and rainfall erosion.

While there have been studies on the trend in CO2, NDVI and rainfall, few stud-
ies have addressed their seasonal variations and association with land degrada-
tion.

20.2
Objective

The main objective of the study is to examine the seasonal variation of CO2, rain-
fall, NDVI and their association with land degradation in Tanzania. 

For this purpose, the following patterns were studied:
Annual and seasonal variations of CO2

Time series and seasonal variations of NDVI and rainfall
The association between the above and land degradation

Distribution of stations in Tanzania for Rainfall and NDVI is shown in Figure 
20.1.

Apart from having two significant rainfall systems, some parts of the country 
close to the lakes are influenced by the great lakes i.e. Lake Victoria, Tanganyika 
and Nyasa. The northern part of the country experiences bimodal type of rainfall 
distribution with Kigoma, Tabora, Dodoma and Morogorro being in the transition 
zone. The southern part of the country has unimodal type of rainfall distribution 
i.e. Songea, Mbeya, Iringa and Mtwara.
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20.2
Data and Methodology

Mean monthly data of CO2 for Mahe (Seychelles) which is the CO2 baseline station, 
NDVI from DMC Harare, and rainfall from Tanzania Meteorological Agency were 
used in this study. The data were subjected to standard statistical methods of time 
series analysis, which included trend and spectral analysis. The study was carried 
out on monthly, seasonal and annual time scales.

Fig. 20.1. Distribution of stations in Tanzania for Rainfall and NDVI
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20.3
Results and Discussion 

20.3.1
Monthly NDVI (1982-2005)

As shown in Figure 20.2, the NDVI shows high values in May / December when the 
land has maximum foliage cover after the long/short rains in areas with bimodal 
rainfall distribution i.e. Musoma, Bukoba, Arusha, Tanga and Dar es Salaam. In 
areas with unimodal rainfall distribution i.e. Kigoma, Tabora, Dodoma, Moro-
goro, Songea, the high values in NDVI were observed in March/April which is the 
period of maximum foliage cover.

Due to variations in rainfall, seasonal analysis of NDVI in the country shows 
that the vegetation index decreases and increases in some stations. A significant 
decrease has been noted in Tabora SON with an R2 of 0.6446 (Fig. 20.3). Arusha 
and Dodoma show a negative trend in all seasons (Table 20.1). This signifies a de-
crease in rainfall or deforestation and grazing is dominant in these regions. With 
a reduction of vegetation, the consumption of CO2 is reduced which leads to accu-
mulation of CO2 in the atmosphere.

20.3.2
Tabora Rainfall

Rainfall time series at Tabotra (Fig. 20.4) show that rainfall is increasing in some 
parts of the country while NDVI is decreasing in Shinyanga, Morogoro, Mbeya, 
Tabora, which may be due to:

Deforestation 
Overgrazing
Forest fires and deliberate fires for clearing farms
Only Songea has positive trend in NDVI and rainfall in MAM and JJA.
Tanga and Kigoma have a decrease in rainfall but an increase in NDVI in De-
cember to February, March-May and June-August (Tables 20.1 and 20.2), as this 
area has thick forests which are fed by water from underground sources.

20.3.3
Deforestation, forest fire, over grazing, 
floods and droughts in Tanzania

Most of the farmers in the country use fire to clear their farms after cutting down 
the trees and other ecological structures (Figure 20.5). Some parts of the country 
are prone to drought e.g. central part of the country (Dodoma) and overgrazing 
(Figure 20.6) which makes the land susceptible to land degradation. This leaves the 
land exposed and the loose soil is blown by wind (Figure 20.7a). With heavy rains, 
the remaining soil is washed away thus forming gullies (Figure 20.7b) and hence 
land degradation.
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Fig. 20.2. Seasonal patterns in mean NDVI at selected locations in Tan-zania

Fig. 20.3. Trends in NDVI at Tabora during different seasons (DJF: December, January, February; 
MAM: March, April, May; JJA: June, July, August; SON: September, October, November)
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Table 20.1 Trends in NDVI at selected stations

Station DJF MAM JJA SON SON R2

Bukoba – + – – 0.089
Shinyanga – – + – 0.365
Arusha – – – – 0.038
Kigoma + + + – 0.243
Tanga + + + – 0.034
Tabora – – + – 0.645
Dodoma – – – – 0.015
Morogoro – – + + 0.013
Dia – + + – 0.009
Mbeya – – + – 0.018
Kilwa – + + + 0.019
Songea – + + – 0.063
Mtwara – + + – 0.006

DJF: December, January, February; MAM: March, April, May; JJA: June, July, August; SON. 
September, October, November

Table 20.2 Rainfall trends at selected stations

Station DJF MAM JJA SON

Bukoba – – – –
Shinyanga + + + –
Arusha + – – –
Kigoma – – – –
Tanga – – – –
Tabora + + + –
Dodoma + – – –
Morogoro + + – –
Dia + – – –
Mbeya + + + –
Kilwa – + + +
Songea – + + –
Mtwara – – – +

DJF: December, January, February; MAM: March, April, May, JJA: June, July, August; SON. 
September, October, November
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Fig. 20.4. Seasonal rainfall time series at Tabora (1981 to 2005). DJF: December, January, Febru-
ary; MAM: March, April, May, JJA: June, July, August; SON. September, October, November

Fig. 20.5 a, b. a Farm clearing through fires in Morogoro, b Drought in Arusha in 2005



380 Juliana J. Adosi

Fig. 20.6. Overgrazing in Arusha

Fig. 20.7.a,b aExposure of deforested land to erosion, b Gully formation through erosion

20.3.4
Floods and Droughts

Droughts make the soil dry and loose (Figure 20.8b), while floods wash away loose 
soil and other ecological features (Figure 20.8a) making them susceptible to deg-
radation. Areas affected by droughts, floods, deforestation and overgrazing have 
little or no vegetation growing. Vegetation uses CO2 in photosynthesis, hence a re-
duction in vegetation will result in increased CO2 in the atmosphere. This is evi-
dent at global level as well as regional level as shown by the trends of CO2 from a 
station close to East Africa. This will result in increased global warming and in-
creased extreme weather events and finally increased land degradation.
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20.3.4
Carbon dioxide

From Figure 20.9a, it can be seen that CO2 exhibits a seasonal variability. A bimod-
al distribution is evident with a minimum in January and May. This pattern may 
be associated with a seasonal variation in the vegetation cover. Around the tropi-
cal region, where the CO2 observatory station is located, there are two main rain-
fall seasons: March to May and November to December. However March to May is 
the main season. The largest vegetation cover occurs in May, which corresponds to 
the minimum level of CO2 , as during this time of the year the photosynthetic levels 

Fig. 20.8 a, b.
a Floods and 
b droughts in Dar 
Es Salaam
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are high. The secondary minimum of CO2 in January corresponds to the revival of 
vegetation cover after the short rains of November to December.

A trend analysis was performed for both annual and seasonal CO2 concen-
trations. The annual mean indicated an increase of 1.42 ppm per annum (Figure 
20.9b). On seasonal basis, the analysis showed that the northern hemisphere au-

Fig. 20.9 a, b. a Sea-
sonal variations in 
mean monthly CO2
levels. b Increase in 
CO2 concentrations 
at Mahe, Seychelles
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tumn (September-November) has the largest trend of 1.48ppm (Figure 20.10b) 
while spring (March-May) has the lowest trend (figure 20.10d).

20.3.5
Glacier and thick forests of Kilimanjaro

Decreased rainfall as well as vegetation has been observed over different parts of 
the country in different seasons. There are good natural watershed forests, which 
have in recent years been in danger due to forest fires. Mount Kilimanjaro has nat-
ural forests which are attacked by fire regularly, the latest severe attack being in 
1996 when thousands of hectares were burned. Gullies are observed over several 
places as one ascends over the slopes. Some trees are trying to recover by produc-
ing off shoots to protect the land, but with little effect. This vast burned area shows 
a serious reduction in vegetation as well as increased redundant CO2.

The following observations can be made in this regard:
Due to global warming and continuous dry spells that have prevailed for some 
years and the serious disturbance to the watershed environment, mount Kili-
manjaro glaciers have experienced a retreat. Observations show a horizontal 
loss of 0.45 m yr-1 while side loss is 1.0 m yr-1.
Precipitation changes have most probably initiated and maintained glacier re-
treat on Kilimanjaro. This can be due to atmospheric conditions which are much 
drier than during the previous period when glaciers experienced expansion.

Fig. 20.10. Seasonal trends in CO2
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It is assumed that coupling effect between the dry atmosphere and the glacier is 
the major retreating factor resulting in very strong sublimation.
Mass loss at the glaciers is also due to increased incoming solar radiation be-
cause of decrease in cloudiness and interaction with precipitation frequency and 
amount. 
Global warming, though at lower scale because of little heat flux at 500 hPa, is 
also contributing to the retreat of the glacier.
Geothermal heating has also been observed to be contributing to the retreat of 
the glacier. The crater part of the summit has completely lost the glacier and 
vents seem to be existing in some parts of the glacier which puff hot gases like 
sulphur leading to glacier melting.
Since the mountain has a dormant volcano, which probably will erupt again, 
regular tremors and severe gas puffing have been observed. When Kilimanjaro 
was visited in January 2006, there was a lot of sulphur puffing and a nearby 
mount Oldonyo Lengai on the southern shore of Lake Natron in Arusha erupted 
on 24 March 2006.

Kilimanjaro glaciers have been experiencing a depletion with clear difference be-
tween 1993 which had a well covered cap and 2000 with a ragged cap (Cullen et al. 
2006).
Crater part that used to be covered is now exposed, with glacier at the ream of the 
summit and few patches (Fig. 20.11).

Land that used to be covered by glaciers for millions of years is now exposed and 
is vulnerable to degradation by erosion (Fig. 20.12).

Very strong winds prevail at the top of Mt. Kilimanjaro which at times blows 
away loose volcanic soil that has been exposed by the melting of the glacier. Rain-
fall erodes the soil forming gullies (Fig. 20.13) and this type of land degradation is 
difficult to control because the summit has an average temperature of -7°C which is 
not conducive to plant growth that could conserve the watershed by allowing mois-
ture penetration to the summit. Erosion accompanied by melting of ice is danger-
ous especially on the slopes because it may result to sliding of boulders and endan-
ger structures and life on the way.

20.3.6
Mount Oldonyo Lengai (3450m) eruption March 2006

This volcano, the only sodium carbonate volcano in the world, has frequent erup-
tions with the recent severe eruptions in 1983 and 2006 with several others in 1954, 
1955, 1958, 1960, 1967 and 1994. An attempt is being made to relate the Lengai 
eruption with Kilimanjaro in the sense that they are close and probably Kiliman-
jaro mountain as well as Mount Meru, have very strong base that a weak volcano 
cannot penetrate easily and found Lengai to be the exit. This means that the pres-
sure that will erupt mount Kilimanjaro, which is dormant, will have a very severe 
impact on Lengai.
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Fig. 20.11. Kilimanjaro crater aerial view

Fig. 20.12. Land degradation at 500hPa Kilimanjaro (5895m) NIF
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Fig. 20.13. Gullies due to erosion at the summit of Kilimanjaro

The Lengai eruption in 2006 plume (Figure 20.14a) and lava flow streams are 
shown in Figure 20.14b. A circular crater in Figure 20.14c, with lava flow to-
wards the east, west and south can be clearly seen. From this, the summit is 
free of growth with its cone shaped soil vulnerable to degradation. As the lava 
sweeps down the mountain it burns structures on the way hence making the soil 
vulnerable to degradation.

20.4
Conclusions

This study has shown that:
An increase of CO2 will cause an increase in temperature and increased land 
degradation due to increase in frequency and intensity of severe weather and 
extreme climatic events (floods & droughts).
Increased land degradation will lead to reduced retention of soil moisture and 
increased soil erosion, and hence desert encroachment.

20.5
Recommendations

To reduce land degradation planting of trees, where possible, is recommended 
because trees will use CO2 in photosynthesis and thus reduce its accumulation 
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Fig. 20.14. a–c. Lengai plume March 2006 b Lengai Lava flow March 2006 c Lengai Crater Janu-
ary 2007 and lava flow March/April 2006

in the atmosphere. This will reduce extreme weather events and hence reduce 
land degradation.
To make the tree planting effective, new and affordable energy sources should be 
sought to reduce distraction of forests.
Agriculture is also contributing to land degradation and to combat this prob-
lem, proper land use plans need to be instituted.
A meteorological station be installed at the summit of Kilimanjaro to monitor 
weather elements responsible for its depletion with rainfall stations and temper-
ature loggers on few slopes.



388 Juliana J. Adosi

20.6
Acknowledgement

Thanks are due to Dr Lennie Thompson, University of Ohio, USA, leader of the 
ice core drilling expedition in 2000. All subsequent measurements and glacier-cli-
mate studies have been done by Universities Innsbruck and Massachusetts (Prof. 
Kaser, Dr. Hardy, Dr. Cullen, Dr. Mölg). participants of the expedition, for facili-
tating the expedition of the author; University of Massachusetts USA and Inns-
bruck Austria for funding, Blessing Siwela, DMC Harare for providing NDVI data; 
TANAPA, KINAPA for giving permission to climb the mountain; COSTEC for is-
suing the license to conduct the research; Keys Hotel Staff, for providing accom-
modation; Errick Massawe, Guides for facilitating the climb; Dr Mohamed Mhita, 
Director General TMA for allowing the author to join the glacier retreat group, Dr 
Emanuel Mpeta and Dr Tharsis Hyera, TMA Tanzania former participants in the 
expedition; and D. Kashasha and all TMA staff for their contribution to the suc-
cess of the trips.

References

th



Chapter 20: Seasonal Variation of Carbon Dioxide, Rainfall, NDVI and it’s Association  389



CHAPTER 21

Land Degradation Control in Northern Africa
Ismail H. M. El Bagouri

Abstract. North Africa sub-region represents the entire range of aridity index. 
The major issues of concern in the sub-region are rainfall variability, recurrent 
droughts, and possible impacts of climate change. Aridity is manifested by scar-
city of water resources and arable lands which represent 26.4% of the total land 
area with extremely varied distribution among the countries of the sub-region. 
Presently cultivated areas occupy 45 million ha, mostly rainfed, with 8 million ha 
of irrigated lands. Rangelands occupy about 13% and forest / woodland represent 
8% of the total land area of the sub-region. All land use categories are subject to 
land degradation processes, through more than three decades, due to several pres-
sures including; rapid population growth, climatic stresses, human mismanage-
ment practices, and inappropriate agricultural policies. Land degradation process-
es are varied and diversified under the conditions of rain-fed, irrigated, range and 
forestlands. Land degradation processes are conducive to serious productivity loss-
es, reduction in return from capital investment, lower income of rural households, 
spread of poverty and increased rural to urban migration. 

Through the last decade all countries ratified UNCCD and formulated NAPs. 
Most governments adopted reform agricultural policies. Measures were taken to 
curtail losses due to inefficient use of water resources in irrigated lands, activating 
water harvesting practices, enhancing the use of groundwater resources, and sup-
plementary irrigation under rainfed conditions. Activities were enhanced to estab-
lish protective belts of trees and shrubs and formulate and implement projects for 
better management of rangeland and forestland. Setting up of coordination com-
mittees, enhancing the role of women and NGOs, and encouraging research ac-
tivities were also addressed to varied extent. However, the execution of the afore-
mentioned activities does not replace the dire need for adoption of a holistic ap-
proach to combat land degradation including formulation of integrated strategies 
for short, medium and long-terms based on priorities. The adherence to ecosystem 
integrated approach is a must, in addition to activation of synergies among the ma-
jor three environmental conventions, i.e., UNCCD, CBD and UNFCCC. 

An integrated strategy should be planned to accomplish tasks of prime signifi-
cance including; the elaboration of thematic databases, adoption of sub-region-
al indicators, activating unified networking for all six countries to facilitate the 
exchange of knowledge, experience, and lessons learned in establishing Drought 
Early Warning Systems. Elaboration and coordination of activities to establish 
genebanks for indigenous plant species adapted to the harsh environment, and fa-
cilitation of the use of agro-biodiversity to combat desertification is important. Na-
tional and sub-regional preparedness to mitigate the adverse impacts of drought 
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should be promoted. Rational guidelines should be formulated for the use of vast 
but non-renewable groundwater resources, available in huge aquifers with varied 
water qualities. Focus must be placed on demand driven and coordinated research 
activities in multiple institutions throughout the sub-region. Concerted efforts are 
needed to curtail conflicts and local wars which present formidable constraints 
to development and enhance degradation. Implementing meaningful sub-regional 
projects and coordinating international funding and transfer of needed technolo-
gies, capacity building and collecting indigenous knowledge in a sub-region of very 
similar conditions are equally important.

21.1
Introduction 

The north African sub-region is one of the major five sub-regions of the continent 
of Africa. It includes six countries; Egypt, Sudan, Libya, Tunisia, Algeria and Mo-
rocco with vast total area of 8.49 million km2 and includes varied topographic fea-
tures of extended plateaus, depressions, dry valleys, and relatively limited high-
lands and mountainous areas. The sub-region is endowed with lengthy strategic 
coastal lines extending over 9,500 km, over looking the southern coastal lines of 
the Mediterranean Sea, in addition to costal lines extending along the Red Sea to 
the east, and the Atlantic Ocean to the west of the sub-region. 

At the turn of the 21st century total population of the six countries exceeded 
180 million people. The population of the sub-region almost doubled through the 
past 30 years with varied rates of increase per country, but with an overall average 
of 2% per annum (World Bank 2001). Continued population increase, in addition 
to increased consumption of food and agricultural commodities, led to continued 
increased demands for agricultural products and placing serious pressures on the 
use of land and water resources. Enhanced use of agricultural chemicals, fertilizers 
and other inputs are common features (FAOSTAT 2001).

21.2
Land use 

Table 21.1 shows the major land use categories in the sub-region.
Natural rangelands represent the largest land use category occupying about 

26.8% of the total land area. Arable lands represent 11.4% of the total land area 
while forest land represents 5.7%, mostly in elevated areas in the sub-region. The 
data in Table 21.1 show the wide disparity of areas occupied by the main three land 
use categories among the countries of the sub-region. 

Rangelands are abundant in Sudan, Morocco and Algeria, while the least ar-
eas are projected by Egypt and Tunisia. Rangelands extend over areas of marginal 
rainfall (100-300 mm yr-1) and soils of limited fertility. The natural plant cover of 
the rangelands is under pressures of overgrazing and variable rainfall conditions.

Arable lands (lands suitable for cultivation) are scarce compared to the total 
land area, which is typical of arid lands. Areas already cultivated represent about 
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30% of the arable land with most of the non-cultivated arable areas located in Su-
dan and Morocco. Rainfed cultivated lands are prevailing in the total croplands 
in the sub-region, which are estimated at 45.23 m ha (WRI 2004). Irrigated lands 
are estimated at 12.2% of the arable land (with the exception of Egypt where irri-
gated lands represent more than 95%). Irrigated land in the sub-region, despite its 
low percentage, produces about 70% of the agricultural commodities (FAOSTAT 
1998). 

Forestland represents the least land use category and unfortunately the area oc-
cupied by forests is continually declining due to varied factors, as will be described 
in a following section. 

The previous review of land –use categories shows that over 55% of the total land 
area of Northern Africa sub-regions is barren lands. 

21.3
Climatic Features

21.3.1
General features 

The Northern African sub-region represents the full range of aridity index pre-
vailing over different physiographic areas. The northern coastal areas have south-
ern Mediterranean climate while inlands are characterized by arid and hyper-arid 
climatic conditions along the southern direction. In general, 65% of the total area 
of the sub-region has hyper arid conditions, 25% arid, 8% semi-arid and only 2% 
of the area has dry sub-humid climatic conditions (UNEP 2002). Northern coast-
al areas are distinguished by moderate Mediterranean climatic conditions with 
higher rainfall reaching a maximum of 1500 mm and high relative humidity, espe-
cially during the rainy season. Rainfall (as well as relative humidity) decreases rap-
idly towards inland along the southern direction, reaching a minimum rainfall of 
few mm yr-1 (with the exception of the elevated areas). Heat stress increases as well 
along the southern direction. 

Table 21.1 Major categories of land use in northern Africa (‘000 ha)

Country Cultivated Rangelands Forest Land

Algeria 7,876 34,362 3,861

Egypt 3,209 1,500 34

Libya 2,366 12,712 400

Tunisia 3,945 2,700 555

Morocco 9,545 21,000 1,725

Sudan 17,082 39,480 43,613
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21.3.2
Rainfall variability 

Water resources in the sub-region are comprised of rainfall, surface water and 
groundwater and represent 90%, 8.1% and 1.9% respectively of the available water 
resources in the sub-region (AOAD 2000). These figures clearly show that marginal 
rainfall represents the major water resource in the Northern sub-region of Africa. 
Such valuable resource, however, is characterized throughout the sub-region by 
rapid changes in spatial distribution, seasonal variations, inter-annual variability, 
varied intensities, and length of growing season. Such wide variability in the sub-
region are exemplified by the data from coastal areas in Egypt (Figs. 21.1 and 21.2 
and Table 21.2, El-Bagouri 2000)

These factors strongly affect the efficiency of rainwater received and the surface 
runoff in streams and wadies, in addition to the recharge of the groundwater aqui-
fers. National country reports clearly show that a major fraction of the rainwater 
received is lost through a combination of evaporation, evapotranspiration, seepage 
and runoff in uncultivated wadies or to lakes and marine coastal areas. 

21.3.3
Droughts 

Most Northern African countries experience recurrent drought spells of varied 
severity and length. Algeria, Tunisia and Libya experienced droughts in the late 
eighties till 1993. Morocco has experienced a drought in one year out of every 
three years over the past few decades (UNEP 2002). Northern Sudan experienced 
droughts in the seventies and the eighties along with the major drought events in 
the Sahel. Rainfall variability and drought spells have an adverse impact on land 

Fig. 21.1. Annual rainfall variation for Marsa Matrouh over a period of over 65 years (After El Ba-
gouri 2000)
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Table 21.2. Inter-annual Variability (IAV) in the Northwest Coast of Egypt (After El-Bagouri 
2000)

Station Number of  Years 
of Observation

Annual 
average (mm)

IAV (mm) Relative 
LAV (%)

Alexandria 50 199 57 28.6

El Dabaa 38 141 57 40.7

Marsa Matrouh 40 140 67 47.8

Sidi Barrani 35 144 57 39.6

El Salloum 38 105 72 68.6

Fig. 21.2. Average annual 
rainfall in Sinai (mm)
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productivity by enhancing erosion processes, degrading plant cover and through 
other desertification processes. 

21.4
State of Water Resources 

Present and future scarcity of water resources is a common feature throughout the 
sub-region with the exception of Sudan, followed by Morocco. Variability in rain-
fall, as well as variability in flow of major rivers like the Nile, conveyance and on 
farm losses of water resources, inadequate water harvesting and spreading tech-
niques, as well as under exploitation of vast groundwater and non traditional water 
resources contribute to deficiencies and inefficiencies in the supply and utilization 
of water resources. 

Due to continued population increase, per capita share of water resources is de-
clining rapidly. It is expected that all countries of the sub-region –with the excep-
tion of Sudan- will experience water scarcity (less than 1000 m3 person-1 yr-1) by the 
year 2025 (UNEP 2000). 

The ever-increasing water demand in contrast to the slow increase in water 
supply is leading to unsustainable water use and competition for water resources 
among varied sectors. Such a trend also has serous impacts and strained relations 
among countries with shared water resources (Nile River is shared among nine na-
tions including Egypt and Sudan). 

21.5
Degradation processes in the sub-region

All land use categories in the sub-region are subject to several degradation process-
es as shown by country reports through the last four decades. Among the major 
pressures are rapid population growth, climatic stresses, human practices, inap-
propriate agricultural policies, certain land tenure systems and other factors. The 
following is a brief review of land degradation processes active in each of the major 
land use categories. 

21.5.1
Rangelands 

Rangelands extend over areas of marginal rainfall (100-300 mm yr-1). The soils are 
of limited fertility, which are classified as marginal lands within fragile ecosys-
tems. 

By the middle of the 20th century, the rapidly mounting population pressures, 
increasing demands for food and feed commodities led to the introduction of cul-
tivation to rangelands. The over-exploitation of the fragile natural ecosystem of 
rangelands caused the loss of the natural plant cover due to the low probability for 
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the cultivated crops to reach maturity ie., once every three or four years due to the 
marginality of rainfall. 

The increased demand for rangeland products led to overstocking of animals 
on the range beyond the proper carrying capacity which in turn caused serious 
overgrazing, the loss of plant cover, severe degradation of palatable species, loss 
of highly valued biodiversity and adapted species. Improper grazing and range 
management practices, as well as the introduction of inappropriate techniques like 
spreading of boreholes for watering the stock, caused serious adverse impacts on 
the sustainability of plant cover. 

In all cases the loss of the natural plant cover of the rangelands led to the en-
hancement of erosional processes through wind and water, causing the loss of valu-
able top soil i.e., loss of resource base and rapid degradation of soil productivity 
(onsite). Meanwhile, eroded soil materials carried by water or airborne by wind 
cause severe adverse environmental impacts in the settling areas (offsite) includ-
ing health hazards. Siltation of water reservoirs, sand encroachment on strategic 
installations, industrial areas, highways and infrastructure in urban areas imply 
huge economic losses, both onsite and offsite. 

Land tenure system based on communal tribal bases prevailing in the range-
lands has adverse impacts on range management practices, sustainable develop-
ment, introduction of needed investments and enhancing social benefits. 

21.5.2
Cultivated Areas

The physiographic features and terrain attributes in the sub-region are highly var-
ied including plateaus, depressions, wadies, dry valleys with different elevations 
and slopes, which strongly affect the properties of the relevant soil resources es-
pecially with respect to soil texture and soil profile depth. Physiographic features 
have definite impacts on soil/moisture relations, water harvesting and surface wa-
ter development and movement. 

Rainfed areas are susceptible to prolonged drought spells, which adversely af-
fect the soil development and its productivity. The adoption of improper farming 
systems and agronomic practices including center contouring tillage, fallow areas, 
inappropriate crop varieties and lack of soil conservation practices could lead to 
soil degradation. Low rate of appropriate application of water harvesting and water 
spreading techniques lead to serious flash floods under the conditions of intense 
rainstorms, which frequently take place in elevated areas despite the general scar-
city of rainfall. Such flash floods lead to the loss of soil and water resources, in ad-
dition to the adverse environmental impacts. 

Irrigated lands, which represent the highest production potential in the Arab 
Region, are subject to several processes of degradation including salinity, water 
logging, pollution, urban encroachment and over-exploitation. Soil salinity is re-
ported as the most pronounced factor of degradation, affecting more than 35% 
of the total area of irrigated lands (FAOSTAT 1998). Salinity of the soil resource 
base is attributed to several factors including overuse of irrigation water leading to 
water logging, elevated water table, reduced soil potential and adverse effects on 
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availability of plant nutrients. Soil salinity could also occur under improper use of 
brackish and saline irrigation water. Improper management practices such as in-
appropriate irrigation techniques, poor field distribution, and inappropriate irriga-
tion scheduling could contribute to soil salinity. 

Pollution of soil resources could originate from the overuse of chemical fertil-
izers especially nitrogen fertilizers applied to coarse textured soils, which invari-
ably lead to excessive nitrate concentration in the growing plants and in the soil 
leachates, causing in many cases the pollution of groundwater resources. Soil pol-
lution also results from the overuse of pesticides and herbicides, water pollutants 
originating from industrial and urban activities, application of untreated or insuf-
ficiently treated waste water and sewage sludge and the application of soil amend-
ments containing, or forming, intermediate compounds of polluting nature (El Ba-
gouri 1999). 

Urban encroachment on valuable irrigated lands is practiced due to the pres-
sures of rapid population increase to expand villages and towns. 

Finally over-exploitation of irrigated lands without proper choice of cropping 
patterns and farming systems that would ensure progressive improvement of soil 
properties, productivity and sustainable development will lead to deterioration of 
soil productivity. 

21.5.3
Forestland

Continued deforestation occurs in the sub-region for different reasons: conversion 
of forest land to cultivated lands, fires leading to destruction of thousands of ha ev-
ery year (Algeria, Morocco), and cutting of trees and shrubs for fuel (representing, 
for example 70% of energy needs in Sudan). Mismanagement of forestlands leads 
to a decline in the goods and services provided by them, in addition to sand en-
croachment on productive lands, forest areas, rangelands and infrastructure. 

21.6
Combating Land Degradation in the sub-region 

21.6.1
Activities prior to UNCCD 

Ever since the convening of the Nairobi Conference for Combating Desertifica-
tion held in 1977, the countries of Northern African sub-region began to address 
the problems of land degradation over the next two decades, prior to the formu-
lation of the UNCCD. Activities included surveys, studies, formulation of pilot 
programmes and execution of a limited number of projects. These activities were 
based on a sectoral approach, through governmental institutions in one or more of 
the main land use categories as projected by country national reports. The activi-
ties implemented were of limited duration and were discontinuous in nature. The 
impacts of such activities to halt land degradation met with very limited success. 
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Stakeholders at varied levels did not acknowledge significant changes in the con-
tinued rates of land degradation.

21.6.2
After the inception of UNCCD 

After the inception of UNCCD in 1996, all six countries ratified the convention 
and formulated their National Action Programmes (NAPs). Through elaboration 
of the convention committees, meetings and guidelines, concerted efforts in the six 
countries took place to put the national activities on the right track. These efforts 
included a coordinated institutional setup, societies, defined roles for women and 
youth, adoption of a participatory approach, progressive awareness of the adverse 
impacts of desertification at varied levels, integration through development plans, 
execution of major projects with consultation and joint financing of regional UN 
organizations and established financial mechanisms, as well as, extensive discus-
sions and meetings at the sub-regional, regional and international levels. Such ac-
tivities were more pronounced and elaborate in some countries (Tunisia and Mo-
rocco) in comparison to the other countries. Activities executed resulted in posi-
tive impacts and diversified returns and generated both success and failure stories. 
Experiences were gained in both testing of technologies and in improved national 
capacity building. 

21.6.3
Improved Measures for Combating Desertification

Some of the successful activities projected in the country reports could be quoted 
as follows, in the three main land use categories:

Adoption of reform policies by most governments. Greater attention was given 
to indicators and benchmarks, and establishment of more climate stations for 
recording and analysis of the important climatic parameters. 
Formulation of legislations geared towards conservation of natural resources 
and environmental protection. 
Enhanced establishment of protective belts of trees and shrubs. 
Encouraging research activities to varied extents. 
Improved management of watersheds through establishment of water spread-
ing, harvesting and storage facilities as well as the use of supplementary irriga-
tion techniques to improve and develop rainfed agriculture. 
Curtailing losses of conveyance and on-farm use of irrigation water through ap-
propriate measures.
Increased use of groundwater resources and increased consideration of the use 
of nontraditional water resources under irrigated conditions. 
Implementing projects for better management of rangeland and forests, estab-
lishment of nurseries for replanting trees and shrubs of appropriate traits, and 
enhancing forage productivity. 
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21.7
Combating Land Degradation – the Way Forward

The execution of the aforementioned activities in the countries of the Northern 
African does not replace the significance of adoption of new and innovative ap-
proaches presented at the sessions of the Conference of Parties (COPs) of UNCCD 
with appropriate recommendations from the various UNCCD committees. 

Combatting land degradation requires emphasis on the implementation of the 
following measures:

Contrary to the sectoral systems, adoption of a more wholistic bottom-up ap-
proach geared towards progress. 
Promoting activities that exploit the synergies among the three major environ-
mental conventions, i.e., UNCCD, CBD and UNFCCC is of high priority to pre-
vent duplication of efforts, achieve efficiency of funding, coordinating the use of 
human resources and facilities, as well as facilitating capacity building and pub-
lic awareness programs.
Elaboration of thematic databases, and use of GIS to address gaps and achieve 
meaningful and unified networking in all six countries of the sub-region for ef-
ficient exchange of knowledge, experiences and lessons learned. 
Establish and activate ample considerations of potential climate change, inves-
tigate possible impacts and formulate plans for impacts on the lengthy coastal 
areas. This is assuming a high priority in view of the findings reported by the 
IPCC which point out the latest possible scenarios for sea level rise. These sce-
narios take on added significance in view of the lengthy coastal areas of the sub-
region. Fig. 21.3 presents the predicted inundation areas in the northern areas of 
the Nile Delta in Egypt, in case of a sea level rise of 1m by 2050. This represents 
the least scenario which could lead to inundation of significant areas, loss of its 
productivity, salt water intrusion in the fresh water aquifer below the Nile Delta 
and migration of the populations of the inundated areas leading to varied socio-
economic adverse impacts. Possible impacts of climate change on land resources 
in Egypt was reported by El Bagouri (2004).
As drought spells are among the most significant factors of desertification in the 
sub-region, there is a significant need to join and participate in establishing Ear-
ly Warning Systems (EWS) for drought and encourage pertinent investigations 
and research activities. In addition, arrangements of national and sub-regional 
preparedness measures including reserve feed and food seeds, stocking of vital 
crops, breeding of new and appropriate varieties, institutional setup, and proper 
allocation of funds are among the needed significant measures. 
In view of the significant impacts and interactions of climatic features and char-
acteristics with land degradation processes in the sub-region, greater efforts 
should be geared towards enhancement of the meteorological data networks, 
their accessibility to relevant institution and their use for better implementation 
of NAPs in the respective countries of the sub-region. 
Due to the high aridity prevailing in the sub-region, the establishment of gene 
banks to conserve, propagate and use indigenous plant species adapted to 
drought, heat stress, salinity and other adverse conditions. The use of biotech-
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nologies and agro-biodiversity technologies should be among the demand-driv-
en research activities. 
Formulate guidelines for the rational use and proper management of vast but 
mostly non-renewable groundwater resources, available in huge aquifers, with 
varied water qualities. Proper guidelines are badly needed to achieve the ben-
efits and curtail the constraints and misconceptions pertinent to the use such 
important resources. One of the major and huge aquifers in the sub-region, the 
Nubian sandstone aquifer, with high quality water (Fig. 21.4), is shared by Libya, 
Egypt, Sudan through massive desert areas, and part of Northern Chad as well. 

Fig. 21.3. Predicted inundation of the Nile Delta (After UNDP 2000)
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Coordination among the varied institutions at the national level is needed in-
cluding assignment of specific and coordinated role for each. This would lead to 
curtailing of duplication in activities, wastage of efforts, time and funds.
Despite the large number of research institutions present in the sub-region, de-
mand driven research is minimal at best, while exchange of knowledge, results 
and outcomes of investigation of research efforts needs to be widened and en-
hanced. Exchange of data, results and lessons learnt at the sub-regional and 
regional levels is very limited. Such important exchanges are achieved only 
through sub-regional and regional conferences, while networks are functioning 
at a minimum scale and in limited geographical areas. 
Compilation, documentation and processing of indigenous knowledge at the 
national and sub-regional levels is minimal at best. The use of such knowledge 
for proper planning and implementation of varied activities to combat deserti-
fication should be encouraged. Support of national, regional and international 
activities in these directions should be enhanced. 
Transfer of needed technologies and support of capacity building by national, 
regional and international authorities need to be coordinated and developed. 
Conflicts and wars within countries and among countries of the sub-region for 
resources present major factors for desertification, pose formidable constraints 
for rehabilitation and limit sustainable development. 

Fig. 21.4. Nubian Sandstone Aquifer System Programme (After CEDARE and IFAD 2000)



Chapter 21: Land Degradation Control in Northern Africa  403

References

st



CHAPTER 22

Challenges and Trade-Offs in Environmental 
and Financial Approaches of the Afforestation 
of Degraded Lands
Viorel Blujdea

Abstract. Significant areas of unproductive and marginal lands create important 
economic and environmental imbalances at local, regional and national level, in 
many Eastern Europe countries. Despite available scientific and technological so-
lutions for their enhancement, existing large degraded areas require major financ-
ing. Afforestation of degraded lands is acknowledged as an activity where environ-
mental and financial synergies occur, as it generates a real carbon sequestration 
potential, besides other associated benefits at local, regional and global level. An 
opportunity to value carbon sequestration potential is represented by the flexible 
mechanism of the Kyoto Protocol, Joint Implementation and Clean Development 
Mechanism (JI/CDM). An afforestation project includes several steps, that should 
ensure the integration of the project outcomes with social and environmental pri-
orities at local, regional and global level, in the short, medium and long term, such 
as: preparation, implementation (afforestation technology and plantation main-
taining frame), plantation management (administration, planning, management); 
forest sustainability (local & regional integration); and project’s carbon commer-
cial aspects (baseline, carbon projections and validation, monitoring plan, report-
ing, transfer of carbon units). Carbon accumulation performance of the planta-
tions influences potential revenues. Afforestation projects oriented toward carbon 
sequestration are exposed to multiple risks due to their long run, like vulnerabil-
ity to illegal cutting, risks associated with unsustainable management practices or 
those related to climate change itself, biodiversity loss or social pressure.

22.1
Introduction

In a most common sense synergy is taken as “a mutually advantageous conjunc-
tion where the whole is greater than the sum of the parts” (www.wikipedia.org). 
In practice, there is an infinite series of possible arrangements that range from ap-
proaches to results, as based on innovative capacity of involved actors. Practical 
experience shows that a thorough a priori analysis is absolutely necessary to assess 
likely reciprocal positive, neutral or negative impact of each action over actual eco-
system components, as well as on their time evolution and interaction. Actually, 
synergy refers to innovative approaches and solutions that involve multiple part-
ners, their long term commitment, specific financial contribution and sharing, and 
multiple environmental benefits, while the ultimate target is the contribution to 
sustainable development. 
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Afforestation is acknowledged as an activity where plenty of synergies occur, as 
it approaches local, regional and global issues and their associated interests. Ben-
efits associated with the afforestation of degraded and marginal lands significantly 
contribute to improving the integrity of actions targeting the climate change miti-
gation, conserving and improving biodiversity and restoring the productivity of 
land. Such lands are found in a large proportion in Eastern Europe countries, un-
der different intensities and types of degradation, out of which some important 
percentage of lands is abandoned (www.unccd.int/regional/centraleu/meetings/re-
gional). 

Abundance of lands available for afforestation may generate a significant posi-
tive effect as a global benefit in terms of CO2 sink establishment.

22.2
Kyoto Protocol’s JI/CDM Approach in Afforestation Activities 

Degraded and marginal agricultural lands represent a real carbon sequestration 
potential, besides other several benefits generated by their reclamation through af-
forestation activities. Innovation regarding the afforestation under the Joint Imple-
mentation and Clean Development Mechanism (JI/CDM) is associated with the fi-
nancial efficiency of the activity itself, according to the rate of carbon sequestrated 
in the ecosystem components (biomass, soil). Such a financing instrument should 
substantially stimulate the interest in land use improvement by afforestation of 
concerned lands. One of the environmental services provided by forest ecosystems, 
namely the sequestration of atmospheric CO2, may be satisfactorily quantified, a 
feature that becomes the core issue in the joint implementation mechanism ap-
proaches (in comparison with the difficulties in accurate quantification of other 
environmental or societal services: soil and water protection, biodiversity conser-
vation, landscape improvement, and protection of communities and crops). Ap-
parent emphasis on carbon sequestration in JI/CDM afforestation projects does not 
exclude in any way “classical” scope of afforestation, but it additionally strengths 
targeting of multiple societal and environmental benefits.

Although the global effect on climate of the afforestation activities is still the 
subject of some debate (caused by age-related carbon sequestration rate, unpredict-
able late effects, associated uncertainties and large risks of hazards and leakage), it 
remains one of the most accessible, certain and easy-quantifiable forest activity as-
sociated with carbon sequestration. 

22.2.1
Afforestation project cycle

A full project cycle includes several steps that should ensure total integration of the 
project outcomes with social and environmental priorities at local, regional and 
global level, on short, medium and long term. These steps include: 
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preparation (construction of partnership; financial contributions; assessing in-
centives and compensation; availability, status and actual use of land; type of 
structure to be created, selection of species to be planted) 
implementation (afforestation technology and plantation maintaining frame)
plantation management (forest administration, planning, management type) 
forest sustainability (local & regional integration) 
project’s carbon commercial aspects (baseline, carbon projections and valida-
tion, monitoring plan, reporting, transfer of carbon units). 

In a practical approach of JI afforestation project, it is important to review and un-
derstand the challenges for environmental and financial synergy and as to how to 
affect trade offs amongst, and create, least environmental and societal adverse ef-
fects on different horizons of time. Synergetic and trade off issues would come out 
easily from pairs (biodiversity vs. carbon bioaccumulation, land restoration vs. bio-
diversity alteration, sink reinforcing vs. degradation of lands, valued vs. not valued 
environmental services) and a multifactor balance brings more substance in such 
an approach. 

22.2.2
Development of partnership

Crucial in JI afforestation projects is the fact that partners should have different 
targets in the project, as basis of their association and that there should be a prop-
er balance of their complementary focus. Environmental and/or developmental 
needs should be balanced, in which the carbon issue plays a major role. Third par-
ty involvement is sometimes the key for ensuring the dialog and negotiations and 
bring on board the innovative issues. 

Issues which are commonly raised over this process of negotiation and building 
up of partnership may be: uncertain land ownership; owner’s indecision and long 
negotiations; weak, or lack of capacity of, forest administration; owner’s restric-
tions or stipulations; and communication problems (technical, vocabulary nature). 
In case of a large number of owners, their will to associate together, their ability 
to entrust appropriate representatives, as well as the transparency of negotiations 
constitute the key factors in the success of the project, where identification of ap-
propriate local “leaders” may play a major positive role, as well as promote a correct 
understanding of the project approach and the role of all partners. 

22.2.3
Financial shares, incentives and compensations

Afforestation activities require significant input of effort in terms of labor, ma-
chinery and funds over a short period of time, while the generation of income is 
significantly delayed (early as secondary and later on as primary wood products). 
As degraded lands available for afforestation are generally associated with poverty 
affected area (where financial capacity is usually limited), the transfer of funds to 
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these regions is crucial for achieving of afforestation activities. Public and/or pri-
vate funding may contribute toward achieving of this goal. To join together several 
partners and their available funding there is a need for willingness and a capacity 
for negotiation amongst the partners. Always the afforestation beneficiary must be 
part of this process, just to ensure proper access to services created and commit 
his/her role in the project. Experience shows that public funds follow their own le-
gal rules, but private partners may bring in innovative formulae in terms of financ-
ing, implementation or sharing of benefits. 

Incentives to encourage the afforestation of poor lands range from free seedling 
offer and technical advice for planting to tax exemption on the land and grants for 
afforestation works. Incentive systems should be well analyzed and assessed with-
in the economic environment so as to not distort other economical fields or socio-
economical player’s activities. 

Afforestation of lands certainly reduces the areas available for other uses, such 
as: arable lands for perennial crops or pastures. In fact, an exhaustive impact as-
sessment should warn and advice on negative impacts of land use changes and 
avoid any afforestation if this activity limits the benefits to the local population. In 
such cases, the compensation of the population would reduce the dissatisfaction 
generated by the afforestation of lands and allow time to become aware of the for-
est and restructure accordingly its own existence. 

To address leakages, a relevant question is if the compensation measures, ad-
dressing local communities, which are taken to achieve the successful implementa-
tion of the afforestation projects are going to be quantified in terms of GHG emis-
sion/sequestration. An example of such a compensation measure could be the im-
provement of the quality of pastures or grazing land for communities, which may 
include small patches of trees as summer shelters for livestock. Accordingly, an in-
crease of the carbon stock in the soil and biomass, as well as a likely increase of the 
livestock takes places, if appropriate planning and management apply. In case of 
a comprehensive green house gases national inventory, side effects of afforestation 
projects are fully and accurately accounted for.

Afforestation projects have usually a low yield, which may be increased if car-
bon offset is accounted for. “Afforestation of degraded lands project”, developed be-
tween National Forests Administration of Romania and Prototype Carbon Fund/
World Bank between 2003-2017, (which includes 6,496 ha of degraded lands), 
yields a without-carbon Internal Rate of Return (IRR) of 2.04% equivalent to a Net 
Present Value (NPV) of -$732 ha-1 at a 5% discount rate, and a with-carbon IRR of 
3.86% equivalent to a NPV of -$272 /ha. Estimated IRR values without carbon for 
pure black locust stands are 6.1%, 4.3% and 1.5% for site classes II, III and IV re-
spectively. Site Class V, the lowest, does not yield an IRR as costs are greater than 
potential revenues. Still relatively low, the IRR values do not include the social and 
environmental benefits of the afforestation, which are usually of major significance 
in dry or drought affected areas (Brown et al. 2002; Abrudan et al. 2002).

Share of afforestation costs which may be covered from selling carbon could 
represent in amount a minimum of 20% of the total cost of afforestation work, a lot 
influenced by gap filling needs in case of low rate of survival. In the case of aban-
doned agricultural land or low degraded lands (which need less site preparation 
and maintenance work till canopy closure), the income from carbon sequestration 
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may rise to 40-50% of the total project cost, but nota bene this amount is obtained 
over a period of 15 to 20 years (Blujdea 2003). 

Usually, in KP’s joint implementation approach there is a need for third party 
investment, a stable investor who is able to provide an amount of money for planta-
tion establishment, which may be a serious constraint (Abrudan 2003). Alternative 
solution would be to get an upfront payment from carbon buyer. But in this case 
there are at least 2 more consequent problems which arise: upfront amount does 
not cover entirely the amount needed for the establishment of plantations and be-
cause of associated risks to afforestation projects (hazards, lower performance) the 
interest rate applied to upfront payment reduces the carbon revenues of the seller 
(up to 10%). 

Incentives and financial mechanisms are key issues, especially in dry and 
drought affected areas, because of low incomes and spiraling costs from current 
activities (agriculture) (Geambasu 2002).

Additional environmental benefits like biodiversity should be reflected in the 
price of CO2, as a “biodiversity incentive”, even if there is no mechanism in place to 
accurately value such dimension. Still, buyer may have no interest in this feature as 
long as its carbon has no “shape” and it is up to national legislation of project’s host 
country to manage biodiversity issues (Blujdea 2003). 

22.2.4
Availability, status and actual use of land

Land for afforestation could exceed that for other uses following a regional/local 
improved planning or in most cases since it is degraded and is no longer suitable or 
economically efficient for other uses. Legal status and ownership are key things in 
the initiation of an afforestation project, a crucial issue when partners make their 
decision. 

Land quality is a limiting factor for the afforestation technology, but it mostly 
could impact the growth of species to be planted (survival rate, stand characteris-
tics, productivity and production). For a successful afforestation work, technology 
must be adapted to local situations, with focus on existing vegetation, both woody 
and herbaceous. A soft approach of land use change would allow conservation of 
carbon in vegetation or/and soils. On the contrary, a hard approach would generate 
increased emission from current ecosystem pools. Pastures store more carbon than 
arable soils, so different site preparations must be possibly approached, in order to 
reduce green house gases emissions (Houghton 2003).

Potential for damaging local diversity depends on how close the existing eco-
system is to natural status. In such situations, pastures, long term abandoned lands 
(whatever their use) and generally low intensive managed systems are susceptible 
to host significant biodiversity. In addition, in such cases, the stock and emission of 
carbon from existing structures is usually significant compared to arable lands. 

Lower consumption of fuels and energetic effort in plantation maintenance is 
required for afforestation achieved on arable lands than on other lands (abandoned 
arable, pastures, etc). Issues that come out may have negative or positive impact on 
synergetic approach: land ownership and cadastral situation, land planning and 
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legislation on land use, procedures on land use change, environmental impact as-
sessment legal requests, consolidation of land (total area for afforestation, shape of 
the contour), capacity of negotiations of the different stakeholders or decision mak-
ers, institutional communication and the pressure and will of local populations to 
change from traditional to new life style. Also, land/soil status (chemical, physical 
and biological degradation), nature conservation interferences and type and struc-
ture of existing vegetation holds the key to understand and approach synergetic 
projects of afforestation. 

22.2.5
Type of forest structure/plantation to be created 

Multipurpose forests are generally the target in most cases of afforestation, hav-
ing as main targets to “heal the poor lands”, and further on to offer wood for con-
sumption, protect communities against disasters and contribute to local social se-
curity by additional sources of income and alternative bioregenerable energy. Land 
use change is associated with emissions, which are higher as the current land use 
is less intensive. 

Denomination of tree based structures is firstly driven by its designated spatial 
pattern (belts, forest like, patches) and purpose (halting erosion, windbreak), while 
other features remain secondary (management type, wildlife habitats, hydrological 
role, biodiversity sources, etc). Based on plantation of trees, whatever their purpos-
es, there are several types of key structures to be created: forest, plantations/tree 
crops, agroforestry and pioneer/ transitory trees plantations. Establishment of any 
such structure generates different impacts on current ecosystems, in terms of bio-
diversity depletion and change of carbon stock/CO2 emissions, as well as on other 
green house gas emissions (Table 22.1). 

Minimizing the impact on biodiversity or carbon pools is associated with deci-
sions on the technologies to be used for land preparation, plantation works or de-
signing spatial pattern of plantations, removal or integration of existing vegetation 
in the new forest structure, selected species, connectivity and integration with ex-
isting forests, and cycle length and management type based on beneficiary needs. 
For some regions, increased frequency of intense or repeated droughts brings an 
additional factor in decision making process, namely climatic risks, what could be 
addressed properly based on specific coping local experience in different phases of 
the project (i.e autumn plantation, irrigation of plantations or versatile tree spe-
cies).

22.2.6
Selection of species to be planted

Indigenous vs. exogenous species is the most challenging decision to be made in an 
afforestation project. This issue is more sensitive in case of private lands when own-
ers have their own needs and have to operate under the restrictions of technical 
norms/regulations that promote ecological, not necessarily economical, solutions 
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for species assortment. Advantages offered by exogenous species (like growth rate, 
wood quality or market demand) overcome the hidden and diffuse benefits gener-
ated by local species promotion (biodiversity conservation, site adapted). Such de-
cisions are assisted by technical norms (normally legally approved), that provide 
advice on appropriate range of species, their share in composition and technology 
to be applied so that a high probability of a successful plantation under local cir-
cumstances can be assured. Actually, the type and degree of degradation, climatic 
conditions and management purposes determine the assortment of species to be 
used, usually from a limited number of options.

In case of carbon oriented business the interest for a high rate of annual carbon 
storage brings additional stakes in decision making on the selection of afforestation 
species. Generally speaking, from carbon sequestration point of view, the tree spe-
cies may be categorized as: fast growing and high wood density; fast growing and 

Table 22.1. Likely impact of different types of forest plantations on biodiversity and carbon stocks 
and emissions

Main type 
of plantation 
structure

Impact on local biodiversity Impact on carbon stocks & green 
house gases emissions

Positive Negative Positive Negative

Local/ 
indigenous 
species

Self standing on 
medium / long 
term 

Removal 
of current 
biodiversity

Permanent 
carbon stocks, 
trigger for biofuel 
and industrial 
wood

GHG emission 
from current 
structures 

Exogenous 
species

Removal of 
current effort 
out of natural 
forests

Removal 
of current 
biodiversity
Different degrees 
of genetic 
pollution 
(locally or 
distance)
Soil repeated 
disturbance

Permanent 
carbon stocks

Downstream fuel 
substitution

GHG emission 
from repeated 
soils disturbance
Energy and 
carbon intensive 
technologies for 
(re)planting

Agroforestry According 
local vs.
exogenous 
species

Diminish 
natural areas 

Allow 
implementation 
of neutral GHG 
emission land 
use models 

Increased GHG 
emissions 
form pools 
and intensive 
associated 
activities

Fast growing 
crops (woody 
bio energy, 
pulp, etc) 

Removal of 
current effort 
out of natural 
forests

Remove of local 
species

Genetic pollution 
of local species 

Replace classical 
fuels or supply 
wood industry

Repeated GHG 
emissions and 
additional 
energy input for 
activities



412 Viorel Blujdea

low wood density; slow growing and low wood density. Classic forestry is “wood 
volume based” that allows cutting stands only after the age when rate of current 
annual growth in volume equals the average growth in volume (Figure 22.1).

Compared to this traditional approach, in the case of carbon sequestration in-
terest, production cycle may be set shorter based on maximal value of annual cur-
rent growth of the stand. Such decisions should involve a thorough analysis of sub-
sequent benefits (wood, market need and supply for short cycles plantation prod-
ucts, i.e. pulp for fuel or cellulose, etc) and based on carbon or energy balance of 
whole production cycle of final wood products. In terms of green house gases emis-
sions the effect of repeated irrigation and fertilization must be accounted for. 

Different efficiencies in carbon sequestration of indigenous compared to exoge-
nous tree species is shown in a particular case of afforestation of degraded lands in 
south west of Romania (Figure 22.2). Over 100 years analysis span, the total carbon 
accumulation in stands of exogenous tree is almost 6 times higher than in indig-
enous one (simulated with CO2fix, v2.1; Nabuurs 2001; Masera 2003).

Under likely climate change, the key in afforestation is to approach species of 
trees that are versatile both in terms of different structures or management and 
the projected change in climate (droughts, shifts in vegetative seasons). Practically, 
tree species already tested in neighboring existing plantation may be used or spe-
cies that allow both coppicing and old forests stands management (just to offer 
flexible option for management in case of climate change) (Blujdea 2002). 

22.2.7
Afforestation technology and plantation maintaining frame

Land use change from current to forest plantation often requires high input of en-
ergy and intensive carbon emission. Usually, the afforestation technology refers 

Fig. 22.1. Volume growth pattern in an exogenous poplar (Populus hybride, I 214)
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to a specific range of activities that would ensure successful establishment of the 
plantation. Currently, these technologies are energy and carbon intensive, with 
emissions both from machinery and ecosystem pools that additionally generate 
a heavy impact on existing biodiversity which is proportional to the intensity of 
management. Such intensity is actually caused by imposed activities set both by 
legal norms (standardized technologies) and the risk of unsuccessful plantations, 
especially in areas under drought. A full sequence of a standard afforestation tech-
nology comprises of site and soil preparation, seedling plantation, gap filling and 
maintenance/tending operations until the stage of canopy closure. 

Plantation maintenance is intensive as well, not so much in terms of carbon 
emissions, as in terms of biodiversity reduction and replacement of species belong-
ing to current structure to occasional associations in a transient structure. Stable 
flora of new forests may come in 2 to 3 decades, but its richness depends on seed 
sources. In cases of plantations established for ecological rehabilitation purpos-
es, ground vegetation becomes closer to natural stands if there are available seed 
sources in the area (a management measure could be to transfer litter from natural 
forests to plantation to ensure the transfer of seeds and microflora). Forest ground 
vegetation has specific abilities to loosen upper soil layers and improve soil physical 
status, compared to other non forest species. Compared to arable lands, the forest 
plantation may host and ensure propagation of invasive species, both herbaceous 
and woody.

Specific management of plantations on sandy dunes, over the very early stages of 
development (First, and likely the second growing season of plantations) may have 
side effects on GHG balance of the soils due to fertilization and irrigation of asso-
ciated crops (e.g. water melons) established between planted tree rows. The use of 
ammonium nitrate is followed by nitrous oxide release in the atmosphere, an ef-

Fig. 22.2. Whole cycle carbon accumulation in different productivity stands of indigenous (Quer-
cus peducluliflora, Populus alba) and exoge-nous (Robinia pseudoacacia) species
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fect that has to be quantified. Irrigation is not expected to create additional release 
of carbon from such soils due to low carbon content under continuous use for long 
period.

22.2.8
Forest administration and planning, management type

A key question is if the created forest is permanent or not. There are cases when 
community or owner enthusiasm of owning forests decreased in a short time and 
the young trees have been cut or plantations are heavily grazed. Forests adminis-
tration, planning and management types are key issues under consideration when 
approaching an afforestation project. Over the forest cycle, the management objec-
tives may change according evolution of ecological and societal needs, but the shift 
needs to be maintained within the framework of sustainable development. Man-
agement standards and human pressures (illegal cutting, grazing, accidental fires, 
deforestation, poverty) are issues that should be taken into consideration when 
planning an afforestation project.

Improvement of degraded lands by afforestation is associated with a trade off 
between the management purposes and the limited available site resources for for-
est establishment and growth. Traditionally, on heavy and medium eroded soils 
some exotic species are recommended, while low degraded soils are suitable for lo-
cal indigenous species (specific to the natural type of forests in that area). Sustain-
ability of forests in such areas is related to a certain management type adapted to 
the local environment, which actually contributes to the selection of the most suit-
able species (e.g. sprouting species are preferred to non-sprouting ones or those 
yielding other economic advantages than wood). In this respect some exotic spe-
cies naturalized in Romania, like Robinia pseudoacacia, are the only viable solu-
tion for extreme types of sites (i.e. sandy dunes), where none of the local indigenous 
species has any chance to reach a minimum level of productivity or even to survive. 
In such situations, exogenous species present themselves as an optimal solution in 
providing convenient carbon sequestration compared to any local tree, and thus 
contributing significantly to the afforestation cost coverage, in addition to ecologi-
cal and societal services. 

22.2.9
Forest sustainability and regional/local integration

Behavior of local people against the forests created is crucial in ensuring their sus-
tainability, and a range of question must be answered already when planning to es-
tablish a new forest: How does it integrate into local/regional land uses? Do people 
perceive the forest as wood supplier or acknowledge that the forests offer multiple 
benefits? Are they able to restructure their daily life and enjoy long term benefits of 
forests? Do they accept that forests have tight limits in offering goods (wood, etc) 
and services (protection, etc)? Is there adequate communication between planners 
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and administrators? Are decisions in project steps taken with the participation of 
relevant local communities? 

A high rate of internalization of benefits of the forests, in terms of a significant 
contribution to local economy and income patterns, is usually a strong driver to 
ensure long term sustainable management of the forests. Awareness of this issue 
versus a poor understanding of man-forest relation, is an issue to ponder on. As 
a general rule, the poorer the area, the higher the risk for forests sustainability, to 
which local interests (i.e. corruption and groups interests), real ownership of forest 
or capacity of owners to organize themselves, and implementation of transparent 
and equitable benefits sharing mechanisms should be added.

22.2.10
Project‘s carbon commercial aspects 

Financing of carbon sequestration may act as an incentive for triggering afforesta-
tion programs or projects. Based on negotiations under UNFCCC and Kyoto Pro-
tocol, Annex I countries may use activities under Art 3.3 of the Kyoto Protocol to 
prove their emission reduction, namely ARD (afforestation, reforestation and de-
forestation) and may select optional activities under Art. 3.4, like revegetation (all 
definitions according FCCC/CP /13/Add1), for the same purpose. These arrange-
ments open stronger discussions on the relations between financing of mentioned 
activities and emission reduction targets. 

22.2.10.1
Project baseline – carbon approach

In a project approach, the key is to develop sound carbon accounting system, which 
means to establish a carbon reference stock against which the project generated ac-
cumulation may be assessed as accurately as practically possible. Accumulation of 
carbon in biomass may be satisfactorily estimated and verified, but in case of soils 
(especially for soil organic matter component) associated costs are high since cred-
ible statistical sampling in the form of large number of samples is required, caused 
by the large variability of SOM. Soil issue is generally complicated as it is neces-
sary to address both scientific issues (in terms of replicable techniques, laboratory, 
statistical framework and quality assurance) and practical approaches (field sam-
pling, appropriate equipment, achievable targets, etc.). Consequently, a decision 
needs to be made as to whether soil carbon is to be considered in the transaction 
deal or not. A full environmental integrity approach would be to prove that the soil 
is not a source, at least in the long term. This maybe true in case of afforestation of 
arable marginal land where soil organic matter is low, but in case of other less in-
tensive current use (pastures, hayfields etc.), increased emissions associated with 
land use change are likely to occur and hence a concern for calculations of real net 
absorption from atmosphere.

In case the soil is taken into account the actual carbon stock in the soils of the 
area to be afforested should be determined just before the afforestation work starts, 
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to ensure that short term emissions associated with land use change are offset by 
medium and long term sequestration. 

 A certain baseline survey implies the stratification of the land to be afforested 
in homogenous strata from the point of view of carbon in the soil, largely variable 
with the soil type and land uses. Recent history of lands in terms of tillage car-
ried out is also important, and the same type of soil preparation over a long period 
creates a certain carbon balance with the atmosphere. In this respect, soils under 
agricultural crops may be considered to have a steady carbon balance with the at-
mosphere and tillage of soils as part of the site preparation for the afforestation is 
not associated with an increase of carbon release from soils. In the case of pasture 
lands, an increase of carbon release from soils is expected during the site/soil prep-
aration work and consequent soil maintenance operations, for a short span (Liski 
2002; Smith 2005).

22.2.10.2
Projection and validation of carbon accumulation

Patterns of biomass and carbon accumulation, respectively, largely depend on tree 
species, site conditions, as well as on afforestation schedule, considering that early 
plantations will produce earlier carbon accumulation and that there could be glob-
al and local environmental associated effects. Several projections regarding carbon 
accumulation in the project may be considered and accordingly several options 
would be available for the project negotiation culminating in one option for the fi-
nal purchase agreement among the partners. When simulating carbon accumula-
tion in tree plantation, entry data are generally provided based on yield tables used 
in forestry, which include wood volume which is late age oriented and can induce 
large uncertainties in early stages of projections. Presumed and simulated plan-
tation productivity and production are validated as much as possible in the early 
stage of project (by assessing existing other plantation) or by field measurement 
(Figs. 22.3 and 22.4).

According to the recent developments regarding the afforestation activities 
based on scientific achievements, there is a statistical evidence of carbon seques-
tration in the biomass (foliage, stems and branches, roots) and soil (litter and or-
ganic matter in the soils) over short time periods.

Projections should represent “bona fide” estimates of the accumulation of car-
bon in the afforested area, as each approach must be based on certain requested in-
put data and computation pattern, but it involves often much expert judgment or 
field measurements in similar plantations/stands in the neighborhood, if available. 
Consequently large uncertainties are associated with simulation of carbon accu-
mulation in afforested areas, which is actually a continuous challenge for the sci-
entists. One available option is to choose the minimum projection accumulation 
in the project, which allows both partners to be pretty sure about the achievability 
of the carbon target of the project. This would also allow the seller to get the mar-
ket price at the moment of delivering the extra carbon sequestered in case of better 
performance of the project, if initial purchase contract did not state otherwise.
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In the case of a Romanian afforestation project, the field measurements done 
in adjacent plantations to the project area showed a higher amount of carbon than 
predicted with CO2Fix ver 2.1 (Nabuurs, 2001; Masera, 2003), mainly due to spe-
cific ecosystem processes (low rate of decomposition of necromasis) and higher 
growth rate of the stand than the initially projected one. Field estimation of ac-

Fig. 22.3. Early accumulation of carbon in total biomass compared to simulated (Robinia pseudo-
acacia, 3 years old plantations)

Fig. 22.4. Total carbon sequestration in 20 year-old plantations of different species (pure stands, 
first rotation) (generated by CO2fix, v2.1; Nabuurs 2001; Masera 2003, based on Romanian for-
est yield tables)
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cumulated carbon requests an appropriate approach for ecosystem components 
(stems, branches, foliage, DOM, SOM) both in terms of the method and the sta-
tistical framework adopted. Maximum yield approach as a basis for a carbon pur-
chase agreement could be risky as based on project performance, except in the case 
where additional guarantees as “hot air” compensation for non-performance proj-
ects could backup the transaction amount initially planned and agreed. 

22.2.10.3
Carbon estimation 

Vegetation establishment on poor lands is associated, in many cases, with low pro-
ductivity of the established forests due to the site conditions, and this creates diffi-
culties in predicting and quantifying the carbon accumulation. Commercial affor-
estation projects are assessed by monitoring and reporting. 

Annual reporting may refer mainly to an overview of the implementation stage: 
annual afforestation pace, composition of plantation, survival rate, records on fu-
els and fertilizers used. 

Once the project implementation starts, every 5-7 years the amount of carbon 
sequestered has to be accurately estimated, with the purpose of assessing the proj-
ect performance and to balance the cash flow between partners (in case of annu-
al payment started at the beginning of the project). Such monitoring activities are 
supposed to identify any change of the size of the afforested area included in the 
project, any major damage that may disturb significantly the carbon accumula-
tion process and to actually quantify the carbon stocks. Monitoring activity should 
be carefully considered in terms of costs and desired objectives, since an increase 
in precision would imply a larger number of permanent monitoring plots, which 
leads to an increase in the cost. Carbon estimation through monitoring must con-
sider the Marakesh pools, as previously concluded by project parties, i.e soil or-
ganic matter, dead organic matter, trees stem, branches, foliage and roots. In the 
monitoring year, the right moment for biometrical and soil measurement should 
be the one showing stable accumulation of carbon in the ecosystem parts, which 
is the end of the summer, just before the leaves fall (15 July to 1 September in tem-
perate regions). 

Annual or periodic reporting manifests itself as a tool to assess the performance 
of a project, and it has a strong component of communication amongst project 
partners. Also, it includes avoiding double accounting and transfer of carbon off-
sets to relevant partners. 

22.2.10.4
Biodiversity assessment

There is no baseline for biodiversity, but it is assumed that it correlates to land 
use. Still an Environmental Impact Assessment (EIA) is performed before the start 
of the project and sensitive areas are identified and excluded or mitigation im-
pact strategies must be approached. Biodiversity change generated by afforestation 
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should be also assessed over the monitoring. Simple and economically key param-
eters should be considered for assessment over the project period; the biodiver-
sity gains generated by land use change from degraded land to forest plantation, 
would likely require an in depth multilateral research and assessment, beyond the 
pragmatic monitoring purposes in order to fulfill the Kyoto requirements. A key 
for biodiversity monitoring would be end-of-food chain species in the ecosystem 
(e.g. raptors, birds). Measures to mitigate the impact on local species and associa-
tions could include connecting existing forest patches; partially preparing the site 
in order to allow existing vegetation to continue living; soft site preparation tech-
nologies and reliance on existing vegetation as nucleus for further improvement 
of stand structure; implementing management plans for wildlife; forbidding and 
guarding against grazing or illegal cuts; and assessing traditional knowledge in or-
der to balance the needs of local populations in certain species or a specific prod-
uct. 

22.3
Conclusions

Afforestation is accepted as a key solution for “healing” the degraded lands that 
occur almost all over the world, but with a higher occurrence in dry and drought 
affected areas. Afforestation projects or programs suppose a range of actions and 
arrangements that imply institutions, legal and technical expertise and adequate 
funding that assume associated and relevant risks, as well. One way to ensure fi-
nancial support is via carbon transactions that may cover a good share of total 
project cost, under the relevant articles of the Kyoto Protocol (3.3, 3.4, 6 or 12) 
which may act as an incentive for national resource mobilization. Direct and syn-
ergetic benefits of the afforestation toward local population and local environment 
remain key objectives, to which global benefits of carbon sequestration could be 
added. Improvement of land use by afforestation contributes substantially to the 
environmental integrity of the Kyoto Protocol and the mitigation of the climate 
change effects.
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CHAPTER 23

The EU-Funded Medcoastland Thematic Network 
and its Findings in Combating Land Degradation 
in the Mediterranean Region
Pandi Zdruli, Cosimo Lacirignola, Nicola Lamaddalena,
and Giuliana Trisorio Liuzzi

Abstract. Land degradation in the Mediterranean is as old as its history. There is 
ample evidence for instance showing that ancient Greeks cut their forests to ex-
pand cultivation on the sloping lands causing thus extreme erosion and leaving be-
hind abandoned badlands. In the area of Aleppo, Syria called “hundred dead seas”, 
archaeological surveys demonstrate that 1-2 m of soil was washed away during the 
first century AD following invasion of several armies and massive deforestation. 
The same is true for eastern Turkey, Jordan and Lebanon showing evidence of for-
est clearing since Roman times. Lebanese cedars reached not only the Egyptian 
Pharaohs but they were used even in the Balkans for building deluxe homes. 

In its closest meaning land degradation brings inefficiency to the natural eco-
system in performing its functions and services, including both productivity and 
environmental ones. The resource base is made of several components, including 
climate, biosphere, water, soils, etc, and is under continuous pressure from natural 
events (some of them disastrous) as well as from human-induced pressures. These 
last could mitigate/reverse or accelerate the intensity of degradation. As long as all 
the components of the resource base are included in the analyses, we are discuss-
ing land degradation. Once the same pressures are imposed only on the soil com-
ponent, then we are talking soil degradation that in its narrow sense means physi-
cal, chemical and biological degradation that inevitably brings inefficiency to the 
soil itself to perform its productivity and ecological functions.

Desertification is also land degradation but according to the United Nations 
Convention to Combat Desertification (UNCCD) is confined within well-defined 
climatic domains that include arid, semi arid, and dry sub humid regions of the 
world resulting from various factors including climate variation and human ac-
tivities. More closely desertification relates to drylands having an aridity index of 
0.05-0.65 (excluding polar and sub-polar regions). Aridity index is calculated as 
the ratio of mean annual precipitation (PPT) to mean annual potential evapotrans-
piration (PET). Experience shows that scientists and policy/decisions makers alike 
use the terminology that better fits their agendas (including political ones). All the 
abovementioned forms of resource base degradation are present in the Mediterra-
nean.

The European Commission (EC) has been very active in its Mediterranean poli-
cies and has tackled a number of environmental issues dealing with sustainable 
growth, natural resources management and integrated rural development, to point 
out a few. The need for these interventions derives from a set of factors ranging 
from food security, migration, economic development, as well as peace and politi-
cal stability in the region. 
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One of the projects funded by the EC under the 5th Framework Programme is 
also the MEDCOASTLAND Thematic Network whose main goal is Mediterranean 
coordination and dissemination of land conservation management to combat land 
degradation for the sustainable use of natural resources in the region with special 
emphases on coastal areas. The network brings together 13 countries (from north-
ern Mediterranean Europe, North Africa, Middle and Near East) making a total 
of 32 partners, of whom 17 are research and educational institutions, 7 represent 
decision makers and the remaining 8 are farmer’s associations and/or non govern-
mental organisations (NGOs). The International Centre for Advanced Mediterra-
nean Agronomic Studies (CIHEAM) through the Mediterranean Agronomic In-
stitute of Bari (MAI-B), in Italy is coordinating the project that runs from October 
2002 until May 2007.

MEDCOASTLAND endorses the ecosystem-based approach in natural resource 
management by giving equal importance to both biophysical and socio-economic 
features. Conclusions show that the fight against land degradation could be suc-
cessful if land users meet their basic needs through income generating activities 
and if a good balance is found between bottom-up and top-down decision making 
and last but not least, if policy, legislation, and the institutional framework make 
their way towards implementation. Above all a stakeholder approach is needed 
where every one is aware of its duties and responsibilities.

23.1
Land resources and population pressure in the Mediterranean

The stakes for the very existence of the Mediterranean people have been continu-
ously the same: scarcity of land and water resources. Only 13 percent of the Medi-
terranean land is considered fit for agricultural use (FAO 2000) and around 5 per 
cent of the land resources included in the North African and the Middle Eastern 
countries are suitable for agriculture; the rest is made of pastures, forests, shrubs, 
urban zones, badlands, rocky areas, and deserts (Fig. 23.1).

Egypt alone cultivates something like 5.4 % of its land (Kader 2004), mostly lo-
cated in the Nile Delta; the rest is desert sands, shallow, saline, waterlogged, gypsic 
soils or rock outcrops. Similar scenarios are present throughout the region. Con-
troversially, options for agricultural expansion at the expense of forests or pastures 
(as it happens in the Tropics) are limited or nil in the Mediterranean. Even if land 
is reclaimed for agricultural production (through terracing for instance), chanc-
es are that it will be of poor quality and it will require intensive investments to be 
productive or maintain its productivity. Hence, the challenge of sustained agricul-
tural production relies by large upon proper use and management of existing land 
and water resources that undoubtedly complement each other in the cropping pro-
duction system. If water would be available, then options for cultivating crops are 
largely increased, as it is presently happening in Egypt or elsewhere. 

A person is considered food insecure, or hungry if food availability or access to 
food fails below FAO’s recommended average calorie intake level of approximately 
2,100 calorie day-1, depending on the region. According to this criterion, food se-
curity is not a “critical” threat for the region but it may become relevant due to in-
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creasing population and degradation of natural resources. It should be noted how-
ever that many countries use substantial revenues derived from the oil (typically 
Algeria) or tourism industry to meet their food needs. In North Africa in 2005 im-
ports contributed for about 45% of food supplies and the share is expected to in-
crease (USDA ERS 2005). If internal agricultural production would be sufficient, 
these resources may be otherwise used to improve public health or invest in social 
programmes. Despite the fact that soil and water resources are extremely limited, 
they are being rapidly depleted and degraded partly by human activities, and it is 
mainly the marginalized people, especially women, who bear the brunt of this re-
source depletion. 

According to the World Resources Institute (UNDP, UNEP, The World Bank, 
World Resources Institute 2003), all of the countries in North Africa and most of 
those in the Middle East are water stressed and there is little or no additional re-
source to tap. Most analysts would agree that widespread land degradation and de-
sertification, inefficient and inequitable use of water lie at the root of the problem, 
for which effective solutions are still pending. Almost one million ha of the irri-
gated area are salt-affected in Egypt (Gomma 2002) due to poor quality water used 
for irrigation. It is equally clear that increased food and water security through eq-
uitable, productive and sustainable utilization of land and water resources would 
provide a measure of relief, and increase especially the well being of the most vul-
nerable people in the region.

Fig 23.1. Availability of arable land against total land area per country in the Mediterranean 
(Source: Elaborations of MAI B based on FAO 2001 data)
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Even though the size of the Mediterranean basin is relatively small, there are 
several hundred million people living in it of which 286 million currently live in 
North Africa and the Middle East. Overall there are 428 million inhabitants in the 
region (Blue Plan 2005). The population has increased by 50% over the last 30 years 
and the trend remains high especially in the southern part of the basin at 2.1% 
change annually while the population increase in the urban areas of North Africa 
and the Middle East reach as high as 4% and is mainly concentrated in the coast-
al zones. The population in the southern and eastern part of the basin could reach 
300 million people by the year 2020 (Blue Plan 2005). Another typical Mediterra-
nean characteristic is that between 50 and 70 per cent of the population lives with 
60 km from the coast.

Due to the increased population pressure and continued pace of land degrada-
tion, it is expected that the available arable land per capita in the whole Mediterra-
nean would decrease from 0.48 ha per person in 1961 to 0.22 ha in the year 2020. 
The figure is quite stable for Mediterranean Europe, but drastic changes are fore-
seen for the southern and eastern countries (Figs. 23.2 and 23.3).

Population pressure is exacerbated also by the tourism industry. The Mediter-
ranean is the third most preferred international tourist destination and the first 
for European tourists, accommodating around 218 million visitors every year. Ac-
cording to the World Tourism Organisation, tourists’ flows in the Mediterranean 
would increase. By 2025 the region would receive annually about 396 million in-
ternational and 273 million domestic tourists. France, Italy and Spain alone would 
accommodate more than 75% of the international tourists while Turkey would be-
come the fourth destination in the Mediterranean with about 34 million interna-
tional visitors per year (Blue Plan 2005). 

To these figures should be added many more million domestic tourists who will 
spend their holidays or weekends on the coast. A typical example is Malta, an EU 
country with less than half a million inhabitants receiving on average 1.2 million 
tourists per year. The tourism industry plays an important role in the Mediterra-
nean economy and its share is predicted to increase. However, the industry has cre-
ated a number of environmental problems ranging from loss of agriculture lands, 
pollution, coastal erosion, and increased water consumption.

23.2
The MEDCOASTLAND methodological framework

During the 70s and the 80s, scientists dealt mainly with soil degradation and tried 
to quantify degradation on physical terms, most typically tons per hectare per year 
(t ha-1 yr-1) in the case of erosion studies. Between the 80s and the 90s the con-
cept of land was largely endorsed, especially by the FAO (1998) that by land meant 
“A delineable area of the earth’s surface, encompassing all attributes of the bio-
sphere immediately above or below this surface, including those near the surface, 
the climate, the soil and the terrain forms, the surface hydrology (including shal-
low lakes, rivers, marshes, and swamps), the surface sedimentary layers and asso-
ciated groundwater reserve, the animal populations, the human settlement pattern 
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Fig.23.2. Trends of population increase and arable land decrease in the Mediterranean

Fig. 23.3. Trends of arable land per capita decrease in the Mediterranean (Source: Elaborations of 
MAI B based on Blue Plan’s 2005 data) 
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and the physical results of past and present human activity (terracing, water stor-
age or drainage structures, roads and buildings, etc..)”. 

At this time the wording land degradation was the mainstream.
After the 90s a number of national and international organizations, especially 

the UNCCD and the Convention on Biological Diversity (CBD), endorsed the eco-
system-based approach in combating resource base degradation through preserva-
tion and enhancement of ecosystem functions and services. Eswaran et al. (2004) 
emphasize in particular the role of anthropogenic pressures in accelerating land 
degradation and desertification. MEDCOASTLAND is based on the same biophys-
ical and human induced factors when dealing with resource base degradation. 

Seven Work Packages (WP) support the methodological framework of the proj-
ect (Figure 23.4). They are all linked to each other in a sequential manner that starts 
with the identification of the problem (land degradation) (task of WP2); identifi-
cation of methods to reverse the problem (i.e. income generating) (task of WP3); 
finding the best equilibrium on decision making (through participatory manage-
ment) (task of WP4); development and implementation of guidelines and regula-
tions that support sustainable land management (legislative framework) (task of 
WP5); finding ways to ensure continued collaboration among partners (but not 
only) even after the lifetime of the project (i.e. by endorsing a Memorandum of Un-

Fig. 23.4. Organisation of Work Packages
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derstanding) that was developed by WP6. All the abovementioned activities were 
strongly supported by WP1, which covered managerial and communication ac-
tions, including the creation and updating of the Internet based Knowledge Data-
base and creation of the virtual forum on land degradation. Finally in the context 
of WP7 almost 3,000 files of information retrieval were collected and downloaded 
into the Internet-based Knowledge Database. 

In addition the project has published five books totalling more than 3,000 pag-
es, eight newsletters, several technical reports and has made available a number 
of videos showing best management practices and interviews with various stake-
holders. The MEDCOASTLAND approach was presented in different internation-
al events, including the 18th World Congress of Soil Science held in July 2006 in 
Philadelphia, USA, in meetings at FAO headquarters in Rome and elsewhere in 
Europe and beyond.

23.2.1
Partnership 

The strength of MEDCOASTLAND stands on its composition that provides the 
best platform of bringing together researchers, educators, decision/policy mak-
ers, and farmer associations along with environmental NGOs. In total the proj-
ect includes 32 partners representing thirteen Euro-Mediterranean countries (Fig-
ure 23.5) of which 17 are research and educational institutions, 7 represent deci-
sion makers and the remaining 8 are farmer’s associations and/or NGOs. In other 
words this partnership only reinforces the stakeholder approach. 

23.2.2
Objectives

The main objective of the project is Mediterranean coordination and dissemina-
tion of land conservation management to combat land degradation for the sustain-
able use of natural resources in the Mediterranean region with special emphases on 
coastal areas. Other objectives include the establishment of a Mediterranean-wide 
permanent communication structure between researchers, decision makers, land 
users and non-profit organisations involved in combating land degradation. In ad-
dition there is the identification of major gaps in information and knowledge-base 
to reach a proper regional understanding of sustainable land management, the for-
mulating of an ecosystem-based assistance methodology for land users, the devel-
opment of an income-product generating approach in soil conservation manage-
ment, and the promotion of participatory management of the land system through 
the drafting of appropriate policies and guidelines to support sustainable land 
management and to provide a framework that assists in regional planning and on 
the future EU involvement in natural resources management in the Mediterranean 
(Zdruli et al. 2006a). 
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23.2.3
Results

As of February 2007 the project has completed five workshops held in Adana, Tur-
key (June 2003), Marrakech, Morocco (February 2004), Alexandria, Egypt (Octo-
ber 2004), Bari, Italy (September 2005), Malta (January 2006) and one Euro-Medi-
terranean conference held in Beirut, Lebanon (June 2006). A last event would be 
the Mediterranean wide conference to be held in Tunisia in May 2007 whose theme 
is: “Status of Mediterranean soil resources: actions needed to promote their sus-
tainable use”.

23.2.4
Lessons learnt: The problems

The project has identified water and wind erosion, soil sealing and urbanisation, 
loss of organic matter and biodiversity decline, nutrient mining, chemical pollu-
tion and contamination, floods and landslides, salinisation, overgrazing and deg-
radation of vegetation cover as well as unsustainable irrigation practices as the 
main land degradation factors in the Mediterranean (Zdruli et al. 2006b). It is clear 
that interactions between land-based processes on the upper inlands of the water-
shed augment the pressures on the coastal zones and overall anthropogenic pres-

Fig. 23.5. Consortium composition
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sures play a crucial role in the whole process. While the economic costs of major 
threats to European soils like erosion or organic matter decline for instance at EU 
level are well documented (COM (2006) 232) such estimates remain scattered in 
the Mediterranean. Country estimates do exist but they are made on locally devel-
oped methods and it becomes difficult to compare their results with similar ones 
in bordering countries. 

Major handicaps in land degradation studies in the Mediterranean derive also 
from the simple fact that there is not yet a comprehensive study to show the real 
extend (preferably in quantitative terms) of the problem at regional scale. However, 
it is evident that the problem exists in both European rich Mediterranean coun-
tries as well as in the poorer ones on the South and East. Other associated prob-
lems include the confusion between actual and potential degradation that vari-
ous national studies show. Moreover and often national estimates do not include 
in their assessments socio-economic indicators. There is also overall agreement in 
many scientific circles that monitoring systems to trace the trends of land degrada-
tion and desertification are weak or missing. MEDCOASTLAND shares the same 
view. Its findings show that yet the communication between several stakeholders 
involved in the process is still weak not only at regional level but also at national 
ones, however land and water issues are at the core of the natural resources degra-
dation problems in the region. It should be noted also that costs for ameliorating 
degraded lands are higher than preventing them of being degraded. Finally, there 
is an understanding that political stability is a prerequisite for achieving sustain-
able development and enhancing environmental protection. The events of the sum-
mer 2006 in Lebanon are yet another proof of this.

23.2.5
Climate change and its possible effects in the Mediterranean 

There are sets of indicators that could be considered in these analyses. One direct 
link could be found in soil organic matter content. Studies have shown that land 
use changes and intensive cultivation could decrease the amount of soil organic 
carbon up to 60% in less than four decades (Zdruli et al. 1995). Typical Mediter-
ranean climate characteristics are less precipitation (almost 80% registered from 
October to March) and higher temperature values compared to temperate regions. 
This means higher organic matter mineralization rates consequently lowering the 
soil fertility level and the water storage capacity of the soil (Zdruli et al. 2004). 

If climate change scenarios would be proven right (apparently there is ample ev-
idence nowadays on this), the Mediterranean would suffer from a number of con-
sequences. A study named Modelling Impacts of Climate Extremes (MICE Proj-
ect 2005) funded by the European Union found out that the Mediterranean is ex-
pected to become drier with prolonged droughts in summer and reduced winter 
rainfall. Other findings show that heavy rainfall events would be accompanied by 
flash flooding, urban drainage, erosion, slope stability and ground water recharge. 
Agricultural production is expected to decline, due to shorter growing season, ex-
treme events during developments stages, heat stress during flowering, and rainy 
days during sowing. The temperature in the Mediterranean may increase by 0.3-
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0.7 ºC per decade and summer rainfall may decrease by 16% causing even more de-
sertification. Sea level rise may invade substantial areas in the lower coastal zones. 
Italy alone may loose 6% of its territory while half of Europe’s coastal wetlands may 
disappear. Finally, climate change scenarios would have an effect on the Mediterra-
nean economy especially on tourism as due to hotter temperatures tourist may shy 
away and look for cooler destinations.

23.2.6
Lessons learnt: Responses

Strengthening the links between all the Mediterranean countries is not merely a 
political question related to migration and social problems. It is a question of stabil-
ity and long-lasting development of the region. The European Union is convinced 
about this fact and since many years has been very active in its Mediterranean poli-
cy. The first Intergovernmental Conference on the Protection of the Mediterranean 
was held in 1976 in Barcelona where the Mediterranean Action Plan was approved. 
This was followed by a series of conferences and treaties. 

One of the most important events, again held in Spain, was known as the Barce-
lona Convention for the Protection of the Mediterranean that was signed in 1995. 
The initial Barcelona Convention of 1976, which entered into force in 1978, and 
amended in 1995, and the Protocols drawn up in line with this Convention aim 
to reduce pollution in the Mediterranean Sea and protect and improve the marine 
environment in the area, thereby contributing to its sustainable development. In 
1996 the governments of the region and the European Community put in place 
the Mediterranean Commission on Sustainable Development (MCSD) with a very 
broad and ambitious mandate in terms of sustainable development strategy. Addi-
tionally the EU has funded a large number of research projects through the Inter-
national Cooperation in the Mediterranean (INCO and MEDA Programmes). The 
EU strongly endorses recently the European Neighbourhood Policy with all the 
countries of the region. All the abovementioned protocols and agreements have 
contributed in enhancing sustainable development and environmental protection. 
The EU funding for the region for the period 1995-2005 is estimated at some 11 bil-
lion euros (Corriere della Sera 2005).

Additional funding was also received from various international donors includ-
ing the United Nations Agencies (i.e. FAO, UNDP), the International Fund for Ag-
ricultural Development (IFAD) and the Governments of rich countries. In addi-
tion, national Governments have invested substantially in natural resources man-
agement projects. The Government of Morocco alone intends to spend 405,000 
million DH (dirhams local currency) for the period 2004-2009, in co-funding with 
the World Bank for integrated rural development in the area of Bour (DRI-MVB) 
with strong components in natural resources management. Similar projects are be-
ing implemented through the National Action Plans to Combat Desertification in 
Algeria, Tunisia, Egypt, Syria, Palestinian Territories, Lebanon, Turkey and Jordan 
(MEDCOASTLAND database 2007). 

The main areas of intervention have been capacity and institutional building. 
It is worth mentioning that the international and national funding has permitted 
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the establishment of highly qualified institutions and staff in all the countries of 
the region. 

23.2.7
Lessons learnt: Impacts

Findings of the project show that impacts of interventions vary between countries, 
but are very much linked with the direct involvement of national and local decision 
makers alike. Experience shows that international community should not consider 
itself only as a donor, but also as stakeholder assuming full responsibility for the 
successes and failures of research, cooperation and development projects especially 
those implemented in the developing countries. 

Moreover, every country has its own profile and national characteristics that 
should be respected and preserved. In this context, the impacts of agro-technology 
transfer for example have not always been successful as in the case of cotton expan-
sion cultivation under irrigation in the Syrian steppe that was followed by acceler-
ated wind erosion and salinity build-up or the massive irrigation schemes imple-
mented in South Eastern Turkey in the GAP project where salinity is on the rise 
putting at risk extensive investments and the overall sustainability of the project.

Impacts are by large positive, when the local traditional knowledge is valorised 
and enhanced (Akca et al. 2005). The Mediterranean is the birthplace of agricul-
ture and is extremely rich in indigenous technical knowledge on sustainable land 
and water management (Kapur and Akca 2003; Kapur et al. 2004). MEDCOAST-
LAND findings show that when this precious knowledge is used appropriately, it 
brings inevitably results as in the case of the management of coastal dunes and the 
surrounding anthroscapes of Adana in south-eastern Turkey (Akca et al. 2005). 
Similar examples are available in the management of sloping lands through terrac-
ing in Morocco, Malta, Syria and Lebanon. 

Continued collaboration is also an important aspect in the process. Impacts 
could be thus propagated longer if all the necessary instruments are explored to 
ensure that what was painfully built continue to survive. There are many exam-
ples showing that a large number of project cease their activities once they come 
to the end and funding is no longer available. MEDCOASTLAND has been able to 
build solid partnerships and a precious human social capital that would continue 
to thrive with time.

23.2.8
Lessons learnt: Future outlook and recommendations

Assessment of land degradation and desertification in the Mediterranean and es-
pecially of its economical damage should be based on benchmarks and indicators 
and on real data derived through collaborative efforts of national and internation-
al institutions. The time has come to replace ad hoc “quick and dirty” assessments 
with scientifically proven results. 
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Developing and adopting a common methodology to make harmonised esti-
mates of land degradation throughout the region could be a first step to perform 
and apply regional environmental impact assessments. Addressing different scales 
and allowing for data compatibility by making the best use of available informa-
tion should be supported.

Quantitative indicators should be used to assess ecosystem and natural resourc-
es degradation by identifying points of reference and unify criteria for assessing 
degradation and desertification. A consensus on the use of standard sets of indi-
cators has not yet been reached. Most standards are based on bioclimatic or arid-
ity index and on indexes related to soil type or soil erosion. In order to perform 
sustainable ecosystem management it is necessary to integrate the main compo-
nents of ecosystem functioning, e.g. biodiversity and species composition, ecosys-
tem fragmentation, socio-economic driving forces, geochemical cycles and global 
climate change. Establishment of monitoring networks and promotion of data col-
lection through common standards should be promoted to assess the success or 
failures of actions combating land degradation, desertification and drought.

The use of contemporary tools such as Remote Sensing (RS) and Geographic 
Information Systems (GIS) and data derived from them should be encouraged to 
evaluate and monitor land degradation. However, ground data, field surveys and 
future databases should be combined with these tools to provide valid and accurate 
results on the degradation process. Harmonization and standardization of RS data 
is urgently needed. Standard methods of radiometric and atmospheric corrections 
are necessary to generalize results of research and enable comparison between dif-
ferent countries.

Extensive experience in Participatory Irrigation Management (PIM) should 
be expanded in Participatory Land Management (PLM) and finally into Integrat-
ed Natural Resources Management (INRM). Participatory Land Management at 
Mediterranean region should involve both identification of threats to the ecosys-
tem and the ways to confront these threats by assuring the direct involvement of 
the local communities as this process empowers them in enhancing their skills, 
knowledge and experience leading to greater self-reliance. The institutional capac-
ity of National Resource Management Projects should be strengthened to realize 
integration and coordination among local institutions.

Local Development Strategies (LDS) should involve new approaches and com-
mon features of bottom up, multi-sectoral partnerships, participation, and insti-
tutional support. Local governance as an institutional environment should work 
with other stakeholders to move towards a more integrated approach that involve: 
creation of an enabling environment; identification of roles and responsibilities of 
stakeholders; enhancing communication; empowerment through capacity build-
ing; efficient mobilization and allocation of resources; participatory evaluation and 
monitoring; and finally strengthening local governance.

Social Capital Development (SCD) is the core of the sustainable development 
that focuses on sustainable land management and local development. SCD deals 
with the creation of networks that enable collective actions and enhance project’s 
effectiveness and sustainability. The social capital development should be built on 
the bases of trust and solidarity, collective action and cooperation, social cohesion 
and information communication.
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The relation between effective land management and farmer’s or land user’s ac-
tive participation is crucial for success. Farmers alone could not bear the burden 
of land degradation. Top-down decision-making is also dangerous as could ignore 
real problems; therefore a compromise should be found between bottom-up and 
top-down approaches.

Drought Risk Management is another important aspect of future research. Na-
tional-level integrated drought monitoring systems are not operational in the re-
gion. There has been limited regional coordination among irrigation authorities, 
agricultural extension services, meteorological departments, and NGOs, about the 
extent and impact of drought. The region has an overwhelming need for modern 
and effective drought early warning systems.

Landmines and unexploded ordinance (UXO) dating since World War 2 and 
after, affect large areas in the Southern Mediterranean, especially in Egypt. They 
hinder significantly the regional agricultural, industrial and tourist developmental 
programmes. There are no databases in geo-referenced digital form for the land-
mine-affected and de-mined areas that ensure the implementation of sustainable 
integrated developmental programmes. National humanitarian de-mining pro-
grammes should be further strengthened.

Studies are needed to endorse productive farming systems that mostly promote 
reduced fertiliser use, backing of organic farming, conversion of arable land to 
grassland, cover crops and strips preventing erosion and fires, preserving areas of 
special biodiversity, maintenance of existing conservation systems, and preserving 
farmed landscapes.

Endorsement of non-productive land management measures including set-aside 
land, up-keep of abandoned land and woodland, maintenance of landscape fea-
tures including ancient terraces and supporting training, farm income increase, 
employment and societal attitudes should be encouraged and better explored.

Future rural development projects should promote sustainable agricultural in-
tensification and diversification, strengthen rural education by targeting the rural 
poor and achieve a better balance between genders towards sustained development 
and societal equity agreement. Policy briefings could serve as guidance for coun-
tries updating or developing policies on sustainable management of natural re-
sources, codes of conduct, and implementation of laws and regulations.

It is of utmost importance to identify and establish the link between soil conser-
vation measures, income-product generating activities and farmer’s involvement. 
Much needs to be done in determining an income-product generating approach 
for soil conservation management in relation to economic and production aspects 
generated by the sustainable land management practices.

There is rarely a better place other than the Mediterranean where land and wa-
ter could complement each other in terms of scarcity and impacts on every day life. 
Hence, they should receive equal attention. It is impossible to divide the techniques 
of water harvesting from soil erosion control and waterlogging from flooding and 
salinisation, just to mention a few examples.

The slow process of policy implementation otherwise known as the “Mediterra-
nean syndrome” (La Spina and Sciortino 1993), characterised by the lack of com-
prehensive plans or programmes to combat environmental problems and poor co-
operation between the various administrative sectors, is hampering sustainable 
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development in the region. Policies and regulations should find their way towards 
implementation and the support of the scientific community in policy develop-
ment is essential and should be strengthened.

Addressing sustainability concerns in natural resources management requires 
the adaptation of an ecosystem based management approach that considers both 
natural conditions and socio-economic factors. This approach should be ecologi-
cally sound, economically viable, socially just, culturally appropriate, humane and 
based on a scientific holistic approach. Consequently, sustainable natural resources 
use and management in the region is not a choice but a prerequisite to secure pros-
perity and improve the livelihoods of its people by establishing societal responsi-
bilities and priorities in this crucial process.

To support and strengthen future activities in natural resources management 
in the Mediterranean, the CIHEAM MAI-B has taken the lead to establish the 
Regional Office for Sustainable Land and Soil Management in the Mediterranean 
(ROSOM). There is agreement among the MEDCOASTLAND partnership that 
such entity could be instrumental in promoting sustainable use of Mediterranean 
land resources. A first task could be the completion of the Euro-Mediterranean 
soil database at 1:1 Million scale (Lambert et al. 2001) followed by a first quanti-
tative assessment of land degradation in the region through a combination of re-
mote sensing techniques and ground truthing. ROSOM could also organise sum-
mer schools on soil survey, field assessment of land degradation and practical ap-
plications of soil conservation measures. These activities are in accordance also 
with the EU Thematic Strategy for Soil Protection.

Responsible persons

Cosimo Lacirignola, IAMB Director
Gerasimos Apostolatos, EC Scientific Officer
Giuliana Trisorio Liuzzi, Coordinator
Pandi Zdruli, Project Manager
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CHAPTER 24

Managing Land Use, Protecting Land 
and Mitigating Land Degradation: 
Tanzania Case Study
R. S. Muyungi

Abstract. For the United Republic of Tanzania, efforts to combat desertification 
and land degradation generally, are part and parcel of the national efforts to ad-
dress poverty and ensure sustainable development. More concerted efforts to en-
sure sustainable land management and combat desertification came after the Rio 
Conference in 1992. Since then, major milestones include: the 1994 National Envi-
ronment Action Plan (NEAP) prepared to carry out a national analysis and provide 
a framework to incorporate environmental considerations into government deci-
sion-making processes; the 1997 National Environmental Policy (NEP) formulat-
ed to define national goals and strategic objectives in environment; the National 
Action Programme (NAP) to combat desertification prepared in 1999 under the 
UN Convention to Combat Desertification (UNCCD); and the 2002 Institutional 
Framework for Environmental Management (ILFEMP) in Tanzania. The National 
Strategy for Growth and Reduction of Poverty (NSGRP) of 2005 provides a close 
relationship between reduction of poverty and the sustainability of the productive 
sectors, particularly agriculture that counts for 45% of the GDP and about 60% of 
the export earnings as well as livelihood to over 80% of the population. The NS-
GRP also views energy as critical for the attainment of the NSGRP and MDG tar-
gets. Hydropower, which depends on the functioning and wellbeing of the major 
water catchments and ecosystems including the dry land ecosystems, is the major 
source of energy in Tanzania accounting for over 70% of the total national energy 
sources. 

In Tanzania, the impacts of global warming are already vivid. Measurements 
from 21 meteorological stations have shown a steady increase in temperature for 
the past 30 years. Because of this temperature increase/global warming, adverse 
impacts are now felt in almost all sectors of the economy. Severe and recurrent 
droughts in the past few years have triggered the recent devastating power crisis. 
The drop in water levels of Lake Victoria, Lake Tanganyika, Lake Manyara and 
Lake Jipe in recent years, and the dramatic recession of 7 km of Lake Rukwa in 
about 50 years, are a manifestation of climate change. Eighty per cent of the glacier 
on Mount Kilimanjaro has been lost since 1912. It is projected that the entire gla-
cier will be gone by 2025. The intrusion of sea water into fresh water wells along the 
coast of Bagamoyo and the inundation of Maziwe Island in Pangani is yet another 
evidence of the sea level rise. 

Climate change coupled with unsustainable land management and destruction 
of the water catchments has aggravated the energy crisis and environmental deg-
radation, particularly in the central semi arid areas and the dry sub-humid areas 
in the southern highlands. In order to address these challenges, the United Re-
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public of Tanzania has recently enacted a National Environmental Management 
Act (EMA 2004) as a framework environmental law to provide a coherent envi-
ronmental management approach including sustainable land management and the 
management of water catchment areas. More importantly in March 2006, the Gov-
ernment adopted a National Strategy for Sustainable Land Management and pro-
tection of water catchment areas. This is a comprehensive five year programme, in-
tending to address twelve identified challenges, with an estimated budget of about 
US$ 30 million. For the first year, the government has already committed about 
US$ 9 million. The exemplary commitment of the government to address sustain-
able land management through this strategy, has already resulted in tangible out-
puts. Almost all pastoralists who had invaded the important catchment areas of 
Usangu (one of the largest catchment areas for hydro power production in the 
country) in the southern Highlands, have been relocated, and important catch-
ment areas have been declared national reserves, putting them under legal protec-
tion from any more encroachments. Each District council has been requested to 
plant and care for 1.5 million trees annually. Under the strategy, each village has 
to have a title deed, with land set aside for livestock keeping and for crop produc-
tion. Other measures, include the promotion of renewable energy as well as alter-
native sources of energy, particularly in the dryland areas, as a way of addressing 
the chronic problem of deforestation for energy needs. 

24.1
Introduction

Efforts to Combat land degradation and conserve water catchment areas and relat-
ed ecosystems in Tanzania are linked to the overall national efforts towards pov-
erty eradication and sustainable development. The National Strategy for Growth 
and Reduction of Poverty (NSGRP) of 2005 provides a close relationship between 
reduction of Poverty and the sustainability of the productive sectors, particularly 
agriculture that accounts for 45% of the GDP and about 60% of the export earn-
ings and provides livelihood to over 80% of the population. The NSGRP popularly 
known as Mkukuta in Kiswahili, also views energy as critical for the attainment of 
the NSGRP and UN Millenium Development Goals (MDG) targets. It is important 
for productive activities in industry, agriculture, transport and water supply and 
in the provision of social services such as education and health services. Hydro-
power, which depends on the functioning and wellbeing of the major water catch-
ment areas and ecosystems including the dryland ecosystems, is the major source 
of energy in Tanzania accounting for over 70% of the total national energy sourc-
es. Energy supply is also therefore dependent on the existence of well functioning 
and unexploited water catchments, dryland areas and related ecosystems, much 
as agricultural productivity and sustainability are dependent on sustainable land 
management, particularly land degradation in the drylands. The challenge is how 
to make these sectors, individually and collectively, contribute more to poverty re-
duction and sustain the economic growth envisaged to achieve the national 2020 
vision of a country with a transitional economy. 



Chapter 24: Managing Land Use, Protecting Land and Mitigating Land Degradation  439

Apart from Mkukuta, Tanzania has developed and implemented various policies 
and strategies to promote environmental and sustainable land management in the 
dryland areas since independence. Serious involvement in environmental issues 
and sustainable land management came after the Rio Conference in 1992. Major 
milestones since Rio include: the 1994 National Environment Action Plan (NEAP), 
prepared to carry out a national analysis and provide a framework to incorpo-
rate environmental consideration into government decision-making processes; the 
1997 National Environmental Policy (NEP) formulated to define national goals 
and strategic objectives in environment; the National Action Programme (NAP) 
to combat desertification prepared in 1999 under the UN Convention to Combat 
Desertification (UNCCD) and the 2002 Institutional Framework for Environmen-
tal Management (ILFEMP) in Tanzania. 

In 2000, a National Parliamentary Committee on Environment was formed to 
enhance awareness of policy makers on the importance of environment and its in-
tegration in the overall development frameworks at national level. 

Several other key macro and sector policies have been reviewed and adopted to 
reflect increased accent towards environmental quality objectives. These include: 
the Mineral Sector Policy; Wildlife Policy; Fisheries Policy; Forestry Policy; Water 
Policy, Agriculture Policy, Energy Policy of 2003 and the National Land Policy. 

Beyond these, Tanzania has put in place several legislations to promote effective 
environmental management. More recently, a National Environmental Manage-
ment Act (EMA 2004) became operational in 2005, as a framework environmental 
law to provide a coherent environmental management approach including sustain-
able land management and the management of water catchment areas (Fig. 24.1). 
A number of other laws and legislations have also been enacted and or reviewed 
that have incorporated sustainable environmental management practices includ-
ing water catchments management and the management of degraded lands. These 
include the Water Act (1999), Mining Act (1998), Forests Act 2002 (Act No. 7 of 
2002, Forest Resources Management and Conservation Act No. 10 of 1996) and 
Land Act and Village Land Act (1998). The Local Government Act (1982) amended 
in 1992, among others, includes environmental management into the statutory re-
sponsibilities of districts and urban authorities. 

24.2
Strategy on Urgent Actions to Combat the Degradation 
of Land and Water Catchment Areas in Tanzania

While the aforegoing policies, legislation and the resulting regulations have 
worked, to some extent, to address the problem, degradation of land and water 
catchment areas has continued unabated. Over 60% of the land area of Tanzania is 
facing the threat of serious desertification. Unsustainable livestock keeping/pasto-
ralism and agricultural activities, among other factors, have exacerbated land deg-
radation and the degradation of water catchment areas and the erosion of the oth-
erwise rich biodiversity of Tanzania. 
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It is from this context that the government in April 2006 decided to launch a 
unique, country driven, National Strategy on Urgent Actions to Combat the Deg-
radation of Land and Water Catchment Areas in Tanzania. 

A Cabinet Committee on Environment, comprising of all key sectors (Vice 
President’s Office, Ministries of Lands, Housing and Human Settlement; Forest-
ry and Natural Resources; Agriculture, Cooperatives and Food Security; Finance; 
Planning and Economic Empowerment; Water; Livestock; Local Government; and 
Community development) has been formed to provide general oversight and guid-
ance over environmental protection. It also monitors the progress in the imple-
mentation of the Strategy. 

24.2.1
Challenges

The Strategy identifies specific challenges on land and water catchment degrada-
tion in the country. It identifies areas affected, measures/strategic actions required 

Fig. 24.1. Tanzania: Administrative boundaries and major water bodies/catchment areas
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to address the challenge, the timeframe for the actions and responsible institu-
tions. The Strategy seeks to address the following challenges:

24.2.1.1
Environmental degradation arising from the encroachment 
of water sources and catchment areas by livestock keepers/herdsmen

To address this challenge, the strategic actions include the following: 
Identification and mapping of all of water sources countrywide.
Identification of stressed water catchment areas encroached by large numbers of 
livestock .
Identification of areas suitable for livestock development to which such livestock 
can be relocated.
Information regarding the type of livestock, quantities/numbers, and carrying 
capacities of the land.
Drawing an implementation plan to relocate and resettle livestock keepers 
Identification, popularization, and use of traditional methods and indigenous 
knowledge for environmental protection. Examples include Ngitiri in Shinyan-
ga and Alalili in Masailand.
Ban of unauthorized movement of livestock. 
Identification, supervision, monitoring and management of permitted livestock 
transfer routes.
Construction of chacos, and provision of alternative water sources for herds-
men. 
Continuous education and creation of awareness on livestock carrying capaci-
ties and maintenance and use of water infrastructure. 

24.2.1.2
Environmental degradation arising from illegal human activities related to agriculture
and human settlement along steep slopes of mountains and mountain ranges, 
near river banks and around water sources 

Strategic actions being undertaken are: 
Identification of encroached and severely degraded areas. 
Removal of illegal occupiers of areas concerned.
Determination of boundary of mountain ranges above which no human activi-
ties will be allowed.
Popularisation of rain water harvesting technologies and implementation of 
programmes and projects associated with rainwater harvesting.
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24.2.1.3
Environmental degradation due to deforestation and massive tree cutting for fuel wood 
and charcoal and construction in urban areas 
(excessive use of wood poles, timber, etc.)

Strategic actions include:
Require institutions such as prisons, schools, and training institutions that use 
massive amounts of wood, to have wood plantations. 
Establish nurseries for appropriate tree species.
Sensitise villages and urban centres to establish forest farms for firewood and 
charcoal.
Encourage research, development, and application of alternative energy sources 
and appropriate technologies.
Promote then use of kerosene, gas and coal as alternatives to wood fuel.

24.2.1.4
Unsustainable small and large scale irrigation projects 
and programmes, with negative consequences on biodiversity 
and general water availability 

The strategic actions include the implementation of regulations and procedures re-
lated to: 

Water rights.
Maintenance of irrigation infrastructure and regular inspecting of the said irri-
gation canals such that excess water returns to the main water sources.

24.2.1.5
Inadequate and inaccurate data and information 
at district level regarding water sources and land use 

Actions are to ensure that: 
Identification of all water sources and assessment of their environmental status.
Development, dissemination and implementation of land use master plan. 
Giving title deeds to water source areas for proper protection.

24.2.1.6
Environmental degradation due to wild fires

Actions include: 
Awarding individuals or organizations that provide information on forest or 
rangeland fires. 
Empowering local leadership in the prevention and control of such fires in their 
areas of jurisdiction. 
Creating a data/information base on incidences of wild fires. 
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24.2.1.7
Land and water degradation resulting from use 
of alien and exotic tree species

The Strategic Actions include the following: 
Identification of such unsuitable tree species.
Development of a community participatory programme for the removal of such 
species.
Identification and promotion of tree species suitable for the protection and con-
servation of land and water sources, countrywide.

24.2.1.8
Desertification and drought in many parts of the country 

The actions that are being undertaken include: 
Preparation of further guidelines for continued implementation of a National 
Tree Planting and Maintenance Campaign.
Continuing efforts to sensitise the public on the Tree Planting and Maintenance 
Campaign.
Establishment of tree nurseries, with each district required to plant and main-
tain 1.5 million trees per year.
Preparation and gazetting of a list of types of protected indigenous flora (trees 
and other plant species). 

24.2.1.9
Public awareness and involvement in environmental protection 
and sustainable utilization of natural resources

 Strategic actions include: 
Preparation and implementation of a countrywide Environmental Education 
and Public Awareness Programme.
Monitoring and evaluation of the programme.

24.2.1.10
Land use conflicts among various stakeholders 

Actions on this area include the following: 
Preparation of environmental conservation and participatory land use plans for 
every district.
Determination of livestock carrying capacities in villages and districts
Surveying and mapping 6000 villages.
Mainstreaming the Environmental Management Act 2004 into sector environ-
mental laws and overseeing their implementation.
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24.2.1.11
Environmental degradation arising from mining activities

The strategic actions are: 
Evacuation of all illegal miners from water catchment areas.
Putting in place surveillance and monitoring mechanisms to ensure that these 
areas are not re-invaded by illegal miners.

24.2.1.12
Environmental pollution due to plastic wastes 

Actions are: 
To ban the manufacturing, importation, selling, buying, and use of plastic bags 
under 30 microns (or 0.03 mm) thickness and those with 65 microns (or 0.065 
mm) thickness used for water and juice packaging by October 2006.
To surtax other types of plastic bags (commonly known as Rambo in Tanzania) 
with 30 microns (or 0.03 mm) thickness and above, by more than 100% 
To encourage industry owners and investors to promote the production of alter-
native bags, such as paper manufactured bags. 
District, Town, Municipal and City Councils to ensure all plastic wastes are col-
lected and disposed appropriately.

As noted, this is an ambitious and comprehensive strategy. It requires substantive 
resources for its implementation in order to attain the expected impacts. Already 
the implementation has started and already there are positive results particularly 
with the removal of nomadic pastoralists from water catchments areas and tree 
planting exercise. The envisaged budget for its implementation is US$ 30 Million 
per year for 5 years. The Government has committed US$ 9 million for this fi-
nancial year (2006/2007) in order to kick start its implementation. We believe the 
international community through the UNCCD and the GEF (through the Sus-
tainable Land management Operational Programme) will support these national 
efforts by providing the needed additional financial resources to achieve the in-
tended objectives. 

It is important to note also that while the government is committed to address-
ing land degradation through this strategy as well as through the implementation 
of other activities identified in the NAP, climate change is emerging as a new chal-
lenge and threatening to undermine all these efforts. The impacts of global warm-
ing are already vivid. Measurements from 21 meteorological stations have shown 
a steady increase in temperature for the past 30 years. Because of this temperature 
increase/global warming, adverse impacts are now felt almost in all sectors of the 
economy. Severe and recurrent droughts in the past few years have triggered the re-
cent devastating power crisis. The drop in water levels of Lake Victoria, Lake Tan-
ganyika, Lake Manyara and Lake Jipe in recent years, and the dramatic recession 
of 7 km of Lake Rukwa in about 50 years, are a manifestation of climate change. 
Eighty per cent of the glacier on Mount Kilimanjaro has been lost since 1912. It is 
projected that the entire glacier will be gone by 2025. 
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Climate change impacts have direct effects on local communities and economic 
development. It was initially projected that Tanzania’s GDP would grow by 7.5% in 
2006. The growth was only 5.8%. This drop was attributed to severe drought that 
affected most parts of the country triggering food shortage and a power crisis. Re-
cent surveys indicate that malaria (a climate-related disease) prevalence has been 
reported in areas where it was not commonly found (e.g. some parts of Kagera Re-
gion, Rungwe in Mbeya Region, Lushoto and Amani in Tanga Region). Climate 
change may thus undermine national efforts to attain the Millennium Develop-
ment Goals thus placing poverty reduction efforts in jeopardy. Recent floods have 
devastated most of the infrastructure, forcing the government to look for more 
than US$ 30 million for emergency rehabilitation of the central road system.

24.3
Conclusions

Sustainable land management can be achieved by integrating international and na-
tional efforts at different levels. The UNCCD, GEF and the international commu-
nity need to increase financial support to countries that have shown clear commit-
ment to address land degradation. Tanzania has put in place the strategy described 
in this paper which is a clear indication of its total commitment to combat land 
degradation and mitigate the effects of drought and partly as a way of commemo-
rating the International Year of Deserts and Desertification (IYDD). The UNCCD 
remains an important multilateral environmental agreement in combating desert-
ification and land degradation. There should a renewed commitment from devel-
oped countries to support the implementation of NAPs and the strategy through 
the UNCCD. As a link between UNCCD and UNFCCC, sustainable afforestation 
and reforestation can address land degradation through carbon trade incentives 
from afforestation and reforestation as well as avoiding deforestation. However, na-
tional ownership of carbon trade using such activities is a pre requisite. 

Agriculture also offers other avenues for carbon trading, such as the use of re-
newable biomass for energy generation, management of nitrous oxide through bet-
ter fertilizer use as well as reduction of methane emissions from lowland paddy 
production and agro industrial processes. Capacity building in terms of having a 
critical mass of government institutions and nongovernmental actors that can ven-
ture into carbon trading is critical. 

Reduced rate of desertification through enhanced growth of natural vegetation 
can lead to reduced conflicts between pastoralists and farmers. Efforts towards bet-
ter land use planning and land reforms are very important. This is what the strat-
egy advocates and needs to be supported by the international community. 
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CHAPTER 25

Implementation of Initiatives for Addressing
Climate Change and Land Degradation: 
A Look at the Philippine Context
Rodrigo U. Fuentes and Roger Concepcion

Abstract. Climatic change and land degradation are serious environmental is-
sues for the Philippines given their implications to economic growth and millions 
of people, particularly the marginal poor. The location and topographic config-
uration of the Philippines makes it more susceptible to climatic anomalies. For 
years its people have developed coping mechanisms to the climatic changes in the 
country, in particular drought during dry spells and flooding during monsoon 
seasons. These capacities however, are becoming inadequate as the drive for eco-
nomic growth, uncontrolled population increase, urbanization and changing con-
sumption and production patterns are combining to create intense pressure on the 
country’s limited carrying capacities. The government fully recognizes the impera-
tive for addressing these issues and has formulated strategic frameworks with the 
involvement of critical stakeholders that are directed to responding to these con-
cerns. Current efforts are being pursued which are within the ambit of the climate 
change, land degradation and desertification and, biodiversity conventions. How-
ever, in all of these efforts, the role of scientific information particularly the col-
lection, analysis and dissemination of climatological data cannot be understated. 
Not only is it critical for predicting climatic events but, more significantly the ap-
plication and use of scientifically derived information is critical to devising adap-
tive measures especially for rural communities that would enable individual farm-
ers cope with climate induced disasters including the arrest of further land degra-
dation. 

25.1
Introduction

The historic United Nations Conference on Environment and Development 
(UNCED) held in 1992 at Rio de Janeiro, apart from having launched sustainable 
development as the blue print of development for countries, also produced three 
important multilateral environmental agreements (MEAs): the UN Convention on 
Biological Diversity (UNCBD), the UN Framework Convention on Climate Change 
(UNFCCC), and later the UN Convention to Combat Desertification (UNCCD). 
Both developed and developing countries in the Asia region have committed them-
selves to the sustainable development agenda, including that of meeting country 
obligations to the three MEAs. The progress achieved by far had been mixed, with 
some countries able to demonstrate positive gains, albeit modest, in balancing eco-
nomic, social and environmental objectives in their development agenda. 
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But the challenges ahead remain formidable. There is that gnawing reality that 
countries still fall short of the desired goals of sustainability, especially when the 
Millennium Development Goals (MDG) are used as benchmarks for progress. 
MDGs are the most broadly supported, comprehensive, and specific poverty re-
duction targets the world has ever established– is a global agenda of eight devel-
opment goals directed at cutting world poverty in half by 2015, improving health, 
and promoting peace, human rights, gender equality and environmental sustain-
ability. Even with the best-performing economies in the region, the high economic 
growth has not necessarily been translated to improvements in the environment 
that can lead towards sustainability. The degradation of land and natural resourc-
es depletion remains unabated and is even expanding, poverty continues to be an 
insidious issue and, capacities to cope with the impacts of climatic changes or cli-
matic pattern variability are found to be inadequate highlighting that the pursuit 
of sustainable development will be a steep challenge for many developing countries 
like the Philippines. Taking into account the objectives of this workshop, the paper 
will highlight the Philippine experience in linking climate change initiatives with 
combating land degradation, taking into context the general trend of the Asian re-
gion. 

25.2
Growth and environmental sustainability: 
the development challenge in the Asian context

The decline in environmental sustainability in the Asian region is driven largely 
by key trends that are linked to economic growth. The 2005 State of the Environ-
ment Report of the UN Economic and Social Commission for Asia and the Pacif-
ic (UNESCAP) cited that unrelenting pressures on the environment is a result of 
unsustainable patterns of production and consumption driven largely by four key 
trends: the unprecedented expansion of industrial activities; the intensification of 
agriculture; urbanization and changing consumption patterns; and a heightening 
demand for raw materials, energy and water (ESCAP 2006a). Following UNCED, 
many governments have been able to enact new legislations and have strength-
ened institutions that resulted in significant improvements in environmental per-
formance, particularly with respect to pollution control. But these achievements 
are overwhelmed by the rising environmental pressures owing to largely expand-
ed consumption and production activities and resource-extraction processes. The 
manifestations of unsustainable growth patterns are unmistakable: high infra-
structure costs, a growing society of waste generators, and the relentless decline 
of the region’s natural capital are just some of these examples. It would be a gross 
mistake to believe that environmental sustainability is achieved by just improving 
environmental performance. This premise creates a false sense of security and has 
distracted attention from the critical need to improve the environmental sustain-
ability of economic growth patterns. 

The general context of environmental sustainability refers to the capacity of eco-
nomic growth and social change processes to ensure that natural resources are not 
depleted faster than they can be regenerated, and that ecological systems remain 
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viable. For economic growth to be environmentally sustainable, the demand for 
ecological products and services should not exceed the maximum ecological prod-
ucts and services that can be provided sustainably in a particular area (ESCAP 
2006b). Any excess demand reduces the ability of the natural environment to pro-
vide ecological goods and services to support a particular society. Actions to im-
prove environmental sustainability focus on reducing the environmental impact 
of systems and patterns of development to a level within environmental carrying 
capacity. The links between environmental sustainability and environmental per-
formance are essential to understanding the development focus of almost all coun-
tries in the Asian region. It is also in the same light that the inextricable connec-
tions between land degradation and climate change should also be understood.

25.3
The inextricable links between climate change 
and land degradation: the evidence of intense pressure 

The unprecedented scale of growth in Asia and the Pacific region has left indel-
ible marks on many of its natural ecosystems. Current production systems gener-
ally have been carved out of the natural systems which used to provide a wealth 
of goods and services prior to conversion. From critical habitats of high biological 
diversity in forest areas to valuable of coral reefs and mangroves in coastal zones, 
many of these areas have been converted to other land uses or destroyed due to 
the intense pressures coming from both intensive and extensive agricultural land 
conversion and fishery production. For several decades red flags have already been 
raised on the consequences of mismanaging the natural capital. However, it is only 
in recent decade that the extents of the pressure have been fully realized. 

25.3.1
Agriculture and climate change

Agricultural activities contribute to global climate change in both positive and 
negative manner. The positive contribution of agroecosystem is that its soils are 
good “sinks” of carbon which can be further enhanced through proper farm till-
ing and soil conservation management. On the other hand, its negative influence 
is that the industry is a major source of greenhouse gases (GHG). Studies conduct-
ed in China (Dong et al. 2000), Japan (Tereda 2000) and the Philippines (Lantin 
and Villarin 2000) have shown that livestock-raising, particularly involving rumi-
nant animals (buffaloes and cattle) and cultivation of rice are significant sources 
of methane while the main source of nitrous oxide emissions are coming from the 
use of nitrogen fertilizers. Given these challenges, governments face several poli-
cy dilemmas for promoting sustainable agriculture in the region which focuses on 
the following: policies that would further improve agricultural productivity while 
easing up the pressure on the ecosystems; policies that address global environmen-
tal concerns that are cost effective and do not have cost implications to small-scale 
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farmers; and a practical strategy for educating many farmers on the benefits of sus-
tainable farm practices. 

The emissions of ammonia from livestock manure are a major source of air pol-
lution in agricultural areas. Very little research has been done in the region on the 
possible implications of air-borne ammonia which often is considered more as a 
“nuisance pollutant” because of the odor that is generated. It is projected however, 
that it could pose serious environmental concern in the future. Air-borne ammo-
nia can acidify soils and eutrify water bodies when carried downwind. This ob-
servation is based on the estimates made in OECD countries of the total nitrogen 
loading to the environment (air, soil and water) coming from livestock production 
which is projected to grow by 30 per cent between 1995 and 2020 (OECD 2001). 

25.3.2
Forests and watersheds: the critical influences 
to agriculture and climate change

Agriculture, forestry and watershed management have long established linkages 
but are generally taken for granted because of the subtle physical interface that is 
manifested. The protective function of forests provides the base for sustainable ag-
riculture and no aspect of the forest ecosystem function is more crucial than its 
watershed functions (FAO 1999). Forest ecosystems and agroecosystems are un-
derstood to be intimately linked hydrologically. There is a continuing effort to em-
pirically establish the hydrological evidence that would link forests and watershed 
protection functions. At this stage it is difficult to generalize that forest is the bet-
ter ecosystem and that its removal will lead to the diminution of the watershed ca-
pabilities to effectively controlling water flow. Because of the over simplification 
of such understanding, there is a commonly held belief among practitioners and 
planners that planting more trees in denuded watersheds can and will in due time 
conserve water resources. Recent documentation is disproving this long-held view 
but instead stresses that appropriate management of watersheds needs to account 
for all the needs of the users of the resources including those who are in the up-
lands who most of the time are perceived to be the culprits for the forest or water-
shed/s denudation. As such adverse land use changes in the uplands, particularly 
the removal of any vegetative cover, inevitably impacts on the productive potential 
of lowlands. The region is replete with examples of how denudation and poor land-
use practices in watershed areas have often lead to reduced storage capacity in res-
ervoirs, lowered irrigation potential and magnified the impacts (damage) of flood-
ing especially on agricultural crops. In the Philippines the massive denudation of 
watershed areas such as Pantabangan, caused severe erosion and siltation, shorten-
ing the lifespan of the dam that is supposed to feed the irrigation needs of Central 
Luzon, the food basket of the main island of Luzon. Same pattern of degradation 
are common all over the Asia region. 

These factors give the more reason for the agricultural sector in the lowlands to 
look for measures that would promote water efficiency use. As the competition for 
water use will grow more intense along with the demand for increasing food pro-
duction, every resource needs to be optimized to get full benefit from its use. For-
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tunately, there are many practical alternatives which are fully developed and can be 
adopted on a wider scale. For example, in dryland areas rainwater harvesting and 
alternative forms of tillage can be adopted, in rice farming rich countries rice –fish 
farming can be applied (FAO 2003).  

With respect to climate change, land-use change and forestry activities are ac-
counted for separately when determining their (significant) role in climate change, 
particularly in the emission of GHGs. The management of forest resources which 
covers activities including the establishment of plantations, reforestation and af-
forestation, the commercial harvesting of timber resources and fuel-wood gather-
ing, impacts on climate change. The conversion of forest lands for agricultural use 
and the abandonment of these areas as practiced in swidden, or slash and burn, ag-
riculture not only contribute to the environmental degradation of these areas but 
also affect their carbon storage capacity. Forests store 40 per cent of all the carbon 
in the terrestrial biosphere, more than any other ecosystem (FAO 2001). The stor-
age of carbon in the ecosystem varies depending on the type of forest: temperate 
forests store carbon in their soils, while tropical forests store it in vegetation (FAO 
2001). The growth and re-growth of forests in temperate countries can provide 
sinks to absorb carbon dioxide emissions from fuel combustion. Conversely, defor-
estation of tropical forests and their conversion to other land uses releases an esti-
mated 2 billion tons of carbon into the atmosphere annually, equivalent to 25% of 
the emissions from fuel combustion (FAO 2005). Since most developing countries 
in the Asian region have tropical forests, and the pressure to exploit these resources 
is intense, the likelihood of deforestation and land conversion increases, leading to 
increased carbon emissions. 

25.4
Initiatives for addressing land degradation 
and climate change: a Philippine perspective

The Philippines makes an interesting case in examining its strategies for pursuing 
growth while at the same time designing initiatives that are directed towards ad-
dressing two of the most serious environmental issues which have global and lo-
calized implications. 

The Philippines, as an archipelago is made up of more than 7,000 islands, and 
particularly vulnerable to the impacts of climate variability and change. The coun-
try is located near a zone where the dynamics of the Earth’s heat and moisture dis-
tribution system take place making it a gateway for typhoons and hurricanes to 
mainland Asia. The country is visited on an average by 20 tropical cyclones many 
of which becoming typhoons that can cause billions of pesos in damage and thou-
sands of deaths. The country has a humid equatorial climate marked by high tem-
peratures and heavy annual rainfall. It has two distinct seasons: summer (south-
west) monsoon which brings heavy rains to most of the islands from May to Oc-
tober and the winter (northeast) monsoon which brings cooler and drier air from 
December to February. Annual rainfall measures as much as 5,000 mm in the 
mountainous east coast but less than 1,000 mm in the sheltered valleys. The coun-
try also sits along the Pacific “ring of fire” making it vulnerable to earthquakes, 
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volcanic eruptions and tsunami. Its topography is characterized by largely moun-
tainous terrain, narrow coastal plains, interior valleys and plains. The country 
has three (3) major island groups namely: Luzon, Visayas and Mindanao. Around 
1,000 of its islands are considered inhabitable. 

The Philippines in general is endowed with rich natural resources. Its forest re-
sources are considered to be one of the most diverse in the world with a high level 
of endemism. From its terrestrial ecosystem to the marine ecosystem, the Philip-
pines have hundreds of species of flora and fauna that cannot be found anywhere 
else in the world. However, decades of abuse and misuse of the natural resources 
have diminished this vast natural wealth. The country’s forest resources have now 
gone down from 15 million ha in the early 1950s to just about 5.4 million ha as of 
1997; 69% of its wetlands are in the moderately to highly threatened status; and 
its marine ecosystems particularly the coral reefs are continuously being degrad-
ed and destroyed. As common in the Asia region, pushing intense pressure on the 
country’s resources is the drive for economic growth, expanding population, and 
an increasing urbanization. These factors combine which in effect contributes to 
making the country vulnerable to environmental instability as influenced by de-
grading land resources and climate change (Fig 25.1). The chronology of historical 
eras of how the country’s natural and agricultural resources have been managed 
over the past fifty years is presented in Table 25.1. 

Fig. 25.1. Key influences for land degradation and vulnerability to climate change and variability 
in the Philippines
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25.4.1
Imperatives for addressing land degradation and climate change issues

Interest to address land degradation and climate change concerns is compelled by 
the need to arrest the further deterioration of the country’s land resources and re-
duce the impacts of drought and El Niño phenomenon or floods especially in areas 
and communities where food insecurity is a key issue. As noted by experts, there is 
an increasing frequency of occurrence of drought and El Niño in many parts of the 
country. Recently agriculturists have noted an emerging climatic anomaly as expe-
rienced in many of the provinces called seasonal aridity. 

Vulnerability to extreme climatic variability and land degradation cannot be 
understated in a country like the Philippines where run away population and pov-
erty, especially in rural areas, are critically serious problems. The acceleration of 
land use conversion, deforestation coupled by unsustainable land use practices 
have forced subsistence farmers to even go to marginally productive lands. Farm-
ers tilling these areas have very low food production and income generating capac-
ities, which do not liberate them from the stranglehold of poverty. Table 25.2 shows 
the level of poverty in the Philippines as of 2003. In general provinces which are ex-
periencing seasonal aridity are also noted to have high poverty incidence. 

25.4.2
Extent and distribution of land degradation

About 45% of the arable land in the Philippines is moderately to severely eroded 
forcing subsistence farmers to cultivate marginal lands with low productivity. Ap-
proximately 5.2 million ha are seriously eroded with 30 to 50% reduction in soil 
productivity and water retention capacity. Concomitantly, these areas are already 
predisposed to the effects of drought and influences of changing climatic patterns. 
Table 25.3 shows the extent and distribution of land degradation in the country.

The most common form of land degradation in the Philippines is soil erosion. 
The process causes deterioration of the physico-chemical and biological properties 
of the soil rendering the land less productive. A severe case of soil erosion results 
in total loss of productivity, affects infrastructure and in recent years due to major 
landslides even caused the loss of lives. 

25.4.3
Soil mining and decline of soil productivity

The intensified application of fertilizers is an agricultural practice that has long been 
accepted following the adoption of the green revolution programme. But the mis-
use in the application of chemicals has also significant environmental downside. The 
long term and continued use of urea alone has resulted to serious soil nutrient im-
balance and contributed to the actual soil degradation. A study of the soil conditions 
of the country has shown that there as been an active soil mining occurring over the 
twenty year period with excessive use of inorganic fertilizers. The over application 
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Table 25.1. Significant events in environment and natural resources use and, agricultural 
development in the Philippines 

Period General characteristics Specific interventions on 

Land management Climate change

Pre-1960’s Traditional extensive agriculture; 
healthy watershed; low population 
density; and a highly intact natural 
forest that has also rich biodiversity 
(highly endemic)

No particular 
intervention

No particular 
intervention 

1961-1980 Policy conflicts between natural 
resource management and major 
infrastructure development:

• Massive investments in the 
construction of dams for irrigation, 
power and for domestic consumption. 
Almost all of prime irrigable lands 
had irrigation system by the end of 
the period. Population growth in 
urban centers rapidly increasing.

• Massive harvesting of forest resources 
that are both legal and illegal for 
generation of cash. Although by 
law reforestation is a mandatory 
obligation for legal loggers, the 
efforts were not given much serious 
attention. For marginal farmers 
upland farming followed through 
after a forest area has been cleared. 

In the latter part of 
the period, efforts 
were launched to 
somewhat contain 
illegal logging 
while at the same 
time developed 
government 
programmes to assist 
upland farmers on 
the proper practices 
of land cultivation in 
upland areas. 

No particular 
intervention

1981-1990 Period of massive environmental 
degradation characterized by:

• Massive soil degradation in the 
lowlands caused by excessive use of 
fertilizers; salinization due to over 
irrigation; and other human-induced 
activities that reduced productivity of 
agricultural soils;

• Expansion of coverage of marginal 
soils due to uncontrolled logging 
operations;

• Increasing expanse of idle grasslands 
that is replacing the natural forests; 
and

• Dramatic decline of biodiversity 
resources as more natural habitats are 
being lost.

The efforts to address 
land degradation 
have expanded. But 
no significant reversal 
of trend is observed. 
As prime agricultural 
land’s productivity 
is producing lower 
yields more people 
are being pushed 
to farm in uplands 
which is causing 
more environmental 
damage. 

No particular 
intervention
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Table 25.1. Continued

Period General characteristics Specific interventions on 

Land management Climate change

1991-1996 Period of irrational land 
use with more prime 
agricultural lands converted 
to urban development 
and industrialization. Key 
manifestations of degradation 
are as follows:

• Deterioration of river systems 
and the aquifers;

• Rapid deterioration of the 
irrigation systems that have 
been established in the earlier 
decades;

• Globalization of market with 
many agricultural products 
is now imported despite the 
existence of locally produced 
products. No incentives for 
local producers and could not 
compete with cheaper imports. 

• Existing prime agricultural 
lands are not producing the 
desired yields. 

Previous interventions 
are continuously 
pursued but with no 
overarching framework 
to consolidate and 
synergize efforts from 
various agencies. At the 

The issue of 
linkage between 
land degradation 
and climate 
change was not 
yet recognized 
in the early years 
following the 
ratification by the 
Philippines to the 
UNFCCC in 1994. 

1997 to 
present 

Philippine environment 
and agricultural policies in 
transition and present policies 
are under review

• The enactment of the 
Agriculture and Fishery 
Modernization Act which 
favors the establishment of 
strategic development zones 
for enhanced agricultural 
production;

• Provision of financial resources 
and agricultural financing 
window to help farmers 
access funds for agricultural 
investments; and 

• Promotion of switch to non-
agricultural livelihood options 
for marginal farmers to lessen 
pressures on natural resources.

A major effort to 
modernize agriculture 
is being pushed. Still a 
key issue is the absence 
of a legislated land use 
plan. Technical support 
is being enhanced 
and consistent with 
the commitment 
to the UNCCD, 
the Philippines 
has developed and 
formulated its National 
Action Plan which was a 
subject of multi sectoral 
consultation with 
national ownership. 
The challenge ahead is 
in mobilizing private 
sector and international 
funds to support the 
activities presented in 
the plan. 

Following the 
ratification of the 
UNFCCC the 
Philippines has 
been undertaking 
activities that are 
consistent with 
commitments to 
the Convention 
as a Non-Annex I 
country. Except for 
those stipulated as 
primary activity 
of the Convention 
and with support 
from GEF, the 
country has just 
started making 
efforts to link 
climate change 
with sustainable 
land management 
discussions. 
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of inorganic fertilizers has resulted to dramatic decline of soil productivity, adding 
burden to an already cash-strapped farmers that have shouldered the direct cost for 
the use of the chemicals. This is one of the reasons why many farmers are unable to 
competitively compete with export products as the cost of production for locally pro-
duced agricultural products are greater than those that are imported. 

25.4.4
Causal factors of land degradation 

25.4.4.1
Topographic variations and problem soils

The country is topographically varied and in island provinces the removal of the 
natural cover has even made the soils more exposed to erosion. This condition is 
further complicated by the presence of problem soils: those that are found in steep 
slopes have poor drainage characteristics (soils that are considered or are usually 
waterlogged), coarse textured soils (soils that have less than 18 per cent clay and 
more than 65 per cent sand), soils which have heavy cracking clays, and soils with 
fertility limitations and land with saline/sodic soils. Adding to these problem soils, 
the country is likewise situated in a volcanic belt (more than 200 active volcanoes) 
which during eruptions can affect the state and condition of the soil. 

Table 25.1. Continued

Period General characteristics Specific interventions on 

Land management Climate change

1981-1990 Period of massive environmental 
degradation characterized by:

• Massive soil degradation in the 
lowlands caused by excessive use 
of fertilizers; salinization due to 
over irrigation; and other human-
induced activities that reduced 
productivity of agricultural soils;

• Expansion of coverage of marginal 
soils due to uncontrolled logging 
operations;

• Increasing expanse of idle 
grasslands that is replacing the 
natural forests; and

• Dramatic decline of biodiversity 
resources as more natural habitats 
are being lost.

The efforts to address 
land degradation have 
expanded. But no 
significant reversal 
of trend is observed. 
As prime agricultural 
land’s productivity 
is producing lower 
yields more people 
are being pushed 
to farm in uplands 
which is causing 
more environmental 
damage. 

No particular 
intervention



Chapter 25: Implementation of Initiatives for Addressing Climate Change  457

25.4.4.2
Human induced 

Soil degradation caused by human activities has only exacerbated the already lim-
ited productive condition of the soils. With an annual population growth rate of 
2.3 per cent, this translates to an additional 1.8 million persons a year. This growth 
rate is accompanied by an increasing demand for food, clothing, shelter and settle-
ments. The demand for food leaves farmers with limited alternatives but to inten-
sively use chemicals to correspondingly increase the yields of land without prej-
udice to the soil’s long term capacity to be sustainably productive. Pressures to 
produce more meat and protein source are also forcing farmers to extensively over-
graze lands beyond their carrying capacities. Similarly, increasing demand for hu-
man settlements and other non-agricultural use has led to the conversion of prime 
agricultural lands further reducing areas for agricultural production. A serious 
consequence of land conversion is that it pushes farmers to seek areas that are mar-
ginally productive for farming. Approximately about 74 percent of the sloping up-
lands are now tilled for subsistence farming just to meet the demand for food and 
increasing livelihood opportunities. As more upland areas are being farmed sub-
sequent pressure on the remaining forest lands also intensifies. The inappropriate 
practice of slash and burn of forest lands coupled with the disregard for applying 
soil conservation measures and proper soil management only contributes to fur-
ther land degradation of many areas in the country. 

Table 25.2. Poverty incidence in the Philippines

Region Poverty incidence (%)

Philippines 24.7
CAR 31.1
NCR-National Capital Region 5.0
Region I* 29.6
Region II* 24.8
Region III 13.7
Region IV 14.9
Region V* 49.0
Region VI 37.8
Region VII* 32.3
Region VIII 37.8
Region IX* 44.1
Region X* 32.9
Region XI* 31.5
Region XII 48.4
ARMM* 45.7
Caraga 47.3

Note: * Areas are known to experience seasonal aridity. (Source: NSCB 2003)
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25.4.4.3
Policy induced 

The absence of a comprehensive national land use policy has made the protection 
of land resources more difficult. The lack of local, regional and national land use 
policy which delineates major land uses for protection and production has made 
the conversion, improper land use and inefficient land use more pervasive. The 
boundaries between forestlands and alienable and disposable lands are not clearly 
delineated making it even more impossible to enforce land use policies and moni-
toring conversion to other uses. Illegal logging, encroachment of forest lands and 
shifting cultivation, while may have declined, remain to be a pervasive issues. 

25.4.4.4
Climate induced

Drought is a recurrent event in a climatic system that defines the availability of wa-
ter to supply the demands of production systems. UNCCD has defined drought as 
a naturally occurring phenomenon that exists when precipitation has been signifi-
cantly below normal recorded levels, causing serious hydrological imbalances that 
adversely affect land resource production systems. In the Philippines drought can 
strike in any part of the region with varying degrees of severity exacerbating the 
conditions of degraded lands especially in areas experiencing seasonal aridity. Ma-
jor drought events in the country are usually associated with the El Niño South-
ern Oscillation (ENSO) occurrences or warm episodes in the central and eastern 
equatorial Pacific. Over the last decade, El Niño events have been noted to occur 
every two to three year cycles against a previous five year interval. The impact of 
drought has a telling effect on the agriculture sector. In the 1997-1993 drought 
spells, estimated loss in rice production alone was placed at more than 622 thou-

Table 25.3. The extent and distribution of land degradation in the Philippines

Island 
Grouping

Erosion class

Not apparent Slight Moderate Severe Unclassified Total

Area % Area % Area % Area % Area % Area %

Luzon 4.1 57.7 4.1 46.6 4.1 48.2 1.7 32.7 0.2 50.0 14.2 47

Visayas 1.2 16.9 1.7 19.3 1.5 17.0 1.1 21.2 0.1 25.0 5.6 19

Mindanao 1.8 25.4 3.0 34.1 2.9 34.1 2.4 46.1 0.1 25.0 10.2 34

Philipines 7.1 23.7 8.8 29.4 8.5 28.3 5.2 17.3 0.4 1.3 30.0 100

Unclassified erosion are those areas where there are quarries, river wash and those subject to 
open pit mining. Source: Bureau of Soils and Water Management (2004)
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sand tons of rice valued at P4.6 billion (about US$ 93 million). Corn, which is an-
other staple major commodity, incurred a loss of P7.7 billion (about US$ 153 mil-
lion). The exact opposite of drought is excessive rainfall due to monsoon or tropical 
cyclones which causes severe flooding. In the year 2006 alone, there were 13 large 
flood events that recorded in the country (Dartmouth Flood Observatory 2007). 
The flooding displaced hundreds of thousand families, almost 800 people lives tak-
en destroying agricultural crops and infrastructure valued more than US$ 60 mil-
lion (Dartmouth Flood Observatory 2007). As with periodic droughts, floods and 
heavy rains also severely degrade lands eroding fertile flats and massive landslides 
significantly minimizing future productivity potentials of affected lands. 

25.5
Actions taken to comply with the Conventions

25.5.1
Compliance with the UN Framework Convention for Climate Change (UNFCCC)

The Philippines have been involved in the global climate change discussions even 
way back during the early stages of the Intergovernmental Negotiating Committee 
on Climate Change (INC/FCCC). Taking cognizance of the serious implications 
of climate change in the country then President Corazon Aquino created the Phil-
ippine Inter-Agency Committee on Climate Change (IACC) to serve as the tech-
nical and policy body that will coordinate all climate change-related activities. In 
keeping with its commitment to the Convention, the Philippines strongly advocat-
ed for stringent measures to be adopted by Annex I Parties in curbing GHG emis-
sions. It has taken voluntary steps to address the issue of climate change through 
policies and measures directed towards achieving the country’s development ob-
jectives while at the same time contributing to the climate change objectives. The 
Philippines ratified the UNFCCC in August 1994.

With funding support from the Global Environment Facility (GEF)/United Na-
tions Development Programme (UNDP) the country submitted to the Confer-
ence of Parties its 1st National Communication on Climate Change in May 2000. 
The country report highlighted the backbone of its strategy for addressing climate 
change which is summarized as follows:

Based on the 1994 National GHG Inventory, the Philippines released a total 
equivalent amount of 100,864 ktons of CO2, which is minimal relative to the 
GHG emissions of other countries. Discounting the contribution of the land 
use change in forestry (LUCF), the CO2 emission of the Philippines is placed 
at 100,738 ktons (IACC 1999). The inventory estimated that the LUCF sector 
is able to sequester about 126 ktons of CO2 which is 0.1% of the national total. 
The sources of the GHG emissions come from four major sectors: energy sector 
which accounts for about 49% of the national total GHG emissions; agricultural 
sector which contributes 33%; industries about 11% and wastes at 7%. 
A projection of the GHG emissions for 2008 is placed at 195,091 ktons of CO2,
which represents a rise of 94% from the 1994 baseline. The report however cau-
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tioned that the projections made maybe be conservative as some subsectors es-
timates were held constant at 1994 levels. 
The vulnerability of the country to climatic change is considered very high. Us-
ing at least four Global Circulation Models (GCM) at double CO2 concentration 
the scenario in the following areas are predicted: 
a. Agriculture: the simulation results showed that while a general increase in 

rice yields will be observed, the maturity period for the crop will decrease. 
Corn however will register a major decrease in their yields.

b. Water resources: water yield for a number of major watersheds, particularly 
in areas where the water reservoirs are used for domestic water needs will be 
severely affected by climate change. As these dams are dependent on rainfall 
for collecting water, changes in rainfall patterns could affect the functions of 
these dams and reservoirs.

c. Coastal resources: under the present levels, increasing the GHG emissions 
may lead to accelerated sea level rise which will aggravate the condition of 
an already vulnerable coastal ecosystem. It is projected that along the coast a 
one-meter sea level rise could inundate many communities and urban areas. 

d. Forestry: predictions indicate that changes in rainfall patterns may increase 
the rate of conversion of forests to agricultural lands since the degraded areas 
brought by drought and erosion will push people to migrate to higher eleva-
tions where soil are relatively still fertile. This conversion has further down-
side effect of reducing forest covered areas exposing more of the uplands to 
erosion during rainy or monsoon seasons.

e. Soil conditions: a decrease in soil moisture in drier areas may accelerate for-
est loss while an increase in precipitation beyond evaporation demand could 
increase run-off resulting in soil erosion and flooding.

f. Biodiversity: local biodiversity will also increase as extinction and inhibition 
of re-immigration from adjacent areas may occur.

g. Health: an uptrend from 10% to 58% in disease incidence is projected in as-
sociation with climate change.

Adaptation measures and strategies were initially identified based on the vul-
nerability studies.   

Taking into account the findings in the National Communication Report, the gov-
ernment has initiated the appropriate measures aimed at curbing GHG emissions. 
The measures are reflected in the various sectoral plans of the energy, transport 
and agriculture sectors and further elaborated in the National Action Plan on Cli-
mate Change which is in the process of adoption. 

25.5.2
Compliance with the UN Convention to Combat Desertification (UNCCD)

As with the other MEAs, the Philippines has been actively participating in the dis-
cussions of the UNCCD. Since the Intergovernmental Negotiating Committee on 
Desertification (INCD) was established, the Philippines had been sending repre-
sentation to the negotiations until the Convention took effect in 1994. The Philip-
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pines finally ratified the Convention in February 2000. The interest of the country 
in ratifying the Convention is driven by its desire to address the issue of preventing 
the further spread of land degradation and reduce the impacts of drought and the 
El Niño phenomenon on the loss of land productivity, especially in areas occupied 
by communities that are threatened by food insecurity. The country finds itself in 
solidarity with the global effort to support the marginalized poor in areas affected 
by desertification and land degradation. 

Consistent with the commitment to the Convention wherein countries are to 
prepare their respective National Action Programmes (NAPS) which should be 
formulated in an inclusive and participatory manner, the Philippines have devel-
oped and submitted its NAP to the Conference of Parties in 2004. 

The formulation of the Philippine NAP was influenced by the following fac-
tors:

Experiences from the farmers
A study conducted by the Philippine Council for Agriculture, Forestry and Nat-
ural Resources Research and Development (PCARRD) indicate that farmers 
have become more hardworking and resourceful in response to drought inci-
dence. Planting of alternative crops, apart from the staples (i.e. rice and corn) 
such as vegetable and watermelon, were done to augment income. In addition, 
organizations at barangay level such as cooperatives, farmers, women, and youth 
organizations implemented other income generating activities, mostly service 
oriented (such as sewing, and selling rags, dresses, carpentry and construction 
jobs in other places) to supplement their incomes from the farms. These efforts 
were over and above the indigenous knowledge and practices adopted during El 
Niño occurrence such as:
– Use of herbal pesticides/botanical spray to control drought induced diseases 

and pests thriving in trees and plants.
Weeding is not done during the El Niño to conserve water

– “Muyung” of the Ifugao tribe combines the underplanting of annual and pe-
rennial crops in a secondary forest.

– Irrigation is done when there is no wind to preserve moisture. 
– Utilization of “ginikan” or rice straws in the cut and carry system of feeding 

of animals during the El Niño years.
– Use of salts as prophylaxis.
Institutional efforts 
– Creation of the Presidential Task force on El Niño – The Task Force serves as 

the coordinating body for the formulation of comprehensive action plan to 
mitigate the adverse effects of El Niño. 

– Approval of a National Integrated Research Development, and Extension 
Agenda and Program and, operationalizing the National Soil and Water Re-
sources RDE Network. The initiative is now implementing research and de-
velopment projects related to soil conservation and management throughout 
the country. Through the network linkages, the RDE agenda are reviewed, 
formulated, and prioritized. Project coordination, implementation is like-
wise harmonized and unified.
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– Awareness programs on the character and impact of drought and land deg-
radation. A conference on “National Awareness on Combating Land Degra-
dation and Mitigating the Effects of Drought in Mindanao” was organized. 
Other efforts were directed towards the inclusion of soil and water conserva-
tion courses in colleges and universities as part of their formal education cur-
riculum.

– Policy/legislative efforts – Legislations were reviewed in order to address un-
derlying factors and crucial issues relevant to combating land degradation 
and mitigating the effects of drought These legislations include the Agricul-
ture and Fisheries Modernization Act, Balanced Fertilization Strategy, Na-
tional Integrated Protected Areas System and the Environmental Impact As-
sessment.

The general plan of action for the development and implementation of the Philip-
pine National Action Plan to Combat Desertification is to be pursued under the 
following phases:

Administrative collaboration and convergence – four portfolio departments 
(ministries) i.e. the Department of Agriculture, Department of Agrarian Re-
form, Department of Environment and Natural Resources and the Department 
of Science and Technology have committed to catalytic funding in support of the 
activities under the Plan. The agencies have also committed to follow through 
with the mainstreaming of the NAP, aligning their respective key programmes 
and having it reflected in the Philippine Medium term Development Program 
and the Philippine Medium term Development Investment Programme. 
Technical collaboration and convergence – the national focal point for the 
UNCCD will initiate the mobilization of resources to support the technical ac-
tivities of the NAP. Efforts will focus on the following critical areas:
a. GIS mapping and assessment of vulnerable areas and communities in sea-

sonally arid and drought prone areas in partnership with the other technical 
agencies which have similar mandate, information and human resources for 
carrying out the tasks;

b. Review and validation of appropriate land and water technologies to mitigate 
the effects of land degradation and desertification and drought all with the 
aim of alleviating poverty and food insecurity in marginal upland areas;

c. Review and identification of policy gaps for effective governance and imple-
mentation of desertification control, land and water degradation prevention 
and poverty alleviation in seasonally arid areas; and

d. Formulation of selection criteria for the identification of priority programs 
and pilot areas for implementing interventions that synergize the three con-
ventions.

Mobilization of local and external funding sources for the implementation of 
thematic programs of the Philippine NAPs; and 
Actual implementation of priority programs which includes sustainable agri-
culture and marginal upland development and integrated ecosystems manage-
ment of the NAP. Concerned government agencies, will serve as the host institu-
tion while academic institutions, local governments, non-government organiza-
tions and private sector will be tapped as collaborating partner agencies.
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Table 25.4 summarizes the context of the Philippine NAP and how it envisions 
complying with the commitment to the Convention:

25.6
Conclusions 

The challenges of land degradation and how it can be aggravated by climate change 
looms large for the Philippines. Years of abuse, misuse and apathy of a country’s 
rich endowments has not only affected the sustainability of economic growth but 
has critically affected the poor and marginalized communities, which unjustifi-
ably are the first ones to suffer when natural disasters occur. The current efforts 
as presented in the preceding discussions are excellent springboards for action for 
which the government and civil society as a whole can capitalize. One of the posi-
tive aspects of the MEA process, in particular the UNCCD, UNCBD and the UN-
FCCC, was that it stressed the importance of an inclusive participatory process in 
the formulation of the strategies for addressing these pressing environmental prob-
lems. Many of the critical elements for addressing the land degradation and cli-
mate change are already contained in the action plans and strategic measures that 
have identified and submitted to the respective COPs. 

Echoing the suggestions put forward by the Asian region for the forthcoming 
CRIC of UNCCD to be held in Argentina, the following focus of efforts would en-
sure that the linkage between climate change and land degradation is strength-
ened: 

Policies relating to agriculture, land use and energy systems need to be integrat-
ed and linked with climate change mitigation and adaptation policies. 
Capacity-building continues to be vital to the implementation process. Key ar-
eas for capacity development are in the areas of capacity initiatives for partici-
patory approaches, institutional strengthening, resource mobilization, in par-
ticular for GEF funding, and most importantly on the scientific field. The role of 
science, research and development and monitoring and evaluation are critical 
capacities which countries need to address. 
Mainstreaming the national action programmes into the national development 
processes and economic decision-making, while remains a challenge, needs to 
be actively pursued. 
The current status of the NAPs should be viewed as critical inputs to the entire 
development process and therefore must not loose their importance and mo-
mentum in utilizing it as a programming tool for combating land degradation 
and desertification and climate change.
Results from NCSA exercises should be utilized more prominently in the pur-
suit of synergistic implementation of the Rio Conventions at the national level.
Policy debates on, and activities aiming at, the inclusion of the private sector 
should be promoted in order to systematically tap financial resources for the 
MEA implementation.
Investment in developing infrastructure is a vital measure to reduce future 
greenhouse gas emissions and arresting land degradation. Its importance in 
those sectors where GHG emissions are significant, such as the energy and 
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Table 25.4 The Philippine National Action Plan under the UNCCD

Goal General objectives Thematic 
Programs

Program component/project

To mainstream 
agriculture and 
rural environment 
development 
programs that 
will prevent 
the incidence 
and spread of 
desertification and 
land degradation 
in deprived 
communities 
living in 
seasonally arid 
degraded lands

• To establish close 
implementation 
synergy of the 
UNCCD with 
other relevant 
UN Conventions 
(Biodiversity and 
climate change) 

• To establish 
ecosystems-based 
technology options 
for the development 
and protection of 
fragile landscapes and 
vulnerable communities

• To implement 
community-focused RD 
and E and networking 
programs and projects 
on critical watershed 
suffering from land 
degradation and 
desertification

• To establish network 
of community 
learning centers for 
the promotion of 
community-based 
participatory learning 
and planning for critical 
watershed planning and 
development

• To establish a 
network of institutions 
and farmer-experts-
technician service 
systems for the 
sustainability of the 
community based 
support systems.

Sustainable 
Agriculture 
and Marginal 
Uplands 
Development 
Program

Land and water Technology 
development

1. Assessment and 
mitigation measures against 
desertification processes in 
the oldest irrigations system in 
Central Luzon

2. Arresting the soil nutrient 
depletion and water pollution 
of the strategic zones of 
agriculture located in 
seasonally arid areas

3. Precision agriculture 
towards sustaining optimal 
productivity of rice and corn 
in the Philippines

To institutionalize 
the NAP as a 
convergence 
Plan of Action 
of the National 
Government 
against land 
degradation and 
poverty

Local Governance and 
Community Initiatives

1. Promoting community-
LGU Partnerships in 
managing Karst water in 
small-island provinces

2. Establishment of small 
water retention structures 
for upland agriculture and 
agrarian reform community 
development

3. Establishment of Network 
of Farmer expert’s systems and 
farmers participatory learning 
centers for technology 
adaptation and development of 
understanding desertification, 
biodiversity and climate 
change.

4. Conservation farming 
villages(CFV) toward 
sustainable management of 
sloping lands enhancement 
of home gardens and wood 
sufficiency and genetic 
diversity especially in sand 
dune areas of Ilocos region 
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Table 25.4 Continued

Goal General objectives Thematic 
Programs

Program component/project

• To institutionalize 
the community 
initiatives for local 
area development for 
effective control and 
prevention of location-
specific desertification, 
drought and land 
degradation in the 
Philippines.

• To establish a nation-
wide harmonized 
GIS database and 
information system for 
desertification and land 
degradation.

• To harmonize 
and systematize 
enabling policies 
an implementation 
strategies with a view 
of developing 
legislations for 
the productivity 
improvement of 
degraded lands and 
mitigation measures 
against the expansion 
of desertification in 
seasonally arid areas
of the Philippines.

Integrated 
Ecosystems 
Management

Land and Water Technology 
Development

1. Promotion and development of 
community-based wilderness agriculture 
for improvement of forest productivity 
and rehabilitation.

Local Governance and Community 
Initiatives

1. Local governance-community 
partnership in managing degraded and 
critical multiple watershed

Cross cutting 
Programs

Data base Development and 
Harmonization

1. Village level GIS landscape grid 
approach for integrated land and water 
resources database and information 
development

Information, Education and 
Communication

1. Support to the development and 
publication of knowledge products and 
tri-media materials

2. compendium of community defined 
useful plants, herbs, and wildlife and 
their niches, habitat an distribution

Enabling Policy Development

1. Raw water valuation, trading and 
incentives for water systems.

transport sectors, cannot be understated and should be used alongside initia-
tives that provide access to improving technologies and enhance capacity-build-
ing.
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CHAPTER 26

Successful Grassland Regeneration 
in a Severely Degraded Catchment: 
a Whole of Government Approach
in North West Australia
P. E. Novelly and I.W. Watson

Abstract. By the 1950s, a significant proportion (over 15 000 km2 ) of the Ord River 
catchment in north-west Australia was severely degraded through excessive graz-
ing pressure, in particular cattle and feral donkeys. Beginning in 1960, a ‘whole 
of government’ approach to rehabilitation of the degraded area was taken by the 
Western Australian government. This extended regeneration program was charac-
terized by a combination of changed government land use priorities with legisla-
tive and regulatory backing, animal control, reclamation works and sequences of 
years of both favourable and unfavourable rainfall. Various factors, both techni-
cal and non-technical, influenced the success of the regeneration program. These 
included resumption by the State government of all or part of five grazing leases 
(following an initial abortive attempt at rehabilitation while cattle production ac-
tivities continued), a complete destocking program to remove both cattle and fe-
ral donkeys, and the initiation of a Government-funded grassland replanting pro-
gram. The Government enacted specific legislation, the Ord River Dam Catchment 
Area (Straying Cattle) Act, 1967, which passed control of all cattle in the rehabilita-
tion area to Government. Assessment in 2002 suggested that the regeneration pro-
gram was remarkably successful, to the extent that, in 2006, the area was included 
in the Western Australian conservation estate. Rehabilitation of this type requires 
a certain combination of factors to be successful, although some, such as rainfall, 
are outside management control. This paper examines the rehabilitation program, 
assesses the factors important in its success and identifies those factors which may 
be relevant to other situations.

26.1
Introduction

Rangeland degradation is a common occurrence throughout the world. Australia 
is no different and there are multiple examples of severe degradation with vary-
ing forms of recovery (McKeon et al. 2004). Degradation typically implies a loss of 
the utility or potential utility or a change in the features of rangeland ecosystems. 
These changes are difficult, time consuming and expensive to reverse, and are as-
sociated with continuous reduction of ecosystem productivity/biomass. The mani-
festations of degradation are the loss of soil cover, in particular perennial grasses, 
and soil loss (either wind or water driven), through either surface sheeting and/
or the development of often extensive gully systems. The high percentage of the 
world’s rangelands that suffer from over use stems from the extensive, low inten-
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sity character of pastoral land use, the slow response to land management changes 
in arid climates, and the social and economic problems associated with reducing 
livestock numbers on heavily used rangelands (Narjisse 2000).

Much of the focus on land degradation appears to be on its causes (‘drought’, 
excessive grazing pressure or combinations of these and other factors) and on both 
the current and potential spatial extent of degraded lands. These are important is-
sues and warrant significant research and assessment. Equally important, but gen-
erating somewhat less interest, appears to be the study of reversing degradation 
and, in particular, the reason behind the success or failure of regeneration pro-
grams. Perhaps this is because the costs of rehabilitation of significant areas of de-
graded rangelands are often considerably greater than potential returns once re-
habilitation is complete. This is particularly so in areas where the predominant 
land use is extensive grazing of domestic stock. Another reason could be that the 
necessary management and time frames for large scale programs to allow full or 
even partial recovery are often too daunting for those with an interest in rehabili-
tation. Therefore, documented examples of successful large scale regeneration are 
rare (Pickard 2002), while the literature and anecdotal experience suggest that ex-
amples of either complete or partial failures are common.

The successful regeneration of significant areas of the catchment of the Ord Riv-
er in north-eastern Western Australia, with a rehabilitated area well in excess of 
one million ha, is one example of a successful rehabilitation scheme. But, how typi-
cal or how unique was this program? Is it possible to identify the factors that lead 
to its success, or was success simply serendipity? This paper assesses the reasons for 
the success of this program, and for the initial impetus to conduct rehabilitation 
works, and discusses the relevance of these factors for similar activities elsewhere.

26.2
Background

The East Kimberley region of north-east Western Australia (in particular the Shires 
of Wyndham-East Kimberley (Wynd-EK) and Halls Creek – see Fig. 26.1) covers 
approximately 200,000 km2, and is drained by the 650 km long Ord River and its 
tributaries. Following European settlement in the 1880s, cattle numbers in the re-
gion rapidly expanded, sustained by an abundance of surface waters and produc-
tive native grass species. Land was (and still is) held under pastoral leasehold ten-
ure, with lease size ranging from 250,000 to 400,000 ha. Pastoral infrastructure 
development (fences and artificial water points) was limited until the 1960s and 
1970s, and consequently there was virtually no control over where cattle concen-
trated. This situation led to significant localized overgrazing.

Cattle numbers in the areas were substantial. For example, early station records 
show stock numbers ranged from 85,000 to 90,000 head on the original Ord River 
lease (which then included Turner Station) during the years 1905 to 1915. Heavy 
grazing pressure was maintained well into the 1950s, during which time feral ani-
mals (particularly donkeys but also including camels and water buffalo) also in-
creased dramatically. This further reduced the control of grazing pressure. This 
increase in grazing pressure was sufficient to exceed the resilience of the range-
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lands, specifically parts of the Nelson, Gordon, Antrim and Elder land systems 
(Stewart et al. 1970). Large areas became degraded and eroded. Of the total area of 
the Ord catchment within Western Australia (approximately 47,000 km2), an esti-
mated 3,755 km2 were subject to varying degrees of erosion (Fitzgerald 1968). The 
affected area straddled the Ord River and its major tributaries, the Elvire, Negri, 
Stirling, Panton, Turner and Nicholson Rivers. The majority of the eroded country 
occurred in Western Australia. However, a significant contiguous area of degrada-
tion also occurred in the Northern Territory (the adjoining jurisdiction to the east) 
in the catchment of the Negri River, a major tributary of the Ord River. Erosion of 
the friable, calcareous soils of the area contributed enormous sediment loads to the 
Ord River, and it was later recognised that this had the potential to silt up the res-
ervoir of the proposed irrigation scheme.

Although erosion in the Ord River catchment was described in the 1940s (Med-
calf 1944; Teakle 1944), it was not recognised as being a problem of sufficient mag-
nitude to warrant remedial action until plans to dam the Ord River were conceived. 
At the time, the sediment load, estimated to average about 29 million t yr-1 at Coo-
libah Pocket near the site of the present Ord Dam (Kata 1978), was considered a 
sufficient threat to the long term storage capacity of the dam to necessitate a stabi-
lisation program on the most severely eroded parts of the catchment. 

The regeneration project was commenced in 1960 by the then Western Austra-
lian Department of Agriculture (now the Department of Agriculture and Food, 

Fig 26.1. The Ord-Bonaparte region of north-west Australia illustrating the lo-cation of the Kim-
berley region and the Ord River.
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WA (DAF)). The project commenced under a cooperative arrangement with sta-
tion lessees. However, the arrangement did not prove workable and, in 1967, the 
Ord River and Turner River Stations and parts of the Flora Valley, Ruby Plains and 
Elvire Stations, an area of approximately 15,000 km2, were resumed by the State 
government and the area gazetted as a Water Catchment Reserve. 

26.3
Description of the project area

The project area (Fig. 26. 2), which is now called the Ord River Regeneration Re-
serve (ORRR) included the middle reaches of the Ord River and parts of large trib-
utaries such as the Negri, Forrest, Nicholson, Turner, Elvire and Fox Rivers.

26.3.1
Climate

The area has a hot, strongly seasonal monsoonal climate with a five month (Novem-
ber-March) rainy season, and little rainfall for the remainder of the year. The mean 
annual rainfall (July to June) is 513 mm at the ORRR depot (now abandoned) in 
the north and 461 mm at Fox River Station in the south of the ORRR. Rainfall re-
cords were provided by the SILO website http://www.nrme.qld.gov.au/silo/. These 
data were interpolated, based on actual rainfall records from Bureau of Meteorol-
ogy recording stations in the region. The SILO data may therefore differ slightly 
from actual readings at ORRR depot and Fox River Station. The detailed interpo-
lation methods are described by Jeffrey et al. (2001). The mean annual rainfall de-
clines by about 1 mm km-1 southwards across this part of the Kimberley (Bureau 
of Meteorology 1996).

Rainfall variability for any one month can be high. Annual rainfall variability 
is moderately reliable in the northern portion of ORRR, but less reliable further 
south (using the variability index of Bureau of Meteorology 1996, p. 17). The wet 
season generally begins with convective thunderstorms which, although isolated, 
can generate large volumes of run-off due to intense and sustained rainfall. Run-off 
is exacerbated by low infiltration rates. Mid wet season rainfall is more monsoonal 
and, while perhaps less intense, rainfall is generally more widespread and can be 
prolonged, again generating considerable run-off. Although rare, cyclones are also 
important because of the associated very heavy and intense rainfalls, which may 
cause extensive flooding, and river, channel and overland (sheet) flows. 

The maximum daily rainfall recorded at ORRR depot was 194 mm in February 
1995, while consecutive days of rainfall have produced over 300 mm in about 8 per 
cent of years. Average daily maximum temperature ranges from 27.1°C in July to 
38.4°C in November. Mean monthly relative humidity at 3 p.m. is 22% in July and 
20% in November. Mean monthly evaporation rates range from 183 mm in June to 
360 mm in October, with an annual evaporation rate of 3,248 mm (Halls Creek re-
cords, Bureau of Meteorology 1996).
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Fig 26.2. Location of the Ord River Regeneration Reserve (ORRR)
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26.3.2
Landforms, soils and vegetation

The ORRR consists of extensive, level to gently undulating plains surrounded by 
more rugged country of limestone and basalt hills and prominent sandstone rang-
es. Soils include shallow stony types on hills, foot slopes and cuesta tops, cracking 
clays on lower gilgai (‘black soil’) plains, and calcareous grey brown loams and 
light clays over limestone and shale on undulating plains and interfluves. These lat-
ter soils are most common on the Nelson and Gordon land systems. They are weak-
ly structured and powdery and, once bared, are particularly susceptible to erosion. 
Other soils are sandy red earths and alluvial types associated with juvenile alluvial 
deposits and levees of the major drainage lines.

Vegetation of the area is mainly tussock grassland and a grassland/savanna 
woodland complex dominated by perennial and annual/biennial tussock native 
grasses (Astrebla spp., Chrysopogon fallax, Aristida latifolia, Sehima nervosum,
and Enneapogon polyphyllus) and trees (Corymbia spp., Bauhinia cunninghamii
and Terminalia spp.). Some large parts of the ORRR, particularly those more xeric 
areas with stony soils, support hummock grasses dominated by Triodia wiseana,
with scattered trees and shrubs.

Pasture type distribution is strongly influenced by soil type and topography. 
This results in a mosaic of different pastures, encouraging localised overgrazing on 
more favoured types. Prolonged uncontrolled and excessive grazing in the past had 
substantially altered some pastures both in species composition (towards annuals 
or short-lived perennials) and total ground cover. In specific areas, the regenera-
tion process and the introduction of the exotic buffel and Birdwood grasses (Cen-
chrus spp.) have led to dominance by these introduced grasses.

The ORRR land systems and their component land units, soils and pastures 
were described by Stewart et al. (1970), Ryan (1981) and de Salis (1993). Two ma-
jor severely degraded and eroded land systems are the Nelson system in the north 
and the Gordon system in the south. In Western Australia, the Nelson system is 
unique to the ORRR but it also extends into the Northern Territory. About 90% 
of the Gordon system is confined to the ORRR. Both land systems have particular 
land units with inherent characteristics (such as pasture type, soil types and slope) 
which make them highly preferred by cattle and therefore susceptible to significant 
over-use and erosion.

26.4
Regeneration Program

The rehabilitation on the ORRR began in 1960, and was managed by DAF. Under 
an agreement with the Northern Territory Administration, the Western Australian 
Government also carried out work on adjacent areas in the Northern Territory.

The regeneration program involved fencing the area into large paddocks, cattle 
destocking and donkey eradication, and cultivation and seeding of degraded areas 
accessible to machinery. Cultivation was carried out using tractor-mounted imple-
ments, and all cultivations were carried out on the contour in discontinuous par-
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allel strips about 3 m wide, usually separated from each other by 5-10 m of uncul-
tivated ground. The introduced species kapok bush (Aerva javanica), buffel grass 
(Cenchrus ciliaris) and Birdwood grass (C. setigerus) were seeded together.

Cultivation works and seeding continued at various levels of intensity until the 
late-1980s. Many areas were treated more than once, some three or four times. Re-
peat work involved strip cultivation, sometimes without seeding, between the lines 
of the original cultivations to encourage spread of the introduced species, particu-
larly the grasses. 

Recovery within the project area was described by Fitzgerald (1968), Ryan (1981), 
and de Salis (1993). Since the late 1990s, observational evidence had suggested that 
vegetative cover had continued to improve considerably throughout the project 
area, dominated in many areas by the introduced Cenchrus species, but with native 
grasses common and increasing (Figs. 26.3a and 26.3b), but there was no quantita-
tive information concerning gully stabilisation. Good or very good seasonal condi-
tions during most of the 1990s, combined with the success of the cattle destocking 
program (which was essentially completed in the early 1990s apart from on-going 
control of incursions), drove this recovery. In 2002, a full review of the status of the 
ORRR scheme was conducted (Payne et al. 2004). This confirmed the success of the 
rehabilitation program in achieving the initial objectives, although perennial veg-
etation cover could still increase substantially over time in some areas, with gully 
stabilisation also continuing over time as run-off is reduced. In 2006, the Reserve 
became part of the Western Australian conservation estate, and is now managed by 
the Department of Environment and Conservation, Western Australia. 

Fig 26.3. a,b a Ord River Regeneration Project site Nelson land system, Turner Plains with the 
Hardman Range in the background, 1962 (above) and similar area in August 2002 (below). 
b Kelly paddock, Headley land system, Ord River Regeneration Reserve, September 1963 (above) 
and August 2002 (below)
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26.4.1
Why was the Regeneration so Successful?

The regeneration of the ORRR was extremely successful but this success appears to 
have been unique. As mentioned above (see Introduction), the success of regenera-
tion programs has been extremely variable, as has been the willingness of govern-
ments and other bodies to attempt large scale rangeland rehabilitation programs. 
Given the success of the ORRR scheme, it is useful to assess why it was success-
ful, the extent to which factors important in regeneration may be unique to the 
ORRR scheme, and the extent to which lessons of benefit in other situations may 
be drawn.

26.4.1.1
There was a “catalyst” for action

From the early 1960s, there was a significant change in the land use in the lower 
Ord River floodplain, from low output extensive cattle production to an irrigation 
program promising a significant increase in financial return per unit area. Prelim-
inary studies by Dumas (1944) had revealed the existence of suitable dam sites on 
the Ord River, and studies by the Western Australian Government and the Aus-
tralian Commonwealth Scientific and Industrial Research Organisation (CSIRO) 
suggested that approximately 40,000 ha of the alluvial plains north of Kununurra 
(well outside the ORRR) were considered suitable for irrigation. Research into the 
potential for irrigated farming was undertaken jointly by DAF and CSIRO from 
1947 (Anon 1960), with water for irrigation to be provided by damming the Ord 
River and creating Lake Argyle (approximately 1,000 km2 in area) as the reservoir. 
Irrigated agriculture began in the early 1960s with water from a diversion dam 
built to regulate the flow of water for irrigation. Following completion of the main 
dam, Lake Argyle reached spillway capacity for the first time in the 1973/1974 wet 
season. 

During the early assessment of irrigation potential, serious soil erosion was not-
ed on the red soils of the Nelson and Elder land systems, and the potential for 
sedimentation to reduce the life of the storage reservoir was identified as early as 
1944.  During the period of dam construction that led to the formation of Lake Ar-
gyle, several studies assessed sediment movement through the catchment. Sadler’s 
(1970) estimate of average sediment load for the Ord River was 24 x 106 t yr-1, sug-
gesting that there would be approximately a 30% reduction in storage volume in 
Lake Argyle after 100 years. Therefore, sedimentation was recognized as a serious 
threat to irrigation security, potentially putting at risk the water resource for the 
irrigation area.

The income generated from grazing rangeland is low compared with the costs 
of rehabilitation. Moreover, the capacity of many rangeland users to fund any form 
of rehabilitation is often non-existent, requiring significant government or other 
agency input. In the Ord River catchment, without the potential financial returns 
from the irrigation proposal, there would have been limited capacity (or perhaps 
even will) from the Western Australian Government to initiate the rehabilitation 
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program, and there is no doubt that this change of land use was instrumental in 
initiating the regeneration program. MacLeod and Johnston (1990) and Lindner 
(1990) clearly outline the issues in regard to funding rangeland rehabilitation, and 
the limits if a proposal is to be assessed on purely economic grounds. This leads to 
the conclusion that there are few supporters for the concept of actually investing 
in reversing degradation (as opposed to rhetoric) when the rationale is based solely 
on the premise that degradation itself is unacceptable. Perhaps to expect such sup-
port, given the social, cultural and economic difficulties (without even consider-
ing the technical ones) confronting those attempting to gain control of land for the 
purposes of rehabilitation, is naïve. Perhaps the correct focus, given the difficulties 
in rehabilitation, appears to be on reducing the further spread of degradation. But, 
reducing spread will have limited effect on reversing the impacts on those areas 
and communities already affected by degradation, and the economic and social ef-
fects of such a situation.

26.4.1.2
Legislation and Government action

Initial regeneration work in the ORRR was done in conjunction with the existing 
lessees. The lessees of the Western Australian stations were to remove cattle from 
areas to be reseeded, to contribute to the cost of fencing and assist in ensuring 
seeded areas remained stock free. But this arrangement proved unworkable, and 
in 1967 the most severely eroded areas of the catchment (around 15,000 km2) were 
resumed by the Western Australian Government as a Water Catchment Reserve 
under Section 109 of the Land Act (1939-1965). This resumption was strengthened 
by the Ord River Dam Catchment Area (Straying Cattle) Act, gazetted in 1967 and 
amended in 1969, which vested ownership of all cattle found within the Reserve 
with the Crown. The Reserve still (in 2007) remains subject to the provisions of 
this Act.

This degree of control over both land management and animal numbers (i.e. 
grazing pressure) provided the authority to develop a ‘workable’ program and to 
deal with issues as they arose. This contrasted significantly with the situation prior 
to resumption when cattle ‘invaded’ regenerating areas and restricted rehabilita-
tion. Without the authority provided by this legislation, it is doubtful that the con-
trol necessary for complete success in the ORRR would have been possible. But, 
such changes in Government policy through legislation generally cause a disrup-
tion in the status quo, and can result in significant opposition. Consequently, such 
changes need to be carefully considered and support and compensation provided 
to those negatively affected by the change. Ideally, such changes should be worked 
out in collaboration with those who have a direct stake in the outcomes (see, for 
example, Brinkerhoff 1995). 

While programs such as the ORRR rehabilitation are often the function of only 
one government agency or department, this ‘whole of Government’ approach also 
provided additional support beyond that which could be achieved by only one 
agency with a specific charter of operations. While DAF was responsible for the 
management of the program for the entire period, the input and support provided 
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by this ‘whole of Government’ approach assisted in maintaining budget require-
ments, control etc. This was particularly the case in the first decades of the pro-
gram, although the focus did shift towards DAF being the major ‘champion’ in 
later years.

26.4.1.3
Removal of cattle

The most common feature of rangeland degradation is the carrying of far too 
many animals and an excessive grazing pressure on the landscape. Whether or not 
‘drought’ plays a part, ultimately degradation is caused by too many herbivores for 
the forage available. Often, in fact, ‘drought’ is simply the time when non-sustain-
able grazing management practices become evident. Thus, the major management 
issue in extensive grazing systems is managing the number of animals, both do-
mestic and feral. Of significant importance in the ORRR scheme was the clear real-
ization that rehabilitation would not be successful without control of cattle and fe-
ral donkeys. Moreover, Government was prepared not only to invest in removal of 
existing cattle on the ORRR, but to take seriously ingress of cattle from surround-
ing leases and remove these cattle and their impact by whatever means was neces-
sary, including the shooting of animals from helicopters. 

Initial mustering to destock paddocks was undertaken by station lessees. How-
ever, after resumption of the leases, subsequent mustering and destocking was fa-
cilitated by the Ord River Dam Catchment Area (Straying Cattle) Act. Contract 
musterers and DAF staff turned off cattle in most years, until the mid-1990s. Be-
tween 1961 and 1990, 143,000 cattle were recorded as being removed from the area, 
while from 1979 to 1981, 15,138 donkeys were shot from helicopters, and recorded 
numbers were by no means all of those removed (Fig. 26.4).

From 1994 to 2000, a further 2,503 donkeys and 1,148 cattle were removed. Be-
cause of the large area and the rough terrain, animal control was not fully achieved 
until the early 1990s. Rehabilitation success reflected this, with rehabilitation even 
during extended periods of favourable seasonal conditions in the 1970s severely re-
stricted by continued grazing impact. The ORRR is currently stock free, with an 
on-going program of surveillance and removal of any cattle found entering the Re-
generation Reserve.

The ability and willingness to address the issue of grazing pressure through leg-
islation (it was after all excessive grazing pressure that was the cause of degrada-
tion in the ORRR) was of major importance in the success of this scheme. Degra-
dation was the symptom of a deeper problem, that of excessive, prolonged and un-
controlled grazing pressure. If the cause of the problem had not been addressed, 
and continued to be addressed throughout the life of the program, it is unlikely the 
outcome would have been favourable. Recent interest to re-open the ORRR area to 
grazing has also been resisted, because of the inherent fragility of the rangelands, 
and the potential for the degradation process to begin anew. 

Such an option was possible in the extensively managed rangelands of northern 
Australia, but may not be possible in other countries where alternative sources of 
income may not be available to communities who depend on the grazing animals 
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for their livelihoods. Induced destocking requires significant investment in logis-
tics and technical support, and is only possible in certain situations. Traditional 
herders suffer high losses from destocking programs and are faced with difficult 
circumstances during the subsequent years of very slow herd reconstitution. Most 
pastoralists, especially smallholders, have no options other than selling animals at 
very low prices in order to purchase food grains at very high prices. Once the situ-
ation improves, the smallholders cannot return to herding without external sup-
port. These factors cannot be ignored. Equally, other factors defining a differing 
“pressure” or driver towards degradation such as excessive fuel wood collection 
and the encroachment of non-sustainable cultivation into rangeland require simi-
lar consideration and assessment as to being both a cause of degradation and a bar-
rier to its reversal. Whatever the cause (or causes), rehabilitation attempts will be 
severely restricted if the focus remains on the symptoms rather than the cause. This 
highlights the interrelationship of the social/economic factors with the ecologi-
cal, and the need for a broadly based view in assessing both the potential success 
of schemes being considered for implementation as well as in assessing schemes as 
they near completion. Examples such as the United Nations Convention to Combat 
Desertification (United Nations 1995) endorse the requirement for community in-
volvement and acceptance of the problem, and advocate participatory development 
and the rights of local communities to manage their natural resources. Its strong 
emphasis on the need for community participation in development initiatives and 
the necessity for government to delegate decision making authority to the local 

Fig 26.4. Cattle removed from the Ord River Regeneration Reserve, 1961 to 1990
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level is fundamental to sustainable community development. But this is not meant 
to merely to allow communities to have a ‘say’ in the initiatives. It is necessary to 
encourage communities to ‘own’ the problem (in this case rangeland degradation), 
its causes (such as excessive grazing pressure) and the solution (such a adhering to 
restrictions on grazing pressure). This must not be ignored, and if the community 
cannot implement the solution (or one or more of the various steps in that path), 
then an alternative solution must be found if success is to be at all possible. 

26.4.1.4
Rainfall

Rainfall, the major driver for success of the ORRR regeneration program, was be-
yond management control. Yet, the Ord River catchment, and north-west Australia 
in general, is characterized by an unpredictable and highly variable rainfall envi-
ronment. Significant and extended periods of poor rainfall were recorded during 
the program, with rehabilitation stagnating during such periods. 

Annual deviations from the mean rainfall at ORRR depot are substantial (Fig. 
26.5). In general, the early years of the project were characterised by below aver-
age seasons. A run of very good seasons occurred from the mid-1970s to the ear-

Fig. 26.5. Annual (July to June) rainfall deviation from long term mean at Ord River Regenera-
tion Reserve depot (1959/60-2001/02)
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ly 1980s, with another run of good seasons during the 1990s from 1992/93 on-
wards.

Of importance is the concurrency of extended periods of satisfactory rainfall 
and the occurrence of other factors necessary for success (in particular control of 
grazing pressure). While rainfall appeared satisfactory for establishment of seed-
ed species in the 1970s, animal control was minimal at that time, and the grazing 
pressure in the areas defined for rehabilitation remained high. As a consequence, 
the program was unable to take advantage of this run of good seasons and as-
sessments suggested minimal rehabilitation. Subsequently, when grazing pressure 
had been controlled in many areas, this coincided with the extended dry period 
from the late 1980s to the early 1990s. Again rehabilitation stagnated. It was only 
from the 1992/1993 wet season onwards that a succession of good seasons coin-
cided with effective and sustained grazing pressure control with the virtual elimi-
nation of all cattle and donkeys from the ORRR. This highlights the importance 
of long-term commitment to such programs (see next section), particularly con-
sidering that rainfall management is impossible and that climates such as those of 
north-west Australia are characterized by substantial inter-annual variability. It 
also highlights the interaction of many of the factors important in the success of 
the regeneration program, and the need to consider such interactions when fram-
ing a rehabilitation program.

26.4.1.5
Extended timeframes

Government commitment to the rehabilitation program continued beyond the 
time when the sediment load entering Lake Argyle fell to acceptable levels, and 
continues still (2007). Apart from assessments and reviews conducted in the first 
decades of the program (Kata 1978; Ryan and Payne 1976; Ryan 1981; de Salis 
1993), internal reviews by DAF in the mid-1980s and in 1990 highlighted concerns 
that sediment loads of the Ord River were still unacceptably high. With successful 
regeneration evident on the upper slopes, it was thought that the majority of sedi-
ment entering the dam may have originated from gully extension, widening and 
deepening. Gully control measures were tested on a small number of gullies with 
reasonable success but were not applied as a broad scale treatment because the cost 
was considered prohibitive. A further multi-agency major review was conducted 
from 1990 to 1992, a review of the then management program conducted in 2000, 
and further testing of sediment levels entering Lake Argyle carried out as late as 
November 2006.

Such long timeframes and focus on objectives are uncommon in Government 
programs, where timeframes for projects can be as short as two years. The ORRR 
regeneration program continued for over 45 years, and while actual seeding/land 
management activities were completed after approximately 30 years, on-going as-
sessment and specific management (surveillance and removal of cattle entering the 
Reserve, wildfire management, maintenance of fences and tracks) continues, with 
the costs borne by Government. In fact, it is fair to say that until the mid-1990s 
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there was no real surety that the aims of the program (sediment reduction) would 
be achieved. Yet Government continued with the commitment.

Commitment to extended timeframes is not only a requirement of Government. 
Most certainly, in many parts of the world, a long term commitment from the com-
munity would also be required. The aim increasingly must be to encourage the 
communities themselves, through on-going and long term support and training, 
to introduce land improvement measures, and to accept a stake in the outcomes, 
even if desired outcomes may be a long time coming (see, for example, Ramberg 
1993). Concurrently, the commitment of the community requires that the tech-
nologies introduced are both relevant to the situation and available to the commu-
nity (in both a financial and logistical sense) for the full duration of the rehabilita-
tion program. Too often, support made available to the community diminishes as 
time passes, and the community is limited in its capacity to continue with the steps 
necessary for full rehabilitation or manage during an extended period of limited 
income. Rangeland rehabilitation often requires a decadal timeframe. Programs 
initiated without clear recognition being given to this reality risk failure from the 
outset.

26.4.1.6
Focus on the single objective

The ORRR regeneration program was established with one purpose in mind – the 
‘single-minded’ purpose of reducing the sediment load in the Ord River and so the 
sediment deposition in Lake Argyle, the source of water for the Ord River Irriga-
tion Area. The decisions made, such as that to use exotic rather than indigenous 
plant species for regeneration, were taken in the context of this focus. 

The ORRR project began in 1960, when a less ‘holistic’ view was taken of natu-
ral resource management by both government and the community. Issues such as 
the use of exotic species for regeneration rather than native species, and the impact 
that exotic species may have on factors such as biodiversity, were either not consid-
ered at all or were discounted. However, what could be defined as ‘community val-
ues’ are now changing. For example, in 2007, the issue of the use of exotic pasture 
plants is far more contentious. While many ‘producers’ regard the establishment 
of exotic pasture plants as a necessary component for either land reclamation or 
economic viability (or both), many regard exotic species as a threat, particularly to 
biodiversity values, both within the area in which they are planted and in the con-
text of the broader landscape values as a whole. Similar situations occur with other 
issues, social and economic as well as the more ‘agronomic’ and ecological. 

It is now recognized that the problems that arise on rangelands are complex and 
multidimensional, and are not amenable to quick and easy fixes. Consequently, the 
extent to which the focus on this single objective was important in the success of 
the ORRR scheme will always be debateable. There is no doubt that once the de-
cision had been made to dam the Ord River for irrigation, the objective of reduc-
ing sediment flow into Lake Argyle became paramount, and other factors were 
not permitted to deflect the focus. This is not to minimize the need to fully con-
sider the complex environment or context within which such programs are gen-
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erally set. This context can, and should, include a range of factors, including the 
‘human nature’ issues, and the context within which governments, organizations 
and agencies operate must be kept firmly in view. Equally important is the link 
between environmental degradation and poverty and the need to address broad-
er socio-economic causes of a natural resource management problem (although 
the relationship between poverty and environmental degradation has been ques-
tioned (Broad 1994). But, there is no doubt that as the focus of a program broadens, 
the impediments increase, reducing the capacity to achieve the fundamental goal. 
Consequently, the ‘purpose’ of any rehabilitation scheme must be clearly defined, 
and the requirements to achieve the goals must be adhered to.

26.6
Discussion and Conclusions

The rehabilitation of degraded rangelands is a contentious issue (see, for example, 
Blaikie 1989; Lindner 1990). Seeding degraded landscapes is a speculative proce-
dure, with the prospect of successfully establishing perennial species being criti-
cally dependent on seasonal conditions and on issues such as grazing pressure in 
the years following initial establishment. The limited return per unit area of much 
of the world’s rangelands makes the economic rationalists argue that rehabilitation 
is simply not cost effective (MacLeod and Johnston 1990). 

In situations where rehabilitation has been carried out, assessment of the pro-
gram often concentrates on more “technical” issues associated with the activities 
– the species planted, their ecology and agronomy and other such factors. These 
factors are certainly important – a poor choice of species or seed quality, not ad-
dressing soil chemical limitations, and inappropriate planting techniques must all 
be addressed and ‘work’ appropriately for the plants to thrive and the regeneration 
to be a success. In the case of the ORRR program, the combination of a ‘colonising 
species’ (Aerva javanica) and two adapted perennial bunch grasses (Cenchrus spe-
cies) proved excellent for initial soil stabilisation, while allowing the native grass 
and forb species to also develop. 

However, this assessment also clearly illustrates that ‘success’ in rehabilitation 
generally requires more than technical expertise. The ‘whole of government’ ap-
proach and the insistence on and commitment to removal of all grazing pressure 
(the cause of the degradation), the acceptance of a long time frame and a commit-
ment to seeing the project through were equally important. In fact, it could be ar-
gued that given the interaction between grazing pressure and favourable seasonal 
conditions, these factors were more important than the species chosen for seed-
ing. 

 Although the individual non-technical factors may vary in other situations, the 
ORRR program is not atypical. There are numerous non-technical factors that will 
potentially influence each regeneration scheme, many of which are hotly debat-
ed. For example, there is debate about the role of factors such as ‘excessive carry-
ing capacity’ as drivers for degradation and the need to reduce carrying capacities 
to achieve rehabilitation (see, for example, Abel 1993). Most of the factors impor-
tant to the success of a rehabilitation program will be unique and peculiar to that 
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scheme; other factors are perhaps part of the socioeconomic and political forces of 
a more global nature (for example, prices or market access) that affect a stockown-
er’s capacity, and willingness, to reduce stock numbers early in a ‘degradation cy-
cle’ and so reduce grazing pressure to more manageable levels. There is no attempt 
in this analysis to suggest that the factors identified as important in the ORRR 
scheme will be equally important, if important at all, in other schemes. However, 
in the case of the ORRR, these non-technical factors were perhaps more important 
than the technical ones, and what this assessment highlights is the importance of 
looking beyond the mere technical aspects when planning such a scheme and iden-
tifying and assessing the reasons behind success or failure of an on-going rehabili-
tation program.

While it would be wrong to draw too much relevance from this assessment for 
other schemes, there is no doubt that several points do stand out. There are com-
monalities between what was important in the ORRR and what is going to be im-
portant in most rehabilitation schemes. These include a need for strong commit-
ment from Government, a willingness to make “hard” decisions focussing on the 
objective of the scheme, dealing with the cause of the problem (excessive grazing 
pressure in this case) concurrently with addressing the symptoms, and a clear ini-
tial acceptance that timeframes will be long. In addition, the required support for 
a long time frame within a subsistence community can only come with a whole of 
government approach because the communities themselves and individual agen-
cies within governments do not have the necessary resources to complete projects 
that have timeframes that stretch over decades. 

The factors important in the success of the ORRR scheme have been discussed 
individually for the purposes of this paper, but, as discussed with respect to the 
interactions of rainfall and grazing pressure, it was the interrelationship of these 
factors and their overall impact that was as important as their individual contri-
butions. 
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CHAPTER 27

Land Degradation Management in Southern Africa
Josephine Philip Msangi

Abstract. In all eight out of the ten countries constituting Southern Africa region 
most people live in rural areas and depend on subsistence agriculture for their live-
lihoods. In the region land degradation occurs mostly from soil erosion, chemical 
degradation (loss of nutrients, depletion of organic matter and acidification) and 
biological depletion. Other factors which contribute to land degradation in the re-
gion include compaction from overgrazing of rangelands, uncontrolled burning 
and improper cultivation of steep slopes, alternating flooding and crusting, salini-
zation and pollution which all combine to cause degeneration of the fragile ecosys-
tems covering large expanses of the region. Landscapes devoid of vegetative cover 
deeply incised by gullies that are difficult to reclaim, characterize large land ex-
panses in the region classified as drylands. The portions classified as sub-humid or 
humid (highlands and wetlands) are prone to rapid soil loss from flash floods or 
periodic flooding. With a cycle of 2-3 and sometimes 5-6 years, droughts that have 
occurred in the region for over a century, worsen the land degradation problem 
making land management a formidable task particularly during the critical mois-
ture deficient periods. Differing land tenure systems combined with high poverty 
and low literacy levels common among the rural population complicate land man-
agement process. Low technological capacity, poor governance, poorly conceived 
management policies and their implementation further complicate land manage-
ment issues. Technology development, technology transfer and low adoption rates 
further exacerbate the situation. Pressure on the land and competition for land is of 
main concern throughout the region. Governments in the region as well as private 
organizations (including the numerous NGOs operating in the region), some com-
munities and individuals (including researchers and academicians) have all iden-
tified the need to conserve land and reverse degradation to restore its productivity 
and improve the quality of life for those who depend on it for their livelihoods. The 
chapter examines the nature and causes of land degradation in the region, linking 
it to population characteristics, land ownership, low technological capacity, pov-
erty, poor governance, low literacy and inappropriate land management practices. 
The chapter points out that numerous interventions targeted at reducing poverty 
and improvement in land resource management have not achieved their targets 
due to lack of coordination, rigidity and imposition which culminated in failure of 
the interveners to recognize and incorporate indigenous knowledge and peoples’ 
preferences and/or indigenous age-old land management strategies. Linkages to 
trade and unequal market access that encourages poverty and unwise use of the 
land resources are discussed. Adopting “people centered” interventions is recom-
mended together with smart partnerships between the participating partners both 
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from the north and those from the south. Solutions will largely depend on willing-
ness to change and sharing information that will guide appropriate regional action. 
The region faces an enormous challenge part of which is to come up with viable so-
lutions that will reverse the degradation of land and manage it sustainably.

27.1
Introduction

In Southern Africa, land tenure determines sustainability in agriculture and rural 
livelihoods (Bond et al. 2004). With the exception of Mozambique, Lesotho and 
Swaziland, vast areas of Southern Africa are arid or semi-arid receiving 500 mm of 
average annual rainfall. Most parts in Namibia, South Africa and Botswana receive 
less than 250 mm with extremely high evapotranspiration rates of over 2500 mm 
yr-1. The soils are generally poor with low organic matter content and have low wa-
ter retention. They are vulnerable to water and wind erosion, leaching and saliniza-
tion if put under irrigation. For example, in South Africa over 30% of the soils are 
sandy with less than 10% clay content; 60% of the soils have a low soil organic mat-
ter and hence conducive to low productivity and degradation (Villiers et al. 2005). 
In Namibia 95% of the soils have clay content of less than 5% and thus have very 
low water holding capacity (Liebenberg 2005). In Botswana, 70% of the soils are 
sandy, geologically old and highly leached, poorly structured, infertile and charac-
terized by hard setting upon wetting (Moroke 2005). In Lesotho, more than 70% of 
the soils are acidic, have low organic matter, low pH and are infertile (Ranthamane 
2005). Elsewhere in the region, varying soils with varying fertilities are found de-
pending on physiography, land use and land management techniques. 

In Southern Africa, most of the land is used for agriculture (crop production 
and/or livestock production); most farmers who live in the rural areas are poor and 
practice small-scale rainfed agriculture and/or agro-pastoralism. In South Africa 
for example, out of 46 million total population with a density of 88 persons ha-1, 3 
million small-scale farmers occupy 13% of the total agricultural land from which 
they meet their subsistence needs while 87% of the arable land is used for commer-
cial farming by about 46,000 commercial farmers who produce about 95% of the 
market output (Villiers et al. 2005). There is pressure on land and high competi-
tion for land by different land users (such as urbanization). In South Africa, land 
degradation is attributed to land use change, drought severity, frequency, duration 
and numerous land use changes. Like wise, in Lesotho most of the population is 
rural; about 82% reside in rural areas and out of these, 55% depend on agriculture 
for their livelihoods. Decline in agricultural land productivity over the years is at-
tributed to declining soil fertility; poor land management, soil erosion and land 
degradation (Ranthamane 2005). 

All over the Southern Africa region, expansive areas are owned by commercial 
farmers cultivating crops for export particularly in South Africa, Swaziland and 
to a lesser extent Zimbabwe (pre-land reforms). Large commercial ranches exist in 
most of the countries but predominantly in South Africa, Namibia and Botswana 
where most of the land is not suitable for rainfed agriculture. However, irrigated 
agriculture and/or dryland farming is practiced by a few commercial farmers in 
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the three countries. Elsewhere, small-scale producers struggle to use the land to 
meet their subsistence needs as well as produce for the world market economy in-
cluding materials needed by a wide range of industries located in the developed 
countries. This includes tobacco in Malawi; fruits and cut flowers in South Africa 
and Zimbabwe and to a lesser extent Namibia; beef in Namibia and Botswana; and 
minerals in South Africa, Namibia, Botswana and Zambia. In so doing, land gets 
degraded either from over-use/misuse, erosion (steep slopes cultivation, mono-
cropping and overgrazing), pollution (especially from mining) and acidification/
leaching (irrigation and flooding).

Land degradation varies from country to country with the type of physical en-
vironment and the type of usage. In Lesotho for example, degradation includes se-
vere soil erosion on the steep slopes and chemical degradation (depletion of organ-
ic matter, leaching, loss of nutrients and acidification) on the lesser steep slopes and 
the lowlands. Alluvial erosion has led to the formation of gullies or “dongas” while 
sheet erosion removes tons and tons of surface soil every year. 

In South Africa on the other hand, major forms of degradation are soil acid-
ity and alkalinity, nutrient and biological depletion, erosion, compaction, crusting 
and pollution. The soils are characterized by high water loss and high runoff rates 
with high evapotranspiration which make most of land unproductive without irri-
gation and addition of fertilizers. High stocking rates in the traditional lands have 
resulted in serious soil erosion and rangeland degradation. 

In Namibia, where the mainstays of the economy include agriculture, mining 
and fishing, agriculture supports 70-75% of the population. About 45% of the land 
is commercial farmland with freehold tenure, 41% is communal farmland and 15% 
is state land including conservation areas. Out of the total area, only 1% of the land 
area is suitable for crop production with or without irrigation. This is found mostly 
in the north and northeast part of the country. The bulk of the agricultural land is 
thus suitable for livestock production (Liebenberg 2005).

Similarly, in Zimbabwe, about 70% of the population live in the rural areas 
and depend on agriculture. They live in communal areas with marginal produc-
tivity, infertile soils, medium rainfall (600 mm yr-1) and high population densi-
ties that have over the years put unimaginable pressure on land and bio-resources 
(Mharapara 2005). Land degradation has its roots in the socio-economic and po-
litical history of the country as well as climatic anomalies (excessive periodic high 
rainfall). Dependence on common property resources by the majority (70%) of the 
population has led to overgrazing, deforestation, soil erosion, over-cultivation, in-
appropriate agricultural practices and resultant poverty. 

In Zambia on the other hand, there is ample agricultural land and 60% of the 
population depends on small-scale agriculture both for subsistence and for income 
generation. The smallholder sector (85%) that is dependent on rainfed agriculture 
employs 67% of the labour force while commercial farming employs 14% (Phiri 
2005). The soils are fragile and infertile due to misuse and a long period of weather-
ing of old mineral rich rocks. Degradation is thus attributed to prolonged use of the 
land without appropriate tillage methods and the age of the parent material. 

In Swaziland, only a small area (10% of total land area) is suitable for crop culti-
vation and the majority of the land (67%) is devoted to cattle grazing. An addition-
al 14.4% used for crop production gets converted to grazing land during summer. 
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About 77% of the total population lives in the rural areas and is dependent on 54% 
of the land that is held in trust by the King for the Swazi people. The rest of the land 
is privately owned and is used for the production of sugarcane and fruits (Manyat-
si 2005). Land degradation is severe in the hilly and undulating middle grasslands 
which constitute the most important agricultural lands and are heavily populated. 
Here intensive farming and livestock grazing have caused soil erosion, particular-
ly in the communal lands held in trust by the King for the people. Elsewhere the 
rangelands are said to be in good condition.

In Malawi, about 86% of the population lives in the rural areas and depend on 
agriculture for their livelihoods while in Mozambique agriculture absorbs about 
84% of the population (both subsistence small-scale and commercial farmers). 
In Malawi, ever declining land productivity is a problem attributed to recurring 
droughts, excessive soil erosion, depletion of soil nutrients, reduced soil water re-
tention capacity and soil low organic matter content (Mulenga 2005). In Mozam-
bique the small-scale farmers depending on rainfed agriculture cultivate 95% of 
the total land devoted to agriculture. Although important to the national economy, 
irrigated agriculture occupies only 1% of the total cultivated land. Due to the vaga-
ries of war, not much literature exists on land degradation in Mozambique (Brito 
et al. 2005). 

27.2
Land Degradation Management 

Land ownership and land tenure partly determines the success rate of technolo-
gy adoption as well as willingness to invest in land management initiatives (Fish-
er et al. 2005). In Southern Africa, a range of technologies have been developed 
over time in order to cope with land degradation in general and these include re-
source conservation, better water harvesting methodologies, development of the 
most suitable crop varieties and development of most suitable tillage and cropping 
systems. Governments, Non-Governmental Organizations (NGOs) and in some 
instances, the private sector have made efforts to address the issue of land degra-
dation with the sole aim of finding solutions. SADC as a regional organization has 
also put in place specific units to address the land degradation and land manage-
ment issues in the region. 

Throughout Southern Africa, with the exception of Swaziland where it is report-
ed that there is a lack of focus on land management, relevant and interesting tech-
nology development has been addressed over time focusing mainly on the small-
scale farmers. Despite the availability of these technologies, the rate of adoption by 
the majority of the small-scale farmers has been low. The reasons advanced include 
poverty, inability to afford the required inputs such as fertilizers and necessary ma-
chinery, and low-level education inhibiting an understanding and appreciation of 
these technologies (Msangi 2004). Other reasons include non-involvement of in-
digenous people during project formulation and ignoring their land management 
practices. Some of the introduced technologies are so general that they do not ad-
dress the problems facing a specific area and hence lack in relevance and applica-
bility to different micro-environments (Molapong 2005). 
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Individually, most countries have made notable efforts in promoting land man-
agement in their countries. Botswana for example, has introduced and implement-
ed a number of programs to promote management of dry land farming and irri-
gated agriculture. These include Arable Lands Development Program (ALDEP), 
Accelerated Rainfed Arable Program (ARAP), Irrigation and Water Development 
Project, Development of Extension Services and Pandamatenga Development 
Project (Moroke 2005). However, success has been minimal due to low technology 
adoption, water shortage, infertile soils and poor infrastructure that discourage 
private sector investment in the agricultural sector. 

Meanwhile, the Botswana Government has introduced The National Master 
Plan for Arable Agriculture and Dairy Development (NAMPAADD), a new pro-
gram to improve land productivity by reforming the small-scale farming sector. It 
is geared towards transforming traditional/subsistence farming and its operations 
to a commercial level and also to enable commercial farmers to upgrade their man-
agement and technological application. Incentives including subsidies are made 
available to those who adopt practices that would lead to increased production 
such as mechanization. Countless research projects to improve tillage practices 
(such as Dry Land Farming Research Scheme (DLFRS)) and pasture and land re-
sources management are being undertaken. 

It is obvious that over the years, Botswana has heavily invested in land manage-
ment for improved land productivity; technologies aimed at improving both crop 
and livestock outputs are in place but the adoption has been poor/slow partly due 
to inadequate private investment and partly due to inadequate human capacity 
(HIV/AIDS has hugely affected the man-power availability).

In Lesotho, the budgetary allocation for land management programs is not 
equivalent to the serious soil erosion and soil declining fertility problems being ex-
perienced in the country. Budgetary allocations have been declining in the last 10 
years and there has been a huge loss of experienced and qualified staff in the land 
management sectors as the senior members leave the sector for higher positions in 
other sectors (Ranthamane 2005). 

However legislation for land conservation (rangelands and wetlands mostly) ex-
ists and plays a vital role in the management efforts being made by both the Gov-
ernment and other players including NGOs and training institutions. There also 
exists a National Environmental Action Plan that addresses, in very general terms, 
the overall management and conservation of biodiversity and natural resources. 
Government Ministries have put in place various programs and projects aimed at 
the management of soil and water and the promotion of agroforestry projects. Also 
in place are training programs for farmers and the youth on conservation farming 
systems. Included in this training are activities on grass seeding for marginal and 
degraded lands. 

Soil erosion is controlled on the marginal lands by the construction of grade 
stabilization structures and stone lines on the rangelands. Check dams have been 
built and progressive soil survey and mapping is carried out to determine land 
suitability for different land use purposes. Courses on soil and water management 
are taught at the National University in an effort to build capacity for land man-
agement in Lesotho. The University also provides extension services to farmers and 
herders during which the farmers and herders are trained on land and water con-
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servation methods, conservation farming systems and how to combat soil erosion. 
Field trips to conservation sites are also conducted for both groups.

Lesotho has numerous other programs managed by different organizations 
such as SERUMULA, an NGO concentrating on natural resources management 
and Katleho-Moho Association, another NGO concentrating on among other 
things rehabilitation of degraded lands and soil fertility management techniques 
for small-scale farmers. Despite the presence of a legal framework which guides the 
activities on land and water management in Lesotho, there is a lack of proper coor-
dination and communication among the various players. There is thus need to im-
prove on communication and sharing of information.

In Malawi, there are various policy documents to guide management of land 
and other natural resources that are held by different Government Ministries and 
departments. For instance, the National Environmental Action Plan (NEAP) iden-
tified soil erosion as the biggest threat to agricultural production and called for ur-
gent action to arrest land degradation and restore soil resources (Mulenga 2005). 
Also available is the National Land Resources Management Policy and Strategy 
aimed at improving land productivity. In an effort to rectify the situation and fos-
ter sustainable management of land and other natural resources, earlier policies 
have been revised and new ones have been formulated. Good examples include 
the revision of the National Environmental Policy (NEP) to incorporate issues on 
Community Based Natural Resources Management (CBNRM) and the launching 
of Malawi’s National Strategy for Sustainable Development (MSSD) in compliance 
with the recommendations of the 2002 World Summit on Sustainable Develop-
ment (WSSD). 

While policies provide a basic foundation for managing land degradation, it is 
stipulated that their implementation remains the greatest challenge in achieving 
sustainability in the management of land and other natural resources in Malawi. 
There is neither coordination in the implementation of these policies nor well artic-
ulated regulations for their implementation. Where some regulations exist, there is 
weak enforcement. Recent increase in the frequency of drought has compounded 
the problem of ineffective land management and associated decline in land pro-
ductivity (Mulenga 2005).

Other projects undertaken to promote land degradation management by small-
scale farmers in Malawi include the Promotion of Soil Conservation and Rural 
Production Project (PROSCARP) and a follow up Bridging Project on Sustainable 
Livelihoods supported by the European Union (EU). Another project in this cat-
egory is that on rehabilitation of heavily degraded areas supported by NATURE. 
Regular training and materials to facilitate the implementation of activities is pro-
vided. Other efforts made to improve land management include the formulation of 
Malawi Better Land Husbandry Concept, New Agricultural Extension Policy and 
Contract Research and Core Function Analysis where the Ministry of Agriculture 
was reorganized so as to empower and give responsibility to the local communi-
ties in the management of their land. Good success has been recorded apparently 
because introduced technologies were centered on the farmers’ desire to increase 
food supplies.

The challenges which are likely to undermine isolated cases of success in Ma-
lawi include inadequate budgetary allocations, fragmentation of implementation 
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among the Government departments, lack of integrated human expertise and most 
importantly lack of coordination. Another challenge affecting land management in 
Malawi is the impact of HIV/AIDS, which has caused loss of experts and created 
labour constraints at the implementation level. There have not been enough efforts 
to incorporate indigenous knowledge for scientific investigations and recommen-
dations on land management. Poverty has aggravated the situation as poor farm-
ers tend to respond to their daily or immediate needs rather than long term needs. 
As such they do not invest their time into long-term land management practices 
(Mulenga 2005).

While a clear policy on land use and management is lacking in Swaziland and 
there seems to be little or no research on land management, in Namibia, land man-
agement is of great concern to the Governments and private landowners. Range-
land reclamation and management, land carrying capacity and agro-forestry pro-
motion has been accorded high priority through several projects including those 
on pasture rehabilitation, bush encroachment control, and expansion of irrigated 
land. Both the Government and NGOs are involved in land management through 
the promotion and support of appropriate projects. Ongoing projects include Veld 
Reclamation on Denuded Communal Areas; Evaluation of Saline Tolerant Vegeta-
tion as a source of fodder for livestock and the Effect of Bush Control Measures and 
Grazing on Species Composition and Bush Densities. The Desert Research Foun-
dation of Namibia (DRFN), an NGO that concentrates on sustainable use of land 
and natural resources in the country, collaborates with the Ministry of Environ-
ment and Tourism to administer the NAPCORD program which concentrates on 
combating land degradation (Liebenberg 2005).

A flagship initiative by the Government to manage land and water resources in 
Namibia is the Green Scheme Policy, which aims at encouraging investment into 
land management to stimulate increased productivity and encourage the develop-
ment of small-scale irrigation farmer settlements. The scheme aims to enhance so-
cio-economic development and promote the uplift of Namibia’s rural communi-
ties by creating an enabling, commercially viable environment through an effec-
tive public-private partnership to stimulate increased private sector investment in 
the irrigation sector. The scheme aims to stabilize the agricultural sector and over-
come drought effects and thus stabilize land output and small-scale farmers’ in-
come through the growing of high value crops including horticultural products.

The Green Scheme is one of Namibia Government’s initiatives to sustainably 
manage land in order to increase its productivity. A few projects have been started 
under the umbrella of the scheme, all guided by the existing legal framework in 
the country. The Communal Land Reform Act, Act No.5 of 2002, the Traditional 
Authorities Act No. 25 of 2000 and the Namibian Environmental Assessment Pol-
icy support the scheme. The scheme requires that large private landholders work 
hand in hand with small-scale farmers so as to build capacity, ensure technology 
and skills transfer to promote proper land management and add value to produce 
before marketing. 

Other initiatives on land management are closely linked with the conservation 
activities such as the setting up of conservancies that aim to conserve land and 
other natural resources to empower the rural communities and increase their live-
lihoods. The aim of the conservancies is to empower the communities so that they 
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can manage land and the resources therein with little or no assistance from the 
Government. Currently 14% of Namibia’s land constitutes communal conservan-
cies created under the Community-Based Natural Resources Management (CBN-
RM) program which give rural people rights to benefit from the natural resources 
in their areas (Garoes 2006). Given the country’s poor soils and limited rainfall, 
this is a viable method of conserving land and at the same time bring benefits to 
the rural communities. 

Mozambique has extensive wetlands subject to periodic flooding, mountainous 
lands and low-lying dry areas frequently affected by droughts. Nevertheless, good 
quality land is plentiful. The land management policy described in the Govern-
ment 2000-2004 program stipulates that land use rights must be guaranteed to all 
singular and collective entities to ensure accruing of benefits to all Mozambique 
people. 

Mozambique has different land tenure systems ranging from state-owned to 
private and communal and open access. Due to this fact, there is competition for 
and subsequent pressure on the better lands by numerous interested groups who 
wish to acquire and develop land. At independence in 1975, all land became state 
land. In 1977 a new Land Bill was passed which recognized the different land ten-
ure systems and 1979 the Government enacted a new Land Law, which governs 
land ownership under different systems (Brito et al. 2005). 

Land management in Mozambique is affected by climatic, technical and institu-
tional factors. These include periodic severe floods and drought, presence of land 
mines, low level of technological development; absence of credit facilities for would 
be investors and underdeveloped infrastructure and communication system. The 
effects of the prolonged war ravaged the rural areas leaving them poor and without 
necessary investment resources. Therefore the government strategy is to stimulate 
production of both food and cash crops and conduct research on the different pro-
duction systems and land management technologies including irrigated agricul-
ture. 

In Zambia approximately 90% of the land falls under traditional/customary 
tenure arrangements and 10% is under lease tenure arrangements. Both tenure sys-
tems are recognized through the Lands Act. Thus landowners have land security 
and can invest in land without fear of loosing their investments. However, land re-
sources management has not been adequately integrated into the overall social and 
economic policies and strategies for economic development. Coordination is dis-
jointed; the policy on land management is said to date back to the Structural Ad-
justment Program days (1992) during when the focus was on liberalizing the agri-
cultural land usage to attain food security for the country and produce raw mate-
rials for the agro-based industries. During early 2002 the newly elected President 
emphasized on science and technology agriculture and the need to adopt farm-
ing practices that are both economically and environmentally sustainable (Phiri 
2005). 

During the last decade, several projects were undertaken in Zambia to ensure 
sustainable land management which include those on conservation farming tech-
nologies advocated by the Conservation Farming Unit (CFU) funded by NORAD, 
SIDA and the Royal Netherlands Government. The objective was to enable small-
scale farmers to adopt more productive and environmentally friendly sustainable 
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conservational farming systems. By 2005, CFU had undertaken 300 farmer-man-
aged trials at the Golden Valley Agricultural Research Trust sites. Training and 
farmer support was provided by CFU on land management techniques such as ter-
racing, ridging, range management and green manure. Further support in land 
management was provided through research supported by World Agroforestry 
Center (ICRAF) project funded by CIDA and IDRC of Canada. Through partner-
ships, agroforestry technologies (improved fallows, mixed cropping, relay crop-
ping and biomass transfer for fertility improvement) were tested and adopted by 
farmers.

In Zimbabwe on the other hand, the Government, individual institutions, or-
ganizations and some communities have identified the need to conserve natural 
resources, reverse land degradation, restore productivity and promote wise use of 
land resources on a sustainable basis. Land degradation in the country is rooted in 
both its socio-economic and political history as well as climatic vagaries. The Gov-
ernment instituted the Land and Water Management Applied Research Program 
aimed at enhancing capacities to generate and facilitate the availability of appro-
priate technologies for use by communities inhabiting the marginal lands where 
more than 70% of the population lives. Very high population densities character-
izing these areas have over the years put enormous pressure on the land and other 
natural resources. The program attracted a large number of organizations and in-
stitutions interested in sustainable land productivity.

Although the Government has developed other policies that influence conser-
vation, management and utilization of land, the implementation of these policies 
is not well supported with resources, there is inadequate capacity to enforce these 
policies as well as lack of commitment and political will (Mharapara, 2005). It is 
also documented that there has not been deliberate and specific policies to sup-
port research and development on land management; rather there has been experi-
mentation by numerous organizations on different aspects of land management in-
cluding conservation farming, gullies (“dambo”) management system, soil fertility 
improvement and mapping, micro-irrigation techniques development, rangeland 
management strategies and policy development on natural resources management 
(including land and water). Several challenges including poor knowledge of the en-
vironment and necessary linkages in the management of resources in a given eco-
system, poor strategy formulation and implementation without full appreciation of 
time frame and high investments required to realize benefits have deterred success. 
Many investors dropped/abandoned projects after a few years because the short 
term results were not encouraging. 

Current changes in land ownership in Zimbabwe have baffled many, both land-
owners and land management advisors. Resettled farmers (new land owners) sud-
denly find themselves at a loss given the many challenges present in managing 
large chunks of land and in meeting expectation (conservation, reclamation, com-
mercialization and intensification vs. subsistence, etc). Service providers are equal-
ly as overwhelmed by the sudden change and demands placed upon them by the 
change of land ownership. Facilities existing on some of the farms where reloca-
tion has taken place are old or obsolete; the new owners do not have the resourc-
es with which to operate them or replace them neither does the Government have 
enough credit to advance to these farmers. Land is either being mismanaged and/
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or under-utilized because of the sudden change. Brain drain has rendered many 
Government departments ineffective and many organizations activities have been 
paralyzed or heavily scaled down. Because of disjointed activities, the many insti-
tutions and organizations active in Zimbabwe are said to be ignorant of each other 
and what each is doing in their respective enclaves. There is thus failure to share vi-
sion, increased duplication of efforts, increased inefficiency and failure to create a 
critical mass of expertise around land management issues. Networking is lacking; 
lacking also is a national land strategic management master plan forcing individu-
als, institutions and organizations to come up with their own plans that may have 
little relevance to the whole picture (Mharapara 2005). 

27.3
Conclusions and Recommendations

This short chapter has reviewed land usage and land degradation in eight of the ten 
countries in Southern Africa discussing various land degradation management ef-
forts pinpointing the partial successes that have been recorded by the various ac-
tors and players. One of the contributing factors to lack of full success is lack of 
capacity, both financial and human as well as lack of universal coordination and 
information sharing. Land degradation and restoration issues take time to yield re-
sults; investors have displayed impatience and disappointment when expected re-
sults were not forthcoming within the short plan periods. Ambitious programs and 
projects were either left unfinished or conclusions drawn prematurely. The varying 
situations existing in the different areas in all the countries were not clearly under-
stood by foreign investors who sometimes came up with much generalized projects 
lacking in specificity. Governments who followed advice given by foreign institu-
tions including the World Bank and International Monetary Fund created false il-
lusions that disappointed many when results fell short of expectations. Failure was 
further compounded by weak follow-ups because of limited capacity, lack of po-
litical will, non-involvement of local people in setting up the projects and/or the 
inability of the national governments to continue with the projects or activities in 
the plans and programs after donor assistance has come to an end (Msangi 2004). 
Other factors contributing to the partial success in land degradation management 
strategies include ineffective land tenure policies. For example by fencing off large 
tracts of land to create commercial farms, parks and game reserves, large num-
bers of people were either displaced or constrained in smaller areas where old-age 
land management mechanisms are jeopardized. Civil strife and prolonged wars in 
Mozambique and Angola plundered resources, introduced land mines, destroyed 
infrastructure and rendered large areas unusable. Land management in such ar-
eas poses insurmountable challenges for the affected areas both in and outside the 
boundaries of the two countries. 

Inappropriate donor and land management policies as well as rigidity on the 
part of developed countries and investors greatly constrains most of Southern Af-
rica countries and deprives them of room to maneuver, which has in turn led to the 
accumulation of large debts whose repayment has/is siphoning savings from the 
national coffers. This is limiting investment into land management and other de-
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velopment issues. Unfavorable terms of world trade force these countries to overex-
ploit their land and other natural resources in the quest of meeting set demands or 
in generating enough incomes, which accelerate the rate of land degradation. 

Over the years, it became apparent that the magnitude of land degradation re-
lated problems facing the countries in Southern Africa is so high that national gov-
ernments alone cannot exhaustively manage them. National Governments and 
other players such as regional bodies (e.g. SADC) and numerous NGOs have made 
it their responsibility to address the management of land degradation issue with 
the intention of coming up with viable recommendations to restore productivity 
and attain sustainability. It is now accepted that the indigenous people particu-
larly those in the rural areas, whose survival is at stake, have to be involved at all 
levels. Efforts are being made to reduce the vulnerability of the affected popula-
tions by securing their environments, increasing food security and creating new 
opportunities for alternative livelihoods to reduce pressure on land. Earlier cop-
ping strategies that were weakened through inappropriate interventions and poli-
cies are now being researched into with the view of incorporating them into plans 
and programs for land degradation management. In some instances, the efforts are 
geared towards fostering cooperation with the private sector in land degradation 
management activities. 

SADC, which was formed to promote development efforts of its member coun-
tries, has been very instrumental in various developmental issues affecting land 
degradation management and the welfare of the people in the region. It addresses 
resource related issues including those on soil and environmental degradation and 
those touching on impacts of climatic vagaries particularly drought. Through co-
operation and smart partnerships, the countries offer assistance to each other in 
mitigating land degradation issues that indiscriminately spill over political bound-
aries drawn in complete disregard of physical and ecosystem boundaries. SADC 
has embarked on formulating and working out mechanisms of implementing a 
Regional Action Program to combat land degradation including the challenge of 
assisting individual countries in coming up with national action programs. Sad-
ly, implementation of interventions continues to be effected at country level con-
trained by the financial and human capacity of individual countries. This practice 
is a great shortcoming in attempts to holistically integrate the management of land 
degradation in Southern Africa.

The impacts of climatic vagaries (droughts and floods) on people, their domes-
ticated animals, wildlife, rangelands and cropped lands have been enormous. Em-
powering the people so that they can participate and take the lead in land degrada-
tion management means increasing awareness and training. Needed short cours-
es and seminars/workshops could include understanding of the role of climate in 
land management including overcoming and/or adjustment to climatic hazards, 
land use planning, land management, soil fertility and soil fertility management, 
tillage practices, farming systems and their management, cropping systems and 
their impacts on soil fertility and land degradation and integrated farming sys-
tems. Where appropriate, irrigated farming for small-scale farmers and manage-
ment of wetlands should be emphasized. Other issues to be included in the training 
programs should include, regeneration of over-grazed areas, reforestation of bare 
areas and management of lands for growing high value crops and their marketing. 
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To be able to take control in the management of their land and other resources, the 
impact, control and management of the HIV/AIDS pandemic should form part of 
any training program. 

One other way of empowering the people and alleviating poverty through bet-
ter management of land is fair distribution of land and generated incomes. The 
conservancies’ mode of land and resources management is one good example. The 
concept of Community-Based Natural Resource Management should be strength-
ened and embraced by all countries when addressing land degradation manage-
ment. People-centered development should be a priority in Southern Africa taking 
into account access to land, ownership, development and management. 
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CHAPTER 28

Successful Experiences of Sustainable 
Land Use in Hyperarid, Arid 
and Semiarid Zones from Peru
Juan Torres Guevara and Dora Velásquez Milla

Abstract. Three case studies of successful measures of sustainable use of arid coast-
al and semiarid Andean mountain ecosystems from Peru are presented. The first 
case study is on agroforestry and silvo-herding systems located in the northern 
arid coast (Piura), where El Niño events, especially the 97/98 (December to May) 
one, had impacted the productivity of these systems. The second case study focused 
on in situ conservation of Andean crops and their wild parents in northern (Piura 
and Cajamarca) and central (Huanuco and Huancavelica) Andean mountain eco-
systems of Peru. In this case study, not only the crop areas and the conservancy 
culture of the traditional farmers were addressed, but also their natural environ-
ment ie., the soils, fauna and plant communities (pastures, bushes and forests) that 
surround them. This guarantees the continuity of the conservancy activity of the 
Andean cultures and, therefore, of the northern and central Andean mountain 
semiarid ecosystems of Peru. The third case study is located in the southern coast-
al desert from Peru, on an oases ecosystem locally called as: “Lomas”, which is in-
habited by the Atiquipa peasant community. During the winter seasons (June-Oc-
tober), the Atiquipa Lomas support a strong presence of fog water, which is being 
“harvested” through “atrapanieblas” (“fog catcher”) that permit fog water to pre-
cipitate with a noticeable increase in volume. This harvested water is used for re-
forestation of the community high zones for livestock and human consumption, as 
well as for food crops that contribute to the food security of the community. So, the 
bases for a sustainable use of the desert resources of the southern coast from Peru 
are being established. These three case studies show the successful measures for the 
sustainable land use in the arid coast and semiarid Andean mountains of Peru.

28.1
Introduction

World deserts (Fig. 28.1) constitute a quarter of the terrestrial surface of the planet 
and within their borders, approximately 500 million people live accounting for 8% 
of the world population (UNEP 2006).

At a world level, United Nations specialists and organizations related with the 
theme (UNEP 2006) indicate that 40% of the arable lands of the planet are consid-
ered drylands and that 70% of them are affected by desertification processes.

Latin America and the Caribbean surface cover approximately 20 million km2

and occupy 15% of the total area of the planet. Some 320 million ha of this area is 
affected by some of the processes that lead to desertification (Urquiza 2003). These 
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drylands are inhabited by 28% of the population, which in a majority of cases, is 
affected by poverty.

The major problems that these Latin American and the Caribbean arid and 
semiarid lands (Fig. 28.2) face include: deforestation, change in land use, inad-
equate farm practices and overgrazing. All these activities, besides the climate 
change processes or natural events such as El Niño and droughts, as well as frosts, 
hail and floods in the mountain ecosystems such as the “Cordillera de los Andes”, 
lead to soil loss, salinization, compaction, fertility loss, biodiversity loss and, there-
fore, lead to a decline in the quality of life, mainly for the most vulnerable popula-
tion sectors. The historic exclusion of the local traditional cultures plays an impor-
tant role in this situation.

Peruvian drylands, including the hyperarid, arid and semiarid regions, cover 
40% of Peru’s total area, and are home to 90% of the Peruvian population.

28.2
The Desertification Problem in Peru

28.2.1
Some important features of the Peruvian ecology

Peru is a country with a very singular ecology, with a surface of 1.2 millions km2 oc-
cupied by 28 millions of inhabitants. It is characterized by one the most arid deserts 

Fig. 28.1. World deserts
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of the world -the South Pacific desert, with a mean annual rainfall of less than 100 
mm, by one of the biggest and most inhabited ridge of mountains of the world - with 
7 250 km in length, and by one of the most diverse and greatest forests of the plan-
et, that cover more than the half of the country’s surface (58.8%).

This complex nature is being modified for more than 10,000 years by man, con-
verting the region into one of the world’s original centers of agriculture, Peru be-
ing the center of origin for many important cultivated plants for humanity such as 
potatoes, maize, pumpkins, tomatoes, and beans among others.

The complex nature of Peru has in the “Cordillera de los Andes” its principal 
component. All the landscape diversity, including climate, lands, plants, animals 
and microorganisms, and the uncountable ways of relationship with nature are 
closely related with the Andes.

This mosaic of ecosystems has some basic features that can be summarized under 
three main features:

Climatic instability
Biological diversity 
Fragility

These features are closely related to each other; certainly, climatic instability forms 
part of the diversity of habitats, where the existing great diversity of forms of life 
occurred, all of which constituting a very delicate and fragile system.

Fig. 28.2. Latin 
American and the 
Caribbean Arid 
Lands
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28.2.2
Desertification Situation

Desertification is the principal environmental problem of Peru (Fig. 28.3). Cer-
tainly, desertification is a process affected by natural factors, but in the case of Peru 
human factors are a special component, that are basically related with the lack of 
coherence between the development models encouraged up to date and the partic-
ular ecological characteristics of the country. Natural factors are mainly represent-
ed by the vulnerability of the arid lands, that cover a third of the total area of Peru, 
including the arid coast, and the semiarid and subhumid Sierra (covering 36% of 
the total surface), the mountainous character of the country and the tropical rain 
forest. In addition, there is a tremendous asymmetry in water resources, with a 
western slope that receives only 1.7% of the total water in the country, but support-
ing 90% of the Peruvian population.

These mountainous arid and semiarid lands are home to most of the farming, 
industrial and mining activities of the country. Today, problems like the coastal 
soil salinization affect the 40% of the cultivated surface of this region. The “Sierra” 
(mountainous) region, in turn, presents strong degradation problems of its fragile 
ecosystems, especially in the eastern slope (“Selva Alta”), because of desertifica-
tion processes like the natural geological gradual waste on one hand, and the hu-
man factors on the other. It is estimated that the degradation is basically caused 
by the human factors, through farming and forestry activities (salinization, water 
erosion, soil erosion, genetic erosion, indiscriminate cutting of trees etc.,), as well 
as mining.

The economic consequences of the degradation have not been quantified yet, but 
are visible at first sight. In the Sierra region, the lack of lands plus the violent phe-
nomena of the 80ś  have generated strong migration processes, and, in the Coastal 
region, the northern dry forests had to face a strong pressure.

Fig. 28.3. The desert-
ification in Peru is 
a major problem
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28.2.3
Identification of affected and vulnerable groups

As was mentioned before, 90% of population is settled in areas where the water re-
sources are barely 2% of the total water availability in the country and in ecosys-
tems facing a high risk of desertification (mountainous arid and semiarid lands).

The people mainly settled in the mountainous (“serranas”) regions, are strong-
ly rural, with the highest levels of poverty: Cajamarca, Huancavelica, Ayacucho, 
Apurimac, Cusco and Puno. In these regions, the drought and frost frequency is 
high and the vegetative cover is sparse with relative isolation. 

28.3
Case studies

Three case studies were conducted on implementing measures for sustainable land 
use in arid and semiarid lands from Peru (Fig. 28.4): these include the northern 
coastal arid lands (Dry Forests of Piura), southern coastal hyperarid lands (Atiqui-
pa Fog Oases-“Lomas”-, Arequipa) and Andean mountainous semiarid lands from 
the northern and central Andes of Peru (Piura, Cajamarca, Huanuco and Huan-
cavelica).

28.3.1
Seasonally Dry Forests 

This case study is carried out by various governmental institutions (INRENA) 
and Non Governmental Organizations (NGOs) during over more than 15 years 
throughout Lambayeque, Piura and Tumbes regions, situated in the northern coast 
of Peru. The experience carried on at Piura Region is presented here.

28.3.1.1
General Characteristics

Technically, the name of the plant formations in this region is “Seasonal Dry Tropi-
cal Forests in the Neotropic”, but culturally the name used by the local people is: 
“Montes de Algarrobo”.

The seasonal dry tropical forests in Peru (Fig. 28.5) are distributed in its north-
ern coast, along the Tumbes, Piura and Lambayeque regions. These northern coast-
al seasonal dry forests are considered fragile ecosystems and occupy approximately 
a total area of 3,230,263 ha (after the El Niño 97–98 event), with 67% of it in the 
Piura region (Casaretto 2003). 

Moreover, these seasonally dry forests of the northern coast of Peru have been 
historically occupied by cultures since 10 thousand years ago. Today, a vigorous 
cultural life with multiple and popular religious ceremonies exists in these desert 
ecosystems.
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Fig. 28.4. Location of the case studies of successful measures in sustain-able land use in Peru
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Fig. 28.5. Seasonally Dry Forests in Piura Region
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Fig. 28.6. Occurrence of El Niño Southern Oscillation (ENSO) Events between 1950 and 1998 
(Source: Woodman 1998)

Fig. 28.7. Forest cover (a) before El Niño 1997-1998 and (b) during El Niño 1997-1998
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The climate of these dry forests is characterized by periodic occurrences of the 
El Niño events (Fig. 28.6)

28.3.1.2
Measures of Successful in Northern Coast Dry Forest

28.3.1.2.1
Conservancy of the forest natural regeneration

El Niño events change the dry forest scenario. During 1997-1998, the warm episode 
El Niño generated a new scenario in the Peruvian northern coast dry forest when 
rainfall increased from an average of 150 mm yr-1 to 3198 mm only in 6 months 
(December 97 and May 98), i.e. an increment of 5070% (Mendoza Vila 1998).

As a result, the two El Niño mega events which occurred during 82-83 and 97-
98 generated a forest surface of 3.1 million ha, while before 82 the forest cover was 
less than 320,000 ha (Fig. 28.7)

Likewise, the El Niño 97-98 event generated a noticeable increment of the her-
baceous primary production both in “savannah” and in “dense” dry forests (Fig. 
28.8)

Currently it is important to ensure that the areas naturally reforested with the 
“help” of these two El Niño 82-83 and 97-98 natural megaevents, could be main-
tained over time. This is the main challenge in the ongoing work, a concrete suc-
cessful experience of sustainable land use in an arid zone from Peru.

Fig. 28.8. Monthly change of Aerial Net Primary Productivity of Herbaceous Plants from De-
cember 1997 to June 1998 in Piura, Peru
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28.3.1.2.2
Storage strategies for food production of temporary agriculture

With El Niño appears the so called “temporary agriculture”, which means a change 
in the production system:

New crop seeds, that the peasants have kept for years, appear.
New crop varieties also appear.
Increase in crop production, generating high yields (e.g. 6 ha of hybrid maize, 
was planted to produce “chicha”, a traditional drink, in a familiar temporary ag-
riculture farm during El Niño 97-98).

Therefore, there is a total change in agricultural strategy; these are periods of abun-
dance that must become useful, mainly, recovering food storage strategies in order 
to cross over the hard drought years. To take advantage of this opportunity, prod-
ucts of the two last El Niño megaevents (82-83 and 97-98), are other successful ex-
periences of sustainable land use in arid zone from Peru.

28.3.1.2.3
Agroforestry, silviculture and honey beekeeping

Some proposals of ecological agriculture strategies have been developed for the 
semiarid ecosystems of the northern coast (Fig. 28.9). The focus is to promote di-
versified production systems in order to make progress of the arid ecosystem with 
plant and animals adapted to hydric stress.

Today, in the seasonally dry forests of the northern coast of Peru some agrofor-
estry experiences are carrying on, so the tree and shrub strata generate by the El 
Niño megaevents are conserved and, at the same time, both an annual plant species 
agriculture and a livestock activity that contribute with food security of the sea-
sonally dry forests communities, are developed. This is another successful experi-
ence of sustainable land use in arid zone from Peru.

Fig. 28.9. A view of the semiarid eco-
systems of the northern coast of Peru
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28.3.2
Atiquipa Fog Oases (“LOMAS”)

This experience is carrying on by the Atiquipa Peasant Community (“Comunidad 
Campesina”) with the support of the “Instituto Regional de Ciencias Ambientales 
de la Universidad Nacional de San Agustín de Arequipa” (IRECA-UNSA), which 
has more than 10 years of presence in the zone.

28.3.2.1
General Characteristics

Location. Atiquipa fog oases (Fig. 28.10) are situated in the southern coast of 
Peru, between 15º47´ S.L. and 74º20´ W.L. (Caravelí Province of Arequipa Re-
gion).

Fig. 28.10. Location of Atiquipa Fog Oases (Lomas)
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Landscape. The Atiquipa fog oases are displayed from the sea level to a height of 
1200 m (Fig. 28.11), reaching more or less 30,000 hectares: it is the biggest fog 
oases (Loma) of Peru. They present three morphological clusters: marine terrac-
es, alluvial plains and mountains (ONERN, 1989).

During the pre-Columbian time (c.XVI), the Atiquipa fog oases presented a land-
scape and a dynamics (Fig. 28.12) very different as it looks up to date (Canziani, 
1998).

Climate. This area corresponds to the semi-warm and very dry climate type, 
with a relative humidity over 75% (according to Thornwaite classification).

They present a period of arid months, with temperatures that oscillate between 16 
to 20ºC (Santa Cruz, 1999), and a fog period, with a maximum occurrence during 
May to November, with a rainfall that can account for as much as 120 mm, thanks 
to the rainfalls generated by fog condensation (CONCYTEC, 1989).

Todate, the annual precipitation (one of the main factors of “Lomas” presence), 
has dramatically diminished, registering approximately 40 mm a year, almost 40 
mm less than was registered 10 years ago (from 59.1 to 76.4 mm by year).

Vegetation. The Atiquipa “Lomas” are covered by various plant communities dis-
tributed along an altitudinal profile: “tara” forest (Caesalpinea spinosa), semi-
dense bushy formation, thin bushy formation and “arrayan” forest (Myrcianthes 
ferreyrae). Some plant species function as natural catchers of fogs humidity.
Wild animals. The wild animal community is mainly constituted by birds, as 
doves, and foxes “zorro” (Dusicyon culpaeus).

Around 40 years ago partridges, the “condor” (Vultur gryphus), the “Andean puma” 
(Puma concolor), the deer (Odocoileus virginianus) and the “guanaco” (Lama gua-
nicoide), were common.

Culture and economy. The Peasant Community of Atiquipa, Jaqui and Yauca is 
owner of the Atiquipa “Lomas”, being its principal city Atiquipa, capital of the 
Atiquipa District.

Atiquipa District has approximately 750 inhabitants, mainly dedicated to agricul-
ture, livestock and artisan fishing, activities oriented to local consumption and to 
marketing of products and sub-products in close cities as Chala.

Organization. The Atiquipa community has a communal organization consti-
tuted by a Communal Assembly that takes decisions about the local resource 
management. Also, the Atiquipa Municipality exists as the local government 
authorized to take political decisions.
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Fig. 28.11. Landscape of Atiquipa Fog Oases (Lomas) 

Fig. 28.12. Pre-Columbian Atiquipa (c.XVI)
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28.3.2.2
Success stories 

Proposals of forest management, based on studies about the “tara” (Caesalpinea 
spinosa) natural forests, main natural catchers of humidity.
Vegetation management by the Atiquipa community with more knowledges 
about local plant use technology.
Reforestation of “tara” and “arrayan” species.
Extraction entrance regulation through a harvest and prohibition calendar.
Establishment of regulatory measures determined by the communal organiza-
tion for pods recollection.

28.3.2.3
Successful measures in Atiquipa Fog Oases

28.3.2.3.1 Fog Capture

Establishment of a fog water catchers system (“atrapanieblas”), mainly aimed at 
irrigating “tara”, “arrayan” and “huarango” plantations, under the responsibil-
ity of the communal organization and with UNSA support (Fig. 28.13).
With the capture of fog, an average of 22 l m-2 day-1 of water is collected, which is 
basically used in reforestation of 400 ha.

Fig. 28.13. Fog catch-
er (“atrapanieblas”). 
Mesh rectangular 
panels of syn-thetic 
material that allow 
water condensation.



Chapter 28: Successful Experiences of SustainableLand Use in Hyperarid  515

28.3.2.3.2
Reforestation of “tara” forest

The recovering of natural “tara” forests has had a very concrete and palpable ef-
fect on pod production for marketing.
The trees have been recovering their natural regeneration capacity, as well as 
their productivity, which is reflected in a relative increase in the amount of pods 
collected.

28.3.3
Andean Agroecosystems

This experience was developed by CCTA (Coordinadora de Ciencia y Tecnología en 
los Andes), as part of the Project “In Situ Conservation of Native Crops and their 
Wild Parents in Peru”, in traditional agroecosystems of Peruvian Andean moun-
tains, and earlier through the Project “Microwatersheds Management”, adding to-
gether 15 years of work at the Andean mountainous semiarid lands from Peru.

The mountains are one of the greatest centres of biological diversity in the world 
(Fig. 28.14)

28.3.3.1
General Characteristics of the Andean Agroecosystems Project

Location. The experience was developed in 10 microwatersheds/watersheds lo-
cated in 4 Sierra regions from Peru: Piura, Cajamarca, Huanuco and Huancavel-
ica (Fig. 28.15).

Fig. 28.14. Areas of greatest biological diversity in the world
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San Pedro watershed, located in Piura, in northern Sierra of Peru, covers 13,900 ha 
with altitudes ranging from 2,900 to 3,700 m.

Chugzen, Muyoc, Shitamalca and Chirimoyo watersheds, located in Cajamar-
ca, in northern Sierra of Peru, cover 33,856 ha with altitudes ranging from 2,100 
to 4,150 m.

Mito and Warmiragra watersheds, located in Huanuco, in central Sierra of Peru, 
cover 20,364 ha with altitudes ranging from 2,100 to 4,400 m.

Fig. 28.15. Location of CCTA-In Situ Project Work Area
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Alauma, Pachachaca and Occoro watersheds, located in Huancavelica, in cen-
tral Sierra of Peru, 221,435 ha with altitudes ranging from 3,350 to 4,700 m.

Fig. 28.16. Rainfall patterns at different locations in the project area 
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Climate. The climate of the area where the Project was implemented is main-
ly semiarid, with annual rainfall varying between 400 and 700 mm, with the 
possibility of only 200 mm during drought years or 900 mm during years with 
abundant rains (Fig. 28.16). Furthermore, the rainfall is concentrated in only 3 
or 4 months during the year with no rain during the rest of the months.
Culture. The Project involved directly 526 rural families of Andean peasant 
communities whose main activity is traditional agriculture of native crops.
Agriculture. The most important characteristics of traditional agriculture is the 
high diversity of crops and of varieties within crops.
Natural Areas. The natural areas that surround the agricultural zones reach 
61,043 ha and there are numerous habitats for the wild parents of native crops.

28.3.3.2
Successful measures in the Andean Agroecosystems Project

In accordance with the concept of the In Situ Project, the central emphasis is on in
situ conservation of native crops (and their wild parents). Hence it deals with do-
mesticated plants with the peasants as the conservators; hence, emphasis is placed 
on cultural components.

Table 28.1. Successful measures implemented in the three different case studies 

Case Studies Measures implemented

Management 
of Land Use

Protection of Land Mitigation of Land 
Degradation

Seasonally Dry Forest
Piura
(INRENA and NGOs)

Zones of protection 
(natural 
regeneration areas)

Zones of soil 
protection in areas 
of natural forest 
regeneration

After 1998, 3.1 
million ha of 
seasonally dry 
forest with ENOS 
help 

Fog Oases (Lomas)
Atiquipa, Arequipa
(Atiquipa Peasant 
Community and
IRECA/UNSA)

Zones of protection
(Caesalpinea forest 
on highland 
watersheds)

Protection of slope 
eroded soil with 400 
ha of Caesalpinea 
(“tara”) reforestation

Recovery of 400 ha 
of soil protected 
with Caesalpinea 
(“tara”) 
reforestation

In Situ Conservation
Piura, Cajamarca, 
Huanuco and 
Huancavelica
(CCTA: CEPESER, 
IDEAS,IDMA and 
TALPUY)

Special Areas 
of Crop 
Management

Protection of natural 
areas around crop 
fields

Recovery of 
natural areas of 
highland forests 
and marshes.
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The Project encourages an intercultural approach in all the project activities, 
working specially with the young people.

The successful measures accomplished by the project include:
Recognition by the own indigenous farmers as protagonists of the in situ con-
servation
Enforcement of the indigenous organizations
Recognition of traditional knowledge and practices
Maintenance of the diversity of native crops 
Maintenance of traditional management of native field crops (“chacras”)
Transformation of the productive space with appropriate technologies
Conservation of the environment and the wild parents
Appraisal of the native crops agriculture in rural schools
AMECAs: Landscapes reserves as an option for conservation of native crops 
and soils.

28.4
Conclusions

Three case studies of land use and the successful experiences in protection are pre-
sented (Table 28.1). These experiences were focused on protection against the ero-
sion taking advantage of natural phenomena like the El Niño (83-83 and 97-98) 
mega events or the coastal marine fog, as well as of the native agrobiodiversity to 
ensure soil conservation and food security of the peasant communities that inhabit 
the Andean mountainous semiarid ecosystems.

All the experiences just presented, are synthesized in the following measures 
of successes related with the land use, protection of land and mitigation of the soil 
degradation.

References
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CHAPTER 29

Role of Organic Agriculture in Preventing 
and Reversing Land Degradation
Sue Edwards

Abstract. Soil erosion and desertification are the physical expressions of land deg-
radation, while the social and economic impacts are degraded lifestyles and perni-
cious poverty. An understanding of how to maintain healthy soil is essential to re-
verse and prevent land degradation. 

Organic agriculture is a whole system approach based upon a set of processes 
resulting in sustainable ecosystems, safe food, good nutrition, animal welfare and 
social justice. It is more than just a system of production that includes or excludes 
certain inputs, particularly agro-chemicals, because it builds on and enhances the 
ecological management skills of farmers, fisher folk and pastoralists. Practicing or-
ganic or agro-ecological agriculture requires ecological knowledge, planning and 
commitment to work with natural systems, rather than trying to change them.

IFOAM (International Federation of Organic Agriculture Movements) is an or-
ganization that promotes such sustainable agricultural systems. The application 
and upholding of the principles of organic agriculture can help ensure that agricul-
ture can be continued throughout the world while contributing to the prevention 
and reversal of land degradation, combating poverty and building a fairer world 
order for all people. In 2004, IFOAM published a scoping study on “The Role of Or-
ganic Agriculture in Mitigating Climate Change”. The study looked at how organ-
ic agriculture could contribute to reducing green house gas (GHG) emissions and 
mitigate the impacts of climate change. 

Organic agriculture minimizes carbon dioxide emissions from agricultural eco-
systems, and can also contribute to carbon sequestration because of the systematic 
application of manure and compost from animal and crop residues, crop-legume 
rotations, green manuring with legumes, and agroforestry with multipurpose le-
guminous trees. Soil is the most important sink for methane where high bacterial 
activity oxidizes it. Controlled anaerobic digestion of animal manure can contrib-
ute significantly to reducing methane emissions. Nitrous oxide emissions are mini-
mized in an organic system.

In 1996, the Institute for Sustainable Development started to work with local 
farming communities and local development agents and experts in Tigray, north-
ern Ethiopia, to rehabilitate their environment and raise crop yields through using 
compost. Since 1998, ISD has monitored the impact of compost on crop yields in 
farmers’ fields. Overall, compost generally doubles the yield from fields that have 
not had any input. In most cases it also gives a higher yield than the use of chemi-
cal fertilizer. Other benefits from using compost include increased moisture reten-
tion capacity of the soil and reduced crop pest problems. 
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The principles behind organic agriculture are also used in programs and proj-
ects focused on overcoming food insecurity, rural poverty and environmental deg-
radation. In 2003, IFOAM reported that over 40,000 farms covering 235,000 ha of 
land were growing certified organic products in Africa.

29.1
Introduction

Loss of vegetation cover and biodiversity leading to soil erosion, disruption of the 
hydrological cycle and consequent desertification are the biological and physical 
expressions of land degradation, while the social and economic impacts are equal-
ly degraded and degrading lifestyles resulting from and contributing to pernicious 
poverty. An understanding of how to maintain a healthy soil is essential for revers-
ing and preventing land degradation, and for helping local communities to get out 
of poverty. A healthy soil carries a good plant cover that enables rain water to in-
filtrate and recharge both soil water and underlying aquifers. A healthy plant cover 
regulates the local microclimate and plays a significant role in regulating macro-
climate by sequestrating carbon for the biosphere as a whole, and by maintaining 
air humidity at local ecosystem and landscape levels. An agricultural system that 
is based on maintaining such a self-sustaining productive ecosystem is referred to 
as organic.

IFOAM (International Federation of Organic Agriculture Movements) is an or-
ganization that promotes such sustainable agricultural systems, be they in crop 
and animal production, forestry or fisheries. Its mission is leading, uniting and as-
sisting the organic movement in its full diversity. The goal is the worldwide adop-
tion of ecologically, socially and economically sound agricultural systems that are 
based on the Principles of Organic Agriculture (IFOAM undated).

Agriculture is a basic activity because all people need food on a daily basis. His-
tory, culture and community values are embedded in agriculture. The Principles 
of Organic Agriculture concern agriculture in the broadest sense: how people tend 
the soil and interact with the landscape, the surrounding plants and animals; what 
they eat and wear; how food and other vital goods are obtained, handled, prepared, 
and distributed; and the quality of the global environmental legacy that will be left 
for future generations. 

IFOAM recognizes four principles:
The principle of health
The principle of ecology
The principle of fairness
The principle of care [of people and the environment through the precautionary 
principle]

The application and upholding of these principles can help ensure that agriculture 
can be continued throughout the world while contributing to the prevention and 
reversal of land degradation, combating poverty and building a fairer world order 
for all people.
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29.2
What is organic agriculture?

Organic agriculture uses a whole system approach based upon a set of processes 
resulting in sustainable ecosystems, safe food, good nutrition, animal welfare and 
social justice. It is more than just a system of production that includes or excludes 
certain inputs, particularly agro-chemicals, because it builds on and enhances the 
ecological management skills of farmers, fisher folk and pastoralists. Practicing or-
ganic or agro-ecological agriculture requires ecological knowledge, planning and 
commitment to work with natural systems, rather than trying to change them. In-
dustrial agriculture uses an opposite approach: it provides inputs and technologies 
to substitute and thus reduce or destroy the inherent diversity of natural systems. It 
contributes to both land degradation and climate change. This is vividly portrayed 
in the books ‘The Fatal Harvest: the tragedy of industrial agriculture’ and ‘The Fa-
tal Harvest Reader: the tragedy of industrial agriculture’ (Kimbrell 2002).

In 2004, IFOAM published a scoping study on “The Role of Organic Agricul-
ture in Mitigating Climate Change” (Kotschi and Müller-Sämann 2004). The study 
looked at how organic agriculture could contribute to reducing green house gas 
(GHG) emissions and mitigate the impacts of climate change. Specifically, organic 
agriculture:

Encourages and enhances biological cycles within the farming system;
Maintains and increases long-term fertility in soils;
Uses, as far as possible, locally available renewable resources in locally orga-
nized production systems; and
Minimizes all forms of pollution (IFOAM 1998).

29.3
Mitigating climate change through organic agriculture

Climate change is manifesting itself as global warming with many adverse lo-
cal, regional and global impacts. Africa is already the driest continent, and global 
warming is exacerbating desertification due to erratic rainfall and droughts result-
ing in famines. Even when rainfall improves, the soil is often too degraded to ab-
sorb it and the water runs off in torrents taking much of the important top soil with 
it. Building and maintaining a healthy soil contributes substantially to offsetting 
some of these negative impacts, as shown in the following case study from Tigray, 
northern Ethiopia.

It is generally recognized that the most important environmental factor that is 
causing climate change is the production of green house gases (GHG), particularly 
carbon dioxide, methane and nitrous oxide. Agriculture is the main contributor of 
methane and nitrous oxide, and to a lesser extent of carbon dioxide. However, be-
cause of its relatively high concentration in the atmosphere, carbon dioxide con-
tributes most to global warming, although the proportion of this carbon in the at-
mosphere is only a small part (1.6%) of the overall global carbon budget (Interna-
tional Geosphere Biosphere Program 1998).
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29.3.1
Carbon dioxide

Organic agriculture minimizes carbon dioxide emissions from agricultural eco-
systems because it:
1. Avoids the need for farmers to use shifting cultivation to restore soil fertility 

since it increases yield per unit area through organic intensification integrated 
with animal production. In the past, the burning of natural vegetation in shift-
ing cultivation was a major contributor to atmospheric carbon dioxide. Now in-
dustrial agriculture is a more important source of GHG;

2. Maintains soil fertility through enhancing the natural nutrient cycles and com-
bats pests and weeds through ecological techniques and thus reduces fossil fuel 
consumption. Fossil fuel is the major source of agro-chemicals, which require 
much energy to produce. In Germany, organic farms were found to have 48-66 
percent lower carbon dioxide emissions per ha (Burdick, Haas & Köpke, Stolze, 
and DFG-Forschergruppe Klimarelevante Gase, cited in Kotschi & Müller-Sä-
mann 2004);

3. Reduces fossil fuel consumption through promoting fresh, locally produced 
food, thus minimizing the distance that food has to be transported before it is 
consumed, and provides raw materials for local food processing. 

4. Provides animals with locally produced feed and/or allows them to forage for 
their feed and thus avoid using feed that has often traveled thousands of kilo-
meters, as is the case with the soyabean grown in South America that is used to 
feed animals in Europe.

29.3.2
Methane

According to Bockish (cited in Kotschi & Müller-Sämann 2004), methane contrib-
utes about 15% to global warming, more than half of it coming from agriculture. 
The biggest contributors are livestock (85-130 Mt yr-1) and rice paddies (20-100 Mt 
yr-1). Wetlands are the largest natural source of methane, producing 55-150 Mt yr-

1 (IPCC 2001). 
The most important natural sink for methane is the soil where high bacterial 

activity oxidizes it. Therefore, maintaining soil fertility with good humus content 
and high biological activity also contributes to reducing methane emissions. It is 
because of this that undisturbed soils under grassland and forests have higher oxi-
dation rates than cropland. The natural oxidation process is inhibited by chemical 
nitrogenous fertilizers (Hütch 2001).

Using compost is not significant in reducing methane emissions from animal 
manure because the shift from anaerobic to aerobic digestion increases nitrous ox-
ide emissions (Bates 2001). However, the production and use of methane in the 
form of biogas from controlled anaerobic digestion of animal manure as well as 
many other forms of organic waste can contribute significantly to reducing meth-
ane emissions into the atmosphere. Changes in diet for domestic animals can also 
reduce methane emissions.
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There has not been much research into technologies to reduce methane pro-
duction from rice paddy fields. However, introducing two ‘aeration’ periods before 
the crop matures, as well as using compost with a low C/N ratio1 seems promising 
(Kotschi and Müller-Sämann 2004).

29.3.3
Nitrous oxide 

Nitrous oxide is produced in the soil during the microbial transformation of am-
monia to nitrate (nitrification) and nitrate to gaseous nitrogen (denitrification). 
For this reason, all sources of soil nitrogen – chemical fertilizer, organic manure, 
nitrogen fixing legumes – enhance nitrous oxide emissions. However, it is not just 
the total amount of nitrogen but how efficiently it can be used by plants that deter-
mines its release into the atmosphere. Extreme overdoses and unbalanced applica-
tion, i.e. without other nutrients, often result in more of the nitrogen being lost as 
nitrous oxide than is taken up by plants.

Therefore, applying the principles of organic agriculture is an effective contribu-
tion to minimizing nitrous oxide emissions. Specifically:

No synthetic nitrogenous fertilizer is used so that nitrogen comes from within 
the system thus avoiding overdoses and high losses;
Animal stocking rates are linked to the available land with the nitrogenous com-
pounds being recycled back into the system through compost and biogas slurry, 
thus limiting excess production of animal manure; and 
Diets for dairy cows are lower in protein and higher in fiber, resulting in the low-
er emission of nitrogenous gases (Kotschi and Müller-Sämann 2004)

29.3.4
Organic agriculture’s contribution to carbon sequestration 

The emphasis on strengthening the internal nutrient and energy cycles inherent 
in organic agriculture offers a means to sequester carbon dioxide in the soil and 
in the vegetation. Table 29.1 summarizes data on carbon sequestration by organic 
and conventional agricultural systems. Organic agriculture shows a clear advan-
tage with an efficiency of 41.5% compared to 21.3% for conventional farming. The 
data in the table also show the much higher contribution to sequestration of root 
biomass as compared with above ground biomass. It should also be noted that root 
biomass is not removed at harvesting.

Organic agriculture is often equated with the use of organic fertilization tech-
niques – systematic application of manure and compost from animal and crop resi-
dues, crop-legume rotations, green manuring with legumes, and agroforestry with 
multipurpose leguminous trees. Much expertise has been developed in these tech-
niques and the use of these practices has produced outstanding improvements to 

1 The author considers the ratio of N to C should be low, not as stated in the reference.
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Table 29.1. Carbon sequestration by organic and conventional farming systems. (Source: Haas & 
Köpke (cited in Kotschi and Müller-Sämann 2004))

Source Organic systems 
[t CO2 ha-1]

Conventional
systems 
[t CO2 ha-1]

Difference
[t CO2 ha-1]

Cash crops

• Above ground biomass

• Root biomass

3.76

1.44

4.95

0.89

–1.18

  0.55

Catch cropsa

• Above ground biomass

• Root biomass

0.55

0.22

0.22

0.09

  0.33

  0.13

Weeds

• Above ground biomass

• Root biomass

0.22

0.04

0.04

0.01

  0.17

0.03

Gross output (sequestration) 6.23 6.19   0.04

Energy input (emission) 0.15 0.29 –0.14

Net output (sequestration) 6.08 5.91   0.18

Carbon sequestration efficiency % 41.4 21.3

productivity and environmental health, as the case study from Tigray, northern 
Ethiopia, demonstrates. In Switzerland, a long-term comparison between organic 
and conventional agricultural systems was carried out. After 18 years, soils treat-
ed with organic manures were found to contain 3-8 t ha-1 more carbon than those 
that had had chemical fertilizer treatment [Raupp, cited in Kotschi and Müller-Sä-
mann 2004].

29.4
Can organic agriculture combat poverty?

Despite the fact that Ethiopia is also known as the ‘water tower’ of the Horn of Af-
rica, it is better known for the images of emaciated children and the high rate of soil 
erosion. The popular image is a ‘desert’ – dry, with very little vegetation, and very 
large numbers of emaciated free-ranging livestock.

Since 1996, the Institute for Sustainable Development (ISD) has been working 
on a project with the local farmers and agricultural experts of Tigray Regional 
State, northern Ethiopia, to help them build up soil fertility and reverse environ-
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mental degradation. This project is generally referred to as the ‘Sustainable Agri-
culture Project’ (Hailu and Edwards 2006).

29.4.1
Why the land degradation?

Efforts at building the administratively centralized state of Ethiopia started in the 
second half of the 19th century. In the process of centralization much of the local 
community organization, including its natural resource management, was under-
mined or destroyed. The feudal landlord system was maintained with the bulk of 
the population existing as peasant farmers. Modern development efforts started 
only in the 1960s. In the centralized state, smallholder (peasant) farmers were or-
dered about or ignored altogether despite the fact that virtually all of the food was 
and still is produced by them. As a consequence, they lost their traditional commu-
nity organization that had enabled them to manage the land, which thus ended up 
being ‘mined’. There were no inputs in technologies or ideas to help them improve 
their productivity. They had to continue to rely for their survival on their indig-
enous knowledge and the rich agrobiodiversity that they had developed, but were 
unable to continue effectively developing.

Then, in 1974, Emperor Haile Selassie and the feudal system of control over 
farmers and their land was removed in a ‘revolution’ that organized the whole pop-
ulation into local, nominally self-governing, organizations with their own elected 
officials. Under the military government, called the ‘Derg’, there were massive ef-
forts at land rehabilitation through mass mobilization for soil and water conser-
vation and the provision of external inputs through cooperatives. However, ad-
ministration remained centralized and overall productivity did not increase. The 
peasants continued to be ordered about and exploited as had been done under the 
over-centralized feudal regime. There were also frequent and disruptive redistribu-
tions of land. The farmers had no possibility for collective decision taking on man-
agement and no interest or incentives to invest in improving their land. 

In 1991, the military government was replaced by the present government. In 
1993, the Sasakawa-Global 2000 approach was launched to provide high external 
inputs – principally chemical fertilizer – to farmers. As from 1995, this program 
was taken up by the National Extension Program of the Ministry of Agriculture 
and Rural Development. At the beginning, fertilizer cost was subsidized, but as 
from 1998, the subsidy has been removed and the local price of diammonium phos-
phate (DAP) and urea has doubled. Overall grain production has increased each 
year since 1998. However, this has not benefited the people living in the drought 
prone areas of the northeast and east, who continue to depend on aid. These peo-
ple have become chronically food insecure requiring annual inputs of aid as food. 
Whilst this food may save lives, it does not and cannot replenish productive assets 
that would enable people to reduce their poverty (Alemu undated). It was against 
this background that the ISD suggested, in 1995, a project to work with local farm-
ing communities in Tigray using an ecological, low external input approach. This is 
now recognized as an uncertified organic system of agricultural production.
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29.4.2
The sustainable agriculture project

The project builds on the existing strengths of the local farmers – they control their 
own seeds and they still have a wealth of agrobiodiversity and traditional knowl-
edge. There still are community-based methods for managing and using common 
land resources, e.g. grazing land and water that have survived in spite of the dis-
ruptive impacts of the uninformed centralized state of the previous one and a half 
centuries. This community management has been extended to preventing access to 
hillsides for free range grazing and fuel wood collection so that the natural vegeta-
tion can recover. Local community control over land resources is being strength-
ened through the present government’s policy of decentralization to the ‘woreda’ 
– the lowest level of official administration in Ethiopia.

The components of the Project were developed from a combination of initiatives 
from the Institute for Sustainable Development, the Bureau of Agriculture and Ru-
ral Development (BoARD) of Tigray and the local farmers.

These are:
Making and using compost.
Building trench bunds for catching both soil and water. 
Planting small multipurpose trees – particularly Sesbania sesban– and local 
grasses. 
Halting gullies. 
Making communal ponds. 
Formulating and enforcing bylaws to enable community action, including con-
trolling access to and use of local biological resources, and the stopping of free 
range grazing. 

Four communities were identified to start the project. In one growing season, the 
farmers saw the impact of compost on crop yields and the improved water holding 
capacity of their soils. In May 1998, representatives of the farmers and their devel-
opment agents from the four original communities made exchange visits to one an-
other’s areas ending up with a two-day discussion and general evaluation of what 
they had seen of the project’s activities. This encouraged most of the communities 
to take up all the components of the project. In October 1998, one community was 
the focus of the annual farmers’ field day for the Region, and this encouraged the 
senior members of the BoARD to promote the ‘sustainable agriculture package’ as 
part of the extension program to improve food security for the Region. This was 
the start of the scaling up of the project’s activities. By 2005, ISD and BoARD were 
working together implementing the project in 42 communities while the BoARD 
on its own was promoting the ‘sustainable agriculture package’ of compost-making 
together with trench bunding and planting multipurpose trees, particularly Sesba-
nia sesban, throughout the Region. 
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29.4.3
Impact of compost on crop yields

The Project’s activities have increased the biomass in the farms and their surround-
ings. Therefore, policy makers have come to realize that the answer to the question 
“Is there sufficient biomass to make adequate compost?” is “if farmers want they 
can make enough compost, especially at the end of the growing season”.

In 1998, ISD started to monitor the impact of compost on crop yields in farm-
ers’ fields. The method used to obtain the yield data is based on the crop sampling 
system of FAO. Three one-metre square plots are cut from the field. These plots are 
placed in the field to reflect the range of crop conditions, i.e. well grown and not so 
well grown areas are sampled from the centre and towards the edge of the field. The 
cut crop is then threshed and the grain and straw are weighed separately. The plot 
data are recorded along with the name of the farmer, the crop and the treatment as 
well as the location and the date. The farmer keeps the straw and grain. The straw is 
important because it is the main source of animal feed during the dry season, and 
thus also the raw material for obtaining animal manure for making compost. 

Tables 29.2 and 29.3 give the crop yields in kg ha-1 from 2003 in two commu-
nities. The farmers of Adi Nefas had been using compost for seven years, and had 
almost completely stopped using chemical fertilizer, while 2003 was the first year 
farmers of Adi Guà edad had made and used compost. They, therefore, had also 
continued to use chemical fertilizer. The ‘check’ is a field without either compost or 
chemical fertilizer being applied to it. It should be remembered that most farmers’ 
fields are half a hectare or less in extent. 

The data in the tables show that using compost usually doubles the yield when 
compared to the check. Except for wheat in Adi Guà edad, yields from fields treated 
with compost also exceeded the yields from fields treated with chemical fertilizer.

These results from the two communities are a reflection of what has happened 
in all the areas where the farmers have learnt how to make and apply compost. In 
the first year or two, they continue to use chemical fertilizer, but as they gain con-
fidence in making compost and also see its residual effects in restoring soil fertility, 
they stop using chemical fertilizer. It is interesting to note that after farmers stop 
using chemical fertilizer, no reduction in yields has been recorded as they ‘convert’ 
to using only compost. This is probably because the use of chemical fertilizer is rel-
atively recent, i.e. only since 1995 or even later.

Table 29.4 gives the total use of Urea and DAP in Tigray Region since 1995. The 
total production of all crops for the last 4 years is also given. This shows that while 
the demand from farmers for chemical fertilizer has decreased, the total produc-
tion has increased. This is a reflection of the widespread uptake of making and us-
ing compost throughout the Region.

Finger millet, faba bean and field pea are usually not given much attention by 
farmers who apply chemical fertilizer, but they decided to find out if compost could 
improve their yields. Figure 29.1 shows the results of using compost on these crops. 
It also compares the yields in Adi Abo Mossa for 1998, when compost had only 
been used for two years, with the yields for 2002, when compost had been being 
used for six years.
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It is interesting to see that the ‘checks’ for faba bean and field pea in Adibo Mos-
sa in 2002 were nearly the same as the compost treatment. The crops were growing 
on fields that had had compost applied to them in previous years, and were thus 
benefiting from the residual effect of the compost. The results in Tables 29.2 and 
29.3 and Figure 29.1 show that applying compost to farmers’ fields can raise yields 
of all types of crop. 

Other benefits from the use of compost have been noted by the farmers. These 
include:
1. Reduced pest problems – weed seeds, pathogens and insect pests are killed by 

the high temperature in the compost pits, but earthworms and other useful soil 
organisms establish well;

2. Disease and pest resistance – as seen through the problem of shoot fly on teff 
and root borer on faba bean; crops grown on composted soil are more disease 
and pest resistant;

Table 29.2. Grain yields, expenses and returns for Adi Nefas in 2003. a In 2003, Birr 10 = 1 Euro, 
or Birr 8.5 = US $ 1. Source: Data collected by ISD

Crop Input Yield 
[kg ha-1]

Gross income 
[birr]a

Fertilizer 
cost [birr]

Net income 
[birr]

Faba 
bean

Compost 4,391 13,173 – 13,173

Check 2,287 6,861 – 6,861

Finger 
millet

Compost 2,650 4,505 – 4,505

Check 833 1,416 – 1,416

Maize Compost 5,480 8,768 – 8,768

Check 708 1,133 – 1,133

Teff Compost 1,384 3,875 – 3,875

Chemical 
fertilizer

1,033 2,892 377 2,515

Check 739 2,069 – 2,069

Wheat Compost 2,250 5,625 – 5,625

Chemical 
fertilizer

1,480 3,700 377 3,323

Check 842 2,105 – 2,105

Barley Compost 1,633 3,266 – 3,266

Check 859 1,718 – 1,718



Chapter 29: Role of Organic Agriculture in Preventing and Reversing Land Degradation  533

3. Increased moisture retention capacity of the soil – if rain stops early, crops 
grown on soil treated with compost resist wilting for about two weeks longer 
than those grown on soil treated with chemical fertilizer;

4. Residual effect – farmers who have used compost for one or two years can obtain 
high yields from their crops the next year without applying compost afresh;

5. Economic returns – farmers have been able to stop buying chemical fertilizer, 
but they still get even higher yields; and

6. Flavor and satisfaction – the food made from crops grown with compost is said 
to taste better and provide a more satisfying meal.

Table 29.3. Grain yields, expenses and returns for Adi Gua’edad in 2003. a In 2003, Birr 10 = 1 
Euro, or Birr 8.5 = US $ 1. Source: Data collected by ISD

Crop Input Yield [kg 
ha-1]

Gross 
income 
[birr]

Fertilizer 
cost [birr]a

Net income 
[birr]

Faba bean Compost 2,900 8,700 – 8,700

Chemical fertilizer 1,100 3,300 377 2,923

Check 766 2,298 – 2,298

Finger millet Compost 2,000 3,400 – 3,400

Chemical fertilizer 1,433 2,436 377 2,059

Check 500 850 – 850

Maize Compost 2,000 3,200 – 3,200

Chemical fertilizer 1,133 1,813 377 1,436

Check 680 1,088 – 1,088

Barley Compost 2,193 4,386 – 4,386

Chemical fertilizer 1,283 2,566 377 2,189

Check 900 1,800 – 1,800

Wheat Compost 1,020 2,550 – 2,550

Chemical fertilizer 1,617 4,043 377 3,666

Check 590 1,475 – 1,475

Teff Compost 1,650 4,620 – 4,620

Chemical fertilizer 1,150 3,220 377 2,843

Check 390 1,092 – 1,092
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Tabel 29.4 Yearly consumption of Urea and DAP and total yields, Tigray. Source: Bureau of 
Agriculture and Rural Development, Tigray

Year Urea/DAP 
[‘000 tonnes]

Crop yield 
[‘000 tonnes]

1998 13.71

1999 12.43

2000 11.54

2001 11.32

2002 10.09

2003 10.17 713.95

2004 8.90 716.96

2005 8.17 1,162.20

2006 1,353.79

29.4.4
Ethiopia and organic production

In March 2006, the Ethiopian Government passed a law setting out a framework 
for organic agriculture (Federal Negarit Gazeta 2006). The experience of the farm-
ers in Tigray in producing and using compost indicates that the aim for Ethiopia 
to have a substantial number of farmers producing organically could be realized. 
This would not only reduce poverty but also contribute to preventing and reversing 
land degradation not just in the semi-arid, drought prone parts of the country, but 
also in the better endowed areas.

The communities that have been part of the Sustainable Agriculture Project 
have developed bylaws for the management of their natural resources. There is thus 
a basis for introducing the participatory guarantee system being developed by IF-
OAM for communities to have their production certified as organic. The partici-
patory guarantee system is based on IFOAM’s Norms for Organic Production and 
Processing (IFOAM 2005).

29.5
Organic agriculture in Africa

In 2003, IFOAM commissioned a study to provide an overview of the status of the 
organic movement in Africa (IFOAM 2003). The survey covered both the formal 
(certified) and non-formal sectors for 22 of Africa’s 54 countries. This represent-
ed 40% of the land area of the continent. Certified organic agriculture covers both 
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large commercial and small-holder farmers. In global terms, only 1% of land under 
certified organic agriculture is found in Africa, but, because most of the farms are 
small (1-3 ha) the continent accounts for almost 10% of the farmers growing cer-
tified organic crops worldwide. The principles behind organic agriculture are also 
used in programs and projects focused on overcoming food insecurity, rural pov-
erty and environmental degradation. In 2003, IFOAM reported that over 40,000 
farms covering 235,000 ha of land were growing certified organic products in Af-
rica (IFOAM 2003). 

One of the biggest constraints to the expansion of certified organic agriculture 
in Africa has been the lack of domestic systems of certification. But this situation 
is changing fast. In 2004, both Egypt and South Africa established indigenous cer-
tification bodies. Expanding this to other African countries has been a major fo-
cus of the Export Promotion of Organic Products from Africa (EPOPA) project in 
Eastern Africa (Taylor 2006). An overview of the current state of organic agricul-
ture in Kenya, Uganda and Tanzania was published in 2006 (Taylor 2006). One 
of the most successful activities of EPOPA has been the harmonization of organic 
standards for East Africa. The harmonized standards were finalized at a workshop 
in Nairobi in December 2006, and they will be officially launched at the East Af-
rica Organic Conference to be held in Dar es Salaam, Tanzania, from 28 May to 1 
June 2007. The launch of these East African Organic Standards will coincide with 
a campaign to increase consumer awareness in the region to promote the domes-
tic market for organic products and build the capacity of producers to compete in 
the export market.

If the current momentum for expansion of the organic sector in agricultural 
production can be maintained, it will also bring environmental benefits and sig-

Fig. 29.1. Yields (kg/ha) for faba bean, field pea and finger millet in 4 sites with 1998 compared 
with 2002
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nificantly contribute to reducing emissions of green house gases and to preventing 
further land degradation in the region.
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CHAPTER 30

Using Better Climate Prediction 
in the Implementation of National Action 
Programmes – (Eastern) Europe
Vesselin Alexandrov

Abstract. According to the UNCCD (United Nation Convention to Combat De-
sertification) affected country Parties have to prepare, make public and implement 
National Action Programmes (NAPs) as the central element of the strategy to com-
bat desertification and mitigate the effects of drought. NAPs could involve strength-
ening of drought preparedness and management, including drought contingency 
plans at the local, national, sub-regional and regional levels, which take into con-
sideration seasonal to interannual climate predictions. In this paper the question 
on application of climate predictions in (Eastern) European countries is discussed. 
Results from a survey on CLIPS (Climate Information and Prediction Services) ac-
tivities in the National Meteorological and Hydrological Services (NMHSs) from 
Eastern Europe are considered. Capabilities of certain Eastern European countries 
in the development of their own seasonal to interannual predictions or adaptation 
and interpretation of predictions issued by specialized climate prediction cеnters 
are also listed. A short overview on the contemporarary approaches towards bet-
ter seasonal to interannual prediction and climate forecasting is done within the 
paper, as well. Seasonal forecasts can be developed using mathematical models of 
the climate system. A recent trend is to examine the potential use of regional cli-
mate models. In Europe the multi-model approach seems to be the most adequate 
to produce reliable probabilistic climate forecasts. EU-funded project such as EN-
SEMBLES, EUROCLIM, CECILIA evaluating the merits of the current approaches 
and methods in the field are mentioned, too.

30.1
Introduction

The United Nations Convention to Combat Desertification (UNCCD) was adopted 
in Paris on 17 June 1994 and opened for signature there on 14-15 October 1994. It 
entered into force on 26 December 1996, 90 days after the fiftieth ratification was 
received. Until present, more than 190 countries became Parties to the Convention 
by ratification or accession. Countries affected by desertification are implement-
ing the Convention by developing and carrying out national, sub-regional, and 
regional action programmes. According to the UNCCD, affected country Parties 
shall “prepare, make public and implement national action programmes (NAPs) 
as the central element of the strategy to combat desertification and mitigate the ef-
fects of drought”. NAPs shall “incorporate long-term strategies to combat deserti-
fication and mitigate the effects of drought” and “enhance national climatological, 
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meteorological and hydrological capabilities and the means to provide for drought 
early warning”. NAPs may include, inter alia, establishment and/or strengthening, 
as appropriate, of early warning systems as well as strengthening of drought pre-
paredness and management, including drought contingency plans at the local, na-
tional, subregional and regional levels, which take into consideration seasonal to 
interannual climate predictions (UNCCD 2006)

It is considered that when discussing any issue related to climate predictions, 
the respective definitions of meteorological forecasting ranges should be clarified 
(Table 30.1)

According to the recommendations of the ad hoc ICCD/COP(4)/CST/4 Panel 
on Early Warning Systems (October 2000) it is necessary: to integrate early warn-
ing results with the results of other climate prediction systems such as the World 
Meteorological Organization (WMO) Climate Information and Prediction Servic-
es (CLIPS) and CLIVAR (CLImate VARiability and predictability); to encourage 
the further development and application of seasonal climate forecasting and long-
range forecasting as tools for early warning systems; etc.

The specific objectives of CLIVAR (www.clivar.org) are: 
to describe and understand the physical processes responsible for climate vari-
ability and predictability on seasonal, interannual, decadal, and centennial 
time-scales, through the collection and analysis of observations and the devel-
opment and application of models of the coupled climate system, in cooperation 
with other relevant climate-research and observing programmes; 
to extend the record of climate variability over the time-scales of interest through 
the assembly of quality-controlled paleoclimatic and instrumental data sets; 
to extend the range and accuracy of seasonal to interannual climate prediction 
through the development of global coupled predictive models; 
to understand and predict the response of the climate system to increases of ra-
diatively active gases and aerosols and to compare these predictions to the ob-
served climate record in order to detect the anthropogenic modification of the 
natural climate signal.

CLIPS (www.wmo.ch/web/wcp/clips2001/html/) is a WMO project that deals with 
the implementation of climate services around the globe. Climate services are any 
activity that employs and/or applies climate knowledge, climate information and 
climate predictions to the benefit of individuals, organizations and countries. In-
creasingly governments, international organizations, companies and individuals 
are recognizing the impacts that climate has on their activities, whether from long-
term climate change or from climate variability on time scales of up to a few sea-
sons or years.

30.2
CLIPS surveys

A survey undertaken during the year 2000 on behalf of the CLIPS project (Kimura 
2001) revealed that about one-third of the WMO member countries already had, 
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Table 30.1. Definitions of meteorological forecasting ranges (source: www.wmo.int)

1. Nowcasting A description of current weather parameters 
and 0 -2 hours description of forecasted 
weather parameters

2. Very short-range weather 
forecasting

Up to 12 hours description of weather 
parameters

3. Short-range weather 
forecasting

Beyond 12 hours and up to 72 hours 
description of weather parameters

4. Medium-range weather 
forecasting

Beyond 72 hours and up to 240 hours 
description of weather parameters

5. Extended-range weather 
forecasting

Beyond 10 days and up to 30 days description 
of weather parameters, usually averaged and 
expressed as a departure from climate values 
for that period.

6. Long-range forecasting* From 30 days up to two years

6.1 Monthly outlook Description of averaged weather parameters 
expressed as a departure (deviation, variation, 
anomaly) from climate values for that month 
(not necessarily the coming month).

6.2 Three month or 90 day 
outlook

Description of averaged weather parameters 
expressed as a departure from climate values 
for that 90 day period (not necessarily the 
coming 90 day period).

6.3 Seasonal outlook Description of averaged weather parameters 
expressed as a departure from climate values 
for that season.

Notes: (1) In some countries, long-range forecasts are considered to be climate products

(2) Season has been loosely defined as Dec/Jan/Feb = Winter; Mar/Apr/May = 
Spring; etc...in the northern hemisphere. In the tropical areas seasons may 
have different durations. Outlooks spanning several months such as multi-
seasonal outlooks or tropical rainy season outlooks may be provided.

7. Climate forecasting Beyond two years

7.1 Climate variability 
prediction

Description of the expected climate 
parameters associated with the variation 
of inter-annual, decadal and multi-decadal 
climate anomalies.

7.2 Climate prediction Description of expected future climate 
including the effects of both natural and 
human influences.

* – in the paper assumed as Seasonal to Interannual Prediction (SIP)
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or planned to obtain in the near future, the capability to provide some form of op-
erational seasonal to interannual prediction (SIP). Most of the member countries 
do not have the necessary human and financial resources to develop and issue their 
own predictions (Kimura 2001, Sivakumar 2006). According to Kimura (2001) the 
total issuance of official climate forecasts in the WMO RA VI (Europe) was 27, 
which is higher than the totals of the other regional associations (Table 30.2). 

In 2003 a comprehensive CLIPS questionnaire was created by Gocheva and 
Heckler (2004) and disseminated among WMO RA VI member countries. Here a 
summary of the respective answers from eastern European countries is given. 

There is a wide range of answers to the question “Is SIP currently successful in 
specified regions and sectors only?” Countries such as Albania and Cyprus do not 
use SIP and have not any precise opinion about SIP. However, according Armenia, 
Moldova and Kazakhstan SIP is successful in wide geographical regions. Azerbai-
jan: it is difficult to say anything about successfulness of SIP; Latvia: it is difficult 
to point out any geographic region where SIP works better; Bulgaria; Estonia, Slo-
venia and Cyprus: SIP seems successful for specific regions and sectors; Croatia, 
Poland, Romania: successful in ENSO-related regions with insignificant predict-
ability (NAO) in mid-latitudes (Gocheva and Heckler 2004)

In respect to the question “Does your NMHS (National Meteorological and Hy-
drological Service) provide official SIP?” the following countries replied negatively: 
Albania, Croatia, Cyprus, Estonia, Greece, Lithuania, Slovenia. Bulgaria, Latvia, 
Serbia & Montenegro provide monthly SIP; Belarus, Armenia, Azerbaijan, Poland 
– monthly and seasonal SIP; Russia -operational 1-3 month SIP containing both re-
gional and global predictions. It is necessary to point out the Romanian informa-
tion. The National Meteorological Administration in Romania provides, beyond 
the one-month weather forecasts, the following: prognostic estimates for the next 
two months, following the forecasting month; “seasonal supplement”, containing 
the anomaly notification in the geophysical environment in past season and me-
teorological outlook for the next season; a bulletin with annual forecasting assess-
ments, elaborated at the beginning of each season and containing estimates of the 
temperature and precipitation anomalies for the next four seasons (Gocheva and 
Heckler 2004).

Figure 30.1 shows the major global producers of long range forecasts. The next 
question from the survey of Gocheva and Heckler (2004) considers this topic: 
“Does your NMHS use SIP products from global producers?” The responses were 

Table 30.2. Issuance of official climate forecasts (Kimura 2001)

RA I RA II RA III RA IV RA V RA VI Global

Yes (class A) 15 9 4 4 7 10 49

Planned (Class B) 7 2 0 0 0 5 14

No (class C) 0 6 0 0 1 12 19

Total 22 17 4 4 8 27 82
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as follows: Croatia, Cyprus, Estonia – such products have been not applied yet; Ar-
menia, Azerbaijan, Belarus, Latvia are using ROSHYDROMET products; Slova-
kia and Greece explore ECMWF (Figs. 30.2 and 30.3) products only; Bulgaria uses 
ECMWF, IRI (International Research Institute for Climate and Society), UK Met 
Office, Météo-France in the terms of development of monthly weather forecast in-
volving local weather and climate archive data downscaling. For example, the Na-
tional Institute of Meteorology and Hydrology in Sofia, Bulgaria shows on its web 
page (info.meteo.bg) UK Met Office and IRI products as well as their interpretation 
for the Balkan peninsula and especially Bulgaria (Fig. 30.4); Lithuania – products 
from IRI (Fig. 30.5 and 30.6), World Resource Institute and Swedish Regional Cli-
mate Modelling Programme; Poland – ECMWF, IRI, DWD (The German Weather 
Service); Romania – ECMWF, Met Office, IRI and Japan Meteorological Agency.

It is considered that the ability to predict climate fluctuations months in advance 
is improving to the point where there are good prospects for using such forecasts 
to modify, for example, the management of crops and livestock so as to ameliorate 
some of the negative impacts of climate variability in some environments (Mason 
2001, Hansen 2002, O’Brien and Vogel 2003, Thornton, 2006). Gocheva and Heck-
ler (2004) collected also the answers of the following question: “Do you apply SIP 
in the management of agricultural production, water resources, etc.?”. Countries 
such as Armenia, Azerbaijan, Belarus, Bulgaria, Kazakhstan, Latvia, Poland, Ro-
mania have relatively widely SIP applications in the different sectors of economy 
(e.g. energy, agriculture, insurance, transport, water resources, tourism, human 
health, etc.). Russia, Croatia, Serbia and Montenegro, Slovakia apply SIP partially 
in some sectors, occasionally. Albania, Cyprus, Greece, Lithuania and Slovenia an-
swered completely negatively. The eastern European countries were split into 50:50 
in respect to the question “Has your NMHS contracts for regular SIP provision 

Fig. 30.1. Global producers of long range forecasts (source: www.wmo.int)
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with a specific sector for example, agriculture?”. However, 90% of them confirmed 
availability of user’s requests towards SIP products. 

There were additional questions within the survey of Gocheva and Heckler 
(2004), such as: “Is your SIP officially issued by media?”; “Do you develop the theo-
retical basis of your SIP activities by own research efforts?”; “How do you maintain 
the theoretical basis of your operational SIP activities?”; “Do you apply downscal-
ing methods for specific sectors/applications/locations?”; “What are the predicted 
meteorological elements and parameters in your national SIP practice?”, etc. It is 
necessary to point out that the above summary could be slightly different from the 
current situations because of some positive changes in the terms of SIP applications 
during the last few years. 

30.3
Towards better SIP and climate forecasting

The principal scientific basis of seasonal forecasting is founded on the premise (e.g. 
Palmer & Anderson 1994) that lower-boundary forcing, which evolves on a slow-
er timescale than that of the weather systems themselves, can give rise to signifi-
cant predictability of atmospheric developments. These boundary conditions in-

Fig. 30.2. Spatial pattern of correlation between modelled February-April snow cover and NCEP/
NESDIS observations; a) shows the correla-tion for the GloSea model ;b) shows the correlation 
for the ECMWF S2 model (source: Shongwe et al. 2006)
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Fig. 30.3. ECMWF 
products for Europe 
(source: www.ec-
mwf.int)
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clude sea surface temperature (SST), sea-ice cover and temperature, land-surface 
temperature and albedo, soil moisture and snow cover, although they are not all 
believed to be generally of equal importance (Sivakumar 2006). Seasonal climate 
forecasts are based also on the interactions between ocean and atmosphere as man-
ifested in sea surface temperatures, which can offer some predictability in terms 
of future temperatures and rainfall amounts (Ziervogel et al. 2005). According to 
Hansen (2006) forecasts of climate fluctuations with a seasonal lead-time are pos-
sible because the atmosphere responds to the more slowly varying ocean and land 
surfaces, an example being climate fluctuations associated with the El Niño-South-
ern Oscillation (ENSO) in the tropical Pacific (Mason 2001). Regional forecasts for 
Europe are dependent on North Atlantic Oscillation events, as well (Fig. 30.7).
Seasonal forecasts can be developed using mathematical models of the climate sys-
tem. Such dynamical seasonal forecasts are an extension of the numerical methods 
used to predict the weather a few days ahead. Dynamical models represent the cli-
mate system by a set of computer-solved equations, to predict its evolution several 
months in advance. Several climate prediction centers routinely issue probabilis-
tic seasonal forecasts based on dynamic general circulation models (GCMs) that 
model the physical processes and dynamic interactions of the global climate sys-
tem in response to sea and land surface boundary forcing. Probabilistic forecasts 
are obtained from ensembles of GCM integrations initialized with different atmo-

Fig. 30.4. The web page of the Information Center at the National Institute of Meteorology and 
Hydrology in Sofia, Bulgaria, where links to UK Met Office and IRI information on SIP are post-
ed (source: info.meteo.bg)
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Fig. 30.5. IRI prod-
ucts for Europe 
(source: iri.colum-
bia.edu)
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spheric conditions. In addition to dynamical predictions, empirical seasonal fore-
casts (Moura and Hastenrath 2004) can also be used in an attempt to find statisti-
cal links between current observations and general weather conditions some time 
in the future. 

A recent trend is to examine the potential use of regional climate models. A so-
phisticated method of obtaining more localised estimates of climate is to apply nu-
merical regional climate models at high resolution over the region of interest. Re-
gional models have been used in several climate impact studies for many regions of 
the world, including parts of North America, Asia, Europe, Australia and Southern 
Africa (Giorgi and Mearns 1999, Mearns et al. 1997). The regional climate mod-
els obtain sub-grid scale estimates (sometimes down to 25 km resolution) and are 
able to account for important local forcing factors, such as surface type and ele-
vation. Particularly, the regional climate model RegCM (Fig. 30.8) was original-
ly developed at the National Center for Atmospheric Research (NCAR), USA and 

Fig. 30.6. IRI climate outlook for Europe, November 2006 – April 2007 (source: iri.columbia.edu)
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has been mostly applied to studies of regional climate and seasonal predictability 
around the world. It is further developed by the Physics of Weather and Climate 
group at the Abdus Salam International Centre for Theoretical Physics (ICTP) in 
Trieste, Italy.

In Europe the multi-model approach seems to be the most adequate to pro-
duce reliable probabilistic climate forecasts (Doblas-Reyes 2006). The advantages 
of the multi-model approach have been illustrated in, among other research ef-
forts, the DEMETER project. Briefly, the DEMETER system comprises 7 global 
coupled ocean–atmosphere models. Uncertainties in the initial state were repre-
sented through an ensemble of 9 different ocean initial conditions. Atmospheric 
and land-surface initial conditions are taken directly from the ERA-40 (ECMWF 
Re-analysis) atmospheric re-analysis (Uppala et al. 2005). The performance of the 
DEMETER system has been evaluated from a comprehensive set of predictions for 
past cases, or hindcasts, over a substantial part of the ERA-40 period (1958–2001). 
One of the main results of the experiment is that the DEMETER multi-model fore-
cast system provides, on average, more skilful seasonal forecasts than is possible 
using a single-model ensemble system (Doblas-Reyes 2006)

The relative merits of the above methods (Fig. 30.9) are under evaluation with-
in EU-funded project such as ENSEMBLES, EUROCLIM, CECILIA, etc. The EN-
SEMBLES objectives (www.ensembles-eu.org) are to: run ensembles of different 
climate models to sample uncertainties; measure variations in reliability between 
models; produce probabilistic predictions of climate change. The project will, for 

Fig. 30.7. Statistical forecast for the NAO index (www.metoffice.gov.uk)
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the first time, develop a common ensemble climate forecast system for use across 
a range of time (seasonal, decadal and longer) and spatial scales (global, regional, 
and local); link these projections to potential impacts: agriculture, health, energy, 
insurance, ecosystems, etc. One of the EUROCLIM project (euroclim.nr.no) tar-
gets is to improve climate models in order to better predict future climate condi-
tions. The main CECILIA project (www.cecilia-eu.org) objectives are as following: 
producing high resolution (10 km) 30-year time slices over four target areas; com-
paring model responses with coarser results from existing simulations to assess the 
gain of a higher resolution; archiving daily data from the simulations in a common 
database; improving high resolution models for future scenarios (Fig. 30.10)

30.4
Conclusions

According to Hansen et al (2006) seasonal forecasts can be calibrated and evalu-
ated at a local scale, although attempts to quantify the effect on prediction skill 
have so far been few. Incorporating understanding of fine-scale climatic influences 
– such as orography, land–water interfaces, or land cover – into either statistical 
downscaling models or highresolution, regional dynamic climate modeling is like-
ly to further enhance prediction skill at the local scale that is relevant to farm im-

Fig. 30.8. RegCM3 inputs (source: Pal et al. 2005)
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Fig. 30.9. Regional Climate Change Index, based on 20 models and 3 emission scenarios (source: 
Giorgi 2006)

Fig. 30.10. CECILIA project web page (source: www.cecilia-eu.org)
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pacts and decisions. Although it is impossible to predict the timing of daily weath-
er events through a season, it is reasonable to assume that the large-scale ocean–at-
mosphere interactions that give rise to predicable shifts in seasonal means may also 
influence higher-order statistics of synoptic weather events that are important to 
agriculture, such as the frequency and persistence of rainfall events, the distribu-
tion of dry spell durations, the timing of season onset and the probabilities of in-
tense rainfall events or temperature extremes. For now, the predictability of these 
higher-order statistics at a seasonal lead-time remains largely unquantified.

Climate variability and change contribute to the vulnerability of individuals, 
businesses, communities and regions. This influences decision makers at all lev-
els (policy, businesses and farms), regardless of the level of economic development. 
When anticipating potential changes in climate such as possible changes in the fre-
quency and/or magnitude of extreme events and other changes in the pattern of 
climate and system, there is a need for improved seasonal forecasts. It is considered 
that in the future there would be better characterization of predictability at finer 
spatial and temporal scales and perhaps challenge the convention of presenting 
operational forecasts only as seasonal climatic means at an aggregate spatial scale. 
If improved forecasting is to be harnessed effectively, however, various conditions 
will need to be met. Seasonal climate forecasts must address a real and perceived 
need, and they must have value (Hansen 2002). There are also clear needs for ap-
propriate institutional structures that are adapted to manage such processes (Hud-
son and Vogel 2003, O’Brien and Vogel 2003). 
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CHAPTER 31

Improving NAP Implementation 
through Effective Use of Early Warning:
Experiences in the IGAD Sub-Region
Reuben Sinange

Abstract. The principle purpose of an early warning system is to collect an appro-
priate set of data and information regularly, in a consistent manner so as to pro-
vide a sense of trends and enable prediction of future status of the environment and 
events on a timely basis. This is done with a view to have populations at risk to be 
in a state of preparedness to prevent and respond to disasters. It enables them im-
prove response, save lives and property, reduce damage to property and reduce hu-
man suffering from the extreme events and processes. 

The concepts and science and technology for early warning systems have been 
substantially improved and refined over the last 30 years. Broad institutional ar-
rangements and networks at various levels have equally developed tremendously 
during the same period. Even if not always perfect, the systems have globally given 
results in terms of indications and trends that have often attracted interventions 
but unfortunately not in many countries. States are being urged to address the is-
sue as apart of their national risk management responsibility.

However, it requires states to have conviction, commitments, laws and other in-
struments like development strategies and programmes that include National Ac-
tion Programmes to Combat Desertification (NAPs) to implement interventions 
that ideally should be driven by an existing early warning system (EWS). 

There are instances in the IGAD sub-region where early warnings were is-
sued but “ignored” and regretfully governments and responsible institutions were 
blamed for not having done enough before, during and after the disastrous events 
and processes like desertification, droughts, famines and floods. Redressing the 
situation proves to be even more costly.

This paper endeavors to demonstrate that although the science and systems have 
been developed in the IGAD sub-region where extreme events abound, responses 
have not always been adequate. It is proposed that the solutions may lie in formu-
lating strong pro-EWS policies, legal and institutional frameworks to enable effec-
tive utilization of the available science and technological capabilities. This will save 
our environment, reduce disastrous processes and events and promote the culture 
of risk assessments and management by the state. One of the appropriate vehicles 
to promote this can be the NAPs. 

The emphasis is on placement of early warning systems in a legal and institu-
tional framework. This is with a view to influencing decision and policy making on 
risk management of our environment. Some of the legal areas that can be targeted 
for repeal to accommodate EWS are those of national statistical services, disaster 
management laws, and environmental management laws.
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31.1
Introduction

Desertification occurs in the dry-lands mainly due to deleterious activities of man 
and climatic factors including climate change and droughts. It is an insidious and 
continuous process of reduction of productivity of lands. Thus it negatively affects 
the provision of man’s basic needs including food, wood, timber, fiber, medicine 
and water. Droughts and other extreme events exacerbate and dramatize the prob-
lem in terms of exposing the extent of environmental degradation; vulnerability of 
the poor; and fragility of national economies.

The processes that lead to reduction of land productivity include:
Climatic factors. Climate change, droughts.
Over-cultivation. Extensive, intensive, inappropriate conversion of land to crop-
land. 
Overgrazing. Overstocking, leading to lose of cover, topsoil and fertility.
Deforestation. Removal of natural plant cover for crops, fuel, shelter, medicine.
Dehydration. Water overuse, wastage, diversions, and interbasin transfers for 
urban centers and irrigation projects leading to severe surface and underground 
water shortages in certain areas.

Ideally these are the processes or whose indicators that should be monitored as part 
of an environmental information system (EIS) or environmental warning system 
(EWS). However, due to the immediate and adverse effects of these processes on 
food production that often lead to famines, there are more advances in food secu-
rity early warning systems (FSEWS). 

31.2
Food Security and Early Warning Systems (FSEWS) in the region

A number of monitoring and early warning systems evolved in East Africa mainly 
for ecological and wildlife monitoring. Initially they used ground level and aerial 
methodologies, and later with its advent, satellite remote sensing was incorporated 
(GEMS 1980; Clark 1986). Thus the UNEP global environmental monitoring sys-
tem (GEMS) and other national and regional programmes were evolved. Recent 
reviews (SSO/UNSO, (1991); Sinange 1999) show that there exist many EW and 
monitoring systems in Western, Eastern, Central and Southern Africa sub-regions 
with different thematic and geographic scopes. Most are focused on food security 
and include among others:

Global systems. FAO-FSEWS, WMO, UNEP.
Regional systems. FEWS (USAID), ACMAD, AGRYMET.
Sub-regional systems. SADC-DMC, ICPAC.
National systems. most countries have their own.
Sub-national systems. for example in Ethiopia and Kenya. 
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31.2.1
Case for improving FSEWS in the region

The reviews (SSO/UNSO (1991) and Sinange (1999) and recent reports from vari-
ous systems including ICPAC, FSWS (USAID), FAO-FSEWS and SDAC-DMC in-
dicate that these EWSs are working and are bound to improve for the following 
reasons:

There is a need for EWSs at all levels as long as the hazards exist.
Concepts, definitions, mandates and frameworks are clearer
The science and technology tools continue to improve including:
– Remote sensing (RS), frequency of images, spatial and spectral resolutions 

and costs continue to improve;
– Geographic information systems (GIS) for analysis, representation and com-

munication are revolutionizing the EW science;
– Information and communication technology (ICT): voice (telephone, confer-

encing); data (e-mail, internets, GIS); video; electronic media (television, ra-
dio); communication satellites are all improving by leaps and bounds;

There is a marked reduction in blame games and controversies in relief and re-
habilitation responses for example in the IGAD member states in recent years 
an indication that there is more effective use of information and improvements 
in governance. 

A case in point is the recent (October to December 2006) mini El Niño rains in 
the Eastern Africa sub-region, which were predicted and the public was informed 
well in advance by ICPAC through its regular climate prediction forums. The rains 
caused floods, extensively damaged infrastructure (like roads, bridges, dykes and 
houses) and crops in various areas of Ethiopia, Kenya and Somalia. Many families 
were displaced and some lives lost. Compared to previous years, responses were 
relatively fast and adequate. Rehabilitation of the infrastructure was rapid. This 
saw very reduced criticism of the governments in the way they handle emergencies. 
These are indications that the systems have improved and are working.

31.2.2
Challenges to FSEWS in the Region

However, the reviews further showed that the EWS experience various challenges 
and constraints at all levels including:

Data quality and reliability from certain sources, bring to the fore some source 
legitimacy and credibility issues of some stakeholders.
Weak institutional set up and low capacity.
Poor communication networking within and between countries.
Inadequate co-ordination among the stakeholders involved in EW.
The EW results and products most frequently not released in a timely manner.
Frequent use of data and relief food for political expediency and profiteering.
The inadequate use of EW data and information to develop strategic interven-
tions that leads to ineffective risk management of the environmental hazards in 
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question. This is probably the biggest challenge when one considers the impacts 
of droughts to the national economies (Benson and Clay 1998; Benson 2000).

31.2.3
Kenyan case study

The drylands of Kenya which are vulnerable to desertification and the vulgaries of 
the weather and climate comprise over 80% of her land area (Fig. 31.1). They con-
tain over 30% of the country’s population and are very rich in biodiversity. The 
drylands contribute tremendously to the country’s economy through tourism, live-
stock and agriculture. However it is an area that is affected by low and unpredict-
able rains and frequent severe drought, floods and famines. Desertification due to 
destruction of the vegetation cover and loss of soil fertility is an issue under inten-
sive debate currently. This is despite the fact that the country has evolved ecological 
monitoring systems and FSEWS over the years. 

The main participants of the FSEWS over the years in Kenya have included the 
following:

Meteorological Department: – weather and climatic information. It serves many 
clients that include agriculture and transport sectors.
Ministry of Agriculture (MOA). Frontline extension staff performance reports, 
used for planning though not well calibrated for monitoring and EWS.
National cereals and produce board (NCPB). National “granary”, stocks and 
stock movement, business.
Central bureau of statistics (CBS). National statistical office. 
Department of resource surveys and remote sensing (DRSRS). Gathers environ-
mental data and information and has capabilities for rapid assessments
Districts Administration. For ground level information and indicators for 
droughts and famines.
Office of the President (OoP). Ultimate decision maker on response, relief and re-
habilitation.
UN organizations. Developmental and humanitarian affairs.
Non-governmental organizations (NGOs). Humanitarian affairs.

The successes and failures of these stakeholders have been linked to legal and in-
stitutional frameworks. These have evolved over time taking the experiences and 
prevailing governance regimes. However Kenya still lacks a comprehensive legal 
and institutional framework to cater for the environmental hazards and disasters 
that the country frequently experiences. A draft disaster management bill has been 
under consideration for several years now. IGAD has concluded a disaster manage-
ment strategy for the sub-region (IGAD 2004). This could form a framework for 
Kenya and other member states of IGAD to develop their own. Figures 31.2, 31.3 
and 31.4 show the general evolution of Kenyan FSEWS models, before 1980, 1980-
2000 and after 2000 respectively. The model was more rudimental before 1980 
when the UN and intergovernmental organizations (IOs), NGOs and a number of 
governmental organizations (GOs) were largely non-participants and only critical 
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government institutions dominated the system. Lack of preparedness for drought 
related disasters and management by crisis often led to 

In the next two decades (1980-2000) the UN organs, NGO and other stakehold-
ers increasingly got involved with loose linkages to critical governance structures 
of the system (dotted lines). Concurrently, various EWS evolved at various levels 
and organizations. Response capacity was developed in terms of networking and 
institutional development but coordination was still a problem. 

Since 2000, UN organizations and NGOs have been a substantial part of the 
system. Lessons have been learnt from Arid Lands Resource Management Project 
(ALRMP) and the Drought Preparedness, Intervention and Recovery Programme 
(DPIRP) in over ten districts. This has contributed to the development of the cur-
rent system. The national disaster management center (NDMC) was also small be-
fore 2000. It is increasingly becoming strong and central to the system especial-
ly in response and rehabilitation. Equally central to the system are the cooperat-
ing structures including the all inclusive Kenya food security committee (KFSM), 
specialized thematic working groups (TWG), District steering committees (DSC) 
and community development committees (CDC). The system is responsible for the 
current favorable responses to disasters having built on lessons learnt in the previ-
ous management models (Halderman 2000; OoP 2006).

Fig. 31.1. Map showing the extent of the drylands of Kenya (Adopted from OoP 2006)
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The system is working and improving steadily but it does not have a compre-
hensive legal and institutional framework. Thus it frequently stumbles on hurdles 
which are resolved pragmatically as they come.

Fig. 31.2. FSEWS: 
Kenyan model be-
fore1980 (Adopted 
from GoK, 2002)

Fig. 31.3. FSEWS: 
Kenyan model be-
tween 1980 and 
2000 (Adopted 
from GoK 2002)
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31.3
Trends towards building a case 
for environmental early warning system (EEWS)

With the experiences gained in the many FSEWSs, why has it taken long for other 
environmental hazards like desertification to have a similar EWS setup? For ex-
ample an environmental early warning system (EEWS) including one that can be 
named desertification early warning system (DEWS) would simply be an improve-
ment or adaptation of existing environmental monitoring system. However an 
EEWS would have additional requirements of being regular, predictive and timely. 
All data and information required for FSEWS are part and parcel of an EEWS.

31.3.1
Objectives, principles and scope of an EEWS and FSEWS

An EEWS would essentially be an upgraded conventional environmental moni-
toring system, GEMS, 1980. It would only have the additional requirements of be-
ing regular, predictive and timely. An EEWS (eg Desertification EWS) would be a 
long-term programme of record taking on status and conditions of environmental 
resources, parameters or indicators for detecting trends and predicting environ-
mental hazards. 

The objectives of such EEWS would be to record, analyze, predict and indicate 
magnitude of deviations from the normal situation in order to help make judg-
ments about possible impacts on environment, property, food and nutrition of the 
people. This will help all stakeholders to make informed decisions on interven-
tions. On the other hand the objectives of a FSEW are to record, analyze, predict 
and indicate magnitude of a deviation from the normal situation on a timely basis 

Fig. 31.4. FSEWS: 
Kenyan model after 
2000 (Adopted 
from GoK, 2002)
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in order to help make judgments about possible impacts on food and nutrition for 
the people in case of either deficits or surpluses.

The major principle of EEWS would be that the records must be taken regularly 
on same resources, parameters or indicators, using same approaches, methods and 
standards and predictions disseminated on a timely basis.. The same principles ap-
ply to FSEWS.

The scope of an EEWS would include a complete arrangement for the flow of data 
and information from collection to dissemination to end users. Ideally it should 
also include legal and institutional frameworks for the EW that link up strongly 
with those for mitigation, prevention, response and rehabilitation as well as general 
risk management or development interventions. Scope is same for FSEWS and ide-
ally it should also include legal and institutional frameworks for the EW that link 
up strongly with those for mitigation, prevention, response and rehabilitation.

31.3.2
Parameters, indicators for a desertification 
early warning system (DEWS)

Were DEWS to be developed by any country or organization, possible parameters 
and indicators selected for the system could be from any of the following sets:

Primary causes: population pressures; economic performance; changing life-
styles.
Processes: cultivated areas; productivity; stocking rates; timber and fuelwood 
usage; water resources usage; sedimentation. 
Manifestations: rainfall and temperature changes; vegetation cover and com-
position; soil fertility, gullies & silt loads, sand dunes, dust storms; water levels; 
losses in biodiversity; fuelwood scarcity etc.
Impacts: Soil desiccation; food security/ famines; prices of food/wood; health – 
(effect of inadequate nutrition, medicine and water); poverty levels; lose of live-
lihoods. 

The choice must be made carefully in consideration of simplicity, representation, 
costs, measurability, and consistence. Above all the information derived from the 
system should enhance the formulation and implementation of NAPs for combat-
ing desertification.

31.4
National Action Programmes (NAPs): 
objectives and challenges

The main objectives of UNCCD/ NAPs are to prevent, reduce, rehabilitate, re-
claim, conserve and sustainably manage drylands. As the convention emphasizes, 
the NAPs should ideally be based on research data and information. However, even 
after ten years of formulation and implementation of NAPs many challenges per-
sist including limited knowledge base on the desertification phenomenon and re-
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source scarcity (SADC/IGAD 2005). The main challenges identified in the SADC/
IGAD (2005) workshop for preparing a report to the Committee for the Review of 
the Implementation of Convention (CRIC) after about ten years of UNCCD/NAPs 
implementation included:

Inadequate institutional and legal frameworks.
Inadequate awareness, advocacy and knowledge base.
Inadequate transfer and use of technology.
Inequity in international markets for drylands products.
Inadequate resources for addressing the challenges.

The first three are relevant to the subject matter of this paper. The review showed 
how central these challenges are to combating desertification. Technology should 
be acquired to gather, analyze and disseminate data and information that enhance 
knowledge base on desertification for better decision making within a strong le-
gal and institutional framework for national environmental risk management. As 
demonstrated above, technology and early warning systems are improving rapidly 
but out of step with legal and institutional developments. This might be the great-
est bottleneck.

Despite all these challenges, there are many reasons for continuing to be opti-
mistic although ten years have passed without very significant strides:

Constitutional reform processes for better governance are being carried in many 
countries. 
Information and communication technology (ICT) continues to improve rap-
idly and soon no area will be too remote for observations. 
Willingness to decentralize decision making is evident in many countries.
Medium-term expenditure framework (MTEF) planning system may provide 
resources at lower levels for EWS and interventions.
Capable and active civil society organizations are emerging.

31.5
Conclusions and recommendations

The conclusions of the IDNDR (1999), UNCCD (2000) and the current conference 
provide the justification for endeavoring to improve on EEWS especially for de-
sertification. These facts are that:

Disasters are an expensive and growing problem – they should be nipped at the 
bud.
Timely and accurate warnings empower people to take actions, reduce losses, 
respond and recover rapidly.
Science continues to provide capability for more frequent and accurate warn-
ings.
Current warning delivery systems have inherent limitations but are improving 
rapidly.
Technology can now deliver warnings that are well targeted at people at risk.
Warnings are primarily issued by Government entities although information 
may be from other collaborating entities.
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Improvements of current systems depend on all stakeholders and governments 
working together effectively at all stages of disaster and risk management.
Weather and climate data should be made available in a timely manner and be 
synthesized for use in the implementation of NAPs. Hence, it is important to 
strengthen the capacity of National Meteorological and Hydrological Services 
(NMHSs) in the acquisition, analysis and dissemination of data.
A multi-disciplinary team (MDT) of data providers and data users for develop-
ing early warning systems for drought and desertification should be established 
at the national level to determine how information would be analyzed and pack-
aged for the end users. MDTs should take into account local community knowl-
edge to complement scientific expertise.
Given the current technological advances and the availability of satellite data, 
greater efforts should be made for the use of these data in the implementation of 
NAPs.
NMHSs, in collaboration with agricultural extension services and national co-
ordinating bodies of UNCCD, should provide seminars on weather, climate and 
land use to farmers to promote implementation of NAPs.

To ensure that there are improvements in the governance of the disaster risk man-
agement and that legal and institutional frameworks develop along with technolo-
gy and knowledge base it is recommended that attention be paid to the following: 

Policy change: There should be a policy shift from the current narrow FSEWS 
which are short-term famine disaster protection approaches to DEWS which will 
be part of wider long-term risk management strategies that embrace sustainable 
development and focused on disaster prevention. Notably, the UNCCD/NAPs 
aim at sustainable development and NAPs should be part of the national sus-
tainable development frameworks. In order to ensure NAPs are effective then 
they should be served by DEWS and anchored in a comprehensive legal and in-
stitutional framework.
Comprehensive legal and institutional framework: The DEWS should be seen 
as a result oriented process. National statistical bureaus serve countries in data 
and information collection, analysis dissemination and use with the central ob-
jective of using it for national economic planning and growth. The bureaus are 
anchored in acts of parliament. In the same breath, the gathering, analysis, dis-
semination and utilization of data and information of environmental (deserti-
fication) early warning systems should be crafted into a legal and institutional 
framework where they do not exist. This will be with a view to consolidating and 
strengthening policy and decision making on environmental risk management 
and sustainable development. This will be one alternative to ensuring effective 
implementation of NAPs.
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Roles and responsibilities of stakeholders: The present multitude of players and 
stakeholders will have specific legal roles and responsibilities to play in the com-
prehensive framework. This will improve coordination, standards and commit-
ments by stakeholders to the one course of environmental protection and sus-
tainable development. Some of the legal areas that can be targeted are those 
of national statistical services, disaster management laws, and environmental 
management laws.

References

st



CHAPTER 32

Role of Drought Monitoring 
and Management in NAP Implementation
Hossein Badripour

Abstract. Land degradation is of great importance for sustainable livelihoods, 
hence the international community decided to develop a Convention that binds 
the countries to take measures to control land degradation process. Since, drought 
is a climatic feature that exacerbates land degradation, “mitigation of drought im-
pact” was added to UNCCD.

Drought is a very common phenomenon all around the world especially in those 
countries located in the arid and semi arid areas. Like other countries in the arid 
zone, the Islamic Republic of Iran suffers from drought. Researches revealed that 
every 2.5 years, the country experiences drought with different severities. Apart 
from the impacts that drought imposes on natural resources and environment, 
huge economic losses impact the people i.e. the amount of losses caused by drought 
in just rainfed crops amounted to 6% of the GDP in 2000. Drought is also one of 
the causes of poverty and poverty causes land degradation. Thus, in NAP formula-
tion, drought is one of the main subjects addressed.

In order to control the impacts of drought on land degradation, an integrated 
management model is needed. Since drought is a multi-faced phenomenon, the 
model should be quite comprehensive and cover hydrological, agricultural and so-
cio-economic aspects. 

In order to develop the strategies to manage drought, one should be aware of 
drought occurrence. In this regard, lots of indices such as PDSI and SPI have been 
developed and many countries are using such indices appropriate to their own cir-
cumstances to measure the drought severity and the area affected. As different sec-
tors of the community and environment suffer from drought and since impacts are 
not always similar, each sector may also need its own indices to monitor drought 
impacts precisely. 

Unfortunately, since drought is a slow and creeping disaster and since no clear 
and definite strategies to cope with drought have been developed, countries suffer 
a lot. Often, the approach is to go towards a fairly good crisis management system 
which is usually late and costly.

Some models to manage drought have been developed such as 3 phase man-
agement model (before, during and after drought), 10-step drought management 
model and recently a more comprehensive one has been developed for the disaster 
management. The latter consider both crisis management and risk management 
while the former models lack some components of this model. 

Once, the model for each sector suffering from drought has been formulated, all 
stakeholders including managers and farmers can follow the strategies of the mod-
el leading to mitigate drought impacts and control land degradation.
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32.1
Natural disasters in Asia

Most of the Asian countries are affected by many disasters including earthquakes, 
floods, droughts, volcanos, etc. According to the location, the kind and severity 
of disasters differ e.g., it is said that Iran is affected by 31 of the natural disasters. 
While earthquakes and floods are the most serious natural disasters affecting some 
countries like Iran, from the point of view of the number of fatalities, drought is 
the most serious one as shown in Figures 32.1 and 32.2.

Every disaster has its own losses. For example, the earthquake which occurred 
in Bam city resulted in more than 30,000 fatalities and collapse of all the build-
ings. In addition to the human fatalities and economic losses it inflicted, an ancient 
complex which is an UNESCO registered site, dating back to 2,500 years ago was 
totally destroyed. Since Iran is located in the arid zone, the country receives 246 
mm of rainfall annually, which is less than a third of the world figure. The annual 
rainfall is not only low, but is erratic and fluctuates widely as shown in figure 32.3. 
main Mountain chains located in the north and west that create a “V” shape barri-
er, no wet cloud enters central Iran. While some parts of the country at the Caspian 
sea receive more than 1000 mm, there are some places with very little amount of 
rainfall (around 50 mm and less). Research data show that the country suffers from 
drought every 2.5 years with different severities as shown in Figure 32.4. 

Drought also has its own losses. A report published by United Nations on 2001 
drought situation in Iran showed that 90% of the country’s population were af-

Fig. 32.1. Distribution of people affected by natural disasters by country and type of phenomena 
in Asia (1975-2001)
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fected to varying degrees and most populations in the 12 most severely affected 
provinces were relying on water tankers to transport drinking water to meet their 
needs. More than 2.6 million ha of irrigated farms, 4 million ha of rainfed agricul-
ture and 1.1 million ha of orchards were affected. In the livestock sector, 75 mil-
lion heads of animals were affected, inflicting an estimated loss of US $ 900 mil-

Fig. 32.2. Distribution of natural disasters fatalities by country and type of phenomena in Asia. 
(1975-2001)

Fig. 32.3. Mean annual rainfall in I.R. of Iran (Islamic Republic of Iran Meteorological Organi-
zation, Rainfall statistics, www.irimet.net)
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Table 32.1. Land degradation (‘000 ha) during the past decades in Iran

1951 1961 1971 1981 1991

9 15 81 149 1,007

lion to some 200,000 livestock herders. The total loss due to drought equalled to 
6% of GNP. The Parliament allocated US$ 500 million to mitigate the effects of the 
drought. The Cabinet declared June to December 2001, as the “Water Crisis Peri-
od” and issued decrees to conserve water.

32.2
Desertification and drought

According to UNCCD, desertification is defined as “land degradation in the arid, 
semi-arid and sub- humid areas resulting from various factors, including climatic 
variations and human activities”. Asia contains the largest amount of land affected 
by desertification of any continent in the world, just under 1,400 million ha. Some 
71% of its drylands i.e. one-third of its entire area is moderately to severely degrad-
ed. Based on the Iran’s National Action Programme to Combat Desertification and 
Mitigate Drought Effects (NAP), land degradation rate is accelerating during the 
past decades as shown in Table 32.1.

Fig. 32.4. Drought occurrence frequency in Iran (regardless to drought severity) (Islamic Repub-
lic of Iran Meteorological Organization, Drought issue, www.irimet.net/irimo/drou.html)
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Like any other country in the region most of the land degradation is due to over-
grazing, overuse of land, poor irrigation methods, climate variations and defores-
tation. Land degradation reduces the capacity of soil to absorb water, resulting in 
reduced replenishment of ground water and increased possibility of flood.

As shown in Table 32.1, land degradation rate has been increasing during the 
past 2 decades at a high rate. It should be noted that during the same period of time, 
the country suffered from drought more than any other time.

32.3
Drought concepts

Drought is a natural hazard that results from a deficiency of precipitation from ex-
pected or “normal” which, when extended over a season or longer period of time, is 
insufficient to meet the demands of human activities and the environment. Drought 
must be considered a relative, rather than absolute, condition and it occurs in virtu-
ally all climate regimes.

Drought differs from other natural hazards in various ways. Drought is a slow-
onset natural hazard that is often referred to as a creeping phenomenon. It is a cu-
mulative departure from normal or expected precipitation, that is, a long-term mean 
or average. This cumulative precipitation deficit may build up quickly over a peri-
od of time, or it may take months before the deficiency begins to appear in reduced 
stream flows, reservoir levels or increased depth to the underground water table. 
Owing to the creeping nature of drought, its effects often take weeks or months to 
appear. Precipitation deficits generally appear initially as a deficiency in soil; there-
fore agriculture is often the first sector to be affected as shown in figure 32.5.

It is often difficult to know when a drought begins. Likewise, it is also difficult 
to determine when a drought is over and according to what criteria this determi-

Fig. 32.5. Drought cycle
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nation should be made. Is an end to drought heralded by a return to normal pre-
cipitation and, if so, over what period of time does normal precipitation need to be 
sustained for the drought to be declared officially over? Since drought represents a 
cumulative precipitation deficit over an extended period of time, does the precipi-
tation deficit need to be erased for the event to end? Do reservoirs and groundwa-
ter levels need to return to normal or average conditions? Impacts linger for a con-
siderable period of time following the return to normal precipitation. Therefore, is 
the end of drought signalled by meteorological or climatological factors, or by the 
diminishing negative impact on human activities and the environment?

Another factor that distinguishes drought from other natural hazards is the ab-
sence of a precise and universally accepted definition. There are hundreds of defi-
nitions, adding to the confusion about the existence of drought and its degree of 
severity. Definitions of drought should be region and application specific or im-
pact specific. Droughts are regional in extent and each region has specific climatic 
characteristics. Droughts that occur in the North American Great Plains will dif-
fer from those in Northeast Brazil, southern Africa, Western Europe, eastern Aus-
tralia or the North China Plain. The amount, seasonality and form of precipitation 
differ widely between each of these locations.

Temperature, wind and relative humidity are also important factors to include 
in characterizing drought from one location to another. Definitions also need to be 
application specific because drought impacts will vary between sectors. Drought 
conjures different meanings for water managers, agricultural producers, hydro-
logic power plant operators and wildlife biologists. Even within sectors, there are 
many different perspectives of drought because impacts may differ markedly. For 
example, the effects of drought on crop yield may vary considerably for maize, 
wheat, soybeans and sorghum because they are planted at different times during 
the growing season and do not have the same water requirements and sensitivities 
to water and temperature stress at various growth stages. Irrigated and rain-fed 
farming do not react the same to the water deficiency. So even in one region, differ-
ent concepts may exist to realize drought conditions. 

Drought impacts are non-structural and extend over a larger geographical area 
than damages that result from other natural hazards such as floods, tropical storms 
and earthquakes. This, combined with drought’s creeping nature, makes it particu-
larly challenging to quantify impacts and even more challenging to provide disas-
ter relief for drought than for other hazards. These characteristics have hindered 
the development of accurate, reliable and timely estimates of the severity and im-
pacts, such as drought early warning systems and ultimately, the formulation of 
drought preparedness plans. 

32.4
Drought aspects

Drought is a multi-faceted phenomenon which is an inevitable part of normal cli-
mate fluctuation and should be considered as a recurring environmental feature. 
Since drought affects wide range of aspects of daily life, so different scientists from 
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different disciplines have developed definitions in order to facilitate the realization 
of the onset and the severity of drought. 

Some of the aspects of drought are as: Meteorological, Hydrological, Agricul-
tural and Socio-economic (Wilhite and Glantz 1985).

- Meteorological drought is usually defined by a precipitation deficiency thresh-
old over a predetermined period of time. The threshold chosen, such as 75% of nor-
mal precipitation, and duration period, for example 6 months, will vary by location 
according to user needs or applications. Meteorological drought is a natural event 
and results from multiple causes, which differ from region to region. 

- Hydrological drought is even further removed from the precipitation deficien-
cy since it is normally defined by the departure of surface and subsurface water 
supplies from some average condition at various points in time. Like agricultur-
al drought, there is no direct relationship between precipitation amounts and the 
status of surface and subsurface water supplies in lakes, reservoirs, aquifers and 
streams because these hydrological system components are used for multiple and 
competing purposes, such as irrigation, recreation, tourism, flood control, trans-
portation, hydroelectric power production, domestic water supply, protection of 
endangered species and environmental and ecosystem management and preser-
vation. There is also a considerable time lag between departures of precipitation 
and the point at which these deficiencies become evident in surface and subsurface 
components of the hydrological system. Recovery of these components is slow be-
cause of long recharge periods for surface and subsurface water supplies. In some 
drought-prone areas such as the western United States, snow pack accumulated 
during the winter months is the primary source of water during the summer. Res-
ervoirs increase the resilience of this region to drought because of their ability to 
store large amounts of water as buffer during single-or multi-year drought events. 

Socio-economic drought differs markedly from the other types of drought be-
cause it reflects the relationship between the supply and demand for some com-
modity or economic good, such as water, livestock forage or hydroelectric power 
that is dependant on precipitation. Supply varies annually as a function of precipi-
tation or water availability. Demand also fluctuates and is often associated with a 
positive trend as a result of increasing population, development or other factors.

The interrelationship between these types of drought is illustrated in Figure 
32.6. Agricultural, hydrological and socio-economic drought occurs less frequent-
ly than meteorological drought because impacts in these sectors are related to the 
availability of surface and subsurface water supplies. It usually takes several weeks 
before precipitation deficiencies begin to produce soil moisture deficiencies lead-
ing to stress on crops, pastures and rangeland. Continued dry conditions for sev-
eral months at a time bring about a decline in stream flow and reduced reservoir 
and lake levels and potentially, a lowering of the groundwater table. When drought 
conditions persist for a period of time, agricultural, hydrological and socio-eco-
nomic drought occurs, producing associated impacts. During drought, not only 
are inflows to recharge surface and subsurface supplies reduced but demand for 
these resources increases dramatically as well. 
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Fig. 32.6. Inerrela-
tionships between 
meteorological, ag-
ricultural, hydro-
logical and socio-
economic drought. 
(Source: National 
Drought Mitigation 
Center, University 
of Nebraska – Lin-
coln, USA)

32.5
Drought indices

In order to measure any feature and phenomenon, some definite, accurate and 
sharp indices should have been developed. Drought as a recurring phenomenon 
needs to be measured and is no exception. 

Indices used to track and define drought have been around for nearly a century 
now. Some of the common drought indices used are: Palmer Drought Severity In-
dex (PDSI), Crop Moisture Index (CMI), Standardized Precipitation Index (SPI), 
Percent of Normal Rainfall, Daily Stream Flow, Snow pack, Soil Moisture, Daily 
Soil Moisture Anomaly, Rainfall Deciles approach, Stream Flow Forecast. Some of 
these indices are presented in Table 32.2. 

No one definition covers all possible forms of drought and no single index can 
possibly capture all the various definitions. Indeed, a long way has been passed for 
using an index or indicator to evaluate drought. Figure 32.7 shows the process of 
drought indices development. 

PDSI (Palmer 1965) is one of the drought indices that is commonly used world-
wide. In this index a water balance approach has been modelled and it is unique, so 
many countries use it to detect drought conditions. In fact, this index proved to be 
a turning point in the evaluation of drought indices in the United States (Heim Jr. 



Chapter 32: Role of drought monitoring and management in NAP implementation  573

2002). It has become the gospel of drought indices becoming ingrained in the mind 
sets of researchers and is used in decision making and policy formulation. 

Many examples can be given to contradict the drought indices application. Fol-
lowing are some examples:

The outcome of the drought indices does not suggest a same outcome. As an ex-
ample, two drought maps for the year 1997-98 (Figure 32.8) based on SPI (left 
map) and Deciles approach (right map) show that according to the Deciles ap-
proach most of the country is affected by a severe drought while at the same time 
no part of the country suffers from drought based on SPI.
Rangeland is one of the sub-sectors of agriculture covering around half the 
world land area that is highly affected by drought and information on the onset, 
end and severity of drought is quite important to the ranchers who are the main 
stakeholders. The American Society for Range Management (SRM) glossary 
(Kothmann 1974) uses a meteorology-based definition of “prolonged dry weath-
er, generally when precipitation is less than 3 quarters of the average amount”. 
The given definition by SRM can not be a definitely accurate and applicable one 
for determination of drought in rangeland while Holecheck et al. (1999) based 
on a research on forage yield in Chihuhuan desert rangelands in New Mexico 
suggested that range forage is correlated to rainfall in the growing period (July- 
September) than total annual rainfall (Table 32.3). 

Table 32.2. Brief overview of some of the drought indices

Name Basis Positive attributes Negative attributes

Stansardized 
Preciption Index 
(SPI)

Long term 
prescipation records 
fitted to a probability

Can be used over 
different time scales, 
early warning of 
drought with a number 
for severity, less 
complex than other 
indices

Values can c hange from 
preliminary data to 
updated data

Palmer Drought 
Severity Index 
(PDSI)

Precipitation, 
temperature, 
and soil moisture

Earlies drought index 
in U.S.

Can lag behind actual 
droughts, not appropriate 
for mountainous or 
extreme climate areas, 
time-scale can be 
misleading

Surface Water 
Supply Index 
(SWSI)

Snowpack, 
precipitation, 
reservoir storage, and 
streamflow

Can describe state of 
water supply specific 
to particular regional 
conditions

Changing elements 
requires new algorithms, 
comparing between 
basins difficult because 
so regionspecific

Reclamation 
Drought Index 
(RDI)

Precipitation, 
snowpack, 
streamflow, and 
reservoir levels

Added benefit of 
including evaporation 
through the temerature 
component

Compring between 
basins difficult because 
basins specific
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32.6
Drought, Poverty and desertification

Needless to say, drought is a major disaster affecting the people, especially in the 
rural areas, who maintain their livelihood from farms and natural resources. Since 
the people in the rural areas are quite dependant on the sources available to them 

Fig. 32.7. Drought 
indices develop-
ment process 

Fig. 32.8. Comparison of drought maps based on SPI and Rainfall Deciles approach for 1997-98
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Table 32.3. Relationship between forage yield and time of rainfall 

Year Total Rainfall

(inches)

Rainfall during the 
growing period (July-
Sept) (inches)

Forage yield
(lb acre-1)

79 9.8 5.5 230

80 9 3.8 98

81 10.4 6.2 230

82 9.8 5 76

83 8.7 3.2 50

84 13.6 5 128

85 13.2 7 218

86 17 7.9 483

87 9.4 6.2 184

88 11.8 7 310

89 7.6 4 189

90 10.7 7.5 270

91 15.1 7.2 488

92 15.4 4.9 750

93 9.9 5.3 20/3

94 7 2 6

95 6.7 4 59

96 7.9 5 145

97 11.6 5.5 284

98 8.2 3.8 173

Average 10.6 5.3 229

which are prone to drought leading to low products and eventually lower income 
so they are extremely vulnerable to drought. 

Poverty is both a cause and a consequence of desertification. Indeed this vi-
cious circle affects not only people but also the economies of affected countries. The 
first victims of desertification are the prime sources of fertile soil, vegetation cover 
and agricultural crops. Over time, the productive capacity of land diminishes, and 
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population that depend on them become predisposed to poverty. Figures 32.9 and 
32.10 indicate the relationship between drought, poverty and land degradation.

32.7
Drought monitoring

Many new tools are now available to us to detect drought progress. The marvels 
of modern technology (now taken for granted) – satellite, GIS, the Internet (infor-
mation sharing), access to near real-time data and super computing capabilities—
have changed the way we track and define drought. On both the spatial and tem-
poral level the game has changed as managing water resources becomes even more 
critical into the next century. The goal of these new tools is to better monitor and 
predict a drought’s onset, intensity, duration and spatial extent along with its im-
pacts. Our tool box has never been better equipped but there is still much to do and 
improve upon. Many data and products are now available weekly or daily, rather 
than using grid-based format. In addition, more and more site-specific informa-
tion (compared to a climate division or coarser scale product) is coming on the ev-
ery month, leading to the generation of a suite of near real- time products updated 
daily. Given the unique challenges of detecting the onset of drought coupled with 
the complex nature of its impacts, improved tools are needed to predict and assess 
drought a finer spatial and temporal resolution.

To monitor drought and provide early warning requires a comprehensive and 
integrated approach. The collection of climatic, hydrological data is fragmented 
between many agencies or ministries in most countries but the analysis of climate 
and water data is most effective when it is coordinated under a single authority. 
This authority can be a single agency of ministry or an interagency authority that is 
responsible for analyzing data and producing useful end products or decision- sup-
port tools for delivery to users. Stakeholders must be involved from the early stag-
es of product development to ensure the information will serve their diverse needs 
in terms of timing and content. A delivery combination of internet, extension, and 
print and electronic media delivery may be required.

Monitoring and early warning systems to date have typically been based on a 
single indicator or climatic index. Recent efforts to improve drought monitoring 
and early warning have provided new early warning and decision-support tools 
and methodologies in support of drought preparedness planning and policy de-
velopment. The lessons learned can be helpful models for future countries. An ef-
fective monitoring, early warning and delivery system continuously tracks key 
drought and water supply indicators and climate-based indices, and delivers this 
information to decision makers. This allows for the early detection of drought con-
ditions and timely triggering of mitigation and emergency response measures, the 
key ingredients of a drought preparedness plan.

An integrated drought monitoring systems can be divided into five essential 
components (Svoboda et al. 2002):

Determination of applicable climate indicators and resultant trigger levels;
Identification of data requirements and data network sources.
Acquisition and analysis of reliable data.
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Synthesis of the data and generation of practical, useful products (application).
Information dissemination.

As pointed out here, in order to have a good and workable drought monitoring sys-
tem, applicable climate indicators and resultant trigger levels, should have been de-
veloped otherwise the value of the system would be depreciated.

Fig. 32.9. Relation-
ship between 
drought, poverty 
and land degrada-
tion

Fig. 32.10. Cause and effect of poverty and land degradation
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In the monitoring process, the stakeholders should be involved during the for-
mulation of the drought indices and data collection. Regarding monitoring of the 
drought impacts on rangelands, a model (Figure 32.11) has been developed as fol-
lows. Along with the meteorological indices (rainfall, soil moisture), some indica-
tors including range cover, range condition, range yield and livestock condition 
should be measured. Some of this information is provided by the ranchers, some 
by meteorological district offices and some by the department of water supply dis-
trict offices. NGOs could also help the monitoring unit and act as a key player to 
collect the data.

Fig. 32.11. Drought monitoring in rangelands
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32.8
Drought management

Drought management is something new and it goes back to 1960s that attracted the 
attention of governments and scientists. Although many initiatives have been un-
dertaken and some countries have developed their drought national strategy, some 
gaps still exist. The early works suggested division of droughts into 3 phases i.e. be-
fore, during and after drought occurrence. 
- Preparedness (before drought outbreaks);
- Crisis management (during drought);
- Relief assistance (after drought).

Although they had identified correctly the three phases and devised the measures 
to be undertaken at each phase, since drought management knowledge was lack-
ing, the final efforts were mainly focused on relief assistance and little with pre-
paredness. Even now, after four decades of work on drought management, many 
countries only made limited efforts in this regard and they provide the people with 
relief assistance. Most African countries are among them and they spend local 
funds along with international aids to help people against famine. Since the budget 
is very tight in the LDCs and developing countries so the budget which should have 
been spent for the development and research is mostly spent for drought relief.

In early 1990s, the National Drought Mitigation Centre at the University of 
Nebraska developed a model for drought management. The model consisted of 
10 components in a 10-step process which was mainly focused on hydrological 
drought management. This methodology has been used by many states in the Unit-
ed States and also by several foreign governments. The purpose of the planning 
process is to derive a plan that is dynamic, reflecting the changing government 
policies, technologies, and natural resource management practices. The 10-steps 
in this process are:

Appoint a drought task force;
State the purpose and objectives of the preparedness plan.
Seek stakeholder participation and resolve conflicts.
Inventory resources and identify groups at risk.
Develop organizational structure and prepare the drought plan.
Identify research needs and fill institutional gaps.
Integrate science and policy.
Publicize the drought plan, build public awareness.
Teach people about drought.
Evaluate and revise drought preparedness plan.

The above process is intended to serve as a checklist to identify issues that should 
be addressed in plan development, with appropriate modifications.

Although the model was a good achievement but still it did not answer our 
needs. 

Wilhite (1996) developed a more complicate one (Figure 32.12) which deals with 
different stages of drought management namely: risk management and disaster 
management which they comprise some components. The drought management 
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task force or the members of the committee for NAP formulation should identify 
the drought affected sectors and sub-sectors and develop measures and policies 
that should be taken by all stakeholders including farmers and government. 

Fig. 32.12. The Cycle 
of Disaster Manage-
ment
(Source: Dr Donald 
Wilhite, NDMC, 
University of Ne-
braska – Lin-coln)

Fig. 32.13. Drought 
preparedness
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Fig. 32.14. A resilient 
society to drought

The main achievement of the disaster management cycle is the movement to-
wards drought preparedness as shown in Figure 32.13. 

When drought management cycle is complete the vulnerability of the commu-
nity would be less thus the loss and damages are going to be low (Fig. 32.14).

References
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CHAPTER 33

Climate and National Action Programs in Latin America
Gertjan B. Beekman

Abstract. The Program to Combat Desertification and Mitigate the Effects of 
Droughts in South America is being implemented at a regional scale. The gener-
al objective is to provide a sound basis for addressing dry land degradation and 
drought in Argentina, Brazil, Bolivia, Chile, Ecuador and Peru, in accordance with 
the UNCCD principles. Other countries, such as, Colombia, Paraguay, Uruguay 
and Venezuela have manifested their interest in participating in the Program and 
to share experiences and expertise among the countries in the Region. The Meso-
America countries, are also willing to engage in the same approach of the Program, 
significantly expanding the basis for south-south and north-south cooperation. In 
Latin America, the vast majority of the 34 countries that have adhered to the 
UNCCD have elaborated their National Action Programmes (NAP’s) in accor-
dance with their commitments towards the Convention. Currently, a number of 
them are engaged in the process to have their respective NAP’s fully implemented 
and guided by national policies targeted to control the continuous land degrada-
tion associated either with natural climatic variations or anthropogenic activities. 

The main objective of the Convention is to secure the long-term commitment 
of its Parties to combat desertification and mitigate the effects of drought through 
effective action at all levels, with a view to contributing to the achievement of sus-
tainable development in affected areas. The Convention calls on the affected coun-
tries to develop National Action Programs to Combat Desertification and Drought 
(NAPCD), within the framework of national development plans. These include 
strategies and priorities, paying special attention to the related socioeconomic fac-
tors, addressing the underlying causes of dry land degradation, promoting the par-
ticipation of local populations particularly women and youth, and providing an 
enabling environment by issuing as necessary new laws and policies. Through the 
Program a set of socio-economic and environmental indicators were identified in 
all participating countries and a common base line of indicators was derived in or-
der to establish a common ground for the simulation of future scenarios. This is 
particularly of importance regarding the climate indicators such as temperature, 
precipation and evaporation that constitute components of the aridity index used 
to delimit the arid, semi-arid and the dry sub-humid areas in the region. The global 
warming trend is likely to change the distribution patterns of such indicators and 
redefine the boundaries of the aforementioned areas. These changes, as predicted 
by future scenarios, should be taken into account in NAP implementation and be 
given due consideration in the formulation of public policies towards combating 
desertification. 
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33.1
Environmental Effects

Environmental degradation increases as national and international environmental 
systems are restricted and regulation, both direct and indirect, is minimized. Loss 
of biodiversity, toxic chemical waste accumulation, deforestation, desertification 
and climate change worsen. The ambitious objectives of Agenda 21 (Earth Summit 
1992) and of environmental conventions, again considered to some extent at the 
summit on Sustainable Development in Johannesburg (2002), continue essential-
ly rhetorical. The Millennium Development Goals-MDG’s are also showing signs 
that targets may not be met. The MDG’s direct development planning towards pri-
ority goals. Each of the goals interacts with disaster risk potentially contributing to 
the reduction of human vulnerability to natural hazard. 

National development sustainability initiatives are launched but the efforts are 
few and isolated. The same is often true of the initiatives, many converted into ac-
tion plans, emerging from numerous sub-regional and regional conferences and 
fora, and from bilateral and multilateral agreements. However, the NAP’s, in some 
cases rely heavily on community participation as is the case of the Brazilian NAP 
which was elaborated with a multitude of stakeholders and with the direct partici-
pation of the public or civil society fully represented. The demands and expecta-
tions of the public are to be carried out at the NAP’s implementation phase. Politi-
cal awareness is flaring up and the issue to combat desertification is drawn into to 
the political agenda of active congress representatives who are engaged in the pur-
suit of the means of implementation for the required actions to be effective. The 
National pluri-annual plan takes into account and provides budget provisions for 
the envisioned actions that are to produce a change in scenario and provide im-
provements in the overall quality of life.

33.2
Reducing Climate Related Disaster Risk 

Improving natural resources management, adopting policies to confront vulner-
ability and applying preventive measures, lessen the impact of natural disasters 
on people and ecosystems. The vulnerability of areas susceptible to land degrada-
tion or desertification to both natural and human origin is reduced thanks to early 
warning systems in the zones most vulnerable to the effects of drought. Scenarios 
are devised to simulate the behavior of environmental processes, and to help inte-
grate management and monitoring. 

Climate change is the most serious unsolved environmental problem in the three 
decades from 2002 henceforth. The Intergovernmental Panel on Climate Change 
(IPCC) has released reports stressing the seriousness and concerns about the in-
tegrity of the climate system. The Latin American and Carribbean (LAC) region 
is prone to extreme meteorological events and is exposed on average every year to 
tropical cyclone hazard with relatively high vulnerability found in Honduras, Ni-
caragua (Hurricane Mitch in 1998), Guatemala, Mexico and neighboring coun-
tries. Higher vulnerability is likely to be aggravated by global climate change. Ven-
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ezuela has faced serious torrential downpours leading to disastrous mudslides and 
life losses in the recent past. 

Global climate change brings with it long-term shifts in average weather condi-
tions and the possibility of the increasing frequency and severity of extreme weath-
er events. The effects of climate change increase uncertainty and the complexity 
of risk for the whole society. The lack of capacity to manage and adapt to climate 
related risks is already a central development issue in many developing countries. 
These regions have larger and more concentrated vulnerable populations. The na-
tional economies are dependent on agricultural production and are less equipped 
to deal with extreme weather events.

The lack of capacity to manage risks associated with current climate variability 
will likely also inhibit countries from adapting to the future complexity and un-
certainty of global climate change. If development is to be achieved in countries af-
fected by climate risks and if development is not to aggravate climate change risks, 
an integrated approach to local climate risk reduction needs to be promoted. Suc-
cessful risk reduction approaches already practiced by the disaster risk community 
should be mainstreamed into national strategies and programmes as envisaged by 
NAP’s. (Final Decisions-CRIC-5).

In the short run, it will be necessary to promote integrated climate risk man-
agement since the climate change is likely to be experienced as an increase in both 
frequency and magnitude of extreme hydrometeorological hazards, such as tropi-
cal cyclones, floods and droughts. Climate change will affect most aspects of life. 
Therefore, it is also important that guiding principles be established for ensuring 
the mainstreaming of climate change concerns with ongoing human development 
practices. Key sectors of economic planning -- agriculture, tourism, land use plan-
ning, public health, environmental management and basic infrastructure provi-
sion -- will all need to take climate change into consideration. 

33.3
Harmonization of Indicators of Desertification
in Latin America and establishment of a common ‘’base line’’

In Latin America, the vast majority of the 34 countries that have adhered to the 
UNCCD have elaborated their National Action Plans (NAP’s) in accordance with 
their commitments towards the Convention. Currently, a number of them are en-
gaged in the process of having their respective NAP’s fully implemented as guided 
by national policies targeted to control the continuous land degradation associated 
either with natural climatic variations or anthropogenic causes and activities. 

There is a growing perception that due to the visible effects of climate change, 
science and technology should go hand in hand with the richness of the traditional 
knowledge of the rural communities in preventing and monitoring climatic phe-
nomena. Therefore, at regional meetings, it was proposed to consider traditional 
knowledge and practices as a part of the strategies for establishing early warning 
systems for extreme events.

One of the major potentials of the region lies in the amount of traditional knowl-
edge for the control and rehabilitation of degraded land and management of wa-
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ter, soil and forests. The identification and validation of this knowledge and relat-
ed practices has been, although not in a systematic manner, carried out over many 
decades and now country Parties can confidently apply them to affected zones. 
Therefore, country Parties are encouraged to disseminate and use appropriate tra-
ditional knowledge, and when suitable, in combination with modern technologies 
and techniques, always considering local population’s needs and conditions.

The entire region has made important advances in the identification of indica-
tors and benchmarks of desertification and drought: many countries of the region 
have national diagnosis, that have been used while formulating the NAP, as base-
lines for monitoring and assessment. Significant efforts have been made of coun-
try Parties to integrate social indicators when assessing desertification processes 
highlighting the importance of establishing clear linkages between land degrada-
tion and poverty.

The LAC countries underline that the various proposals on benchmarks and in-
dicators create a fragmented scenario that does not allow comparisons, neither be-
tween zones nor countries. Additionally, they stress that in general data collection 
requires significant economic resources, personnel and time which many affected 
countries cannot afford.

In this respect it is continuously stressed that developed country Parties pro-
vide financial and technical support to the use and dissemination of existing in-
dicators and benchmarks to monitor and assess desertification and drought in af-
fected country Parties. Also, it is considered of utmost importance to recognize 
the importance of the monitoring and assessment processes for desertification and 
drought and to make all necessary efforts to apply indicators and benchmarks in 
these processes involving local communities in a participatory manner.

Additionally, there is a willingness of the LAC country Parties to harmonize 
their monitoring and assessment systems by means of exchanging information and 
through south-south cooperation in order to develop an integral and comparable 
tool aimed at monitoring and assessing drought and desertification on a regional 
scale in an efficient and timely manner. The country Parties in the region expect 
the international cooperation agencies to provide the necessary and required tech-
nical and scientific support in this respect.

In order to streamline the various demands, an innovative approach was con-
sidered by the LAC country Parties, calling upon the UNCCD Secretariat, the in-
ternational scientific community and international cooperation agencies, to ex-
plore the possibility of establishing in the near future an observatory to monitor 
and assess the desertification process in the region. This observatory should be 
supported through TPN 1 on benchmarks and indicators and be devoted to col-
lect, process, manage and disseminate scientific information for the benefit of each 
country of the region. The region must capitalize on the outcomes in this field and 
to this aim act along with the initiatives undertaken by international agencies and 
generate terms of reference for coordinated and joint actions.

The country Parties are committed to develop and adapt modern technologies 
for combating desertification and mitigating the effects of drought. Those coun-
tries that have made more progress in this field are to continue and reaffirm their 
recent efforts in sharing information and consolidating bilateral and multilateral 
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cooperation to help other countries in the region access the appropriate technol-
ogy, knowledge and know-how. 

Over the last years, the region has made remarkable progress in widening and 
deepening the diagnosis of vulnerability and productive capacity of their ecosys-
tems, mainly watersheds and high mountains ecosystems. A wide range of proj-
ects addresses water and soil resources assessment and management, vegetation 
coverage and soil protection as well as livestock production systems. A number of 
countries have also adopted comprehensive and pertinent measures for sustainable 
management of water and the elimination of sources of soil contamination due to 
mining activities and solid waste disposal.

However Country Parties recognize the uneven development within the region 
in the use and sustainable management of the natural resources due to technical 
capacities, institutional enabling environment, availability of funds and priority 
assigned by the governments. It is also acknowledged that there is limited project 
articulation among government and non-governmental organizations as well as 
those entities responsible for NAP implementation and monitoring. 

A significant move in the direction, to meet the expectations of Country Parties 
to harmonize indicators and benchmarks relevant to desertification processes was 
provided by the “Program to Combat Desertification and Mitigate the Effects of 
Droughts in South America”, which has provided support in this regional effort fo-
cusing its activities initially in six countries. The general objective was to provide a 
sound basis for addressing dry land degradation and drought in Argentina, Brazil, 
Bolivia, Chile, Ecuador and Peru, in accordance with the UNCCD principles. 

This initiative is being carried out by a joint effort, represented by the Inter-
American Development Bank (IDB), responsible for the administration of the fi-
nancial resources of a non-reimbursable fund from the Government of Japan and 
the Inter-American Institute for Cooperation on Agriculture (IICA), as the execut-
ing Agency, of the Program. 

Additionally four Country Parties: Colombia, Paraguay, Uruguay and Venezue-
la, have expressed their interest to join the Program in order to construct a broader 
platform in the region based upon harmonized criteria and procedures on how to 
deal with a problem that presents common features throughout the region. 

A similar move was taken by the MesoAmerican countries that convened dur-
ing the XI GRULAC Meeting held in Panama, expressing their willingness to har-
monize the activities in the region with respect to combating desertification, based 
on the same premises of the Program to Combat Desertification and Mitigate the 
Effects of Droughts in South America as implemented by IICA and the IDB.

The overall objective of these countries as well is, to improve the socio economic 
conditions of the communities affected by desertification, by adopting a novel pro-
duction and development model, as well as, promote a behavioral change through 
the use of new technologies, capacity building and training taking into account 
sustainable development. The involvement of the various stakeholders in this pro-
cess is regarded essential.

The specific objectives are: 
gather experiences that can be replicated throughout the region in respect to 
harmonized indicators aimed at identifying and measuring the effects of de-
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sertification considering the following aspects: physical, biological, agricultural, 
socio economics and institutional,
capacity building of personnel in monitoring and measuring techniques to com-
bat desertification, 
promote a close participation process of the affected communities in the use of 
indicators, as well as, in the design and application of countermeasures to coun-
teract the effects of desertification and 
enhance and strengthen institutional capacity to deal with land degradation is-
sues. 

The involvement of the Meso-American countries, represents the aggregation of 
eight more members interested in the premises of the Program, namely, Honduras, 
El Salvador, Guatemala, Nicaragua, Panama, Costa Rica, Mexico and Dominican 
Republic. 

33.3.1
Objectives and common interest 

Within the context of the general aim, among others, there is a general interest of 
the countries to exchange experiences and applicable methodologies and adequate 
technologies based on south-south cooperation. In this respect, a valid experience 
can be highlighted on how a base line of indicators was derived as a result of sev-
eral national workshops, as well as, the concept and construction of the Desertifi-
cation Indicator Management System-SIGINDES, to be utilized as a planning and 
decision making tool.

The specific objectives are: 
to improve the institutional capacity in the participating countries to combat 
the socio-economic and environmental problems caused by dry land degrada-
tion and drought,
to develop and apply the use of standard indicators of desertification, and 
to contribute to the reduction or address the causes for dry land degradation 
and drought. 

These objectives will be pursued with due consideration of gender and indigenous 
community participation. 

All original and currently six participating countries of the Program, have rati-
fied the United Nations Convention to Combat Desertification (UNCCD). Since 
1996, the six selected countries have been working on a methodology for the selec-
tion of Desertification Indicators (physical, biological/agricultural, and socio-eco-
nomic and institutional). Ultimately, this effort has proven fruitful through the 
support of the Program and a common base line of indicators was established and 
utilized as a common standard for the Program ś objectives. More recently, the 
identification of indicators of participation was also included in the list of indica-
tors to be considered by the Program. 
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33.3.2
Program description

This initiative comprises the following activities: (i) harmonization and application 
of existing indicators / data at the pilot level with baseline information; (ii) design 
of policy proposals to address desertification issues; (iii) institutional strengthen-
ing / training, and public awareness / information dissemination. These activities 
are consistent with priority areas set out in the Conference of the Parties of the 
Convention and in the NAPs of the participating countries.

Special attention is to be given to traditional expertise and practices, and their 
improvement, as well as the collection, analysis and exchange of information on 
relevant matters to address desertification and drought. The selection of socio-cul-
tural Desertification Indicators will take into consideration traditional practices 
in dry-lands of the region, compiled in 1999 as mandated by the Conference of the 
Parties of the UNCCD. Traditional practices will be monitored considering the 
geographic location of indigenous population in the Pilot Sites in order to assess 
which management practices are more conducive with prevention or mitigation of 
desertification, so that good practices could be extracted and disseminated. Like-
wise, gender issues will be addressed where appropriate. This approach is already 
being put into practice in the implementation of the first Pilot Projects in Argen-
tina and Brazil. 

33.3.3
Frame of Reference

33.3.3.1
Background

Desertification is the degradation of the productive capacity of land in arid, semi-
arid and dry-sub-humid areas. In the region, at the beginning of the 1990 ś the 
total population affected by dry land degradation, without considering Central 
America and the Caribbean, was around 100 million. The majority of the popula-
tion was poor (25% of the total regional population); in about 5 million km2 of vul-
nerable dry lands (25% of the total regional area).

Most dry land degradation is caused by inappropriate land-use practices that 
convert usable land to marginal land to barren land. Examples include excessive 
grazing; cutting vegetation for fuel; soil-depleting cropping; soil salinization and 
water logging; and poorly planned public works. Periodic droughts make dry lands 
increasingly un-usable.

The main objective of the Convention is to secure the long-term commitment 
of its Parties to combat desertification and mitigate the effects of drought through 
effective action at all levels, with a view to contributing to the achievement of sus-
tainable development in affected areas. The Convention calls on the affected coun-
tries to develop National Action Programs to Combat Desertification and Drought 
(NAPCD), within the framework of national development plans. These include 
strategies and priorities, paying special attention to the related socioeconomic fac-
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tors, addressing the underlying causes of dry land degradation, promoting the par-
ticipation of local populations particularly women and youth, and providing an 
enabling environment by issuing as necessary new laws and policies.

The countries participating in this project (Brazil, Argentina, Bolivia, Chile, 
Ecuador and Peru) all have extensive dry lands prone to desertification and have 
asked the Bank to provide them with technical assistance. As a result, the IDB con-
tributed to the financing of the NAPCDs in these – as well as other – countries in 
the region. These NAPCDs identify key dry land areas within the countries, set 
priorities for public and private interventions to prevent and fight desertification 
and mitigate the effects of drought. Emphasis is given to the bottom-up approach 
with local communities, NGOs, private sector, institutions of civil society, and lo-
cal governments, working together in the decision-making to formulate and exe-
cute the programs.

33.3.3.2
Summaries on desertification indicators 
by nation in participating countries

In Brazil, around 15% (1 million km2) of the land is semiarid and subject in 
large areas to degradation processes, often combined and aggravated by re-
current drought, impacting a population of some 16 million poor inhabit-
ants. The economic losses directly derived from both phenomena are not yet 
properly assessed. As for desertification, rough estimates indicated in the 
country’s NAP (1997) suggest annual losses close to US$300 million, dis-
rupting social and productive structures. The observed losses in Northeast 
Brazil for 1993 were equivalent to 30% of agricultural output of food prod-
ucts. A more comprehensive NAP was elaborated and formally launched 
on 17 June 2004 during the CCD+10 meeting held in Fortaleza –Ceará.
Moreover, Brazilian States and Federal agencies incur expenditures that cost 
usually US$1 to $1.5 billion during extreme years (2 out of 5 years) or close to 
$600 million yearly adjusted. All together, combined annual losses equate to 1% 
to 2% of Northeast GDP, and significant investment is used just to rebuild so-
cial and productive structures disrupted by the phenomena of drought and land 
degradation.
Up to 60% of the landmass of Argentina (around 1.6 million km2) is subject to 
desertification. This includes the northern highland provinces of Salta and Ju-
juy, the down slopes and valleys at the base of the Andes including the impor-
tant agricultural area of Mendoza, and most of Patagonia, affecting a population 
of 9 million inhabitants.
In Bolivia, about 41% (450,000 km2) of the land is affected, involving a similar 
percentage of the national population (around 5 million people) in three key ar-
eas: the highland plateaus, the Yungas valleys leading down from the mountains 
and the Chaco region to the southeast.
Much of Chile’s agricultural production derives from areas subject to the effects 
of desertification: the irrigated valleys in the northern arid and semiarid areas 
of the country down to Region IV, and south of Santiago down to Region VII. 
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The areas considered vulnerable amount to about 45% (340,000 km2) of the na-
tional land surface, affecting 1.5 million inhabitants.
In Ecuador, the affected geographic areas are relatively small, but significant, 
in terms of population affected. These include most of the coastal province of 
Manabi and adjacent areas of Guayas; mountainous areas in the southern prov-
ince of Loja; and the southern coastal area abutting Peru.
In Peru, about 22% of the landmass (283,000 km2) with 20 million people of the 
country is vulnerable to desertification. Of particular importance are the irri-
gated valleys of the coastal plain, where most people live. In those areas, soil sa-
linization is a significant problem. Also, much of the Andean highlands are af-
fected by over-cultivation and overgrazing.

33.3.4
The project’s strategy

The reduction or loss of the biological or economic productivity and complexity of 
dry lands (e.g. rainfed or irrigated cropland, or range, pasture, forest and wood-
lands) has its roots in land uses or from a process or combination of processes, in-
cluding those arising from unsound human activities and habitation patterns that 
affect the livelihood of local populations. With this Program, Desertification Indi-
cators (meaning very sensitive characteristics of the dry land environment to deg-
radation processes) will be used, monitored and evaluated in Pilot Project Sites of 
the participating countries, to standardize their use for dryland degradation pre-
vention and control, aimed at desired results towards policy formulation and appli-
cation. This in fact will represent a step forward, regarding public policies formu-
lation envisaging structural changes. The primary purpose is to promote scenario 
changes by physical intervention to control and to reverse the situation of environ-
mental degradation and the overall process of desertification. 

Efforts to prevent or control dry land degradation processes within the region, 
have given rise to the need for early warning systems and early warning informa-
tion technology to cope with them timely and effectively.

33.3.5
Harmonization and compilation existing indicators/data

This component was aimed at revising a methodology for the selection of Desertifi-
cation Indicators (physical, biological/agricultural, and socio-economic and insti-
tutional) from a pool of sources already available, based on clear criteria for their 
selection (usefulness for specific purposes, cost effectiveness of collection or analy-
sis). The revision and implementation of a methodology to identify test and adjust 
key indicators that can be used throughout the region for the identification and 
evaluation of desertification processes in order to recommend appropriate control 
measures was deemed necessary.

As a next step the definition of the base-line of indicators as adopted will be 
tested in various affected dry land areas (Pilot Projects). These tests will be used 
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to improve the usefulness of the Indicators and the generation of comparable data. 
Applying a sound monitoring and evaluation system, such as the SIGINDES, at the 
Pilot Project sites, this testing will be carried out. This component was extensively 
discussed during the workshops organized by the respective National Focal Points 
of the participating countries. The vast majority of the stakeholders had the oppor-
tunity to attend these events enabling an in depth debate on the selection of feasible 
indicators to be adopted nationally and henceforth regionally. 

The specific activities of this component are as follows:

33.3.5.1
Indicators

The methodology to be used will take elements from indicator models designed 
in the participating countries. The methodology is based on levels of interpreta-
tion, analysis and aggregation of information, going from basic information to an-
alyzed information to Indicators. If, for example, the information relates to human 
exploitation of the soil, possible indicators are the degree of erosion, salinization, 
contamination, compaction, or organic matter content. Once the indicators can be 
measured, they can be more effectively addressed with the use of appropriate tech-
nology. Indicators can also be integrated to summarize the state of desertification 
in a given area.

The lines of thought regarding the discussion on indicators as conducted by the 
Program by means of a series of specific workshops organized in the participating 
countries has been outlined in more detail henceforth. 

Indicators help to reflect and communicate a complex idea. They are everywhere 
and are part of our everyday lives. They are used to observe, describe, and evalu-
ate actual states, to formulate desired states or to compare an actual with a desired 
state. These simple numbers, descriptive or normative statements can condense the 
enormous complexity of the world around into a manageable amount of meaning-
ful information (fig. 33.1).

To support a monitoring network as envisaged by the Program a set of indica-
tors should be evaluated in order to monitor progress towards meeting the targets 
and goals set out together with the institutional and the community stakeholders. 
(Beekman 2005).

Indicators, as mentioned, are used to simplify, quantify, communicate and cre-
ate order within complex data. They provide information in such a way that both 
policy-makers and the public can understand and relate to them. They help to 
monitor progress and trends in the use and management of natural resources, and 
associated aspects to control and reverse the process of environmental degradation 
and its consequent social impacts, over time and space.

Possibly, the most widely used and known approach to indicator development 
is the cause-effect approach. The pressure-state-response (PSR) conceptual frame-
work was first introduced by the Organization for Economic Cooperation and De-
velopment (OECD) in 1994. Several cause-effect classifications have been devel-
oped such as the Driving Force-Pressure-State-Impact-Response (DPSIR). The 
Driving Force-state-Response (DSR) framework of the United Nations Commis-
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sion on Sustainable Development was used for the indicators of Agenda 21. The 
Driving Force-Pressure-State-Exposure-Effects-Action (DPSEEA) framework is 
used in the burden of disease studies of the WHO (The United Nations, World Wa-
ter Development Report 2003).

Although this is the most applied approach and offers a very promising guide-
line for indicator development, it all too often fails to take the entire system into 
consideration because of the subjectivity involved in understanding the pressure, 
state and responses. Similarly, indicators can help in the comparison of results in 
many areas or countries and examine potential links between changing condi-
tions, human behavior and policy choices. Because ‘good indicators are easy to un-
derstand, they offer a tool for raising awareness about desertification water issues 
that cut across every social and political group.

The development of indicators is not an easy task, for it involves a great amount 
of work in collection, storage, retrieval, analyses and systematization of data. The 
need for clarity and ease of understanding means that indicators often condense 
large volumes of data into brief overviews and reduce the complexities of the world 
into simple and unambiguous messages.

Fig. 33.1. This figure shows the difference between variables, indicators and indices, which all 
represent different stages of information collation, indicators take variables and condense them 
into manageable information sets, which then are further condensed by indices. These can be 
translated into policy-oriented informa-tion. (Source: Lorentz 1999)
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The need for scientific validity, on the other hand, requires that indicators must 
simplify without distorting the underlying patterns or losing the vital connec-
tions and interdependencies that govern the real world. They must therefore also 
be transparent, testable and scientifically sound. Because the same indicator has to 
satisfy often conflicting but equal important social, political, financial and scientif-
ic objectives, deriving indicators becomes an objective maximization exercise con-
strained by available time, resources and partnership arrangements. 

The solution lies in identifying or developing common denominators in as many 
cases as possible, so that comparisons may be made. If data can be gathered accord-
ing to commonly agreed or standardized norms, then lessons can be drawn that 
may be transposable from one case to another.

Indicators can tell a different story or message according to specific contexts, for 
particular purposes and for specified target groups, and therefore resist universal 
application. Both the design and the use of indicators involve many personal and 
negotiated decisions, explicit and implicit assumptions, normative and subjective 
judgment, and disciplinary and method-specific rules. They are based on beliefs, 
internalized values and norms and on one’s perception of “reality”.

In establishing indicators, the criteria must be absolutely clear. Yasuda and Mu-
rase (2002) propose the following six criteria:

Relevance: The numerical values of an indicator should represent the degree of 
‘what should be measured’ directly;
Clarity: Ambiguity and arbitrariness should be excluded from measuring with 
an indicator;
Cost: The cost of the evaluation by an indicator should be affordable low;
Continuity: Availability of coherent data both in historical and regional scope 
should be respected;
Comprehensibility: Definition/expression of an indicator should be intuitively/
easily comprehensible to users;
Social benefit: Net social benefit that an indicator yields, as it is applied, should 
be maximized.

The main functions of indicators are thus simplification, quantification, commu-
nication and ordering. Indicators can relate and integrate information and allow 
comparison of different regions and different aspects. 

33.3.5.2
Purpose and Use of Indicators

Clearly, the growing interest in the use of indicators and indices is closely connect-
ed to the increasing complexity of policy problems and the large amount of avail-
able data. In the water sector, beyond their face value, indicators can provide vari-
ous types of information such as:

Descriptive: Describing the state of the resource, or social target group, is the most 
common use of indicators. In terms of water resources an example of the descrip-
tive use of indicators could be by presenting the values of available water resources, 
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water demand, internal renewable water resources and water supply on a regional 
scale. 

This could be presented on maps clearly showing differences in resources, de-
mand and supply of water. Similarly, maps with social indicators could be pro-
duced showing number of landowners holding land titles, average annual income 
of the family, and number of associations or cooperatives as an indicator of social 
organization among others. Such maps could eventually indicate a human devel-
opment stage (HDI) to be utilized as guidelines for development policies.

Showing Trends: Regular measurement of indicators provides time series, which 
can show trends that may provide information on the system’s functioning or re-
sponse to management. The increase of productivity and yield of agricultural sys-
tems run by resettled groups through associations or cooperatives may be an indi-
cator of economic success and sustainability. Benchmarking is important to show 
scenarios over time.

Communication: Indicators can be instrumental to communicate policy objec-
tives and results to the public. Such indicators help promote action and could re-
flect the degree of participation of a community.

33.4
Monitoring System

The selected set of Desertification Indicators will be applied in the Pilot Projects 
Sites (preferably two per country) in drylands selected by the NFI, preferably with-
in a municipality. The Pilot Sites will be well-defined micro or sub-watersheds, 
supporting agricultural (i.e. crops, livestock, agro forestry, forestry) and other eco-
nomic activities. The Pilot Sites will have good secondary information on their 
natural resource base. The desertification monitoring system will be designed and 
implemented based on a geographic information system (GIS), satellite products 
and conventional information in order to follow up the Desertification Indicators. 
Some of these elements are already being gathered from the Pilot Projects that are 
carried out in Argentina. 

The monitoring process will start with known baseline information. Periodic 
evaluations will be done to build up the information needed to prevent and halt de-
sertification processes. To design the monitoring system specific expertise will be 
brought in by the Program and in close collaboration with local experts from the 
participating countries will define said system for its application in the Pilot Sites. 
In this context, the operational guidelines, software and other applications for the 
effective implementation of the system will also be identified and be made avail-
able for each country. 
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33.4.1
Monitoring as a key component of Early Warning

As mentioned earlier, indicators are constituted by observable variables that can be 
aggregated objectively and scientifically based and thereupon in turn be aggregat-
ed subjectively into indices based upon an established set of policies. Therefore, the 
proper data and information translated into indicators and the adoption of bench-
marks may enable the production of scenarios based on trends either utilized in 
hindcasting or forecasting. In this respect the design of a network or early warning 
system is essential to systematically monitor, in “quasi” or real time, the selected 
variables and relay them for processing and analysis.

Lessons and experience are key elements when hindcasting is considered and 
when there is concern to follow and record all historic steps or important land-
marks and events related to all stages of a Plan, Program or Project. Therefore, the 
so called “Waste Cycle” (Beekman 2005) should be born in mind in order to avoid 
repetition of ill-fated experiences that are usually costly. The trial and error ap-
proach can be avoided if the experience and knowledge has been acquired and has 
been paid for already. In other words, this is also an attempt to build a structure 
based upon facts. 

Observation or monitoring is instrumental if carried out in a careful, unpreju-
diced way when the facts that are established in this manner would constitute a se-
cure, objective basis for science. “If, further, the reasoning that takes us from this 
factual basis to the laws and theories that constitute scientific knowledge is sound, 
then the resulting knowledge can itself be taken to be securely established and ob-
jective” (Chalmers 1999).

Observation, as a primary source of data, has always been a part of natural sci-
ence, as well as, other areas of human interest. In more pragmatic terms, monitor-
ing or observation put into practice is a matter of cost and when this is brought 
into the real world, decision makers must be convinced of its relevance and on the 
long run cost saving results. Although the “Waste and Loss Cycle” sequence can 
be applied in virtually any process a specific example related to Water Resource 
planning could be cited, such as the design of networks (e.g. hydrometric measure-
ments).

Turning generalities into specifics is a basic problem in network design. If it is 
to be designed in some ideal sense, the costs and the benefits of the data acquired 
should be defined. Then these costs and benefits should be stated in a mathematical 
form as an objective function. Maximizing the “value” or minimizing the “cost” of 
the objective function, subject to well-defined constraints, would yield the optimal 
design for the network.

Cost and benefits of data must be assessed for inclusion in any network design 
procedure. Costs are definitely the easier of the two to assess. However, there are 
uncertainties even in the cost estimates. 

Historical records are usually available which assess past allocations or budgets 
for data collection, processing and dissemination. True costs are not usually avail-
able without considerable interpretation, but allocations are at least a fair index of 
costs. Projections of future costs are more uncertain. What has been said of costs 
is even truer of benefits of data networks. What is the worth of data? If changing 
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technology affects costs, it affects benefits even more. Benefits of data are related to 
the uses of the data. The worth of data may be measured in terms of its impact upon 
the design and management decisions. The benefits foregone because of the lack of 
data can be used to measure the worth of data. 

The measurement of such worth for project design is rather straightforward, 
even though it contains a large element of uncertainty. For other than project de-
sign however, the uses for data and their effect on any resulting decision are diverse 
and diffuse. Predicting uses of the future is at best an art. In order to circumvent 
the problems of uncertainty and difficulty in determining cost and worth of data, 
very often design criteria are developed around surrogate measures. The most pop-
ular surrogate is to establish an accuracy criterion. Thus, data are collected in such 
a way as to minimize the variance of the estimate of some observed variable subject 
to a budgetary constraint. 

The use of surrogate values may be a necessary expedient, but the fiction must 
not be treated as fact. Accuracy is a means to an end. The relation of worth to ac-
curacy may be direct in some instances but it also may be quite complex. Thus, the 
level of accuracy should be a design variable rather than the objective function cri-
terion, which determines the design of a network.

At given points in space, the time series of events constitute the basic set of data 
pertaining to a specific phenomenon. The utility of historical data sequences is 
measured by the extent to which they may be used to reduce the uncertainty as to 
what the time series of events will be over future time spans. 

Decision theory is a way of thinking rather than a theory as such. Its purpose is 
to assess the network in terms of the impact of data on decisions. Collecting more 
data should reduce the element of uncertainty in decision making. The value of the 
reduction in uncertainty is the measure of benefits of data. These benefits can be 
compared to the cost of the data. In order to apply decision theory one must deter-
mine the decisions which will be based on the data, how the data affect those de-
cisions, and, in particular, how the data affect the expected value of the decision 
maker’s objective function. Decision theory attempts to include attitudes toward 
risk (or risk aversion) and provides a framework for including “soft” information 
based on experience as well as, “hard” information based on data measured in the 
network/project or for network/project design.

The sequence or “domino effect” of the “Waste Cycle” is briefly outlined below. 
Far from being a dramatization of the negative aspects of “not doing as told to do 
otherwise” it is the aim to highlight the possible effects of a shaky start at the be-
ginning of a process. The purpose is to perceive and to predict possible outcomes 
and to utilize the “Waste Cycle” as a tool for discussion, to redefine envisaged di-
rectives, and get back to the track and aim at the originally targeted objectives.

Monitoring: If observation or monitoring is poor or does not exists, due to any 
possible reason such as: economic constraint; outright disregard for its impor-
tance; no time to construct a record of a historic data set; ignorance a.s.o. (No 
monitoring is the first step towards future problem making);
Data collection: Data requirements are often formidable and the collection task 
problems are compounded by “scaling’ problems, both temporal and spatial. Gen-
eral policy objectives such as the sustainable development have served to high-
light the need for more comprehensive data sets, but also the need of appropriate 
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sustainability indicators to aid monitoring. With the paucity or scarcity of data, 
its translation into information becomes inconsistent, and the basic statistic mo-
ments can not be derived properly from small samples neither trends or internal 
cycles can be established within proper significant levels. From the deterministic 
point of view the same difficulties arise for natural laws are hard to determine;
Information: When information is insufficient the descriptors, of an event or 
phenomena, do not depict facts faithfully, making predictions or forecasting 
merely guess exercises;
Modeling of Scenarios: When scenarios are simulated based upon unreliable 
information, spatial and temporal outcomes may not be representative even if 
sophisticated information systems are utilized such as Geographic Information 
Systems interfaced with mathematical models and databases. Such results tend 
to be unrealistic and deficient;
Strategic Planning: This phase of program or project design depends heavily on 
the previous steps. With inadequate or “blurred and out of focus pictures”, in-
puts for planning is likely to be inadequate;
Policies: Become exposed and bound to criticism. No regulatory frame will re-
sist on weak foundations;
Accomplishment of Programs and Projects: When this phase is carried out em-
bodying the aforementioned flaws no optimal requirement in terms of perfor-
mance can be attained;
Indicators of Performance: Very likely indicators will be pointing away from the 
originally targeted objectives and will respond erratically producing distorted 
feedback; 
Targets Missed: If they are not met, economic expectations will be frustrated 
and the misguided initial steps will backfire by producing unfavorable results in 
terms of revenues on the investments made. At this point, probably all interest-
ed parties and stakeholders (shareholders?) will be wondering and demanding 
extensive auditing on: What happened? When? Why? Who is responsible?
Rehabilitation: Eventually, salvage maneuvers and last ditch efforts are required 
to rescue an ill-fated project. However, in order to introduce corrective mea-
sures, some background history will be necessary to explain what occurred. 
This in turn should provide the means to make the difference and meet future 
positive outcomes and results. At any rate, the simple fact of over doing work 
bears additional expenses and cost over-runs. This is another proof that the very 
initial step encompassing, observation, monitoring and data gathering is a fun-
damental prerequisite for any process or cycle to be successful!
Feedback loops: On the basis of the assessment a decision may be made or, the 
whole process may be restarted with an alternative framing of the issue, a new 
structure and renewed analysis and a reassessment may be conducted, before 
decision makers are satisfied with the optimized outcomes. Once the decision 
on the maximized and optimized framework to be adopted has been made, 
a set of possible policy instruments such as standards, regulations, economic 
incentives, voluntary incentives should be implemented. The performance of 
the whole cycle is to be observed and monitored over time and re-evaluated on 
the basis of scientific and social feedback in a cyclical process as depicted (Fig. 
33.2).
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Desertification Indicator Management System-SIGINDES: This system is cur-
rently being developed with the support of the Program relying on the inputs pro-
vided by the University of Chile, IADIZA-Argentina in addition to the data bas-
es on socio-economic indicators as developed by a previous project conducted by 
ECLAC when the REDATAM-data base/system was constructed with data collect-
ed from Argentina, Brazil and Chile. Currently this database is being updated with 
the insertion of the socio-economic indicators from Ecuador, Peru and Bolivia. 
Another database input will be provided by RIOD (International NGO’s to Combat 
Desertification) which is in the process of constructing a database on Indicators 
of Participation. Other software components of interest of the system that could 
make it more useful and comprehensive can be aggregated as additional contribu-
tions and arranged in a user-friendly manner. 

The SIGINDES upon completion will have as a core element the Monitor (San-
tibáñez et al. 1997) developed years ago by the Center of Agriculture and Environ-
ment at the University of Chile. The aim of this software is to act a management 
system to interface databases associated to a map-producing tool capable to gener-
ate any display based on the variable or set of variables stored in the database. Ba-

Fig. 33.2. Waste and Loss Cycle
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sically it can be considered a Geographic Information System that interacts as an 
interface between data bases and models utilized to simulate scenarios that repre-
sent a diagnosis of a given situation of desertification or future scenarios based on 
assumed changes that represent a prognosis due to possible changes of the vari-
ables either due to natural causes or anthropogenic activities. Therefore, the Moni-
tor within the SIGINDES context is able to simulate scenarios reflecting the change 
of state of variables considering a varying time scale as defined by the user of the 
system. One of the objectives of the Program is to make the SIGINDES available 
to institutions representing the participating countries, as well as, those interested 
in the exchange of experiences in combating desertification as an international co-
operation effort.

33.5
Institutional strengthening/training

In order to ensure the wide application and human resources sensibilization, 
awareness and capacity to analyze the data to be collected, appropriate training 
material will be produced for different target groups (land users and community 
leaders; local government officials, private institutions, press, NGOs; and decision 
makers). They will be guidelines on desertification processes, their prevention and 
control, and guidelines on Desertification Indicators, prepared by local universi-
ties in dry land areas. 

Depending on the target group, short courses will be delivered by specialized 
professionals. Courses for public officials should enable them to interpret and ana-
lyze the data to be generated by the monitoring system and as a consequence pre-
pare adequate response programs or policies addressing the causes of desertifica-
tion. Courses for land users and community leaders should provide them with the 
necessary understanding of the effects of desertification as well as provide them 
with options that will mitigate, reduce or adapt to said effects. 

Furthermore, a post-graduate / or specialty track university program (curricu-
la, teacher profile, costs per student) will de developed for interested universities in 
the participating countries and in the region. The participating universities will be 
selected on the basis of certain criteria, such as geographical location and proven 
interest in desertification programs. The universities will design this program in 
collaboration with national institutions involved in the gathering and interpreta-
tion of Desertification Indicators, to ensure an adequate human resources needs 
profile / demand for technical expertise.

33.6
Design of policy proposals 
to address desertification/public awareness

Based upon the results of the above-mentioned testing period for the application of 
the monitoring system and based on the selected Desertification Indicators, draft 
policy and / or program proposals will be prepared. This activity will also be ac-
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companied by actions to raise public awareness on desertification issues. These 
actions will be performed with the support of community councils or other local 
NGOs or groups, and made public through different communication media. 

33.7
Expected outcome/results

It is expected that the principal outcome of this operation will be the formula-
tion of congruent indicators to measure desertification, and as such the production 
of readily comparable data for various countries in South America. Furthermore, 
for this information to be translated into concrete actions addressing desertifica-
tion occurrences, it will be complemented by training activities for specific target 
groups, and other actions leading to an improved institutional capacity of agencies 
responsible for measuring and interpreting environmental data as well as for pol-
icy making. Furthermore, the design of sound local and specific policy proposals 
will be an important output of this operation, which will also be supported by the 
production of awareness material, and the design of academic postgraduate pro-
grams or specialty tracks. It is expected that these products lead to the long-term 
sustainability of the efforts initiated with this Program. 

33.8
Environmental and social aspects

The Program has been designed for environmental protection and sound use of the 
natural resource base of dry lands in the region. Its inputs are basically technical 
assistance; training and policy design on environmental issues related to degra-
dation control and sound management of dry lands for stakeholders and the well 
being of local communities. It also includes dissemination of information and the 
preparation of graduate training programs on dry land management at the nation-
al and regional levels.

33.9
Beneficiaries/benefits

The Program will contribute to raising community awareness of and sensitivity to 
significant environmental problems associated with desertification. Tools will be 
developed on a regional scope to assist experts and local communities address the 
causes of desertification. The consolidation of socioeconomic and environmental 
indicators on a regional level, as well as their application and analysis at pilot sites, 
will provide key information conducive to the formulation of policies and pro-
grams addressing the causes of desertification. 

Complementary to the above, it is expected that the training sessions tailored 
to specific target groups will contribute to the improvement in the planning and 
management of natural resource use. Additional activities envisioned for institu-
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tional strengthening will further support that aspect. Also, the training sessions 
will promote the conservation and protection of dry land’s natural resource base, 
as well as promote the adoption of environmental friendly agricultural practices 
and other environmentally appropriate uses of dry lands. 

Furthermore, this Program will strengthen existing cooperation on dry land 
management and conservation activities, among governmental and non-govern-
mental institutions on a national and regional level. This cooperation will ensure 
continued exchange of technical expertise on desertification/dry land management 
issues, and as such enrich the formulation of policies or programs in this field.

The project will contribute to raising community awareness of and sensitivity to 
significant environmental problems associated with desertification. Tools will be 
developed on a regional scope to assist experts and local communities address the 
causes of desertification. The consolidation of socioeconomic and environmental 
indicators on a regional level, as well as, their application and analysis at pilot sites, 
will provide key information conducive to the formulation of policies/ programs 
addressing the causes of desertification. 

This approach is aimed at fostering and promoting the conservation and protec-
tion of dry land’s natural resource base, as well as promote the adoption of envi-
ronmental friendly agricultural practices and other environmentally appropriate 
uses of dry lands. 

33.10
Conclusions

As described throughout this text, besides having the overall objective and the spe-
cific objectives of the Program carried out and having achieved one of its main tar-
gets is the harmonization of indicators of desertification at regional level, seconded 
by the Desertification Indicators Management System-SIGINDES about to be im-
plemented in the Region. Other aspects could be highlighted as well. 

The Program has represented an invaluable instrument in the Region in terms 
of institutional building and in the process of generating knowledge on how to ap-
proach the issues of desertification in a comprehensive manner, as well as, provid-
ing important means to foster the exchange of experiences among the institutions 
of the participating countries.

The means for the implementation of the Program, as provided by the finan-
cial resources from the Government of Japan in close cooperation with the Inter-
American Development Bank-IDB were essential in the pursuit of concepts to de-
sign policies and strategies backed by methodological approaches and techniques 
on how to tackle, control and reverse socio-environmental degradation processes 
that eventually may lead to desertification. 

By abiding to the premises of Agenda 21, Chapter 12 and more recently to the 
Millennium Development Goals, and the Climatic Change Scenarios, it has been 
proven essential to consider the strong role played by the international cooperation 
and its firm engagement in this overall effort to construct partnerships to support 
NAP ś and other initiatives aimed to combat desertification.
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CHAPTER 34

Conclusions and Recommendations
Mannava V. K. Sivakumar and Ndegwa Ndiang’ui

34.1
Introduction

Participants in the workshop met in the three working groups to discuss important 
issues concerning climate and land degradation and develop appropriate conclu-
sions and recommendations under the following three major headings:

Current use of weather and climate information for monitoring and assessing 
land degradation and in developing sustainable land management practices. 
Promoting more effective use of weather and climate information for reducing 
land degradation.
Weather and climate information to improve the implementation of National 
Action Programmes (NAPs) of the UNCCD

34.2
Conclusions

34.2.1
Current use of weather and climate information for monitoring 
and assessing land degradation and in developing sustainable 
land management practices. 

a) The following weather and climate data are available both historically and in 
real-time:

Precipitation
Air and soil temperature
Wind speed and direction
Sunshine hours
Derived evaporation
Solar radiation
Rainfall estimates and NDVI from satellite data
Climate information and prediction products and customer services. 

b) Despite the availability of such useful data and products, the following con-
straints limit their optimum use: 

Inadequacy of data/information coverage and verification due to poor infra-
structure
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Lack of ready accessibility
Inconsistent quality of data/products
Weak cooperation between producers and users
Weak communication/dissemination strategies
High costs attached to data/information which impede accessibility
Lack of tailor-made products for users
Lack of timely delivery of data and products.

34.2.2
Promoting more effective use of weather and climate information 
for reducing land degradation

a) There is a range of stakeholders with a role in land and water management. This 
diversity must be appreciated in the development of any strategy to address land 
degradation.

b) The wealth of hydro-meteorological data and information in both developing 
and developed countries is not fully available to local populations and end us-
ers for several reasons, including restriction of access by the data holding insti-
tutions. 

c) There is a lack of clear differentiation between raw data, summarized data, in-
terpreted information and final integrated assessment of land degradation phe-
nomena.

34.2.3
Weather and climate information to improve the implementation 
of National Action Programmes (NAPs) of the UNCCD

a) In some countries, National Meteorological and Hydrological Services (NMHSs) 
are not currently included as members of bodies responsible for the implemen-
tation of NAPs.

b) Although climate and weather information is routinely collected, in some cases 
this information is not accessable to the agencies/departments who are respon-
sible for implementing NAPs.

c) Currently, in some of the NAPs, adequate use of climate and weather informa-
tion is not being made.

d) In some countries, lack of adequate trained personnel and weak institutional 
capacity is recognised as a constraint in efficient use of climate and weather in-
formation.
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34.3
Recommendations

34.3.1
Current use of weather and climate information for monitoring 
and assessing land degradation and in developing sustainable
land management practices. 

Countries need to improve spatial coverage of meteorological stations, in col-
laboration with private or agrometeorological networks if possible. 
There is a need to improve the availability of specialized data (precipitiation, 
temperature, soil moisture and temperature, and evaporation).
It is necessary to adopt ISO standards in data and products.
Tailor-made products should be developed together with users and made avail-
able in a timely manner.
The delivery of products should be facilitated through provision of adequate re-
sources and capacity should be strengthened in the use of these products. 
Data and information should be made as accessible as possible for the public 
good, and where necessary, they should be packaged for end users especially for 
those engaged in sustainable land management with the recognition that differ-
ent users have different data and information needs.
There is a need to allow selective cost-recovery of data/product delivery; and
Institutions developing climate variability and climate change information 
should be encouraged to examine various scale projections that take into con-
sideration feedbacks between land cover change and land degradation on future 
precipitation and temperature patterns to aid adaptation and mitigation.

34.3.2 
Promoting more effective use of weather and climate information 
for reducing land degradation

More detailed spatial resolution of climate data is needed for area specific as-
sessments. There is the need to maintain the density and quality of the stations, 
as well as maintenance and operational aspects, of existing networks.
Networks of stations needs to be improved in areas that are highly susceptible to 
land degradation, for example mountainous areas.
Detailed, accurate and spatially distributed rainfall intensity data are needed 
that can be used for surface erosion assessment and modeling, and draining 
structures design. 
Historical climate data and climate change scenarios are needed for future stra-
tegic planning, agro-climatological zoning and crop pattern scheduling. 
Meteorological and relevant remote sensing data alone are not sufficient. Any 
integrated assessment of land degradation may need a combination of various 
data including hydrological information, soil data, socio-economic informa-
tion, etc.
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Targeted weather forecasts at all levels are needed at very local scales to help 
stakeholders make the appropriate decisions.
The important role of WMO in standardizing meteorological data should be 
continued and enhanced.
Every effort should be made to identify relevant entities outside the WMO struc-
ture that operate and maintain networks (national or international) and are in 
possession of climate information. The release of that information to the inter-
ested stakeholders should be pursued.
Interpretation of information and integrated land degradation assessments need 
to be delegated to appropriate institutions and experts with competence in the 
respective scientific areas.
Dissemination of information and final products for specialized demand driven 
applications requires additional training of technology transfer specialists and 
local staff. In this respect the following are the specific needs in the area of train-
ing and capacity building to make more effective use of weather and climate in-
formation for reducing land degradation:
– Training and capacity building needs to be organized in a proactive way for 

stakeholders at all levels in order to make the final information useful for the 
end users and assure long term sustainability of the technology and informa-
tion transfer process;

– Prior to any training and capacity building initiative there must be a clear 
identification of needs by the final end users;

– End users must be put in a position to fully understand the implications and 
value of the information provided; 

– The uncertainties and risks of the decision making process need to be re-
duced and eventually fully explained;

– Every step from raw data collection up to the final integrated assessment 
needs to be covered by specific training and capacity building activities;

– National Meteorological and Hydrological Services (NMHSs) need to be 
strengthened in their capacities in performing the raw data collection and 
interpretation tasks as well as improving their visibility in the local and Na-
tional media. This would assure the very much needed long term sustainabil-
ity of the National Services concerned;

– Similar training and capacity building efforts in other areas of competence 
such as land use planning, soil survey, etc. are needed to have an integrated 
approach to land degradation assessment and mitigation.

34.3.3
Weather and climate information to improve the implementation 
of National Action Programmes (NAPs) of the UNCCD

Weather and climate data should be made available in a timely manner and be 
synthesized for use in the implementation of NAPs. Hence, it is important to 
strengthen the capacity of NMHSs in the acquisition, analysis and dissemina-
tion of data.
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A Multi-Disciplinary Team (MDT) of data providers and data users for develop-
ing early warning systems for drought and desertification should be established 
at the national level to determine how information would be analysed and pack-
aged for the end users.
MDTs should take into account local community knowledge to complement sci-
entific expertise.
Given the current technological advances in the availability of satellite data, 
greater efforts should be made for the use of these data in the implementation of 
NAPs.
Given the current concerns with recurrent droughts and their impacts on local 
communities, it is important to develop and implement a National Drought Pol-
icy (NDP) that supports effective implementation of the NAPs.
Representatives of NMHSs should be included in the national delegations to 
the sessions of UNCCD COPs to ensure that the issue of climatic factors in land 
degradation is effectively addressed.
NMHSs, in collaboration with agricultural extension services and national co-
ordinating bodies of UNCCD, should provide seminars on weather, climate and 
land use to farmers to promote implementation of NAPs.



CHAPTER 35

Workshop Statement

An International Workshop on Climate and Land Degradation organized by the 
World Meteorological Organization, the United Nations Convention to Combat 
Desertification (UNCCD) and the Tanzania Meteorological Agency was held in 
Arusha, Tanzania, from 11 to 15 December 2006. The workshop was co-sponsored 
by the OPEC Fund for International Development (OFID), the United Nations De-
velopment Programme (UNDP) and the United Nations Educational, Scientific 
and Cultural Organization (UNESCO). The workshop focused on how climate in-
duces and influences land degradation and what measures need to be taken to en-
hance the applications of weather and climate information to combat land degra-
dation.

Land degradation is a threat to natural resources with consequences on food se-
curity, poverty, and environmental and political stability. The workshop noted that 
trends in land degradation are assessed differently in various parts of the world. 
The increasing occurrence of climate extremes (for example heat waves, droughts, 
heavy precipitation) is having an impact on land degradation processes, includ-
ing floods, mass movements, soil erosion by water and wind and salinization in all 
parts of the globe. Climate variability, climate change and land degradation are in-
timately linked and are generating unexpected effects eg., an increased occurrence 
of fire-weather conditions in large parts of the globe. In combating land degrada-
tion, bottom-up and top-down participatory management approaches that foster 
income generating activities are required. 

The workshop recommended that:
1. As the relationship between locally observed land degradation processes and 

their aggregation at different scales (National, Regional, and Global) requires 
further exploration of scale transfer methodologies and procedures, it is essen-
tial to improve the monitoring of land degradation as well as climate at these 
scales. Global assessments need to take into account the reality of land degrada-
tion as perceived by local populations; 

2. There is a need to strengthen the knowledge and understanding as well as the 
functions of ecosystems (thresholds, resilience and dynamic equilibria) in order 
to better understand, predict and value the risks of land degradation and fully 
understand the complex interrelations between land use and environment;

3. Innovative and adaptive land management responses to inherent climatic vari-
ability and natural hazards (droughts, floods, landslides, sand and dust storms, 
wildland fires etc.) must be identified and implemented for sustainable land 
management; 
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4. Land management practices in affected areas, particularly in Africa and other 
developing countries, should focus on improving the amount of rainfall that is 
used in biomass production. This can be facilitated by the provision of unlim-
ited hydro-meteorological data and increased human and institutional capacity 
building; 

5. The network of climatological, hydrological and agrometeorological stations 
around the world should be increased and strengthened to provide data on rain-
fall intensities, soil temperature and soil moisture for land degradation moni-
toring, assessment and for the implementation of the NAPs. Climatological and 
hydrological end products should be developed in coordination with end user 
needs by relevant and competent personnel and institutions;

6. There is a need to adopt an integrated approach backed up by institutional sup-
port and regeneration of affected areas by means of agro-ecological practices 
and other physical interventions to reduce land degradation. Direct interactions 
between National Meteorological and Hydrological Services (NMHSs) and the 
land users can help enhance the direct communication of weather and climate 
information. There is a need to develop a cost-effective system to communicate 
early climate forecasts to various stakeholders, in particular to farmers, so that 
they can improve their land management practices; and

7. Given the current concerns with recurrent droughts and their impacts on local 
communities, it is important to develop and implement a National Drought Pol-
icy (NDP) that supports effective implementation of the NAPs.
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