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WHEN RESOURCES ARE DEGRADED,
WE START COMPETING FOR THEM.
[...] SO ONE WAY TO PROMOTE PEACE
IS TO PROMOTE SUSTAINABLE
MANAGEMENT AND EQUITABLE
DISTRIBUTION OF RESOURCES.
WANGARI MAATHAI

Arid soils in Mauritania.
Source: Pablo Tosco/Oxfam. Flickr.com
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Foreword

Agricultural landscape around the Virunga National Park in the Democratic Republic of the Congo.
Source: Brink, A., 2017.
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It has been 20 years since publication of the 2nd Edition of the World Atlas of Desertification.
This was a major achievement, coming just one year after the United Nations Convention to Combat
Desertification (UNCCD) came into force. The UNCCD was one of three conventions to emerge from
the Rio Earth Summit of 1992, the other two being the United Nations Framework Convention on
Climate Change (UNFCCC) and the Convention on Biological Diversity (CBD). Each convention has
weathered considerable debate in the process of being implemented. Much discussion in the UNCCD
has centered on definitions of land degradation, the role of biophysical versus social processes and
identifying appropriate indicators to (a) establish initial conditions and (b) measure change from
those initial conditions over time, both positive and negative.
Not surprisingly, the greatest challenge for the UNCCD has been the acquisition of reliable data
and their interpretation to monitor change at global scales. Great strides have been made over the
past 25 years. For example, since 1992, the number of satellite systems monitoring the Earth’s
land resources has grown to almost 100. In addition to satellite observations, the number of data
sets available from the World Bank alone, which describe social variables at global scales, has
grown exponentially as demand has increased and reporting networks have become more robust.
Furthermore, there are now a host of global data sets that include both biophysical and socioeconomic measures. The ways in which these data might be considered are virtually endless and
thus can lead to confusion and criticism. Global assessments pose fundamental problems. Given
biophysical and social complexity, some data may be more suitable in one area or situation than
in another. Thus, constructing “models” that rely on a fixed set of data may not be valid or useful
from a global perspective.

This 3rd Edition of the World Atlas of Desertification (WAD3) takes a track that is fundamentally
different. Rather than offer a single prescribed “model,” it provides users, in this printed copy
and gradually online, access to a variety of different global data sets, which can be explored
and combined. Users can select and combine data sets in whatever way they choose based on
their insights and local knowledge. This approach is complementary to the new Land Degradation
Neutrality (LDN) paradigm for addressing the challenges of desertification, which calls on countries
to achieve or exceed no net loss with respect to future degradation – a challenge that requires the
dynamic access to data that WAD3 has aspired to.
Since publication of WAD2, in addition to exceptional advances in science and the availability
of data, a new generation of scientists and concerned citizens has arrived. WAD3 invites everyone
with an interest to explore these data and to develop and test new hypotheses about how different
land degradation processes may or may not operate in different places. The hope is that this will
facilitate discussion about land degradation processes and how to stabilise and reverse them. Given
the planetary challenges that we will face as a result of population growth and climate change, it is
a discussion in which we must all engage. The UNCCD therefore welcomes the contribution WAD3
will make to better inform the global response to these challenges.

Soon after we took up the challenge of compiling the 3rd edition of the World Atlas of
Desertification (WAD3) we quickly realised that it would be more of a challenge than we had
anticipated. In hindsight, it was predictable that the earliest meetings with our panel of experts
began with the seemingly endless discussion of, ‘what is land degradation?’ Stubbornly intertwined
with that debate was its companion, ‘how can this be systematically assessed?’ The enduring
dialogue underscores the difficulty of defining land degradation in such a way that it can be credibly
assessed at a global scale. This is not to say that land degradation in the drylands is not a problem
of global concern that must be addressed.
Over the past two decades, some assessments have been published and, while they addressed
some aspects of the land degradation problem, none of them could offer a vision or acceptable map
of global land degradation. In WAD3 we decided to take a different path.
In the 20 years that have passed since WAD2, there has been considerable progress has been
made in the availability of global data and our fundamental understanding of Earth processes.
Satellite-based Earth observations have dramatically increased and are freely accessible. Drawing
in part from this rapidly growing library, the scientific literature that explores and explains Earth
processes has grown similarly, ranging from small-scale field studies looking at biophysical
processes to regional assessments studying and inventorying land use changes. Moreover, the scope
of inquiry has broadened to encompass linkages between human and biophysical processes, to
studies that analytically document, assess and evaluate causes and consequences of land changes
at a host of scales. A glance at the WAD3 bibliography hints at both the breadth and the depth of
this literature. Put simply, WAD3 could never be truly exhaustive nor comprehensive. At best, it can
be suggestive and instructional in illustrating how many processes, pathways and outcomes can or
might be involved in land degradation and spark the curiosity of interested users to explore their
own intuitions using the data that WAD3 provides on these pages and on its website.

The overriding intent of WAD3 is to highlight the enormous complexity of land degradation
and desertification processes that are both social and ecological. Perhaps more important is the
humbling acceptance that all of these factors have combined importance that is highly variable in
time and from one place to another. For example, not only is soil erosion conditioned by biophysical
factors (e.g. soil type, slope, plant cover, climate), it is also shaped by socio-economic (e.g. household
income, management practices, local crop prices), global market pressures, local governance and
policy issues (e.g. access to and tenure of resources such as land and water) and land use history,
shaped by all the above during the recent and distant past. In short, an explanatory model for the
causes and consequences of soil erosion will be quite different in northwest China than in the
Sahel, Southern Spain or the western USA. If this complexity is understood and accepted, global
assessments may be interesting, but they cannot lead to the kind of insight that would be useful in
developing solutions and improving the livelihoods of local stakeholders.
WAD3 avoids a diagnostic approach and rather aims toward aiding the search for deeper
understanding and ultimately, solutions in specific situations. Unlike preceding editions, WAD3 is not
restricted to a single, printed page. WAD3 presents some examples and the website offers maps of
issues that potentially contribute to land degradation and shows their geographic coincidence. This
allows readers a multi-factor, multi-scale approach to pose their own hypotheses and test them
supported by their own contextual evidence at regional and local scales. This atlas, hence, intends
to offer the reader an alternative that can accommodate the complexity of land degradation which
might be shared and extended to other parts of the world with comparable contexts.
We are optimistic that the WAD3 approach will contribute to solutions that are needed for
attaining the goals outlined in the Land Degradation Neutrality and Sustainable Development Goals
that have been set as objectives by the UNCCD and the stakeholder community in general.

Barron J. Orr
Lead Scientist
United Nations Convention to Combat Desertification
Bonn

Michael Cherlet
WAD3 Coordinator and Main Author
European Commission, Joint Research Centre, Ispra, Italy
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PART I
INTRODUCTION

Twenty years have passed since the last atlas of
desertification was published. Within that short period, the
environment has undergone enormous global changes due
largely to human activities. Fortunately, because of the
massive increase and growth in the availability of global and
regional datasets – and the tools necessary to analyse them
– significant progress has been made in understanding humanenvironment interactions.
WAD3 thus begins at a very different place than WAD2 in
terms of scientific information and understanding. That said,
we are also confronted by the rapidly growing appreciation
of the complexity of the land degradation phenomenon and
all the human factors that both drive it and are derived
from it. As a consequence, WAD3 offers an approach that
accommodates and embraces these complexities and provides
an information framework from which to pursue solutions that
fit specific local situations.

Copernicus Sentinel-2 image over SE Afghanistan and part of the Indus river in Pakistan. Fertile riparian areas in desert and
dry mountain ranges have sustained ancient civilisations. The Pakistani city of Quetta is visible at the centre of the image.
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Introduction

While the first pictures of Earth from deep space invoked awe and wonder,
they also graphically revealed the startling reality of the finite and stark
boundaries in which humanity exists. Within these boundaries, the Earth
has entered the age of the Anthropocene, where humans are the dominant
force altering the Earth system.

12
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First deep space image of the Earth, ‘Earthrise’ by Apollo 8 on Christmas Eve, 1968.
Source: NASA
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Introduction
Historical Perspective
Although ‘desertification’ remains in the title, this atlas represents a significant
departure from the first two editions of the World Atlas of Desertification because
deterministic maps on global land degradation are not presented. Rather, land
degradation is considered to be a global problem of human dominance involving
complex interactions between social, economic and environmental systems, which
is not amenable to mapping at a global scale.
To many, the term desertification invokes alarmist images
of “deserts moving across the landscape, engulfing fertile lands
and leaving starving people in their wake”1 . The term was first
popularised by Aubréville in 1948, who used it to describe
how tropical forest regions in Africa were being transformed
into “desert-like regions”. Over time, ‘desertification’ became
enshrined as a permanent and dominant part of the lexicon
of land degradation, even being institutionalised through the
establishment of the United Nations Conference on Desertification
(UNCOD) in 1977 and the United Nations Convention to Combat
Desertification (UNCCD) in 1994.
The focus on the term ‘desertification’ to indicate land
degradation in drylands is unfortunate because as a global
phenomenon it is “a nebulous, all-encompassing concept” that
defies simple description and measurement2 . In part this is
due to a lingering imprecision about the nature of the problem,
including disagreements about its root causes and consequences,
whether or not it is reversible, how to measure it and the role of
climate (e.g. drought) versus human activities (e.g. overgrazing
by livestock)1 . Scale is also at play because key processes that
can drive land degradation occur at multiple scales: for example,
soil erosion due to severe overgrazing could be the result of local
drivers, e.g. famers trying to pay back bank loans, or regionalglobal drivers, e.g. increased international demand for meat.
Furthermore, degradation can manifest in a multitude of ways,
including the conspicuous erosion of soil or loss of net primary
production, but also in less obvious ways such as through
changes in plant species composition. The temporal scale over
which various types of degradation take place influence results
when using different monitoring periods or baselines. This has
led to ambiguity as to how to define and quantify desertification,
making it difficult to reach consensus, adopt effective action
plans and agree on replicable measurement criteria, the latter
of which is needed to identify the extent of the impacts of land
degradation on human livelihoods3 . Given this, it is not surprising
that while the UNCCD has served an important role in highlighting
issues of land degradation, poverty and sustainability (especially
in Africa), it has been criticised as being ineffective4, 5 . The UNCCD

was instrumental in establishing strategies for monitoring land
degradation, which paved the way for the adoption of the Land
Degradation Neutrality concept within the framework of the UN
Sustainable Development Goals6 .
Acknowledging recent scientific progress and the upsurge in
the collection of global data, in 2007 the UNCCD COP8 invited
institutions and stakeholders to produce a new World Atlas of
Desertification. This atlas is the 3rd edition of the World Atlas
of Desertification (WAD3), which appears 20 years after the 2nd
edition7. The major premise of WAD3 is that ‘desertification’ or

Definitions of desertification and
land degradation
The UNCCD defines desertification as land degradation in dryland
areas due to various factors, including climatic variations and/or
human activities (Article 1 of the UNCCD).

1st world map of
desertification
(FAO/UNESCO/WMO)

land degradation cannot currently be captured comprehensively in
global maps, despite the fact that local manifestations can often
be clearly identifiable. This atlas therefore calls for a ‘rethinking
of land degradation and sustainable land management’ and
although ‘desertification’ remains in the title, it represents a
significant departure from the first two editions (WAD1, WAD2).
The maps of WAD1 and WAD2 were based on the Global
Assessment of Soil Degradation (GLASOD) database8-10 . Building
on the 1987 FAO/UNEP/UNESCO ‘provisional methodology for
assessing and mapping desertification’, GLASOD was compiled
from the expert opinions of soil scientists who mapped the ‘status
of soil degradation’ following structured questionnaires. Such
attempts to delineate globally relevant instances of desertification
have been criticised as being overly simplistic, inaccurate and
unhelpful. In addition to the issues raised above pertaining to
the nebulous meaning of the word ‘desertification’, maps cannot
capture the vast differences reported in specific case studies of
land degradation3, 11, 12 . For example, based on GLASOD the entire
Sahel region in Africa was classified as severely degraded, which
led to the establishment of an ‘irreversible degradation’ dogma
for this region.

1st Edition of WAD
(UNEP)
Provisional
method for land
degradation and
drought
assessment
agreed

1977

UN Conference on
Desertification
Nairobi, Kenya

1987

1990

1992

soil erosion caused by wind and/or water;

ii

deterioration of the physical, chemical and biological or economic
properties of soil; and

iii long-term loss of natural vegetation.
In this atlas, the more expansive definition of land degradation as given
by the Millennium Ecosystem Assessment is used: land degradation
leads to a long-term failure to balance demand for and supply
of ecosystem goods and services13 . Essential goods and services
include food, forage, fuel, building materials, fresh water (for humans
and livestock, for irrigation, sanitation), control of agricultural pests,
nutrient cycling, purification of air and water, the moderation of extreme
weather, biodiversity and cultural and recreational benefits. Lastly, since
land degradation is a global problem WAD3 considers all regions of the
world and not just drylands - although emphasis is placed on the latter –
and therefore the term ‘land degradation’ is used in this WAD.
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1994

1997

2002

UN Conference on
Environment and
Development (UNCED)
Rio de Janeiro, Brazil

Land degradation refers to reduction or loss, in arid, semi-arid and dry
subhumid areas, of the biological or economic productivity and complexity
of rainfed cropland, irrigated cropland, or range, pasture, forest and
woodlands resulting from land uses or from a process or combination of
processes, including those arising from human activities and habitation
patterns, such as:
i

2nd Edition of WAD
(UNEP)

GLASOD Map
(Global Assessment of
Human-induced Soil
Degradation)
UNEP/ISRIC

UN Convention to
Combat Desertification
(UNCCD)

1994

Established

1995
Signed

1996

Into force

UNCCD
Group of Experts
WAD review

Sahel: The Desert Encroachment that wasn’t
The West African Sahel experienced numerous droughts from the mid1960s onward (see chart). Because of the scope of human suffering, it
received much political and popular attention. During the drought of 19681974, Aubréville’s term ‘desertification’ came into broad use to describe
those processes that appeared to be transforming large parts of Africa.
It was argued that due to mismanagement of the land by pastoralists
and farmers – albeit exacerbated by drought – the Sahel region was
being transformed into a desert. There was a general acceptance that
desertification was widespread and irreversible and that deserts were
“expanding”, particularly across the Sahel and east Africa14 . In 1977, the
United Nations Environment Programme (UNEP) convened the United
Nations Conference on Desertification (UNCOD) to bring international
attention to bear on assessing and addressing these issues15 .

How were assessments of desertification conducted during this time?
This was problematic due to a general paucity of data for the region as a
whole, but also the challenge of newly established governments to provide
consistent data on agricultural conditions. In the absence of rigorous
quantitative data, assessments were gleaned from anecdotal narratives
of environmental degradation that had been constructed from the 1940s
onward, along with vague and poorly corroborated observations of an
“expanding” Sahara during the mid-1970s.
It was not until the advent of continuous global satellite observations that
it was possible to document the general response of Sahelian vegetation
over the decade of the 1980s. However, the results were equivocal: while
these data did indeed show that the apparent boundary between the
Sahara and the Sahel may have initially moved south, it then moved north
again. Rather than transformative change, it showed the variability that is
characteristic of drylands on a decadal time scale17.

A reconnaissance study in Sudan was performed in 1975 by H. Lamprey14 .
The boundaries of a vegetation map compiled in 1958 were compared
with field observations (from a vehicle) and from light aircraft. The study
concluded that, between 1958 and 1975, the boundary between the
Sahara and the Sahel had advanced southward 100 km at a rate of about
5.5 km/year. Lamprey’s conclusion was widely reported and accepted by the
general public, but it also received substantial scientific criticism contending
that it ignored the dramatic seasonal differences in vegetation and the
fundamental role of climate variability. In fact, a detailed rainfall analysis
showed that Lamprey’s assessment was, actually, a comparison between a
wet year (1958) preceded by a series of wet years, and a dry year (1975)
preceded by a series of dry years (see inset and climagraph above)14, 16 . This
is a vivid example of the perils of inductive reasoning – taking a few local
measures of dubious quality and extending them across a region.

Sahel precipitation 1901–2016.
Source: http://research.jisao.washington.edu/data_sets/sahel/
doi:10.6069/H5MW2F2Q

EC-JRC
and UNEP
initiative on
WAD

WAD3
Compilation

UNCCD
Group of Experts
WAD guidelines

2007

3rd Edition of WAD
(JRC-EC/UNEP)

EC-JRC WAD
Expert
Meetings

2010

2011

2012

EC-JRC WAD
Last Expert
Meeting

2013

2014

2015

2016

2017

2018

Adoption of
LDN in SDGs
by UN General
Assembly

UNCCD CST 1st
Scientific Conference
Buenos Aires,
Argentina

UNCCD COP8
invites to
produce a new
WAD

UNCCD CST 2nd
Scientific Conference
Bonn, Germany

United Nations
Conference on
Sustainable Development
Rio de Janeiro, Brazil

UNCCD CST 3rd
Scientific Conference
Cancun, Mexico

Integration
of SDGs in
UNCCD
Decision
3/COP12

2030 Agenda
for
Sustainable
Development
SDGs

In 1977, the United Nations Conference on Desertification (UNCOD) adopted an action plan to Combat Desertification informed by
a map of desertification made by the FAO, UNEP and UNESCO. In 1991, UNEP concluded that the problem of land degradation in
arid, semi-arid and dry subhumid areas had intensified. This was based on the GLASOD map compiled in 1990, which was used in
WAD1 preparing for the UN Conference on Environment and Development (UNCED) held in Rio de Janeiro in 1992. Based on the
recommendation of UNCED, the United Nations General Assembly established the UN Convention to Combat Desertification (UNCCD).
The Convention was adopted in 1994 and entered into force in 1996. As decided in 2007, the Committee for Science and Technology
convened three scientific conferences, in 2010, 2013 and 2015. At the 2007 UNCCD COP8, a ten-year strategic plan was adopted,
inviting stakeholders to compile a new atlas and, in response, the JRC accepted the task of coordinating the compilation of WAD3.

1st Global Land Outlook
(UNCCD)

Land degradation is a Global Issue
The UNCCD focused specifically on drylands because of the prevailing
perception that the problem of land degradation in dryland areas is most
pressing and exacerbates the risk of poverty. Drylands occupy about
40 % of the terrestrial land mass of the Earth, presently contain over
40 % of the world’s population and were at the time considered to be
the areas where degradation was most severely impacting livelihoods.
Drylands are climatic zones where the ratio of long-term mean annual
precipitation to potential evapotranspiration is less than 0.65. However,
land degradation is a problem of global dimensions, affecting all regions
of the world, not only drylands.

Source: WAD3-JRC, 2018.
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Introduction
Current perspective
This third edition of the World Atlas of Desertification focuses
on land degradation and global environmental change under five
major subject headings:
Global Patterns of Human Domination. Highlighting
the role of Homo sapiens as the major driving force of global
environmental change;
Feeding a Growing Global Population. The ability to feed
10-12 billion humans by the end of the century is one of the great
challenges facing humanity, creating enormous burdens on the
land;
Limits to Sustainability. The Brundtland Commission
defined sustainable development as “development which meets
the needs of the present, without compromising the ability of
future generations to meet their own needs”. There are numerous
obstacles that must be overcome to achieve this goal;
Convergence of Evidence. Many of the anthropogenicinduced environmental changes can be measured and their
combined effects are indicative of the multiple stresses humans
exert on the land. WAD3 draws on this complexity by adopting
the concept that evidence or signals from multiple sources may
“converge”, thus leading to the development of testable hypotheses
and/or conclusions that are supported by data. Convergence of
evidence maps replace the ‘maps of desertification’ of WAD1WAD2; and
Solutions. Potential solutions to land degradation need to
be identified and implemented within the context of local social,

Commensurate with the theme of human domination
of the Earth, WAD3 stresses that the modern paradigm of
‘desertification’ and land degradation is based on interactions and
feedbacks between social and ecological systems23 . The basic
building blocks are coupled social-ecological systems (SESs),
which permit structured, interdisciplinary inquiry to assess the
social (economics, culture, politics, etc.) and ecological (biotic,
abiotic) dimensions of sustainable resource use, development and
management. While the role of human activities in modifying the
Earth’s vegetation and land has long been recognised16 , what has
become increasingly apparent over the past several decades is
that the linkages of climate and human activities within the SES
framework are complex and interactive, and operate at a wide
range of scales23 . For example, rather than mapping traditional
global biomes, WAD3 emphasises anthromes or “human biomes,”
which depict global patterns of sustained human interactions with
ecosystems24 . Anthromes (page 114) portray the geographical
extent and functional depth of human impact on the world’s
ecosystems. In addition to developing an understanding of the
types of SES interactions (e.g. impacts of land tenure, historical
colonial authority, export policies, drought, soil fertility), we are now
confronted with a vast increase in the scale of those interactions,
which are more and more interconnected in a global environment
(page 40).

A critical consideration that often dictates the adoption and
implementation of technological innovation is farm size. More than
80 % of farms in the world are comprised of less than 2 ha and are
managed by individual households, largely in Asia and Africa (page
64). These rural, smallholder producers use mainly family labour,
and their farms provide their principal source of food and income;
therefore, their ability to acquire new technologies is severely
limited. Importantly, the absolute number of farmers in these
regions is so large that even simple and inexpensive interventions
can have regional impacts (e.g. stone contour lines to prevent
runoff, increase infiltration, reduce erosion and increase yields; or
planting trees along field boundaries to reduce the effects of wind
and provide households with poles, fuel and fodder) (see Solutions
PART IV, page 226). Smallholders are now seen as part of the
solution of land degradation rather than a main problem, which
was a prevailing view of the past. Hence, government programmes
that subsidise smallholders, such as in China and India where
fertilisers are provided, can have significant impacts that increase
production but also may pose environmental threats.

Limits to Sustainability

WAD3 focuses on some key phenomena that will ultimately
dictate limitations on resource consumption and sustainable
development. The term 'sustainable development' was coined by
the Brundtland Commission29 as “development that meets the
needs of the present without compromising the ability of future
generations to meet their own needs.’’ Realising
the goal of sustainable development – while
feeding a growing global population – is one of the
greatest and enduring challenges facing humanity.
There is evidence that the capacity of the planet
Sustainable intensification in agriculture entails numerous components, including increasing
has already been reached, or even surpassed,
production through higher yields, technological innovation, moderating demand for resource- with regard to various ‘planetary boundaries’30.
Current rates of resource consumption and waste
intensive foods such as meat and dairy, reducing waste, improving the efficiency and
production, coupled with climate change, human
resilience of the food system and making food more accessible and affordable28 .
population growth and widespread environmental
degradation suggests that there are indeed limits:
This is the critical issue for sustainability science31 .
Productive soils are fundamental to achieving
economic and political conditions.
sustainable
development.
Soils sustain the diverse agricultural
Feeding a Growing Global Population
production
systems
of
the
Earth, filter and regulate freshwater
As the world population continues to grow, nearly 3 billion
Global Patterns of Human Domination
dynamics
(both
surface
and
groundwater) and sequester vast
25
people will be added to the global middle class by 2030 . These
Underlying the central theme of this atlas is an middle-class consumers tend to have dietary preferences that amounts of carbon (pages 86-94). As with other natural resources,
acknowledgement that humans are at the core of global favour meat, dairy and other resource-intensive foods. Can this maintaining productive soils is a challenge under current conditions
environmental change. Human activities are responsible for global demand be met? This basic question – whether a growing human of climate change, human population growth and poor agricultural
warming, land degradation, air and water pollution, rising sea levels, population will outstrip the ability of agriculture to meet its food management. If lost to degradation, previously productive soils
cannot be reclaimed in human timescales. Therefore, prevention
eroding the ozone layer, extensive deforestation and acidification demands – has been pondered for centuries26 .
of the oceans, and are driving Earth's sixth “mass extinction”18 .
In the past 200 years, vast areas of land have been brought of degradation is almost always far more cost effective than
One of the more iconic illustrations of human domination into agricultural production, especially in North and South America, restoration of degraded land.
It is estimated that humans appropriate 20 % to 25 % of the
of the Earth is the detection from space of lights on the planet’s Africa, Asia and Australia (PART III, page 46). In fact, most of the
surface (PART II, page 20). Just as the Apollo 8 photo of Earthrise productive lands in the globe have already been converted to Earth’s terrestrial primary production (pages 38, 112); if large
captures the finite nature of Earth, night lights dramatically depict agriculture (page 48). In the future, it is likely that some marginal amounts of bioenergy are consumed in the future, this could
the footprint of human activities, from the spread of cities to lands will be brought into production, particularly in developing increase to over 40 %32 . Human appropriation of net primary
industrial activity to fires due to land-clearing.
countries where pressures are highest, but this option is limited. production is a prominent measure of the human domination of the
The population of the Earth, now over 7 billion, is projected to Most of these lands are forests, wetlands and grasslands, and biosphere since it affects the energy flow of ecosystems, impacts
increase to between 10-12 billion by the end of this century (pages converting them to agriculture would have serious environmental biodiversity (page 132) and has many environmental impacts.
26-32). This does not bode well for the future since the planet costs in terms of increasing greenhouse gas (GHG) emissions, Understanding and managing human appropriation is a key factor
has a finite capacity to support humanity, especially in the face losses of biodiversity and negative impacts on essential ecosystem in developing strategies for sustainable use of the land system33 .
of continued resource depletion and environmental change. WAD3 goods and services (e.g. food, forage, fuel, water, control of
Perhaps the most fundamental limit to sustainability is the
presents examples of the extent of human presence on Earth. agricultural pests, nutrient cycling, purification of air and water)27. availability of water. The current situation is sobering. Although
Currently, humans appropriate 20 to 25 % of the Earth‘s annual Alternatively, it is possible to increase food production on existing there is more surface water now than at any other time over the
net primary production (NPP) from land, while representing less farmland via the practice of “sustainable intensification”27 (see past 30 years (page 86), this does not necessarily mean increased
than 1 % of the total global mass of organisms19, 20 (page 108). Limits to Sustainability, below).
water availability. Many new dams have been constructed to store
Through mining industries, humans move more sediment into the
With regard to technological innovation, dramatic advances in large volumes of water for irrigation and power generation. While
ocean than all the world's rivers combined18 (page 134). About increasing crop yields (page 52), have been achieved through various this may benefit one organisation or country, it often negatively
45 % of Earth's land surface is dedicated to livestock and livestock- means, including plant breeding, genetic manipulation, fertilisers impacts downstream populations and economies and leads to
feed production21 (page 58). Increasingly, the Earth is transforming and irrigation (pages 54-56). The rate at which farmers adopt new political disputes. For example, proposed dam construction on the
into the “urban planet”: by 2050, over two-thirds of the world’s technologies, however, depends on a number of risk factors such Mekong River will impact 60 million people who rely on the river
population will reside in cities (page 30). The current rate of human as economics, environmental consequences, characteristics of each system for fish as their main source of dietary protein. Paradoxically,
consumption creates enormous pressures on the natural resources farm (and the farmer) and the ease and convenience of adopting it is estimated that dam-building on the Mekong will result in a 4 %
of the globe and, within the context of Earth’s finite boundaries, the new technology28 . Yield gaps, i.e. the difference between current to 17 % increase in water use due to the establishment of livestock
34
current footprint of humankind is not sustainable22 .
yields and what might be possible under optimum conditions (for production systems to replace the river fisheries .
Other “new” surface water is the result of warming in the
example, good pest control and sufficient water and nitrogen), are
Tibetan
plateau. While this has led to greater water discharge, the
lowest in the world in areas/regions where the aforementioned risk
volume
and timing of these flows are uncertain and potentially
factors are easily manageable, which are principally in developed
disrupting.
Moreover, some of this water has flowed into old lake
countries. Where large yield gaps exist there are the greatest
beds,
becoming
saline and unusable.
opportunities for meaningful gains (e.g. developing economies).

Sustainable Intensification in Agriculture

Opportunities might however lead to over- or misuse of technologies
(such as irrigation, fertiliser use, etc.), destroying vital land resources
and thereby compromising ecosystem services.
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Much of the rapid increase in agricultural production during
the past century is due to the use of groundwater (page 92). Until
quite recently, groundwater was immeasurable but new satellite
technologies have enabled the relative magnitude of changes in
groundwater to be monitored. Not surprisingly, areas that have
shown the largest decline in groundwater are in the major irrigated
regions (page 56). Groundwater depletion threatens sustained
agriculture production systems in both developed (e.g. California)
and emerging (e.g. India) economies.
As noted in Feeding a Growing Global Population above, the
pathway toward increasing agricultural production is through
increasing the efficiency of existing croplands. Most gains in
production are projected to come from fertiliser and water. However,
sourcing additional water for irrigation is likely to be problematic,
as is the case in vast areas of low-yielding croplands in Russia
and Kazakhstan. If large inputs of fertilisers were used to increase
the production of these croplands, local surface and groundwater
reserves would be threatened, as would adjacent ecosystems upon
which they depend.
Climate change is one of the greatest threats to achieving
food security and agricultural sustainability. Although climate is
unequivocally changing, there is a large degree of uncertainty
as to how much change can be expected and its local or regional
manifestations. What is certain is that as the planet warms,
global average rainfall is expected to increase; however, so will
evaporation, which complicates predictions of the overall net
impact on average aridity (pages 72-84). Further, many arid areas
are most likely to experience reduced rainfall as a consequence of
global warming. The global hydrological cycle is tightly coupled to
climate, land use and direct consumption and, hence, future water
availability for human consumption, agriculture and industrial
usage is problematic (page 84).
In addition to agriculture, changing patterns of global aridity
have the potential to impact the majority of the human population.
By 2050, over 66 % of the world’s population will reside in cities35 .
How increasing aridity could potentially impact the local climate
of cities is considered in pages 80-82. Meeting the demand of
urban populations for food, energy and water under increasingly
restrictive climate conditions and limited land resources will be a
challenge.
Global assessments must focus on big issues: e.g. land use
and land-use change patterns, climate change and the effects of
land management on biogeochemical cycles (e.g. water, nitrogen).
Economic considerations are an important component of these
assessments because building sustainable economies and social
institutions require united action to overcome the many obstacles
before us, including land degradation. However, smallholders are
also an important component of these assessments. First, as
major land managers, smallholders already play a large role in
determining the uses of land and resources. Second, while it is a
moral imperative to improve the overall well-being of smallholders,
it is also a practical one: if they are in a better economic position
they will better enabled to adopt new technologies and to become
contributing agents of the global economy (pages 64-68).

Convergence of Evidence
The causes of land degradation, the processes involved and
the impact they have on ecosystems services changes over space
and time as well as in regard to changing social perceptions of the
value of ecosystem services. As such, land degradation cannot be
globally mapped by a single indicator or through any arithmetic or
modelled combination of variables2 . A single global map of land
degradation cannot satisfy all views or needs.
When it comes to land degradation in different parts of
the world, the problem of conveying a sense of local context is
perhaps the most fundamental challenge in making global data
useful. Attempting to interpret global data at the local level tends
to undermine confidence in virtually any global assessment. The
challenge is to convey a sense of what any finding means “on-theground” with respect to its importance to livelihoods, economies,
regional biodiversity or any other selected measure of importance
at that location. Why and how conditions – such as size of the
human population, abandonment of cropland, fertiliser deficiency,
soil erosion and so forth – are more or less problematic or impacting
in one area rather than another is of local importance. Local users
typically want guidance on how they can deal with their particular
problem.
To address these concerns, WAD3 attempts to move beyond
a prescribed, fixed representation of land degradation. In lieu
of producing static ‘maps of desertification’, WAD3 applies the

principle of “convergence of evidence”, which entails dynamic,
abductive logic to ascertain what a given finding means “on-theground” (see text box on "forms of inference" below). Convergence
of evidence is a measure based on accumulated evidence that
certain core issues related to land degradation currently co-exist at
a given location. From this a ‘most likely explanation’ may evolve,
which can be in the form of a hypothesis, inference, explanation,
conclusion or best guess about that status of land degradation at
a given location. The ‘most likely explanation’ is not necessarily
considered final – it can be improved or updated in a recursive,
highly flexible manner as additional information – that has local
context – becomes available.
As the format of a printed atlas constrains what can be
presented on a single page, various maps presenting convergence
of a number of key issues that relate to land degradation represent
some of the key stakeholders’ interests at global scale. Some of
the conclusions that emerge from convergence of evidence (PART
V, page 142) may be judged to be more significant than others,
for example: (i) large numbers of people or critical resources may
be impacted; or (ii) strategically important concerns are identified
that impact certain segments of the local economy or ecological
sustainability. The convergence of evidence approach is intended
to be flexible in order to address such concerns.

A Web-Based Platform

http://wad.jrc.ec.europa.eu/
Accompanying this atlas is a web-based platform that enables
independent interrogation and analysis. WAD3 seeks to advance a
dynamic, interactive set of global data and analytical tools that can
be continuously expanded and updated, to produce custom-configured
products to meet the divergent needs of users. The webpage will be
gradually upgraded and improved.
Establishing a more meaningful context can be pursued in at least two
ways that draw on the data that have already been assembled: The ability
to query global data sets (i) individually or (ii) in combination within a
local setting. The convergence of evidence approach is a deliberate and
structured guide that can lead to a more valid and reliable understanding
that was not possible when working with a single printed map.
This scale-independent framework can be used to explore land
degradation in a collaborative, online environment. It is intended to foster
the development and testing of hypotheses concerning degradation
phenomena that can lead to broader understanding of land degradation
and, hence, successful interventions and solutions.

The appropriation of net primary production is a prominent
measure of the degree of human domination of the biosphere.
Forms of Inference

Solutions
Understanding land degradation is contextual36 , hence,
Potential solutions to land degradation can only be identified and
implemented within the context of localised social, economic and
political conditions. Therefore, it is necessary to frame ‘solutions’
within the context of what local characteristics of land degradation
actually matter to local stakeholders, especially the socio-economic
consequences. The concept of sustainable land management (SLM)
evolved in response to the need for solutions to the myriad problems
associated with land degradation. SLM is based on the principles
of enhancing the productivity and protection of natural resources
while maintaining an economically viable use of the land37. SLM
practices are constrained by local conditions (the environment,
technological limitations, local knowledge, climate, policy, etc.) (see
Limits to Sustainability). When successful solutions are found, the
challenge is to define similar contexts to which those solutions
might be applicable (PART VI, page 226).
WAD3 offers a number of findings that emerge from multiple
issues related to land degradation and its geographic and temporal
coincidence. WAD3 illustrates an approach to interactively
deal with such information at all scales and, thus, is solutionoriented and focuses on ongoing pressures that can lead to land
degradation (rather than a diagnostic mapping of it). Global users
and institutions can learn from global convergence patterns for
a variety of thematic interests, while local stakeholders can add
local information and knowledge for broader understanding and
planning of successful interventions and solutions.

Inductive reasoning is a model that begins with specific observations
and proceeds to generalised conclusions. This approach is supported by
the multitude of documented case studies of observed land degradation.
Deductive reasoning is a model that moves from generalised principles
to specific conclusions, which are rigid and prescriptive. This approach
is tempting and has been the basis for previous and ongoing attempts
to make global assessments of land degradation. However, given the
complexity of factors underlying land degradation within the SES context,
it is usually not possible to take one set of observations and directly
extrapolate them to another area of the globe.
Abductive reasoning is at the core of WAD3. It’s a perfect fit because
abductive logic, which typically moves from an incomplete set of
observations to the most likely explanation for these observations, entails
incomplete information. The ‘most likely explanation’ may be in the
form of assumptions, hypotheses, inferences, explanations, conclusions
or best guesses, which are not necessarily considered final but can be
improved in a recursive, highly flexible manner as additional information
becomes available. The abductive approach may consist of elements of
both induction and deduction. Given the nonlinear, complex nature of land
degradation, this is an ideal fit.
Forms of Inference

INDUCTIVE

DEDUCTIVE

ABDUCTIVE

rule

rule

rule

case

case

case

result/
observation

result/
observation

result/
observation

Forms of inference.
Source: adapted from: Fisher, H.R., 200139 .
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Introduction
Challenges
Global Data – a further challenge

Convergence of evidence - challenges

The problem of conveying a sense of local context is perhaps
the most fundamental challenge in making global data useful. It
is the one issue that serves to undermine confidence in virtually
any global assessment. In short, the challenge is to convey a
sense of what this finding means on-the-ground with respect
to its importance to livelihoods, economies, regional biodiversity
or any other selected measure of importance at that location.
The used case studies – or the telling of local “stories” – proven
to be the most powerful and useful approach to conveying how
complex the phenomenon is and thus the difficulty in developing
and presenting useful generalisations. WAD3 employs case
studies to show that contextual information down to the local
level is required to properly explain and interpret patterns derived
from global data.
WAD3 has a large number of data sets potentially available
that can be readily located and acquired by anyone with access
to the internet. While this creates a challenge in dealing with
numerous data layers and huge data volumes, the fundamental
mapping challenge remains similar: how to provide an adequate
context to interpret global patterns under local conditions. The
format of a printed atlas constrains by what can be presented on
a single page and compels the compiler to compress the content
into one, or a few variables – with overlays – that can be mapped
and displayed in a single image. This has been achieved in many
ways. In the case of GLASOD, in WAD1 and WAD2, the maps were
based on experts’ best judgment. In more formal, automated
approaches, it has been achieved by arithmetically combining
mapped variables, often with weights applied to variables to
reflect their relative importance, that can yield a surface single
value38 . This might yield satisfactory results at fairly local
levels but, as noted, the complexity of land degradation, when
considered globally, has rendered it virtually impossible to define
satisfactorily. Without a satisfactory definition, land degradation
cannot be mapped through any combination of variables.

WAD3 builds on the availability of multiple, reliable global
data sets and 20 years of scientific study since WAD2, especially
relating to socio-economic factors.
Fundamental challenges remain. First, what is the most
judicious way to select and analyse the wide array of existing
and future global data sets in order to convey the location and
severity of a land degradation problem? Second, what is the
appropriate context? What is the relative severity of a problem,
how does it compare to other places, and what might be learned
from multiple experiences?
Land use expresses the human-ecosystem interactions,
hence reflects the level of human exploitation of the ecosystem.
WAD3 provides a framework of context at the global scale
and begins with broad classes of land use and land cover (e.g.
agriculture, rangeland, forest). It is understood that, while mapped
as discrete units, these are sometimes “pure,” but often grade
into each other or are mosaics of many classes. The purpose of
looking to convergence patterns through such stratifications is to
allow for comparison of “apples with apples” (e.g. agriculture vs
agriculture) at a global scale.
Within this framework, rather than attempting to combine
multiple data sets into a single index or model outcome, WAD3
considers 14 variables often associated with land degradation.
Global maps of these variables were processed by considered
land cover/use stratification class by applying simple thresholds,
typically median values, to identify those areas where median
values were exceeded (positively or negatively). These maps may
then be combined or overlaid. The coincidence (or convergence)
of these “lines of evidence” may signal a potential stress or
disturbance on the land resources, which may warrant more
intense investigation.
The examples presented in ‘Section V Convergence of
Evidence’, show a number of variables that have been flagged
because they occur at every point within the rainfed agriculture
class or smallholder areas, etc. It may be that the occurrence of
a number of variables, or the larger the number that co-occur
(converge) at any one point suggests that there is a problem
worthy of examination with regard to land degradation.

Soil

In section V, convergences are presented and examined from
various interests and viewpoints, such as areas with high and low
density cultivation, high and low input cultivation, smallholders,
irrigation, rangeland, forest, as well as protected areas. This
provides an initial framework to help interpret the convergence
patterns for which global and continental statistics are given on
key issues and the number of issues coinciding at any place, as
well as the distribution of issues according to land productivity
dynamics. This approach can be applied across scales from global
to local using additional datasets.
The web-enabled WAD3 platform:
a. provides opportunities to examine global data sets with userdefined models to identify areas where degradation might
be expected within a region of interest (as above)
b. and aims at providing tools to validate or discard those
findings by comparing them with more geographically
specific local data provided or obtained by the user,
c. compare results with similar sites and situations in other
parts of the world to establish under the conditions undr
which they might be extended, and
d. consider solutions that have been applied in other places to
determine when and where they might be extended.

Vegetation

Aridity
and
Drought

Water

Human

Livestock

LOCAL

Data | Knowledge | Solutions

CONVERGENCE
OF EVIDENCE

GLOBAL
Data

Globalisation

Cultivation

Income

Biodiversity

Mining

Diagram of the Convergence of Evidence. All the variables
that have been taken into consideration for the analyses.
Source: WAD3-JRC, 2018.
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Key messages
Although desertification remains in the title, the 3rd edition of the World Atlas of
Desertification represents a significant departure from the first two editions: it is asserted
that ‘desertification’ or ‘land degradation’ cannot be captured in global maps in a way that
satisfies all stakeholders. Instead, WAD3 illustrates the geographic distribution of coincident
patterns of issues that may indicate potential land degradation.
In lieu of a “global assessment”, WAD3 uses a convergence of evidence approach.

Global change issues involve complex socio-ecosystem interactions that drive land
transformations. Where on-going issues converge (e.g. population decline, high yield gaps,
loss of land cover), this may indicate land degradation is occurring and suggest potential
underlying drivers.
The significance of land degradation as global problem is determined by the local social,
economic and ecological context in which it occurs.

Key messages that emerge include:
1. underlying and familiar factors - some old, some new - are
driving environmental change/land degradation at a global
scale;

5. some regional patterns of potential degradation are
reconfirmed (south Asia; China) and some underlying
causes are revealed (heavy fertiliser use and irrigation);

2. some recurring global issues (such as surface and ground
water) have an alarming urgency that could not be known
20 years ago;

6. new regional patterns of potential land degradation are
revealed (especially in central Asia); and

3. there is a growing confirmation of suspected global
trends (such as a decline in productivity) that may impact
sustainability;

7. concerns emerge at the regional level that brings into
question our ability to meet the demands of future
populations, e.g. maintaining and increasing yields on highdensity croplands and increasing crop yields (by closing
yield gaps) on low-density and low-input croplands.

4. global issues that were only suspected previously will
shape how we look at both processes and solutions (such
as telecouplings; smallholders vs. largeholders);

Underlying global trends

Global issues: New

By 2050, the world’s population will exceed 9 billion. To meet
the increased demand for food, fibre and energy, pressure on the
planet’s finite natural resources will be exacerbated.
Significant trends include:
Urbanisation. The proportion of the population residing in
urban areas will continue to rise, particularly in drylands (PART
IV, pages 80-84). Urban areas and their supporting infrastructure
will continue to consume agricultural land (page 50).
Climate change. Over the remainder of this century, the
climate of the globe is expected to become both warmer and
drier. In concert with the growth in urban areas, much of the
pressure of climate change will be felt in urban areas, particularly
in drylands (PART IV, pages 74-82).
Dietary changes. Over the past 50 years, increases in
population income has brought about a shift in human diet
preferences away from foods largely derived directly from plants,
to one increasingly focused on animal products (milk, meat,
eggs). This trend significantly exacerbates the pressure on finite
land resources (PART III, page 46).

Telecoupling. The globalisation of the world’s economy
has environmental consequences, which were little considered
20 years ago. Now, changes in land use may be geographically
displaced. For example, increased demand for agricultural products
in developed countries (e.g. Japan) may lead to deforestation in
developing countries (e.g. Brazil) to meet that demand (PART
II, page 40). Moreover, the export of products (e.g. maize) from
one country to another involves not only the grain itself, but the
water required to produce it. Also, a further effect of telecoupling
provoked by increased consumption is a mental decloupling of
the cause-effect relation of possible land degradation, resulting
in public apathy. As our understanding of environmental lifecycle
accounting and international value chains grow, so too must our
appreciation of the true costs of perceived benefits.
Smallholders. The role of smallholders as agents of
land management and environmental change has been
underappreciated (PART III, page 64). More than 80 % of all farms
on the planet are less than 2 ha in size and are managed by
poor households. The types of technology that must be adopted
globally to increase agricultural production, while minimising
or reversing environmental impacts, is dependent on how well
potential interventions match existing management strategies
and the ability of smallholders to adapt.

Global issues: Recurring
Old issue, new urgency. New global data on the Earth’s water
resources highlight this critical issue. While surface water area is
greater than any time in the past 30 years, much of this is due to
the construction of dams. Dams may benefit local interests but
threaten livelihoods and environments downstream, often across
international borders. The dynamics of global groundwater,
which were unknowable 20 years ago, show alarming declines;
this is especially the case in areas of high demand (e.g. irrigated
agriculture). Global patterns of surface- and groundwater
indicate the need to manage risk and strategically plan for water
shortages, especially since the human population is growing,
demand for water is increasing and the threat of climate change
adds increasing uncertainty (PART IV, pages 86-94).

Global trends: Potential
Declining land productivity. There is a concern that the
productivity of the land resources of the Earth is declining (PART
IV, page 114).

Regional patterns: Old and New
Although WAD3 does not offer a comprehensive assessment
of global land degradation, a number of findings emerge when
examining multiple global data sets within an analytic framework
(i.e. convergence of evidence, see PART V):

Familiar patterns, new concerns
The coincidence of many issues in the northern part of
southern Asia, largely within the Indo-Gangetic plains of India
and Pakistan and the North China plain, suggest the role of land
degradation. Most notable are the high population densities,
dependence on high inputs of fertilisers and the persistence
of low incomes. Some new issues have emerged in WAD3 that
underscore these concerns. In particular, the dominance of
smallholders in both southern Asia and China suggest challenges
and vulnerabilities that may have been underappreciated in the
past. Moreover, alarming declines in groundwater in both areas
may foreshadow significant problems in the future, particularly
in the face of climate change.
New patterns, potential concerns
The vast wheat-producing region developed by the former
Soviet Union emerges as an area of concern. Large-scale, lowinput agricultural operations, mainly in sparsely population parts
of Russia and Kazakhstan, are seen as a potential opportunity
to increase global agricultural production but also as a potential
environmental threat. Increased production could be achieved by
increasing fertiliser inputs. Projected changes in climate may also
make these areas more favourable for agricultural intensification.
However, much of the land currently in production is marginally
productive and may have higher value as habitat areas. Moreover,
increased fertiliser inputs could have negative impacts on water
resources and adjacent habitats.

Familiar patterns, old concerns
A number of key issues ‘converge’ throughout the Sahel and
eastern Africa. These include yield gaps, decreased productivity
and chronic low income.
Transformation of forest to irrigated farmlands threatens
vast areas of the Chaco in Argentina, Paraguay and Bolivia.
In densely populated areas of Europe and North America,
urban expansion is consuming land resources, and high-intensive
agriculture requires large, continuous inputs of nutrients.
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PART II
GLOBAL
PATTERNS
OF HUMAN
DOMINATION

Humans dominate the planet and their influence extends
directly and indirectly to every part of the world. Global
population has reached seven billion people and is projected to
reach 8.3 billion by 2030.
Exponential increases in human population and changes in
patterns of consumption have created unprecedented pressure
on the Earth’s natural resource base. Humans and their actions
have become the main driver of global environmental change.
This section provides snapshots that illustrate the dynamic
human footprint on the Earth and its potential impact on the
land resource.

Morabadad, India - Copernicus Sentinel-2.

PART II – GLOBAL PATTERNS OF HUMAN DOMINATION | World Atlas of Desertification

21

Night Lights
Artificial lighting reveals human presence

Transportation grids are becoming denser and
can be observed as light corridors in areas in
Europe and the US. (see page 24)
Wildfires in Chile, 2017.
Source: Copernicus Sentinel-2.

EUROPE

8

74 %

Night lights persistence x area (%)

This map dramatically illustrates the growing extent of human
activity on planet Earth through the detection of lights at night.
Covering a 15-year period of night-time satellite observations, it
illustrates the phenomenal growth and intensification of human
impact, revealing a mosaic of human settlements (e.g. urban
clusters), industrial activity, wildfires and human-induced fires lit
to clear land.
In the early 1980s the first low-light nighttime images of the
Earth’s surface were released from the United States Defense
Meteorological Satellite Program (DMSP). These data were
originally designed to monitor cloud cover at night for weather
forecasting. By the mid-1990s, they were being used to help map
human population distribution, estimate built area and impervious
surfaces, identify maritime commercial activity (including offshore oil and gas exploration and fishing), map fires and estimate
the impacts of human expansion on agricultural land1, 2, 3 .
Humans have transformed over half of the Earth’s ice-free
terrestrial land surface into cropland and pasture4 . Agriculture
has evolved to sustain ever-larger populations which, in turn,
has led to the more intense use of lands for urban growth,
industrialisation and energy extraction. Now, we see a world
transformed by these processes. We can observe the phenomenal
growth of urban regions by changes in patterns of city lights.
On this map, more established urban centres are shown in
white. Other colours show the appearance of lights in different
single or combined years (see map caption and legend). The
Indian subcontinent and Asia in particular have seen huge urban
and industrial growth between 1992 and 2006. Fires, both
natural and agricultural in origin, can be seen over vast areas of
Africa, South-East Asia, South America and northern Australia.
While they span huge areas collectively, individual fires are not as
massive as the image suggests because they occurred over the
15-year period of record. Also seen on this image are oil flares
where extraction activities are being carried out. Along the coast
of South Korea and the Sea of Japan, lights of fishing fleets can
be seen plying the waters using their lights to attract squid and
other fish.
Night-lights alone under-represent the impact of human
activities. Persistent cloud cover obscures urban centres in the
Congo and the Amazon, which is why they remain dark in the
map. More importantly, many inhabited areas, often in arid areas,
have a very thin scattering of lights that suggest low levels of
infrastructure.
When combined with maps of population density, the density
and brightness of night-light networks can be used to infer the
relative level of development and human well-being5 .
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Intense and impacting human activity is not always related to dense human population
or intense night-lights. This vast mining site of Arlit in the desert in central Niger shows
as a small light dot of human presence although the impact on the surrounding area is
considerable. (see page 134)
Source: Copernicus Sentinel-2.
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Change in night lights occurrence
Percentages indicate the change over time in area covered by night lights,
which is expressed as a percentage of total continental land surface.
Source: WAD3-JRC, 2018; based on NOAA National Centers for Environmental Information,
DMSP-OLS Night time Lights Time Series.

When night lights appeared
on satellite images
1992 only
2000 only
2006 only
1992 & 2000 combined
2000 & 2006 combined
1992 & 2006 combined
1992 & 2000 & 2006 combined

Natural, but mainly man-made fires are a common practice
in low-input smallholder agriculture systems. This creates
wider and more continuous light patterns over time as these
practices are regularly implemented. Wild fires also affect
vast areas, e.g. forest fires. (see page 127)

Observing patterns and trends in night-time lights from space is a simple yet
powerful way of showing trends in human population presence.
This is a colour composite produced from three annual cloud-free composites
of night-time lights that appeared in single years: 1992 in blue, 2000 in green
and 2006 in red. The colours, cyan, yellow and magenta, indicate appearance
of night-time lights for combined years. The white colour indicates more
established urban centres. The lights detected are from cities and towns,
gas flares and fires.
Source: The data were processed by the NOAA National Centers for Environmental
Information, DMSP-OLS Night time Lights Time Series.

High

Nighttime lights increase between
2000 and 2010 (NOAA)

Low
High

Gridded population of the world
in 2010 (CIESIN)

Low

Patterns and trends of night-lights and population densities.
In this image, bright lights (yellow) are overlaid on population density (blue). Blue areas represent
areas with dense populations but no night-lights. This graphically underscores the lack of
infrastructure and corresponding low levels of human well-being in under-served regions.
Source: NOAA DMSP-OLS v4; CIESIN GPWv4.
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Transportation and Accessibility
Infrastructure expansion is a major cause of land degradation1, 2
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Logging and transportation roads for forest clearing visible from space in the Amazonian area of Rondonia in Brazil show
a classic example of the expanding human impact along corridors. Images show a transition from 1984 to 2016.
Source: Landsat TM 1984, Landsat ETM 2001, Copernicus Sentinel-2 2016.
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The map of accessibility shows travel times (hours/days)
between all points of the Earth to the “nearest” major city, defined
as urban centres of 50 000 inhabitants or greater. It considered
all modes of land and water transportation. Brighter colours
indicate less time to move to urban centres, darker colours indicate
more travel time. Globally, large voids correspond to circumpolar
regions (e.g. Canada, Russia), rainforests (e.g. Amazon basin),
high mountains (e.g. Tibetan plateau) and the arid and semi-arid
regions of Africa, southwest Asia and interior Australia.
Source: Weiss, D.J., Nelson, A. et al. in 14 .
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Town
The imprint of the global road networks reflects a
convergence of dynamic processes such as demographic changes,
concentration of economies, land cover changes, and land use
changes, including intensification of agriculture and urbanisation.
All of which affect the status and quality of the land and can
exert combined pressures, potentially leading to land degradation
(see pages 56, 41 and 142).
The reach and intensity of human impacts extend over the
entire planet. This is largely due to the extraordinary mobility of
humans, as exemplified by economic globalisation. Local, regional
and national economies are closely linked to the movement
and transportation of goods and services across borders (see
page 41). Although other factors contribute, the geographic
“connectedness” of any point on the Earth to all others is a useful
indicator of its current economic standing and a predictor of
future economic opportunity3 .
Access to basic infrastructure that sustains human wellbeing – such as water, sanitation, energy, schools, hospitals and
markets – is one important measure of economic development.
Hence, nations worldwide strive to achieve a robust physical
infrastructure as a basic and continuing focus of economic
development4 . However, significant environmental costs
accompany the development of physical infrastructure. Over the
past century, the construction of roads and railways is one of the
most widespread ways the natural landscape has been modified.
Among their many impacts, roads lead to the destruction of

Perth

natural vegetation, fragmentation of habitats, obstruction of
animal migratory routes, the spread of exotic species, disruption
of flows of rivers, alterations of natural biogeochemical cycles
and increased accessibility by humans5 . All these processes
contribute to accumulated stress that affects the functioning of
the land and can lead to degradation.
Furthermore, increased human accessibility leads to an
expansion of the “agriculture frontier”, especially in developing
countries, since the obstacles to (e.g. cost of) marketing
commodities grown in remote areas significantly decreases6 .
Accompanying this expansion of agricultural frontiers is the far
larger infrastructure “footprint” when immigrants – often enticed
by government incentives - settle to take advantage of cheap
land and new economic opportunities7, 8 The development of
Rondonia, Brazil, in the Amazon Basin is a well-known example of
the frontier phenomenon9 .
In contrast to the more dramatic unfolding of agricultural
frontiers, many parts of the less-developed world – such as arid and
semi-arid lands – are already occupied by smallholder agriculturalists
and pastoralists, but at low population densities. People there are
often hugely dependent on the land and forced to overexploit the
available resources (see page 65). In such areas, the extension of
infrastructure, especially roads, may lead to improvements in basic
services to local populations and potentially enable access to local,
regional and even international markets. Given the limitations of and
challenges to maintaining livelihoods in remote arid and semi-arid

Melbourne

Auckland

regions, roads can also facilitate migration to urban areas where
people seek employment, education and healthcare, etc.10 While
urbanisation generally serves national interests and there are
incentives to promote it11, migration to urban areas in some locations,
such as sub-Saharan Africa, is often less than anticipated due to
socio-economic and socio-cultural situations. Rural areas might see
an increase in population but a delay in infrastructure development.
This may be related to inevitable disparities between urban and
rural education opportunities as well as difficulties in returning
expected remittances from urban to rural areas12 . However, as the
economic power of globalisation increases, the pressure will likely
grow to “relocate” some land uses (e.g. crop and animal agriculture)
from areas with high production and environmental
costs (e.g. Europe) to areas that have a comparative
advantage (i.e. developing countries)13 (see page
41).
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Population Distribution, Trends and Projections
Increasing population impacts on the global environment
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Dense pattern of human settlements in Northern Nigeria,
Africa’s most populated country and 7th worldwide.
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Source: OpenStreetMap contributors & GUF11, 12 .
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Source: Atlas of the Human Planet 20161 .

One of the striking features of the UN’s projected growth
is its uneven distribution across the globe. Between 2015 and
2050, it is estimated that the global population will increase by
2.4 billion. Of this, an overwhelming 50 % will be concentrated in
Africa (1.3 billion) and 38 % (or 0.9 billion) in Asia. The remaining
will be distributed across Latin America (6 %), North America
(3 %) and Oceania (1 %). In contrast, Europe will experience a
1 % drop in its population in 2050 as compared to 2015. Over
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Global distribution of human population in 2015
by climate subtypes (see Aridity).
Source: Safriel, U.3 .
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According to UN estimates, the
human population on Earth is projected to
increase by 50 % by 2100, stabilising at about
11.2 billion2 . Recent analysis of these data, however,
suggest that a stabilisation of the world population this
century is highly unlikely4 . It is estimated that there is an 80 %
probability that the range of increase will in fact be between 9.6
billion and 12.3 billion by 2100. Regardless of the actual figure,
it is clear that Earth’s population is growing to unprecedented
levels.

4.1%

The Population Division of the United Nations estimated that
in mid-2015 the world population was 7.3 billion2 . This is almost
triple the 1950 value of 2.6 billion. As of 2015, both China and
India have over 1 billion people. Combined, this represents nearly
40 % of the total world population and, together with the rest
of Asia, over 60 % of the global population (4.4 billion) live in
this region of the world. The remaining people are distributed
across the rest of the world, with 16 % in Africa (1.2 billion), 10 %
in Europe (738 million), 9 % in Latin America and the Caribbean
(634 million) and the remaining 5 % in Northern America (358
million) and Oceania (39 million).
In 2015, the ten most populated countries in the world
were located in Africa (Nigeria), Asia (Bangladesh, China, India,
Indonesia and Pakistan), Latin America (Brazil and Mexico),
Northern America (United States of America) and Europe (Russian
Federation). By 2050, six of these countries are expected to
exceed 300 million: China, India, Indonesia, Nigeria, Pakistan and
the United States of America.

the period covering 2015 to 2050, half of the world’s population
growth will be concentrated in India, Nigeria, Pakistan, Democratic
Republic of the Congo, Ethiopia, Tanzania, United States of
America, Indonesia and Uganda (listed in order of the size of each
country’s contribution to total growth).

1.7%

Projected Population Growth

Population (%)

Human Population on Earth

By the end of the century, in 2100:
• There will likely be more than four times as many people in sub-Saharan Africa
• The populations of West Asia and North Africa will double in size
• Both Europe and East Asia will see declines in their total population
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The human imprint on the planet has a major impact on the
functioning of the Earth system. The concept of the Anthropocene
is commonly used to capture this shift in the relationship
between humans and the global environment5 (see page 112).
Because the impact on the environment is closely intertwined
with population dynamics, it is important to monitor and include
these in the land degradation evaluation. Further to distribution,
density and migration, population dynamics impact the planet in
various ways (Source: 6):
1. Economic stagnation. In poor societies, populations often
double in size in two or three decades. Food production,
industries, offices, housing, schools, health clinics and
infrastructure must be built at least at the same rate.
Many communities are unable to keep up — as is evident
from high unemployment rates, explosive growth of slum
populations, overcrowded schools and health facilities and
dilapidated public infrastructure (such as roads, sewage
systems and power grids). Furthermore, in rapidly growing

regions, about half of the population is aged under 20.
The low ratio of workers to dependents depresses living
standards and makes it more difficult to invest in the human
and environmental capital needed. The size of the formal
labour force is also limited when women remain at home to
care for large families.
2. Political unrest. Youth unemployment becomes
widespread when economies are unable to provide jobs.
Vigorous competition for few jobs leads to low wages, which
in turn contribute to poverty. Large numbers of unemployed
and frustrated young people fuel socio-economic tensions,
high crime rates and political instability and hamper
environmental awareness and concern.
3. Environmental degradation. Unprecedented global threats
such as climate change and decreasing biodiversity have
been building and will become more severe as populations,
economies and consumption grow. Crucial local environmental
problems — including shortages of fresh water and arable
land, mounting waste and air, water and soil pollution —

There could be four times as
many people in sub-Saharan
Africa by the end of century.
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adversely affect health and threaten the
expansion of food production required to
feed more people a better diet. These local
environmental impacts, linked to increased
food, fibre and fuel production, affect global
biogeochemical cycles.
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Migration
Migration to urban areas intensifies pressure on the hinterlands

Northern Europe
Western Europe
North America

Southern Europe

North Africa

Central America

Sub-Saharan A
Globally, it is estimated that 450 million people will migrate
from rural to urban areas by 20507. In recent years, there has
been a growing acceptance that “environmental refugees” –
populations forced to migrate due to the impacts of climate
change – are a growing problem8, 9 . Although there is great
uncertainty, some estimate that between 100 and 250 million
people (or higher) will be displaced before 2050.
Other factors also drive migration, e.g. land degradation,
natural disasters and conflicts. Migration per se is a complex issue
and for any given region various drivers can be involved, including
economic, political, social, demographic and environmental
conditions, all of which are linked in complex ways depending
upon local conditions9 .
Migration will be a significant factor on the African continent,
which is rapidly changing. As throughout the rest of the world,
Africa is experiencing rapid urbanisation: in fact, six of 10
counties with the highest rates of urbanisation in the world are
in Africa. To help cities cope with the challenges posed by such
an influx (including disrupting local employment, provision of
services and cultural impacts9) rural development programmes
are being developed in an attempt to make rural regions more
attractive to youth7.

South America
Migration flows between and within world regions
from 2005 to 2010. Line widths indicate the number
of migrants (inflows and outflows). Only flows
containing at least 200 000 migrants are shown.
Source: Abel, G.J. and Sander, N.10 .

A recent, detailed analysis of UN migration data from 2005 to
2010 depicts some remarkable features of the global migration
system. Four major trends emerged (from 10):
1. Migrants from sub-Saharan Africa (the vast majority of
African migrants) moved predominantly within the continent.
An estimated 665 000 migrants moved within Eastern Africa
and 1 million people moved within Western Africa;
2. Migrants from South Asia and South-East Asia tend to move
to Western Asia, North America and (to a lesser degree)
Europe. Migrants from Latin America move almost exclusively
to North America and Southern Europe;
3. Migration to and from Europe is characterised by a much
more diverse set of flows to and from almost all other
regions in the world; and
4. Although the largest flows occurred within or to neighbouring
regions, numerous flows go through the centre of the circle,
which indicates that long-distance flows are applicable to
understanding the redistribution of populations to countries
with higher income levels, whereas the return flows are
negligible.
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UNHCR staff assist refugees arriving at the Doro camp in South
Sudan, close to the border with neighbouring Sudan. Nearly 50 000
refugees have arrived here in recent months.
Darfur refugee camp in Chad.
Source: USAID. Wikimedia Commons.

Source: DFID - UK Department for International Development. Flickr.com
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Migration within region
(line widths as above)
For clarity, only flows over 200,000 are shown.

A refugee from Sudan sorts and cleans millet by getting rid of the dust
and herbs. Farchana camp in Chad host more then 22 000 refugees.
Source: European Commission DG ECHO. Flickr.com

Internally Displaced Persons (IDPs) use sticks
and scraps of plastic to construct makeshift
shelters at Intifada transit camp near Nyala in
South Darfur. These shelters are characteristic
of many IDP settlements in Darfur.
Irish Naval personnel from the LÉ Eithne (P31) rescuing migrants
as part of Operation Triton.

Source: Mark Knobil. Flickr.com

Source: Irish Defence Forces. Flickr.com
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The Urban Planet
Productive land is lost to urbanisation
The Earth viewed from space – with 70 % of its surface
covered with water – is called the Blue Planet. The
remaining 30 % of terrestrial land surface is home to
a human population of 7.6 billion1 and, in the age
of the Anthropocene, it may be more appropriate
to refer to it as the Urban Planet: More than half
of the world’s population now reside in urban
areas, despite these covering only around 3 %
of the land surface (excluding Antarctica)2 .
In 1900, only 10 % of the global
population were urban dwellers. By 2014,
this number rose to 54 % of the world’s
population. This is a harbinger of a trend that
is expected to continue. By 2050, the world’s
population will be about one-third rural and
two-thirds urban, roughly the reverse of the
rural-urban mix of the mid-twentieth century3 .
It is generally accepted that the longterm consequences of urbanisation are complex
and uncertain. On the positive side, urbanisation
can lead to increased energy efficiencies, higher
productivity and enormous economic benefits. The
latter is especially true in emerging markets, which have
enjoyed rising incomes. This has shifted the global economic

balance toward the east and south4-6 . On the negative side,
there is no doubt that urban sprawl displaces species, alters
water cycles, consumes irreplaceable wetlands and farmlands
and is reshaping the global landscape7. The land area needed to
provide food, energy and materials to a city is often 200 times
greater than the area of the city itself8 . As hubs of production,
consumption and congestion, cities account for 70 % of the
world’s carbon emissions9 , which contribute to global warming.
Cities are also a major source of aerosols (the “haze plumes”),
which alter regional precipitation patterns10 . In addition, the
growth of cities alters land cover and land surface temperatures
(one case study in South East China found that mean surface
temperatures increased 0.05 ℃ per decade11). Cities alter the
environment via the widespread use of paved roads and roofs,
which prevents water from infiltrating into the soil and thus
promotes flooding and polluted runoff that damage aquatic
ecosystems7. Cities are major sources of crime, noise, water and
air pollution, “heat island” effects, artificial light and disease12, 13 .
These combined problems tend to be exacerbated in developing
countries where currently about 0.9 billion city dwellers live in
urban slums under dire social disparities14 . It is perhaps ominous
that the overwhelming majority of new urban dwellers by 2050
will be in developing countries3 .

Source: NASA.

China's Urbanisation
China's urbanisation rate has been described by the World Bank as “unprecedented in scale”15 . Over the past several
decades, rapid urbanisation has profoundly changed the entire country’s social, economic and environmental
core16, 17. The National Development and Reform Commission of China18 reported that the percentage of its
population living in urban areas surpassed 56 % in 2016 and the government is targeting a value of 60 % by 2020.
By 2050, it is projected that nearly 80 % of all Chinese residents will reside in cities (see Figure).
Although urbanisation has been extremely beneficial for social and economic development, the long-term
consequences for the environment are serious and challenging. Problems include land degradation, loss of arable
land, depletion of natural resources, the pollution of soil, air and water, fragmentation of natural landscapes
and decline in basic ecosystem services (e.g. water resources, crop pollination, carbon sequestration, food
production)15, 17, 19, 20 .
Perhaps one of the most pressing issues is the conversion of agricultural areas, such as rich farmland in the
eastern coastal provinces, into urban centres15 . Arable land lost to development and contamination is frequently
replaced by marginal and lower-quality alternatives. The National Land Resource Survey of China reported that
the amount of available land in China has peaked20 yet rural land conversion rates continue unabated and have
actually accelerated (based on 2008–2012 data15). About 3 million hectares of high-quality arable land (plus an
additional 1 million hectares of paddies) have been lost to urban use in the past 10 years20 . Hence, pressure on
China’s farmland resources will inevitably continue, threatening its food security19 .
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Although the issues are complex and multidimensional, novel ways must be found to protect and better manage
existing farmland and to reduce the loss of arable land. The remaining high-quality arable land is being overused,
which leads to reduced fertility, soil erosion, acidification and heavy metal contamination20 . Increasing efforts
are being made to reclaim and restore degraded lands15, 20 . Overall, agricultural production has only slightly
decreased in recent years15 but the continued loss of arable land, coupled with other forms of land degradation,
will compromise the future of China’s food production systems19, 20 . Simulation results suggest that for each 1 %
increase in China’s urbanisation rate, there is a decline in 0.065 % of cultivated area and a 0.067 % decline in its
agricultural production potential15 .

World Urban Population

PHASE I

A significant driver of the loss of arable land is the central government’s transfer of fiscal responsibilities of land
management to local governments. This has created a “perverse incentive to exacerbate urban sprawl” since many
local governments greatly benefit financially by shifting farmland to nonagricultural use and selling building rights
(in some instances accounting for 40 % or more of a city's entire budget)21 .

10
0
1950 1960 1970 1980 1990 2000 2010 2020 2030 2040 2050

Great Leap
Forward
Cultural
Revolution

Economic Reform/
Open-Door Policy
A comparison of past and projected urbanisation ( % urban population) for China and
the world. Some major sociopolitical events in the recent Chinese history are noted as
key drivers of urbanisation (for an in-depth analysis of these events, see 16). The black
dot indicates the turning point when urban population became larger than rural.
Source: Redrawn from Wu et al17.
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Beijing City.
Source: Liniger, H, 2016.
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• Estimates indicate that, in 2014, around half of
all countries or areas had more than 60 % of their
population living in urban areas and in 25 % of
countries or areas the urban population exceeded
80 % of the total country population
• Northern America and Latin America and the
Caribbean are the most urbanised regions, with
80 % or more of their populations residing in urban
settlements
• Europe, with 73 % of its population living in urban
areas in 2014, is expected to be more than 80 %
urban by 2050
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• Projections indicate that by 2050 in nearly 70 % of all
countries or areas in the world the urban population
will be more than 60 % and 38 % of all countries or
areas will have more than 80 % of their population
living in urban areas
• Of the 2.5 billion new urban dwellers anticipated by
2050, 90 % will live in Africa and Asia. Nevertheless,
they are expected to remain the two least urbanised
regions of the world
• India, China and Nigeria – together are expected
to account for more than one-third of global urban
population growth
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Urban Clusters
Urban populations grow detached from their remote impact on the environment
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Distribution in Drylands
According to the Atlas of the Human Planet 20161 , about 85 % of global
inhabitants (6.2 billion) live in cities (including towns, suburbs and large
urban areas). This figure shows the distribution by climate types (see
page 72) of the planet’s total urban area and urban population. More
than 30 % of the urban area and 34 % of the urban population are
located in dryland regions (including dry subhumid, semi-arid, arid and
hyper-arid climates), increasing stress on surrounding water resources.
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Human Planet1 and Safriel, U. et al., 20055 .
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Spurred by the increasing dominance of global urbanisation
(see Urban Planet), there have been initiatives to map urban areas in
detail at the global scale:
The recently published Atlas of the Human Planet 20161 , offers
a comprehensive view of urbanisation dynamics, spatial maps and
summaries quantifying the growth of the global urbanised population
over the past 40 years, covering the period from 1975 to 2015. It is
based on the Global Human Settlement Layer (GHSL)2, 3 , a collection
of maps of the human presence and built-up areas, from villages to
mega-cities, derived from satellite data with a 38 m detail.
Focusing on the current status of settlements, the “Global Urban
Footprint” (GUF)6 provides detailed worldwide mapping of built-up
settlements with a spatial resolution of around 12 m – examples are
shown throughout this atlas.
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One view of a Beijing skyline shows the encroachment of a rapidly
expanding dense urban area into surrounding green areas.
Source: Liniger, H., 2016.
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Some extraordinary changes have occurred across the globe
over the past 40 years with regard to human habitation; the Atlas of
the Human Planet 20161 illustrates the following findings:
• Globally, built-up areas increased by approximately 250 %,
while population increased by a factor of 1.8;
• There is significant geographical variation in population
growth and built-up areas. The largest population growth was
observed in low-income countries where, for example, the
population of Africa tripled and its built-up area quadrupled.
In contrast, the population of Europe was stable but its builtup area doubled;
Africa 7%

Asia 33%

Europe 4%
LAC 5%
Northern America 3%

Distribution of global population in Urban Centres, Urban
Clusters and rural settlements in 2015. About 85 % of global
inhabitants live in cities, in Urban Clusters and Urban Centres.
Source: Pesaresi, M. et al.1 .

Perth

• Urban Centres: Most of the world’s population live
in agglomerations with densities greater than 1 500
people per km2 and more than 50 000 total inhabitants. As of
2015, 13 000 individual Urban Centres existed on the planet;
• Urban Clusters: Clusters of agglomerations with more than
300 people per km2 and at least 5 000 inhabitants per km2,
were used to capture both the dense Urban Centres and
the surrounding suburbs and towns. In the past 40 years,
the number of these Urban Clusters have doubled. Urban
Clusters constituted 4 % of the terrestrial land mass in 1975.
By 2015, this figure rose to 7.6 %, which is approximately
half the size of the European Union; and

Melbourne

Auckland

The impacts of urbanisation on the environment are
immediate and profound (see The Urban Planet, page 30).
As urban clusters expand, productive land and soil is sealed,
and natural ecosystems (e.g. pastures, forests) are replaced
to varying degrees by land use to support urban centres. This
includes agricultural fields, pens and pastures for animals,
housing for workers and the inevitable complex network of
pathways, roads and railways that connects it all4 . The ebb and
flow of commodities, services and people into and out of urban/
non-urban regions (such as ecosystem services (water, food),
the physical transport of materials (mining of raw materials
to construct the built environment), people (migration, tourism
and lifestyle mobility), money (remittances) and so forth)
affect the populations, economies and status, development and
management of distant lands far-removed from
any particular urban environment4 .

• About 85 % of the planet’s inhabitants live in cities, either in
Urban Clusters and Urban Centres.
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Extent of Global Agriculture
Cropland is the oldest human footprint on Earth
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Per capita agricultural production rose by 74 % between
1961 and 2005 in developing countries, but decreased
by almost 12 % in sub-Saharan Africa. Africa’s food
sector will have to swiftly increase both production
and productivity to meet the demands of a population
expected to more than double by 2050. The current
agricultural growth rate is still below the 1.7 % required
to feed Africa’s rapidly growing population20 .

NORTH AMERICA – CALIFORNIA
Agriculture in the world’s drylands has obvious local
value, but often has outsized regional or national
economic importance. For example, California has only
2.0 % of harvested cropland in the United States but its
production, largely of specialty crops, represents 10.7 %
(US$ 42.6B) of total agricultural sales nationally. (https://
www.agcensus.usda.gov/). There is understandable
resistance to policies that would affect production in
these economically important regions.
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SOUTH AMERICA – BOLIVIA
Some of the crops that evolved in drylands have a
persistent, widespread and important economic specialty
role in the world’s agricultural economy. The date palm
(Phoenix dactylifera) has been an important crop for
millennia. It is tolerant of high temperatures, drought
and saline conditions16 . It has come to be cultivated
in arid lands worldwide, ranging from Pakistan to
California17. Other crops from the drylands, such as grain
amaranth quinoa (Chenopodium quinoa), has recently
experienced an unexpectedly rapid growth in global
popularity. Such sudden increases in demand may cause
economic booms which can lead to social problems that
accompany rapid growth and environmental threats
when production is expanded into marginal areas18 .
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SOUTH AMERICA – RIO DE LA PLATA
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More than 40 % of the world’s cropland is
in drylands. By continent, they comprise as
little as 16 % (South America), to more than
70 % (Australia and Oceania)20
Agriculture provides food, fibre and other products that sustain
human life. It is one of the most pervasive drivers of environmental
change on Earth through its direct and indirect impacts on climate,
biodiversity, land degradation and freshwater1 . Its extent reflects the
growth and migration of the human population to every part of the
planet.
In 1700, over 2.65 million km2 of land were devoted to cropland
worldwide2 ; in 2014, the total area of croplands was estimated to
be 20.39 million km2, which represents an eight-fold expansion3 .
Croplands occupy about 14 % of the total ice-free land area on the
planet, while pastures occupy about 26 %1, 4 .
Nearly half of the world’s agricultural land (44 %) is located in
drylands (see page 72), mainly in Africa and Asia, and supplies about
60 % of the world’s food production5 . Most of this production has been
achieved through the Green Revolution – improved seeds, chemical
fertilisers, enhanced technologies and irrigation5, 6 . Food production
in drylands is threatened by water shortages, climate change, land
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Rio de Janeiro

degradation and persistent poverty. Climate change may have a
major impact on drylands as temperatures become more extreme
(hot and cold), rainfall declines, groundwater tables drop and climate
zones shift. Although climate change will likely increase aridity,
the actual risk to agriculture is difficult to quantify7, 8 . In addition,
economic uncertainties and social unrest can lead to “debilitating
levels of outmigration and instability” in drylands, which, besides
the direct toll on human presence, may lead to lower agricultural
productivity and further stagnation and marginalisation of local
economies9 .
Agricultural production must continue to meet the needs of a
rapidly growing global population. One estimate is that over 1 billion
hectares of "wild" land will have to converted to agriculture to feed
the global population by 205010 . However, not all land is suitable
for agriculture and there is intense and increasing competition for
land due to urbanisation, bioenergy farming, forest plantations and
protected areas11 .
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The Río de la Plata Basin has experienced rapid
development of agriculture and ranching in South
America and has become one of the world’s main food
and biofuel exporters. This has been largely due to
expansion in soybeans, biofuels (sugarcane), livestock
(cattle) and forest plantations (eucalyptus and pine), in
Brazil and Argentina19 .

An alternative is found in ‘sustainable intensification’, which
includes ceasing agricultural expansion, closing ‘yield gaps’ (the
difference between observed yields versus maximum potential yields)
on underperforming lands, increasing efficiencies (management,
technologies), reducing overuse of water and fertilisers, shifting
diets from meat to plants, and reducing waste1, 12 . Regardless of the
pathways taken, maintaining dryland production will be a challenge
in the future13, 14 .
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Cropland area per continent.
Source: WAD3-JRC, 2018; based on FAO GLCN-SHARE3 .

Berlin

Rome

% cropland
in dryland
58.4

Africa
Australasia & Oceania

Stockholm

% cropland of % cropland in
total land area non-dryland
10.6
41.6

Istanbul

Beijing
Seoul
Tehran

Tokyo

Lahore

Cairo

Shanghai
Karachi

Delhi
Dhaka
Kolkata

Mumbai

Hong Kong

Hyderabad

Bangkok

SOUTH-EAST ASIA

Manila

Bangaluru

Tree crops such as palm oil extraction accounts for 30 %
of the total global production in oils and fats (soybean
crops account for another 30 %). Indonesia and Malaysia
are the largest palm oil exporters. Tropical peatland
forests have been cleared for oil-palm monocultures.
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MIDDLE EAST – FERTILE CRESCENT
Ten thousand years ago, the world’s drylands were also centres of
agricultural development. Not only did they give rise to irrigation
but, more importantly, many were centres for agricultural
plant domestication. The “Fertile Crescent” stretching from the
Tigris and Euphrates Rivers to the Mediterranean Levant was
especially important. Critical food crops were developed here,
including barley (Hordeum vulgare), wheat (Triticum spp),
lentils (Lens culinaris), peas (Pisum sativum), chickpeas (Cicer
arietinum) and broadbeans (Vicia faba)15.

Jakarta

Drylands

Johannesburg

100%

Cape
Town

Perth

Cropland

Agriculture and land degradation
Increased agricultural production is essential to feed a growing population.
However, the expansion of agriculture into “new” lands often threatens
local and regional ecosystems. Intensification of production on existing
agricultural lands to fill “yield gaps” is also a threat to the environment
through the potential overuse of water, fertilisers and pesticides that affect
local and regional water resources and ecosystems. The drylands will
play a major role both in providing lands for “new” agricultural production
and opportunities to intensify existing production. Charting an “optimum”
path among these options that meets desired needs and minimises
environmental damage is the challenge of this century.

Melbourne

0%
Global cropland (green shaded area) occupies about 14 % of the ice-free land of the Earth yet
provides food for over 7 billion people. Demand for agricultural production puts these lands under
intense pressure. Given seasonal and annual changes in crops and cropped area - and the geographic
variability in field size and cropping intensity (for example, Australia as compared to Senegal) - the
seemingly straightforward task of mapping global cropland is actually quite difficult and therefore
different mapping approaches result in a range of estimates (see table below). Compiled from synergies
between various approaches and from processing of time series of satellite imagery, the map shown
here by the Global Land Cover Network of the Food and Agriculture Organization of the United Nations
(FAO GLCN) is the most up-to-date map and provides a snapshot of agricultural land use with reference
to the year 20143 .
Source: GLCN, FAO 2014.

Dataset and reference
GeoWIKI cropland continuous (2015)21

~898.7

15 032 502

FAO-SOLAW (2009)

varying

15 600 000

MARS/FAO (2014?)23

~242.9

16 617 850

~8 953.59

19 270 389

~863.6

20 398 880

MODIS Land Cover product for 2012 (MCD12Q1)

~500

20 653 195

GLC-SHARE v1.0 dominant (2009-2014)

~863.6

22 409 520

ESA LC (2010)26

~287.9

24 104 537

Ramankutty cropland continuous27

~51 817

MODIS Land Cover product for 2012 (CD12C1)24
GLC-SHARE v1.0 continuous (2009-2014)

3

25

3

Source: Photo by Ollivier Girard for Center for
International Forestry Research (CIFOR). Flickr.com

Varying global estimates
Global estimates of environmental issues are sometimes very
divergent. Different approaches and use of different base datasets
lead to a variety of estimations of the world’s croplands. Estimates
for global extent of cropland range from 15 to 28 million km2.
Using a variety of input, such as census or statistical data, satellite
image layers or time series, estimations on how much land is
under cultivation around the globe are calculated using different
methodologies and approaches. None of these approaches is
necessarily better or worse; they just operate on different sets of
assumptions. But numbers can be manipulated and interpreted in
different ways implying that caution is needed when making or
dealing with deterministic statements about global phenomena.

Pixel size (m)

22

Dryland cultivation.

Auckland

Source: WAD3-JRC, 2018
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Estimates of global cropland area (km2)
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Impacts on Global Forests
Forest change can contribute to land degradation

Tree loss occurring between
2000 and 2014
2014
2000
No loss

4 128

4 000

Est.
loss

145
44056
4 056
3 950
3 950

3.13%

4 033

loss
3 999

4 033
Est.

loss
Est.

3 730

2.75%

1990

2000

Source: Hansen et al., 201315 .

RSS, 201518
Gong et al., 201319

3 730

2010

Gong et al., 201319

2015

2010

Global Forest Area estmates (Mha).

2015
Source: Data from R.J. Keenan et al. 20152 .
Annual rate of
forest loss
halved
Annual rate of
forest loss
halved

7.3

3.3

7.3

3.3

2015

ANNUAL LOSS OF FOREST IN AMAZONIA (million ha)
year

Annual Loss of Forest (Mha).

FAO Director General

-1.17

-2.54

-0.46

Forest Area Change in the Amazônia Legal region of Brazil (Mha/year).
Source: INPE16 .

The 2015 Global Forest Resources Assessment of the Food
and Agriculture Organization1 reported that the total area of global
forests has declined by 3 % over the previous 25 years2 . However,
there has been some glimmer of hope. Between 1990 and 2000,
the annual rate of net global forest loss was 7.3 Mha per year but
was halved to 3.3 Mha per year between 2010 and 20152 . These
figures are encouraging but must be examined in the context of
natural versus plantation forests and by the rapidly changing rates
of deforestation and afforestation. For example, the global area of
natural forest area decreased by 6 % between 1990 and 2015. The
replacement of natural tropical forest with intensively managed
plantations of exotic tree species will undoubtedly increase overall
timber production potential but will reduce its natural biodiversity,
habitat value and supply of ecosystem services2 .
The dynamics of national- to global-scale economic
opportunities, combined with public policies, drive forest change.
In addition to the economic consumption of forest products (i.e.
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timber, fuelwood), there is also the demand for land for agricultural
expansion and the construction of roads and other infrastructure,
all of which lead to deforestation, land degradation, biodiversity
loss and habitat fragmentation. For example, the recent surge in
deforestation in the Brazilian Amazon is due to economic instability,
monetary exchange rates, political support for agribusiness and
reduced government expenditure on the enforcement of existing
environmental laws3 The differential importance of these sets of
drivers lead to regionally distinct patterns of forest decline4, 5 .
Forests are the most biologically diverse ecosystems and
critical for sustaining local and global livelihoods. They produce
oxygen, equilibrate freshwater flows and cycle nutrients in
addition to providing important provisioning services. Over 25 %
of all global forests are managed specifically for soil and water
protection6 . Reforestation and forest regeneration can be a major
global carbon sink, but the current rate of forest degradation and
subsequent release of greenhouse gases is contributing to climate
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change7. Carbon stocks in forests have decreased by almost 11
gigatonnes (Gt) in the past 25 years1 . Although CO2 emissions from
net forest conversion decreased from an average 4 Gt CO2 yr-1
(2001-2010) to 2.9 Gt CO2 yr-1 (2011-2015), suggesting a smaller
than expected contribution to anthropogenic forcing due to forest
loss, the emissions from forest degradation increased significantly
from 0.4 Gt CO2 yr-1 in the 1990s to 1.0 Gt CO2 yr-1 during the period
2011-20158 .
Deforestation can be considered a type of land degradation
when forest ecosystems, with all of their important cultural,
regulating and provisioning services, are exchanged for another
land use, such as crop agriculture, with a narrow provisioning service
focus9, 10 . Some of the damages sustained by the land resource
are the immediate reduction or loss of biomass productivity with
a linked loss in habitat, biodiversity11 , and carbon stock. Clearance
of natural forests accelerates soil erosion and the alteration of
soil functioning12 . This can provoke a reduction in carbon, nutrient

-0.59
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-1.90

-1.73

-1.82

-2.78
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-2.17
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-2

-1.78

-1.37

-1

-0.70

-0.75

0

“Forests play a fundamental role in combating rural poverty,
ensuring food security and providing decent livelihoods;
they offer promising mid-term green growth opportunities;
and they deliver vital long-term ecosystem services, such
as clean air and water, conservation of biodiversity and
mitigation of climate change”
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Source: Data from R.J. Keenan et al. 20152 .
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Map of tree cover loss
This global map is based on time-series analysis of
Landsat images characterising extent and change of
tree cover. ‘Tree Cover Loss’ is defined as percentage
loss during the period 2000–2014, as far as detectable
for the individual pixels of the satellite imagery and
including tree cover outside of forests. The map shows
the loss per year in different colour.
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FOREST AREA CHANGE IN ASIA

Forest Area Change in Asia
While for all of Asia an increase in total forest area
is reported for the period 1990 - 2015, mainly
due to forest plantations in China, there is still
substantial forest loss in tropical areas.
Source: FAO FRA, 20151 .
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Tree canopy cover >=10 % (Mha) in Drylands
New estimates of dryland forest cover reveal a larger than expected area
covered with trees, adding around 9 % to the global total forest cover.
An estimated 1 327 Mha of dryland area with tree canopy cover of more
than 10 % - a surface similar to the area of tropical moist forest cover underline the importance of dryland forest in general and its potential role
in the global carbon cycle.
Source: Bastin, J.F. et al., 201717.

and water storage and cycling capacities that seriously affect
land productivity or the long-term productive capacity of the
land system. These effects can be partly offset when previously
forested land is managed under adaptive and sustainable practices.
In many cases, introduced agriculture, including pasture13 and
crops, does not focus enough on protecting the newly exposed
land area, and the trade-off of forest for alternative land uses
leaves a permanent deficit in ecosystem services. Resilience of
forests is highly variable, but due to the feedback process of land
degradation, disturbance may lead to a downward spiral in the
ability of the land to provide the ecosystem goods and services that
characterised the original state. Participatory forest planning and
management is one approach that can lead to the development
and dissemination of adaptive practices that increase the quality
of natural capital factors through reduction in loss of biodiversity,
reduced forest fragmentation and reduced vulnerability to soil
erosion and landslides14 .

At regional scale, North and Central America,
Europe and Asia report increases forest carbon
stock while South America and Africa report
strong decreases and Oceania reports stable
forest carbon stocks. The annual rate of decrease
of forest carbon stock weakened between 1990
and 20157.
Source: Eva, H.
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Human Appropriation of Land’s Biological Production
A Human Footprint on Earth
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Global Map of HANPP expressed as percentage of NPP0
HANPP for the reference year 2000 expressed as percentage
of potential NPP.
Positive values indicate regions where human activity has
reduced the actual annual NPP below the potential natural
NPP of undisturbed natural vegetation under prevailing
environmental conditions.
Negative values indicate areas (in blue) where actual NPP
exceeds the natural potential to generate NPP because of
human intervention. These are primarily areas in the arid
zones with intense irrigated agriculture.

Lima

Humans appropriate a large proportion of the
biological production of all land ecosystems.

Source: Haberl, H. et al., 20131 , 20072 .
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from national to global scales, making it possible to provide global
and regional maps on HANPP1, 5, 6 . The impact of human land use
and the resulting appropriation of biomass or HANPP is evident
in virtually all ecosystems on Earth (excluding largely unoccupied
parts of the arctic, hyper-arid zones and tropical rain forests)2 .

NPP0

NPPLC

potential
natural vegetation

loss induced by
human land use

NPPh

harvested

NPPt
remaining in
ecosystem

Basic NPP components considered in HANPP calculations.
Source: redrawn after: Haberl, H. et al., 20131 .

NPP actual

A map of HANPP represents a
characterisation of the extent to which
anthropogenic land conversion and
Buenos
biomass harvest of all types (i.e. not
Aires
only agricultural crops) alter the natural
capacity of primary biomass production
(NPP0) of “undisturbed” terrestrial
ecosystems under current environmental
conditions (i.e. climate and soil)2, 4 . It
has become an important and powerful
measure of the impact of human land use
on the natural potential to provide NPP9.
The adjacent graphical scheme
illustrates the basic components considered in
the calculation of HANPP1 .
The teal bar on the left represents natural undisturbed
potential NPP0.
The right bar displays actual ‘NPP actual’ under current
land use, which is the sum of harvested NPPh and the remaining
NPPt after human harvest. Under most land uses ‘NPP actual’ is
smaller than potential NPP0.
The difference between NPP0 and ‘NPP actual’ denotes
the loss of NPP caused by the conversion of land from natural
conditions to anthropogenic land use.
Finally, HANPP consists of the harvest and loss due to land
conversion for human use; therefore:
HANPP = NPPh + NPPLC = NPP0 – NPPt.
To perform this calculation geographically requires explicit
data on annual actual NPP, modelled potential NPP and on the
development of land use, land cover and biomass harvest in
different land uses. These data are now increasingly available

HANPP

Life on Earth depends on the conversion of solar energy into
organic carbon compounds. Within the ocean and water bodies algae
(seaweed, algae diatoms) are the main mechanism for converting
sunlight to carbon, whilst on land this process is driven by the
photosynthesis of all the plants that comprise terrestrial vegetation
cover. The output of this global process is referred to as Net
Primary Production (NPP). All organisms (e.g. all species of animals
including humans, bacteria, fungi) depend directly and indirectly on
the primary production of plants as an essential foundation of their
livelihood.
Globally, humans use a disproportionate and growing component
of NPP. Some is used directly for food, as inputs to animal husbandry
and animal products, for energy, or for industrial purposes .Simply
put, NPP is the primary source upon which humans rely to feed
themselves and their domesticated animals and as a raw material
for products based on plant fibre, pulp and wood and, increasingly,
as a source of energy. The diversion of products of these biological
processes to sustain human populations can have profound impacts
on the structure and functioning of global ecosystems. This may result
in ecosystem perturbations that can exceed their natural variability
and dynamics and result in persistent weakening of ecosystem
functioning and finally a transformation of existing ecosystems into
something quite different. These transformations or state changes
may result in decreased economic and ecological value1 . Increasing
amounts of NPP claimed by humans also means that less biomass
remains for sustaining other species and maintaining ecosystems
now and into the future.
The proportion of terrestrial NPP consumed directly and
indirectly through human land use has come to be known as Human
Appropriation of Net Primary Productivity (HANPP). It can be
mapped and quantified.

Rio de Janeiro

Stockholm
Moscow
Berlin

Rome

Istanbul

Beijing
Seoul
Tehran

Tokyo

Lahore

Cairo

Shanghai
Delhi

Karachi

Dhaka
Kolkata

Mumbai

Hong Kong

Hyderabad

Bangkok

Bangaluru

Manila

Humans appropriate 20 to 25 %
of the Earth‘s annual land net
primary production (NPP), while
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The total global biomass production appropriated by humans
(HANPP) amounted to 15.6 GtC/yr around the year 2000, which
corresponds to 23.8 % of the global potential NPP. Of this, only
6.07 GtC/yr or 38.91 % of total HANPP are really used for human
requirements, while the remaining biomass included in the
HANPP is lost or destroyed during harvest or a consequence of
land conversion. Land conversion alone reduced global potential
NPP by an estimated 9.6 % or 6.29 GtC/yr2 .
When examining global HANPP numbers for different world
regions and land use categories, a clearer picture of critical areas
and issues appears: global croplands show the highest HANPP
levels with an average of 83.5 % of potential NPP, followed by
areas with high levels of built-up areas/infrastructure, with an
average HANPP of 73 %. Eastern and southern Asia, western
Europe and parts of North America are characterised both by
intense agriculture and by high population and infrastructure
density. By most measures – and particularly HANPP – they are
the most intensely used regions in the world (shown in red).
Significant increases in future biomass demand are expected.
Projected growth of world population, together with changes in
human diets towards animal-product consumption, are expected
to drive further increases in the amount of biomass required as
food and feed. Moreover, many energy scenarios also envisage
increases in the amount of biomass used for energy5 .

Melbourne

Auckland

Land degradation
Land degradation refers to reduction of land productivity as a
result of overuse or over-appropriation by humans. Therefore, the
ratio between harvested NPP and NPP lost due to land conversion
could be used to identify critical areas of land degradation. Not all
conversions provoke NPP losses as this depends on the land use.
A more detailed discussion of analysing the HANPP components
in view of potential land degradation risk can be found on page
112.
The concept of HANPP first appeared in the early 1970s7.
Research on HANPP increasingly attracted attention with initial
global estimates in the mid-1980s8 . The most recent approach
to comprehensive assessments of global HANPP is based on a
combination of vegetation modelling, agricultural and forestry
statistics and global geographical information system (GIS) data
derived from satellite imagery1, 2, 6 .
When putting land in economic use, humans usually replace
original vegetation with human-dominated systems such as agroecosystems, managed forests or tree plantations, or, in extreme
cases, total replacement of natural vegetation with built-up or
urban land. As indicated in the graphical representation of the basic
NPP components considered in HANPP calculations (see diagram
on the opposite page) the notion of "potential vegetation" refers to
the vegetation that would prevail in a defined area under current

soil and climate conditions in the absence of human intervention.
Land use results in a deviation from previously existing natural
vegetation (potential), to another type of vegetation (actual)
that is dependent on human management to adapt to changing
demands and environmental conditions.
The NPP of actual and natural vegetation types are
sometimes dramatically different, but usually occur in fairly
restricted geographical areas. For example, if natural vegetation
is totally replaced by houses and streets (urbanisation), the actual
NPP is significantly reduced compared to the natural potential
and HANPP becomes very high. Conversely, actual NPP may be
dramatically increased and exceed the natural potential NPP in
arid areas through the introduction of irrigation
and fertilisation.
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Environmental Globalisation
Global Telecoupling: consumption is increasingly coupled to distant production areas
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Nearly one third of global arable land use
is connected to international trade9.

6
Lima

Land is used (consumed) both directly and indirectly to produce
goods and services. Land uses can cover large areas, like agriculture,
and comparatively small areas, like manufacturing. The production
of those lands can be consumed locally or exported for foreign
consumption.
In response to a growing population and improving economies in
many places, the global demand for agricultural land increases1 . As
with manufacturing, any land uses (e.g. agricultural, industrial) are
typically displaced from developed to developing countries where
land and labour is cheaper, environmental regulation is less stringent
and policies are more favourable. Essentially, the production from
land in one country is being consumed in another (e.g. Virtual Water
on the next page). For example, more than 33 % of the US land used
for production purposes has been displaced to other countries. In
Europe, it is more than 50 %. In Japan, it is 92 %2 .

94

Brazil

resources used – including land use change and
Physical transformation
carbon emissions – is an emerging challenge6 .
of “natural” landscapes to
Physical environmental changes are relatively
other productive uses, including
Rio de Janeiro
easy to map, measure and document, but beyond
intensively managed agricultural
São Paulo
economic and environmental considerations, the social and
fields, is dramatic as are the
institutional feedbacks that shape and are shaped by land
changes imposed on local habitat,
transformations7 are more difficult to map and understand8 .
hydrology and biodiversity. Images
of these changes – particularly those
Once it is accepted that these telecouplings exist, the firstacquired from space – have helped
order impacts within affected areas are, on the surface,
Buenos
4
to engage the attention of a global
straightforward: there are losers and winners with
Aires
audience and mobilise efforts to
respect to immediate economic and environmental
Argentina
understand and address the problems
outcomes9 . However, because we are dealing with
96
that accompany them. Images
human and natural systems that are inextricably linked,
from satellites have also provided
the web of impact typically extends into many economic and social
data at a global scale that allows
webs of interaction at a variety of local, regional and global scales10 .
for a comprehensive
Resource governance, or the lines of control that govern
understanding of both
land use, may not be in force, fully understood, or systematically
the spatial and temporal
circumvented in areas into which land uses are transferred. The
dimensions of change3 .
effectiveness of local resource governance may determine which
specific areas and populations are directly affected11, 12 .
Collectively,
physical
consequences that result from
Within areas of consumption, the increasing free-flow of
land use change have significant global
information may influence attitudes toward economic fairness
environmental impacts, particularly with respect and environmental sustainability and impact both production and
to carbon emissions. For example, in response consumption10, 13 . The complexity of economic, environmental and
to increased global demand for agricultural social factors that influence and are affected by global telecouplings
production, conversion of Brazilian rainforest to is a vibrant area of multidisciplinary research and is reshaping
soybean fields releases carbon contained in the the ways in which we look at global markets, particularly within a
soil and forest biomass into the atmosphere. Even framework of climate change14 .
though these increases have been partially offset
In the future, it seems unlikely that large new areas of
by reforestation efforts in production areas and agriculture will be brought into production, particularly in the
in consumption areas increased forest cover has drylands, unless there is a transformative development in our
been facilitated on retired agricultural lands4 , the ability to produce freshwater from other sources. Thus, as pointed
net result with respect to carbon emissions is still out elsewhere (see page 50) it is more likely that agriculture
negative5 . The need for a more comprehensive and will be intensified, particularly in those areas that are currently
transparent assessment of how countries account “underperforming.” In much of the drylands, this is likely to involve
for economic growth that includes displaced natural improving the performance of small farms (see page 64)15 .

Palm oil plantations in Indonesia.
Source: Copernicus Sentinel-2.
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A global economic web of production and
consumption drives environmental change.
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“Telecoupling is a way to express one of the oftenoverwhelming consequences of globalisation -- the way
an event or phenomenon in one corner of the world can
have an impact far away. In effect, systems couple -connecting across space and time.”
Jack Liu, professor, Michigan State University, USA14
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Under growing globalisation, country-based economic changes
will have greater than ever impacts on other economies
around the globe. The use of arable land is intrinsically linked
to global food supply chains that themselves are increasingly
driven by globalised telecoupled demand and supply
mechanisms. Consumption of goods imposes pressures not
only on the domestic arable land resources but increasingly on
arable land outside the country.
The map shows the land used for export production (in Mha)
and highlights total land use (cropland, grazing land and
forest land) that gets displaced through export production.
The thickness of the arrows and numbers next to the arrows
represent the amount of land used as inputs for the production
of imported and exported goods.
Source: Data from Yu et al, 20132 .
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Environmental Globalisation
Virtual Water

Oslo

If food and goods are
imported, so is the water
that it took to produce it6 .

London
Paris
Chicago
New York

Net virtual water import
(Gm3/year)

Lisbon

Madrid

-95 to -35

Los Angeles

-35 to 0
0 to 15
15 to 115
No data

Country dependencies
on virtual water
water rich nations

Balance and flows of virtual water related to trade of
agricultural and industrial products during 1996–2005. Net
exporters (sending systems) are in green and net importers
(receiving systems) are in red. The arrows indicate the
relative sizes of large gross virtual water flows between
sending and receiving systems (> 15 Gm3/year). Countries
without arrows are potential spillover systems of the large
virtual water flows12 .

Mexico City

eastern block
virtual water dependent
barely self-sufficient

Dakar

Source: Data from Hoekstra, A. and Mekonnen, M. 201213 .

Lagos

water-scarce

Bogota

inconsistent data

Lima

São Paulo

Rio de Janeiro

Globally, the volume of virtual water trade is vast:
roughly 27 trillion m3 of virtual water was traded
worldwide in 20106 . In 1986, 68 % of the world’s
Country dependencies on virtual water.
population lived in water-exporting countries; by 2010,
Source: Data from Suweis et al., 2013 .
60 % of the global population lived in water-importing
Buenos Aires
countries. Globally, there is a net transfer of virtual
The world is facing serious problems of water scarcity. remain largely unaware of the distant
water from areas with a water surplus to areas with a
Currently, two-thirds of the global population (over 4.0 billion impacts, including land degradation, of
water deficit6 . This is dynamic due to land-use changes, e.g.
people) suffer from severe water scarcity at least one month their consumption.
the recent development of new croplands concentrated in the waterAt the global scale, understanding
of the year1 . This is due to inadequate supplies, poor sanitation
rich tropics, particularly in South America, while croplands in some of
and pollution, mismanagement, overuse and waste. In addition, virtual water is essential to understanding
the semi-arid/subhumid lands of central Asia have been abandoned6
climate change is altering precipitation patterns around the the largely “hidden” movement and
(see Agricultural Expansion, page 50).
world, causing shortages in some areas and flooding in others. It considerable economic value of water in
The magnitude and role of virtual water in the future will be
is clear that humans are changing the water system of the globe international trade. Because of limited water
shaped by many factors, including population growth, economics
in significant ways – thereby jeopardising the very environmental resources, the world’s drylands are increasingly
and availability. Increasingly, it will be influenced by the changing
systems upon which humankind relies for freshwater – without dependent on the trade of virtual water. In a very
climate, especially in drylands (see Urbanisation, page 30) and
adequate knowledge of the system and how it will respond to practical sense, if food is imported, so is the water that it
changing land-use. Without the discovery or development of
change2 . To understand the impacts humans are having on water, took to produce6 . Globalisation has contributed to the ease by new water resources (see Water Resources, pages 88 and 92), a
every component of the water cycle must be carefully scrutinised, which developed countries are increasingly importing water that contraction in the trade of virtual water will put water-importing
is embodied in goods from the rest of the world, which effectively nations in an increasingly perilous position6 . As the market for virtual
including virtual water.
Virtual water is the total amount of water required to produce a alleviates pressure on domestic water resources7. For example, water becomes more constrained, some nations and communities
commodity (e.g. food and clothing). Hence, the trade of commodities, consumers in the United States routinely purchase clothing made will be favoured over others due to inequalities in political and
whether regional, national or international, represents the transport from cotton grown in Pakistan, a country with severe water economic influence. Moreover, because virtual water is embedded
of virtual water from one area to another3 . The study of virtual shortages. But this is not restricted only to developed countries. in global trade, there are private interests that could have outsized
water is important in terms of water scarcity and its impact on China, which faces severe water shortages, especially in the north influence on trading patterns and partners9 .
global food security and the role of food trade in compensating and north-western regions, has attempted to incorporate a virtualThe importance of virtual water in global trade suggests the
for water deficits4 . The number of trade connections and the total water strategy to deal with regional-water management and need for a close examination of its role in the functioning and health
volume of virtual water trade has more than doubled over the past food-trade policies4 . However, while China’s virtual water exports of the planet and the global economy10, 11 . Along with ensuring
two decades5 . Understanding flows of virtual water was one of the account for 2.1 % of its renewable water resources and 8.6 % of its that the world’s population has access to food via trade of virtual
first steps towards understanding “telecoupling” or the increasingly total water use8 , it is the world’s largest importer of virtual water, water will come the challenge of balancing a number of trade-offs
dispersed geographic nature of the multiple components of a global accounting for 31 % of the total virtual water transported5 .
associated with other issues, such as “virtual greenhouse gasses”
economy (see Global Telecoupling, page 40) that creates impacts
that are similarly embedded in food and other products that are
on the environment far from the consumption areas. Consumers
traded internationally11 .
6
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Virtual water is the amount of water
required to produce a commodity.
International trade of commodities signifies
flows of virtual water over large distances.
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The increase in virtual water trade and the percentage
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Source: Carr, J.A. et al., 20135 .

Irrigation alongside an overseas shipping container in Angola.
Source: Roeder, A.
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Environmental Globalisation
The terrestrial biosphere has been altered by human activity

“Humans have fundamentally altered global patterns
of biodiversity and ecosystem processes. Surprisingly,
existing systems for representing these global patterns,
including biome classifications, either ignore humans
altogether or simplify human influence…”
E.C. Ellis and N. Ramankutty6 .

However, there is
a compelling argument
that “It is no longer possible
to understand, predict, or
successfully manage ecological
pattern, process, or change
without understanding why and
how humans reshape these over
the long term”5 . Hence, the concept of
anthromes or “anthropogenic biomes”)
was introduced to acknowledge that
the majority of the terrestrial biosphere
of the Earth has been altered by human

5

2
0.1

62
.5

For over a century, researchers have been exploring global-scale
relationships between climate and terrestrial ecosystems. Many
simple but effective models have been developed to understand and
map vegetation as conditioned by climate and other environmental
factors. One of the most successful schemes is the Holdridge Life
Zone system (see figure below), where biomes are classified based
on broad correlations between precipitation, temperature and
elevation1 . Originally published in 1947, variants of the Holdridge
Life Zone system continue to play a key role in global studies of
the interactions of climate and natural resources: recent examples
include studies on the conservation of dry forests2 , the effects of
climate change on terrestrial aridity3 , and the mapping of land
degradation risk4 .
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activity6 . We are now living in the Anthropocene
where, both intentionally and unintentionally,
humans are global-scale ecosystem engineers7.
Anthromes are global ecological patterns
created by the sustained interactions between humans
and ecosystems. As illustrated in the previous pages of
this atlas, human domination of the planet is extensive and
is the main driver of global environmental change. The concept
of anthromes and their global mapping encourages a rethinking
of the biosphere since it “puts people in the map,”6 which reveals
the geographical extent and functional depth of human impacts.
The current distribution and types of anthromes represents an
integration of the long period of time it took to develop and expand
agriculture (over the past 10 000 years) with human population
growth and dispersion across the globe8 .
Human impacts – and their disruption of ecosystem structure,
processes and services – include both high- and low-intensive
disturbances. Examples include urbanisation, infrastructure
(roads, boreholes, pipelines, sewage systems, electricity lines, etc.),
extraction (e.g. mining, fracking, logging, dredging, groundwater loss),
agriculture (e.g. cultivation, irrigation, landless livestock systems, land
clearing, salinisation), various types of pollution (oil spills, heavymetal contamination, pesticides, medical waste, etc.), garbage spills,
and livestock grazing. The direct and indirect consequences of any
disturbance at any point on the Earth will vary, depending on the
complex interactions of three factors: (a) biophysical conditions
(soil fertility, elevation, biome type, climate, water availability,
infrastructure, etc.), (b) social characteristics (cultural traditions and
practices, population density, gender equality, political stability, etc.),
and (c) economic state (proximity and access to markets, regulatory
constraints, degree of wealth, dependency on state institutions,
diversification of market products, etc.). Elucidating the specific
consequences of these disturbances at tens of thousands of locales
across the planet is key to ultimately understanding the complex
diversity of relationships between humans and ecosystems7.

Holdridge Life Zone Classification scheme
Potential evapotranspiration is the amount of evaporation that would occur if water were not limited.
Annual precipitation is rain or snow.
Source: Halasz, P., 2007, own work based on 1 . Wikimedia Commons.

44

World Atlas of Desertification | PART II – GLOBAL PATTERNS OF HUMAN DOMINATION

Human use has affected most
of the Earth’s biomes.

Anthropogenic biomes were constructed using data describing
global population, land use, land cover and NPP (net primary
production)6 . See table below for anthrome descriptions.
Source: Ellis et al., 20108 .

Biome

Description
Urban and other dense settlements

11 Urban

Dense built environments with very high populations

12 Mixed settlements

Suburbs, towns and rural settlements with high but fragmented populations
Dense agricultural settlements

21 Rice villages

Villages dominated by paddy rice

22 Irrigated villages

Villages dominated by irrigated crops

23 Rainfed villages

Villages dominated by rainfed agriculture

24 Pastoral villages

Villages dominated by rangeland

Croplands

% Po pu lation

Villages

100

Rainfed croplands with substantial human populations

33 Populated irrigated croplands

Croplands with significant human populations, a mix of irrigated and rainfed crops

35 Remote croplands

Croplands without significant populations

1010

Lands used mainly for livestock grazing and pasture

109

Rangelands with significant human populations

43 Remote rangelands

Rangelands without significant human populations

52 Populated woodlands

Forest regions with minor land use and significant populations

53 Remote woodlands

Forest regions with minor land use without significant populations

Forests and savanna

62 Wild treeless and barren lands

Regions without natural tree cover (grasslands, shrublands, tundra, desert and barren lands)

C
Pleistocene > Holocene
Paleolithic >> Neolithic

Peak
Population

Baby
Boom

Peak
Child

1950

2015
2000

10

Forest regions with minor land use and substantial populations

Lands without human populations or substantial land use

Croplands

7

51 Residential woodlands

61 Wild woodlands

Rangelands

Used Lands

108

105

Wildlands

Seminatural

0

106

54 Inhabited treeless and barren lands Regions without natural tree cover having only minor land use and a range of populations

Wildlands

Wildlands

50

Inhabited lands with minor use for permanent agriculture and settlements

Seminatural lands

B

Seminatural

Irrigated cropland with substantial human populations

Rangelands with substantial human populations

Horticultural

Hunter
Gatherer

32 Residential rainfed croplands

42 Populated rangelands

Agrarian

50

31 Residential irrigated croplands

41 Residential rangelands

Industrial

Agrarian

100

Lands used mainly for annual crops

Rangeland

A

0

% Ice Free Lan d

Dense settlements

Po pu lation

Group

Out of Africa
8000 BC

100000

1000 BC 0 AD 1000 AD 1500

10 000

1 000

1800 1900
100

2050

Present

Long-term global changes in:
(A) major categories of sociocultural systems,
(B) anthropogenic transformation of the terrestrial biosphere.
Arrows indicate that Paleolithic to Neolithic transitions are
regional, not global. Time scale prior to 1900 is logarithmic
years BP, after 1900 are calendar years and
(C) historical estimates of human population and
Source: Redrawn after E. Ellis, 20155 .
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PART III
FEEDING A
GROWING
GLOBAL
POPULATION

Natural resources (land, water, air, plants and animals) and
the ecosystem goods and services derived from them, support
the livelihoods of all humans. It is the responsibility of all to
manage these resources so that the present generation can
fulfil their needs without compromising the ability of future
generations to meet theirs.
Over the past 20 years the extent of land area harvested for
crops has increased by 16 %, the area under irrigation has
doubled and agricultural production has grown nearly threefold. Yet, close to one billion people remain undernourished.
As the world’s economy grows – however unevenly – there is a
corresponding acceleration in the demand for animal protein.
Intensification of the livestock sector to feedlots means more
agricultural land is used to indirectly produce food.
Rural poor are often forced to rely on low input and low
yield agriculture and the consequences of degrading land
are disproportionately borne by this community. However,
smallholders are key players in everyday decisions which over time - determine the evolution of the landscape, including
its degradation or sustainability.
The following maps illustrate the global expanse of cultivation
and explain crucial aspects of the dynamics of food production
in relation to land degradation.

Copernicus Sentinel-2 image over Blue and White Nile convergence in Sudan.
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Croplands
Competition for land for increasing human consumption of food, fodder, fibre and fuel

Over the last 20 years the extent of land area harvested has
increased by 16 %, the area under irrigation has doubled and
agricultural production has grown nearly three fold11 . Yet, close
to one billion people remain undernourished12 .

High (100 %)

Demand for fodder crops is growing
As income levels rise in a population, so does the
consumption of meat, milk and eggs. This creates
increased demand for animal feed. The graph shows
the increase in livestock from 1993 to 2013.

Low (0 %)
Area used for food production as a percentage of
total cropland in 2000
Colours indicate the approximate share (fraction) of
cropland that is dedicated to growing food crops versus all
other crop uses. Values range between 0 % (dark blue - all
cropland used for non-food crops) to 100 % (dark red - all
cropland used for crops that are consumed by people).

Source: FAOSTAT11 .

+42.1 %

Source: Foley, J. et al, 20112 ;
Data source: University of Minnesota, Institute on the Environment.
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Where we are
The planet’s land area is finite. Furthermore, the proportion
of the land that is endowed with sufficient water and favourable
soil resources to sustain essential ecosystem functions, and
meet the demands of agriculture to produce food, animal feed
and energy necessary to support human health and enterprise,
is narrowly constrained. Finding a balance that accommodates
these competing demands for productive land that is equitable
across all geographic regions and economic sectors is one of the
major challenges of this century1 .

More people means more food
Agriculture feeds a growing global population. Between 1985
and 2005, agricultural land (cropland and pasture) increased by
only about 3 %. In contrast, agricultural production increased by
about 28 %, largely as a result of increased efficiency. Yet, about
a billion people remain chronically malnourished2 .
There are striking global patterns in crop production. Some
regions are largely devoted to food production; others are involved
in non-food crops. The same general patterns recur in many
categories of agricultural statistics, as shown in the accompanying
map of the proportion of land used for food production. In North
America and Europe, only 40 % of the land area is dedicated to
food crops, while in Africa and Asia, about 80 % of the arable land
is used for food crops2 . These distinctions are reflected in the global
distribution of large field sizes (see page 66), major industrialised
crops (see map inserts), the intensity of fertiliser use (see page 54)
Principal food crops and where they are grown. Traditional food
crops, such as maize and soy bean, are also used for forage.

and water used for
crop irrigation (see
page 56).
Industrialised
agriculture
involves
varying degrees of landuse intensity. As the pressure
of use increases, there is
a
corresponding
increase
in pressure on the ecological
services provided. This is not only
on available land, but also on the
diversion of water resources and the
large-scale application of fertilisers
and pesticides.
Conversely, there are vast
agricultural areas where smallholders
do not have access to irrigation or
fertilisers (see page 66). Smallholders
in Africa and Asia (see page 66) are
heavily engaged in production of food
crops. However, they have poor access
to technology (e.g. irrigation pumps,
supplemental fertilisers, machinery) and
relevant knowledge. As a consequence, they
suffer the highest levels of malnourishment 3 .
Yet, because their primary objective is food production
for subsistence, the rural poor are often forced to overexploit
land resources through low-input and low-yield agriculture,

Source: Monfreda, C.N. et al., 20089 .

100%
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0%

Changing diets mean new demands
As the world’s economy grows – however
unevenly – there is a corresponding increase in the
demand for meat and other animal products. This
occurs in developing countries where diets are changing
as a function of rising incomes, continuing urbanisation
and changing food preferences. Over the past 50 years,
increased demand for animal products accounts for 65 % of
agricultural land-use change1, 4 .
As a result of increasing urbanisation, global livestock
production has been shifting from rural to urban areas, to get
closer to consumers, sources of feed transport and trade hubs1 .
The increasing use of feedlots for livestock to meet the demands
for meat and dairy products increases the need to produce
animal feed on extensive areas of cropland. Even efficient use
of productive cropland for animal feed is a potential reduction of
the global food supply.

Does more biofuel mean less food?
Concern over rising levels of carbon dioxide in the atmosphere
has led government mandates in North America and Europe
designed to offset some proportion of fossil fuel demand with
fuels produced from biomass. These have been met by ethanol
produced from crops, largely maize and sugarcane. The diversion

100%

Cover

Soybean

deforestation and overgrazing. Thus,
with respect to agricultural inputs, land
degradation can result from both too much
and too little access to resources.

100%

Cover

Maize
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0%

Cover

Sugar cane

0%
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More than 62 % of the world’s crop production goes to
feed people, 35 % is devoted to animal feed and 3 % is
used for bioenergy and other industrial products2 .

4x more land and

x4

10x more water
is needed to produce
1 kg

protein

from beef than from
pulses13,14.

x10
of significant portions of crop production from food
or animal feed into biofuel production has been contentious
because of its effect on global food prices, particularly as India
and China develop similar mandates for ethanol use5 . Using
high-yielding tropical croplands to produce sugarcane, oil palm
and soybean for biofuels contributes little to the global calorie
or protein supply. However, in some instances it does provide a
source of income to help alleviate local poverty6 .

Relative land and water footprint of protein production.
Sources: Mekonnen, M.M. and Hoekstra, A.Y., 201213 ; Nijdam, D. et al., 201214 .

It is expected that effects of biofuels on food prices may
decline somewhat in the future with the development of
“second generation” biofuels derived from agricultural waste
products rather than the crops themselves7. However, this new
demand places yet another pressure on limited agricultural
lands beyond food and feed production that, ultimately, could
threaten long-term sustainability8 .

Prevalence of undernourishment (%) – 2014-2016
100%

100%

Cover

Cover

Wheat

0%

Rice

0%

< 5%

25 - 35%

5 - 15%

> 35%

15 - 25%

Missing or insufficient data

Prevalence of undernourishment in the population.
Source: FAOSTAT, 2014-2016.
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Expanding Cultivation
How much more land is there for agriculture?

SOVIET UNION COLLAPSE
The collapse of the Soviet Union in the early 1990s
caused the abandonment of a vast cropland area
with estimates ranging from 38 Mha30 to 47 Mha19 .
The amount of this land that might be “revived”
for cereal production may be only about 9 Mha.
The remainder would be better used for pasture or
protected for its environmental values19 .
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Arable land per capita (ha in use per person).
Source: Alexandratos N. and Bruinsma J., FAO, 20123 .

Agricultural frontier
Over the next 30 years, the world’s population will likely grow
to more than 9 billion1 . Supporting 2 billion more people will require
more agricultural production to satisfy demands for food, but also
to meet the need for fibre, biofuels and chemicals to sustain the
global economy. However, increasing food production will be one
of humanity’s greatest challenges since global agriculture is at the
nexus of many complex and interconnected issues, including food
production, preservation of biodiversity, energy and water systems,
climate change, declining water resources, land and air pollution,
floods and land and soil degradation2 .
There are three ways to increase crop production: expansion
of the physical area (arable land) allocated to crops, increased
cropping intensity (e.g. multiple cropping, shorter fallow periods)
and improvement of crop yields3 . Based on past trends, it is
estimated that a doubling of global food production would require
approximately a threefold increase in nitrogen and phosphorus
fertilisation rates, a doubling of the irrigated land area and an
18 % increase in cropland4 .
Expansion of arable land may appear to be the most expedient
solution, but this is unsustainable5. Cropland expansion has
adverse environmental impacts on natural ecosystems. Not only
will it contribute to the accumulation of greenhouse gases in the

Farmers in Rwanda have increased their productivity and
their income after they implemented a number of agricultural
processes such as these terraces in rural Rwanda.
Source: A'Melody Lee, World Bank. Flickr.com
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atmosphere, it undermines
the
ability
of
natural
ecosystems to produce food
products, ameliorate infectious
diseases, maintain freshwater and
forest resources, regulate air quality,
provide cultural services that provide
recreational, aesthetic and spiritual
benefits and supporting services such
as soil formation, photosynthesis
and nutrient cycling4, 6-9. In fact, since
1960 there has been a continuous
decline worldwide of arable land when
expressed on a per capita basis (ha in use
per person; see figure above)3.
Globally, most cropland expansion
and intensification in the future will likely
occur in the tropics, especially in subSaharan Africa and South America10 . These
tropical regions are likely to experience accelerated
losses of old-growth forests, woodlands and semi-arid
environments10-13 . In its timing and extent, most conversion of
tropical lands has been driven by export market pressures14 . For
example, the recent crop expansion in the tropics has been driven
by the demand for soybeans10, 15 and the spike in deforestation
of the Amazon since 2015 has been driven by the increase in
international demand for beef16 .
Lands put into agriculture are often those locally best-suited
for biological productivity – lands that have a favourable climate,
are well-watered and drained and have fertile soils to nurture
diverse populations of plants and animals. When these lands
are appropriated for agriculture, the multitude of ecosystem
services they provide that benefit humans are diminished or
eliminated. These include provisioning services such as water,
timber and fibre; regulating services that affect climate, floods,
disease, wastes and water quality; cultural services that provide
recreational, aesthetic and spiritual benefits; and supporting
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SOUTH AMERICA
Pursuit of growing markets for soybeans and
livestock products has brought rapid expansion
of agriculture and pasture in South America31 .

services such as soil formation, photosynthesis and nutrientcycling services7-9 .
Inevitably, efficiencies of use have been pursued in
response to increasing population density, social evolution
and technological innovations. Rather than expansion alone,
agriculture has intensified, seeking to produce more per unit area
of cropland11 .
Despite continuous and accelerating improvements in
agricultural efficiency, agricultural expansion on a vast scale has
continued over the past two generations.

Reviving “old” lands
While recent attention has focused on new lands in the
tropics, large-scale development has pushed into the mid-latitude
drylands over the past three generations, much of it in the former
Soviet Union in what is now Russia, Ukraine and Kazakhstan. As
the political structure of this region began to unravel in the early
1990s, many of these new croplands were abandoned. Recently,
the potential for “reviving” these lands for agriculture has been
viewed as an investment opportunity because of their previous
agricultural use, their availability at relatively low cost and the
proximity of an under-utilised local workforce17.
In addition to local economic potential, attention has been
focused on the role that revived lands might play in a global
context. First, they could contribute to meeting global food
demand, particularly with respect to wheat production. However,
as might be expected, the productive capacity of these lands is
highly variable, as is their conservation value18 . Taking these
factors into consideration, of more than 40 Mha of abandoned
land, only less than 9 Mha were judged to be suitable for renewed

Total global cropland has increased 7.7 times from the 2.65 M km2 available in 17001 .
Since then, cropland was gained by converting forests and woodlands (about 63 %) and
about 37 % from savannah, grassland, or steppe1, 2 . Cropland now covers most of the land
surface best suited for farming. “New” lands will be of lower quality for crop production.

13.7 % of global land is currently
under cultivation; maximum
expansion possible up to 16.3 %.

expanded cropland
abandoned cropland
cropland area (>10 % cultivation)
Expansion and abandonment of cropland worldwide.
Agriculture has been altering and impacting pristine ecosystems, but never as drastically as now. Areal
expansion of agriculture and intensification of the agricultural practices are the two main threats that
potentially contribute to land degradation.
Agriculture comprises cropland, pasture and tree crops. This page deals with cropland and the expansion
of cropped areas. The next pages deal with the various aspects of intensification and consequences of
pasture and livestock systems for land degradation.
Source: Derived from MODIS Land Cover data (Global Land Cover Facility32, 33) [Transitions between year 2001 and 2012 for
classes aggregated cropland and cropland/natural vegetation mosaic on the one hand and all other values on the other].

cultivation. These lands could represent a production potential of
about 14 Mt up to 20 Mt of wheat19 .
Second, the revival of lands that were converted to agriculture
in the past would incur far lower development costs and also lower
global environmental costs in terms of biodiversity and carbon
stocks than would the development of new lands in the tropics19 .
While the notion of reviving abandoned lands is attractive
on a number of levels, caution is appropriate. The quality of land
is highly variable, the dryland climate is unreliable for rainfed
production and the capacity of the resident workforce may be
problematic17-19 .
Although it is generally agreed that agricultural intensification
on existing global croplands is not insufficient to satisfy humanity’s
future food demands, one modelling study estimates that it would
be possible to achieve a 30-39 % increase in attainable yields for
wheat, rice and maize under local climatic conditions of suboptimal
water and nutrient availability20. The approach involves a mixture
of strategies that involve multiple cropping and profit-maximising
reallocation of crops on existing croplands.

Expansion in the future
Agriculture will continue to expand in extent but more slowly
than during the past century. Much expansion will continue to

take place in the tropics15 . Some expansion will occur in the
drylands where new lands may be irrigated with the development
of new water resources. However, dryland development will be
challenged by inherent climate variability that likely will be
exacerbated by climate change21 . Another important issue is that
cropland expansion will most likely occur on lands less suitable
for cultivation, such as highly erodible lands (e.g. steep slopes),
as illustrated in recent studies in the United States22 and Africa23 .
The economic, political and social environment for expansion
in the future will be much different than the latter half of the past
century. First, are global telecouplings (see page 40) in which, to
varying degrees, land-use decisions are driven by global, rather
than local economic considerations24 . Telecouplings also have
social, institutional and environmental dimensions that can affect
not only the locations where they are implemented but other
dimensions that are socially or economically linked25 .
Second, global policy frameworks in which land-use decisions
must be made will be increasingly important: the magnitude of
trade-offs in developing one area over another are becoming
both more apparent and more pressing26 . For example, for each
unit of land cleared, the tropics lose nearly twice as much carbon
and produce less than half the annual crop yield compared with
comparable development in temperate regions. Therefore, newly

cleared land in the tropics releases nearly three tonnes of carbon
for every tonne of annual crop yield, compared with a similar
area cleared in the mid latitudes27 (see page 96).
Third, although development may be guided by national
and international policy, it is implemented at a landscape or
community scale. At these scales, development efforts can be
tailored collectively to tap some resource opportunities and
conserve others to meet community goals of securing the
resource base and ensuring stable economic opportunities. At
the household or farm level, sustainable land management
practices can be promoted that conserve and enhance soil and
water resources28 (see 18). Ultimately, success is dependent on
the willingness and active participation of all stakeholders, the
transparency of the development process, how
resources are allocated and monitored and a
system of governance that is recognised as being
fair and inclusive29 .

PART III – FEEDING A GROWING GLOBAL POPULATION | World Atlas of Desertification

51

Increasing Production
Closing yield gaps

Frequency of cropland gridcell (% of continent)

Global average yields of wheat, maize and rice are 64 %, 50 %
and 64 % of their potential yields. Against these global averages,
North West Europe, central USA and parts of China score higher;
central Asia, Mexico and West Africa score lower3 .
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While global demand for food is rising – driven by an
increasing population and changing diets – options to convert
more land into agricultural use are diminishing, as shown on the
previous pages. The only alternative is agricultural intensification,
which can be achieved by optimising total farm production and
crop productivity (output per land unit). Since actual yields are
well-below potential yields in many parts of the world, especially
Africa, one of the most widely cited approaches to meeting future
food demands is closing the ‘yield gap’ (i.e. actual vs. potential
yields per unit area)1-4 . Associated with this are resource-use
efficiency gaps, or differences between actual and potential
yields per unit of resource input (e.g. fertiliser, pesticides, water,
labour)5, 6 .
In any given area, yield gaps can be a function of many
interacting biophysical and socio-economic factors, including
water stress and nutrient stress, limited access to markets,
low mechanisation, climate (aridity and temperature), soil
quality (including steep slopes and poor drainage), undeveloped
supporting infrastructure, technical knowledge, credit and
uncertain land tenure and labour constraints1, 3, 4, 7, 8 . Hence, it is
not surprising that in spite of its importance, the global potential
for agricultural intensification is not very well understood3, 9 .
During the past 100 years, agricultural intensification has
been driven by improved technologies and farming practices,
including the use of organic and chemical fertilisers, herbicides
and insecticides, development of high-yield crop varieties,
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improvements in land management
and mechanisation and adaption of
irrigation. While all of this has led to
increased food production, the other
side of the coin is that these advances
and practices have also led to a higher
extraction and consumption of limited
natural resources, such as water, forests and
nutrients, which in many areas of the globe has
led to land degradation7, 10 . In addition, paradoxically,
successful intensification can create economic incentives
to bring additional land under cultivation, further increasing
pressure on natural resources, especially for less suitable land,
which again leads to increased land degradation11, 12 .
Yield gaps highlight substantial regional differences in
agricultural intensity across the globe. The yield gap is closed (or
smallest) in industrialised countries with large farm sizes, high
fertiliser and pesticide use, sophisticated irrigation technology,
improved crop varieties and access to appropriate knowledge8 .
In contrast, yield gaps are typically highest in rural areas of
developing countries, mainly in Africa, South America and Asia,
where low-input, low-yield smallholder agriculture exists (see
page 66). Attempts to close yield gaps must be tailored to meet
local conditions3, 13 . Many areas with significant yield gaps are
dominated by smallholder-based agriculture. These areas, in
particular, offer both significant opportunities but also realistic
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paths to reduce local poverty and improve human well-being8 .
However, agricultural intensification may also lead to adverse
affects on natural ecosystems, which will damage ecosystem
goods and services critical to the sustainability of rural livelihoods.
Development programmes must strike a balance between
meeting short-term human needs and long-term environmental
impacts14 . Achieving synergies between food security and global
change adaptation and mitigation requires strategies that make
smart use of natural ecosystems6 . New land-management
approaches focus on multiple cropping systems to optimise food,
fibre and energy production. Mixed with reallocation of crops to
more suitable existing croplands not only maximises profits by
increased production, but is also more adapted to ecosystem
boundaries13 .
In large part, biophysical factors such as climate, soils and
elevation etc., determine global patterns of potential crop yields.
But considerable variation in yield can be attributed to other
factors, such as land management practices, available technology,
farm size, knowledge and available funds for inputs (e.g. irrigation,
fertilisers) and crop varieties. Hence, while yields are a useful
and important guide to estimate and map potential levels of
productivity related to intensification of cultivation, yield gaps
represent the potential for improvement. As shown on this page,
the ability to map these areas15 is a valuable tool along with other
co-evolving socio-economic and biophysical processes (see PART V
on Converging Evidence and Case Studies, from page 142).

Yield gaps for 17 crops, measured as a percentage of
the attainable yield achieved around the year 2000.
Yield gap maps can be used to help better estimate
the global potential of and constraints on agricultural
intensification3 . While some regions already attain maximum
possible yields, others have large yield gaps and therefore
represent potential areas to target for intensification. In a
global analysis, differences in grain production efficiencies
were mainly a function of irrigation, accessibility, market
influence, agricultural labour and topography (slope)3 . For
example, the USA, Europe, parts of South America and
South-East Asia all have good market access while other
grain-producing areas are comparatively isolated and
thus their production efficiency is adversely affected3 (see
Transportation, page 24).
Source: Mueller, N., 201215 .

Major cereals: attainable yield achieved (%)
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The productive capacity of land is often maintained through
application of fertilisers to offset what is removed by harvested
crops. Where there is an economic and ecological imbalance
between input (fertiliser) and output (crop production), pollution
can lead to declines in quality and natural resilience of water
resources and ecosystems5 .
Ecological intensification is a knowledge-intensive approach
that involves the optimal management of nature’s ecological
functions and biodiversity to improve agricultural production2 . It
is clear that in order to meet the world’s food demand, future
cropping systems worldwide must employ this approach by using
land, water, biodiversity and nutrients efficiently and in ways that
are regenerative and sustainable16 .
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The main triggers that stimulate efforts to
increase production efficiencies are land
scarcity, investments in crops and livestock
and sponsored development incentives17.
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The significant benefit of closing the yield gap for maize, rice and wheat
is illustrated by the amount of future land area at stake that could be
gained by closing yield gaps. The ‘current’ (2000) global area of these
crops is compared to the total area required to meet 2050 production
projections for two cases: (1) if yields remain at their current (2000)
levels and (2) if yield gaps are closed.
Source: Data from Phalan, B. 20141 .
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The global total quantity of nitrogen, phosphorous and potassium (NPK)
fertiliser used on croplands reached 172.2 million metric tonnes in
2010/11 of which 60.5 % is N based11 . Developing countries are applying
increasingly more N fertiliser, while at regional scale East Asia tops
the consumption. The world average fertiliser consumption is 138 kg/
ha. Many African countries use less than 10 kg/ha while other new
economies apply well over 500 kg/ha.
Source: International Fertilizer Association (IFA).
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To close yield gaps to meet global food demand
in 2050 will require increased application of
nitrogen (45-73 %), phosphorous (22-46 %)
and potassium (200-300 %) compared to
2010. Environmental impacts will depend on
management strategies4 .

Options for increasing global agricultural production are
limited. One option is to increase the land area devoted to crop
production, but this alone will not meet future needs1 . A second
option is to raise the yield per unit area by closing “yield gaps,”
which is the difference between potential and actual yields per
unit land area under cultivation. There are four potential ways to
increase yields per unit area: (i) improved crop varieties, (ii) use
of fertilisers and pesticides, (iii) irrigation and (iv) mechanisation2 .
All of these technical interventions have been achieved in
developed countries, to greater or lesser degrees, as farmers
focus on closing the yield gap per unit of resource input (e.g.
fertiliser, pesticides, water, labour)3 .
Regardless of the strategy pursued, the application of
fertiliser is a key component in increasing agricultural production4 .
Despite a basic understanding of the potential payoff in the use
of fertilisers, farmers in less-developed countries are reluctant
to trade their low-risk system (i.e. low-input, low-yield) for a

0

high-risk system (i.e. high-input, potentially high yield).
Moreover, the opportunities to close yield gaps are highly
variable among regions due to physical restrictions of climate
and soil but also socio-economic limitations of crop selection,
access to inputs (including germplasm, fertilisers, water and
labour or mechanisation), access to markets and the income
levels of farmers (and hence their ability to invest)5 .
Aside from a general need to increase agricultural production
globally, local growth in rural populations intensifies the need for
increased production efficiency as demand rises and field sizes
diminish. However, there are thresholds beyond which the cost
of inputs (i.e. inorganic fertiliser) fail to lead to corresponding
increases in yield6 .
Beyond economic inefficiency, overuse of commercial
inorganic fertiliser can also result in a decline in soil condition
and structure, including reduced soil carbon content, soil waterholding capacity and porosity7. These changes may compromise
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Zero means the crop used all nitrogen applied; the
ideal range of application/consumption also depends
on local conditions.
Source: P. West, University of Minnesota12 .

the long-term ability to support food production and pose longterm threats to neighbouring ecosystems as well as surface and
groundwater resources8 .
Use of organic fertilisers (i.e. manures, crop residues) can
counter the trends of many of these problems by increasing
soil organic carbon, improving soil structure, tilth and waterholding capacity. These improvements require a commitment
to sustainable land management practices that incorporates a
broad swathe of land- and water-management approaches, of
which the use of organic fertiliser is just one component9 .
Because of the global variability of environmental and
economic conditions in which farmers must operate, the use of
fertilisers alone does not offer a panacea. Even where fertilisers
and pesticides are affordable and readily available to close yield
gaps, other inputs may play an equal or greater role in increasing
agricultural production from place to place5, 10 .

Overuse of fertilisers on cropland leads to
loss of soil nitrogen, increased greenhouse
gas (GHG) emissions and pollution of surface
and groundwater resources8 .

QUZHOU COUNTY, CHINA
In Quzhou County, China, farmers had access to
improved seed varieties, irrigation and fertilisers, yet
yields were only two-thirds of those achieved on nearby
experimental fields. Researchers worked with farmers
to understand their individual constraints on yields and
worked with them to develop appropriate changes in
practice. They reduced the use of nitrogen by one-third
and increased yields by 12 % by improving the labelling
of fertiliser products so that farmers could more
accurately calculate application rates. These and other
changes in water management, crop variety selection,
changes in sowing and harvesting times raised yields to
97 % of potential over five years10 .

ETHIOPIA
In Ethiopia, increasing population density is associated
with smaller farm size and an increased fertiliser use
that, however, does not correspond to higher crop yields
and hence leads to decline in farm income6 .

Intensified use of the land created a dependency on proper
management and increased supply of nutrient input. Whenever
such input is compromised, intensively used lands can rapidly
decline in quality and degrade due to loss of natural resilience.

Land under commercial farming is kept productive, but where
poorer economic conditions prevail, as is the case for many
smallholders, insufficient nutrient input can steadily deplete the
resource, leading to degradation.

Nitrogen

Phosphorus

Total consumption (all crops) (kg x 105)
0

18

Potassium

Total consumption (all crops) (kg x 105)
0

7

Total consumption (all crops) (kg x 105)
0

4

Total consumption of nutrients (mineral and organic).
Source: EarthStat.org, Mueller et al., 201213 .
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Increasing Production
Irrigation

The inevitable growing competition between
irrigation and other water use sectors
enhances the threat of water scarcity.

Laser levelling in Khorezm, Uzbekistan.
Source: Martius C., 2003.

100%
Area equipped for
irrigation (AEI) as a
proportion of a 1 x 1 km
cell area
0%

Area equipped for irrigation as percentage of grid cell.
Source: Siebert, S., 201320 .

Over the past 50 years, the yields of cereal crops in the
developing world have tripled, with only a 30 % increase in the total
land area cultivated1 . This intensification of agriculture was achieved
by improved crop varieties (hybridisation), fertilisation and irrigation,
three of the main pillars of the Green Revolution2 . In fact, during
the past 40-50 years, there has been a ~70 % increase in irrigated
cropland area3 and, consequently, global water consumption via
irrigation has more than doubled from ~650 to ~1 400 km3 yr−14 .
Irrigation enables farmers to increase crop production by
reducing their dependence on natural rainfall. Worldwide, it is
estimated that only 18 % of all cultivated land is irrigated, yet
these lands produce 40 % of all food5 . For example, without
irrigation it is estimated that the global production of rice, cotton,
citrus and sugar cane would decrease by 31 % to 39 % and cereal
production would decrease by 47 %, representing a 20 % loss of
total cereal production worldwide6 .
An expansion of irrigation, along with improved management
of water supplies, is considered a vital part of ensuring food
security in the future7.
Irrigation is practiced in almost all countries of the world
but to widely divergent extents. India and China have the highest
percentage of irrigation land and are also countries with high
population density and low per capita availability of cropland.
Water resources (see page 86) or adequate water management
(harvesting, collection and reservoirs) have kept pace so far.
However, pumping water in excess of recharge is increasingly a
serious problem in parts of China, India (see case studies) and
Bangladesh8 . Irrigation is widely practiced in arid and semi-arid
regions, where the response of crop yields to irrigation is highest,
such as the Arabian Peninsula, Iran, central Asia, northern Africa,
Australia and western North America. In these regions, water is
scarce, competition for its use is large and maintaining per capita
food production from irrigated land might fail in the near future9 .
Even under temperate climate conditions (e.g. eastern United
States, Canada, western and central Europe) additional irrigation
is used on high value crops, such as maize, to compensate
for rainfall variability during the growing season that causes
unpredictable annual yields10 .
Although irrigation has led to dramatic increases in food
production, it has also caused extensive environmental damage and
undermines humanresiliencetowaterscarcity.Irrigation isresponsible
for 70 % of all freshwater withdrawals in the globe11 . In many parts
of the world, irrigation poses a major threat to water resources. This
is due to excessive groundwater extraction12 , inefficient irrigation
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methods13,
the
salinisation
of
aquifers14
and
water
pollution
resulting from an
overuse of fertilisers15 .
Salinisation causes the
worldwide loss of ~1.5
million hectares of arable
land per year14 , affecting
about 16 % of all agriculture
lands16 . Soil salinisation, which is a
complex phenomenon involving the
movement of salts and water in soils,
interacting with groundwater15, 17,
may result from the use of brackish
water, poor drainage and/or leaching
and poor land management. Humaninduced salinisation is a widespread
problem as around 30 % of irrigated
land are affected and becoming
commercially unproductive.
According to definitions used by
the FAO, agricultural land is equipped
for irrigation only if there are permanent
structures for off-farm water management
(green colours in background map). This means that
areas with water harvesting, deep water rice cultivation,
cropping in natural wetlands and even watering of crops with
temporary water management infrastructure are considered as
areas that are under agricultural water management but are
not considered as being equipped for irrigation. The statistics
provided in the next section follow the FAO classification.
Differences between these figures and irrigated land reported by
other institutions (e.g. national statistical offices) are often the
result of definitions and classification schemes that do not align
with the FAO classification system6 .

Trends in irrigation expansion
It has been argued that some form of irrigation has been
used as long as crops have been cultivated. However, it is evident
that the development of irrigation infrastructure has grown
considerably during the past three centuries. According to the
best estimates, the area equipped for irrigation increased from
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Total land
(130.09 million km2)

Agricultural land
(49 million km2)

Arable land
(14.17 million km2)
Equipped irrigation
(3.31 million km2)
Dryland
(1.86 million km2)

Relations between agricultural area, arable land, area
equipped for irrigation.
Source: FAOSTAT 2014; Siebert, S., 201320 .

about 5 Mha in year 1700 to 11 Mha in year 1800, 63 Mha in year
1900, 112 Mha in year 1950 and 230 Mha in year 198018 .
Predicting the future extent of irrigated land is challenging.
One scenario suggested an increase of area equipped for
irrigation by 120 Mha for the period 2000–20805 . The area of
land that might be irrigated is about twice the current extent of
irrigated land (graph above). However, estimates are incomplete
and methodologies to estimate irrigation potential differ between
countries. More importantly, the threat of water scarcity and
the inevitable competition among other water-use sectors are
growing in arid and semi-arid regions around the globe. Increases
in irrigation extent in these regions will depend, to a large degree,
on increases in water-use efficiency19 .

Ricefield in Patna, India.
Source: Martius, C., 2012.
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Since 1980, routine observations from satellites have been used to
construct synoptic images of the Earth at ten-day intervals. From
this record, it is possible to monitor seasonal changes in biomass
production that track the growing season. The figures above and
left show a dramatic shift from a single to double annual growing
season in some areas due to the introduction of irrigation and, as a
consequence, a significant increase in crop production.
Source: NASA GIMMS NDVI 3g.V0 from AVHRR sensors.
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Since 1900, there has been a dramatic increase in the amount of land put under
irrigation globally. The increase is particularly pronounced in south and east
Asia20, 21 . (AEI=area equipped for irrigation; HID=historical irrigation data set).

Top 20 countries ranked in terms of Area Equipped for Irrigation in 2005.
Source: Siebert, S., FAO, 2013.

Source: Siebert, S. et al., 2015 .
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Livestock Production Systems
Types and global patterns

Livestock Production Systems
Livestock production systems consist of many types of land cover and land use, cropping
systems, pasture conditions, sizes of human populations, herd structure and genetic
composition and management strategies. However, for simplicity livestock production systems
can be classified into four types, based on the degree of integration of livestock with cropping
systems1, 8, 12, 20 :
1.
Grazing: uniquely livestock systems in which more than 90 % of dry matter fed to
animals comes from rangelands, pastures, annual forages and purchased feeds.
Grazing systems occupy about 26 % of the Earth’s ice-free land surface;
2.
Mixed Rainfed Systems: more than 90 % of the value of non-livestock farm
production comes from rainfed land use;
3.
Mixed Irrigated Systems: more than 10 % of the value of non-livestock farm
production comes from irrigated land use; and
4.
Landless Systems: highly intensive monogastric or ruminant systems where
feedstuff is purchased from external sources; associated primarily with urban areas.
Depending on the type of production system, livestock play different roles in people’s
livelihoods. For example, in impoverished regions in sub-Saharan Africa, due to poor feed
quality a cow might need to consume as much as 10 times more feed to produce a single
kilogram of protein as compared to a cow raised in Argentina12 . In a low-input pastoral
setting in rural Mexico, milk quality and yields are vastly different from livestock reared in
high-input dairy farms14 .
Source: 1 Livestock GeoWiki: https://livestock.geo-wiki.org/Application/index.php.
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Livestock is a major component of global land use.
About 30-45 % of Earth's land surface is dedicated to
livestock and livestock-feed production, which represents
75 % of all agricultural land.
The livelihoods and food security of over a billion people are
directly dependent upon livestock1, 2 . The commerce and trade
of livestock products contribute 40-50 % of the total global
agricultural output2 and beef, poultry, pork and other animal
products (e.g. milk, eggs, offal) provide one-third of humanity's
protein intake3-5 . Of the 800 million people who live below the
subsistence level of ~US$ 2/day, over 50 % are dependent on
livestock, especially in sub-Saharan Africa and South Asia where
about 75 % of all poor livestock keepers are found6 .
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The FAO6-10 has documented the indispensable nature of
livestock production to the food security and economic stability
of resource-poor farmers in developing countries. This includes
both livestock as a food source and the various by-products of
livestock production, such as skins, fibre, fertilisers and fuel. For
example, wool production is extremely important to farmers in
the high-altitude regions of Bolivia, Peru and Nepal11 . Livestock
also play an important role in the social, religious and cultural
lives of millions3 .
Currently, about 30-45 % of Earth's land surface is dedicated
to livestock and livestock-feed production11, 13 , which represents
75 % of all agricultural land14 .
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Pressure on natural resources and the environment
The livestock sector exerts enormous pressure on natural
resources and the environment. Crucially, the nature of this
pressure varies with the type of production system in which
livestock are raised, which range from traditional pastoral
systems to commercial farms that use industrially produced
feedstuff. These different systems are characterised by different
levels of intensification and management and thus have very
different consequences for the sustainability of the systems and
the environment19 (see Livestock’s Impact, page 62).

Livestock contribute 40 % of global agricultural
output and support the livelihoods and food
security of over a billion people.

Key drivers

Demand

2000

population growth
urbanisation
globalisation
income growth
changing cultural
norms

x2

2050
inexpensive, oen
subsidised grains
cheap fuel
new technologies
capital and market
liberalisation

Global
impacts

Environmental degradation:
habitat destruction/deforestation
loss of biodiversity
alterations of global biogeochemical cycles
pollution (water/soil)
loss of cropland for human foodstuffs

Supply

Drivers of change
Global production and consumption of animal products has
grown enormously in the past 30 years. The primary drivers are
population growth, increasing wealth in developing countries,
urbanisation and shifts in dietary preferences, especially in
developing countries1-3 . This growth has been supported by a
global economy where grain is relatively inexpensive (and often
subsidised), transportation is cheap, animal health and care has
improved and trade has been liberalised14, 15 .

Drivers of environmental change.
Source: WAD3-JRC, Reynolds, J., 20188 .

Public health and disease
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Livestock Distribution
Livestock production increasingly shifting to landless systems
Grazing production systems are one of the major sources
of meat in the world, especially on pasture unsuitable for other
types of agriculture. These grazing systems and the mixed
cropping–livestock systems are the mainstay of food security
and local economies in many developing regions of the world21
(see Smallholders, see page 66). Paradoxically, the livestock
revolution has often not provided increased opportunities to
reduce poverty for many of the millions of rural livestock farmers.
For example, in many developing countries, especially India and
China, a consolidation from traditional grazing systems into
landless systems has resulted in the production and marketing of
livestock products being controlled by a relatively small number
of industrial-scale operations, which has displaced many small,
rural farmers1, 3, 7. Currently, landless systems account for a large
amount of the world’s livestock production4, 22: 72 % of poultry,
55 % of pork, and over 66 % of eggs. The greatest growth in
industrial landless livestock systems has been in pig and poultry
production due to their short reproductive cycles and efficiencies
(as compared to ruminants) in converting feed (e.g. cereals) into
meat4 .
Although the per-capita consumption of livestock products in
developing countries is still relatively low, their per-capita GDP is
on the rise, fueling a global “livestock revolution”3, 16 . The largest
increases in per-capita consumption of livestock products have
been in Asia (especially China and South-East Asia) and South
America (especially Brazil and Chile)3 . Although some regional
reductions in livestock growth are expected, in many developing
countries the per-capita consumption of livestock foodstuffs is
projected to continue to rise, as shown in the figure below.
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Global average (2001-2003) production in different livestock systems.
Source: JRC-WAD3, Reynolds, J. based on Thornton 201011 .

Given the massive scale of livestock production
systems, it is unlikely that any other single human
activity has a larger environmental impact on the
terrestrial land mass of the planet.

Livestock Distribution
Historically, when livestock production was predominately based on grazing and mixed-livestock
systems the distribution of ruminants was almost completely determined by the availability
of localised resources, such as water, forage, crops, etc. In the future, as livestock production
becomes increasingly consolidated into landless systems, principally pigs and poultry, the
geographical distribution of animal populations and production throughout the world will shift
and the importance of agro-ecological conditions as the major determinant of distribution will
be replaced by the cost of land and access to output and input markets8 .

Meat consumption

Source: Robinson, T. et al., 201423 .

The global population is expected to reach to nearly 10
billion people by 2050. In addition, by 2050 the world is projected
to be immensely richer, and the relative income gap between
developed and developing countries will be lessened18 . As the
world populations grows, nearly 3 billion people will be added
to the global middle-class by 2030 – and these are the type of
consumers that favour meat, dairy and other resource-intensive
foods8, 17.
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Meat consumption in developed and developing countries, 1980 to 2050 (projected)
The global population is expected to reach to nearly 10 billion people by 2050. Of this, nearly
3 billion people will be added to the global middle-class by 2030, the majority of whom will be
in developing countries and which are the type of consumers that favour meat, dairy and other
resource-intensive foods8, 17.
Source: JRC-WAD3, Reynolds, J. based on Thornton 201011 .
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TOTAL
MEAT
The global demand for meat products is projected to increase by 76 % by 2050.
The largest increases is for poultry.
Source: Alexandratos, N. and Bruinsma, J., 2012 (FAO)18 .
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Global Impact of Livestock
Livestock are a major cause of alterations to global biogeochemical cycles
As the world’s largest user of land, livestock production
has a huge footprint, affecting many components of the global
environment. It uses vast areas of rangelands, and consumes
one-third of the freshwater1 and one-third of global cropland
as feed2 . Hence, the sustainability of the global food system
is highly dependent on reducing the environmental footprint
of livestock systems and on establishing sustainable levels of
livestock-based food consumption2-5 . The challenge is great
since the environmental consequences of livestock production
has been largely neglected, including the lack of large-scale
public health and epidemiological investigations into the disease
patterns and public health threats of livestock5, 6 . Threats and
concerns over livestock production are increasing in developing
countries: while the commerce and trade of livestock products in
industrial countries is more than 50 % of total global agricultural
output, in developing countries it accounts for about 33 % but its
share is rapidly rising7.
Environmental concerns regarding livestock production
can be viewed as (i) concerns related to soils (accumulation of
nutrients); (ii) concerns for water (eutrophication, pollution) and
(iii) concerns for air (greenhouse gas emissions, odours, dust). The
direct and indirect impacts of livestock production on the global
environment are wide-ranging, e.g. 5, 8-14 :
• deforestation to make way for additional farmland for
feedstuffs, which requires intensive use of water, fertilisers,
pesticides and fossil fuels;
• use of highly productive croplands to produce animal
feedstuffs, which represents a net drain on the world’s
potential food supply;
• pollution of surface and groundwater;
• habitat destruction, e.g. clearing and overgrazing;
• loss of biodiversity;
• impacts on human health via pathogens and harmful
substances transmitted by livestock; and
• alterations of global biogeochemical cycles, e.g. significant
greenhouse gas emissions by livestock.

Impact on biogeochemical cycles
Crop-livestock production systems are the largest cause of
alterations of the global biogeochemical cycles of nitrogen and
phosphorus13 . Excretion of nitrogen and phosphorus by livestock
can lead to various types of land degradation. For example,
the excessive use of manure and fertilisers per hectare of land
often leads to accumulation in soil and contamination of water
resources through runoff and leaching. This is significant because
the total amount of nitrogen and phosphorus in animal manure
generated by livestock production exceeds global nitrogen and
phosphorus fertiliser use13 . Generally, the enrichment of the
environment leads to less biodiversity. The map shows one
component of the nitrogen cycle – the excretion of nitrogen (as
urine and faeces) associated with bovine meat production.

Given the massive scale of livestock production
systems, it is unlikely that any other single human
activity has a larger environmental impact on the
terrestrial land mass of the planet.

Livestock and manure production
Globally, cattle (60 %) are the largest contributors to manure
production, followed by pigs (9 %) and poultry (10 %)15 .
In extensive (or low-input) livestock systems, e.g. subSaharan Africa, manure is an important source of soil nutrients
(carbon, nitrogen, etc.). Grazing and mixed-cropping systems tend
to be closed systems where the waste products of one production
cycle (especially manure, crop residues) are used as inputs to
another. This is in contrast to landless systems where there is
a separation between livestock production and the land used to
produce the feed, which can result in the production of large,
concentrated quantities of animal waste products that threaten
the environment and public health. Regardless of the livestock
system, the recovery of nutrients from manure is highly variable
and depends significantly on infrastructure and handling15 .
Importantly, the handling of manure, its storage and the
synchrony of mineralisation with crop growth are main ways to
increase nitrogen-cycling efficiencies in smallholder systems15, 16 .
Cattle in South America.
Source: Reynolds, J.
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Landless livestock systems
In the past several decades the growing demand for livestock
products, in concert with technological advances, has driven
widespread changes in livestock production systems. These
changes have radically affected the livestock production sector
in both developed countries and parts of the developing world17.
One of the most significant changes has been a steady shift from
grazing systems to landless livestock production systems9, 18 . In
fact, virtually all growth in livestock production is due to increases
in industrialised landless systems9 .
Landless systems are not dependent on local land for crop
production; rather, they are intensive, industrialised facilities
where livestock are raised in high densities in stalls, pens and
feedlots with a reliance on feedstuff obtained from external
sources. Landless livestock farmers, which vary from smallholder
farms to large-scale agribusiness, most often specialise in a
single commodity, such as beef, dairy, pigs, poultry, etc.5 . Overall,
there has been rapid growth in the average size of livestock
production units and a shift towards fewer and larger farms.
Larger operations are better able to benefit from technical
advances and economies of scale, such as improved genetics,
compound (mixed or manufactured) feeds, especially in poultry
and pig production9 .
While the majority of landless livestock systems are located
in urban clusters of East Asia, South-East Asia, southern Brazil,
Ecuador, central Mexico, eastern North America and Europe10 , by
the year 2030 every developing region of the world (other than
sub-Saharan Africa) will also produce more than half of its cattle
and sheep in stalls, pens and feedlots18 .
Nevertheless, in spite of the shift towards landless
production systems, livestock remains the world’s largest user
of land. Unfortunately, the environmental and resource costs of
feedstuffs and industrialised landless systems, which are often
separated in space from each other, remain largely unaccounted
for9 . This includes the persistent threat to the diversity of animal
genetic resources17.
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Sustainability of the global food system can
only be achieved by reducing the environmental
footprint of livestock systems.
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Smallholder Agriculture
Global patterns

Farm Field Size
very small (< 0.5 ha)
small (>0.5-2 ha)
medium (>2-20 ha)
large (>20 ha)

Global distribution of farm field size
There are no reliable maps of smallholder farms. However, farm field sizes suggest where
they are most likely to be found1 .
The number of farms in the world is estimated to be more than 570 million, of which more
than 475 million (84 %) are smaller than 2 ha. More than 500 million are managed by
families in Africa, Asia and South America. Despite their numbers, smallholders operate on
only 12 % of global farmland1 . These estimates, however, still diverge strongly based on the
sources used. An earlier study mentioned that smallholders operate on around 60 % of all
cropland47. Using the field-size data and GLC-Share cropland map (see page 48), this WAD3
calculated that around 53 % of all farmland are fields of less then 2 ha. Of course, not all
small fields are linked to smallholders.
Decreasing trends in the average size of farm holdings are shown in agricultural censuses.
Smallholdings should be distinguished from family farms, as that category includes largescale holdings. As a subset of global smallholders, numbers of dryland smallholders have not
been estimated reliably. Divergences occur between countries and regions. Nor have largescale farms or other enterprises been separately quantified in the drylands2 .
Source: Fritz, S., IIASA-IFPRI GEOWIKI, 20153 .

What is a smallholder?

Adaptive pathway 1

Adaptive pathway 2
INPUTS

Seeds/fertility/technologies

Labour/skills

+

Increasing household production

Livelihood diversification

(crops/livestock/forestry/fisheries)

(collecting/making/learning)
RESOURCE ALLOCATON

Home consumption

Market sales

Subsistence

Cash income

Health

Well-being

USE OF OUTPUTS

BENEFITS

OUTCOMES

Investing

Migration

Trade profits

Employment

Well-being

Re-investment

Adaptive pathways for dryland households
Food security in arid or semi-arid lands is low because climate variability destroys investments in cropping
and livestock where own-consumption or subsistence goals characterise dryland systems.
Food security has often to be achieved through employment or income diversification, as opportunity permits
and often through migration.
Source: Mortimer, M., WAD3-JRC, 2018.
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Smallholders are key players in everyday decisions which over time - determine the evolution of the landscape, including its
degradation or sustainability. In theoretical terms, smallholders
epitomise ‘coupled’ human and environmental systems4. Consequently,
smallholders’ livelihood systems in the drylands are varied and
complex, and need to adapt continuously to climate change and
variability, economic change and political volatility.
In most countries, protected areas are reserved for wildlife
and conservation5 . However, extensive areas still support smallscale rural livelihoods. They are adapted to the local ecology
and to market drivers, as well as retaining a priority - wherever
possible - of supporting food security at the family level. Market
value chains and transport infrastructure - usually inadequate
in the more remote drylands - originally reflected capital inflow
in response to historical export markets (e.g. cotton, groundnuts,
maize). Increasingly, domestic food and commodity markets are
now taking over this role, driven by urbanisation - for example, in
Nigeria6 . More and more drylands are being swept into the new
and expanding market hinterlands in the West African Sahel7.
Given these mixed goals, adaptive pathways may be configured
in various ways (see diagram on the left).
The defining characteristic of smallholders is their restricted
access to capital - in finance, exchange or assets - as they struggle to

Smallholders are key players
in sustainability decisions.

secure livelihoods at the base of a global ‘investment pyramid’, while
large-scale and/or capital-intensive systems of natural resource
management (though sometimes themselves short of credit)
race ahead in ‘modernising’ countries9. Meanwhile, inappropriate
interventions have sometimes led to unwanted maladaptation10 .

Smallholders’ access to resources
The linkages between smallholders, degradation and
sustainability are profoundly influenced by rights of access to and
benefits from the use of natural resources, especially land, fodder,
trees and water. These rights were held historically by local custom,
but under new laws or edicts, they are vulnerable to appropriation
by governments, corporations and powerful individuals, for
commercial or other purposes. Customary claims of individuals,
families, clans or cooperatives still affect the greater part of most
dryland countries. Formal or legislated (‘statutory’) rights, while
extensive and increasing (new allocations under new legislation),
may threaten title security. They may not be recognised, still less
implemented, by ancestral users. Furthermore, in many countries,
divisible inheritance diminishes the rights enjoyed by succeeding
generations. New legal tools as well as informal adaptations of
custom are needed, both within and beyond the drylands11 , as
fundamental changes are taking place in the availability of natural
resources, driven by population growth.

Thus the necessary condition of sustainable private investments
in natural resources - security of tenure - is frequently absent12, 13 .
Grazing systems are not an exception. Growing livestock herds have
to be subdivided or grazing areas extended, while appropriations
of rangeland and sometimes of water access reduce the available
resources of common or open access for livestock. Hence, although
they are responding to a host of external pressures, culpability for
rangeland ‘degradation‘ has been assigned to overgrazing by users.
Underpriced arable land, weak institutional safeguards and
governmental complicity are currently driving an agricultural ‘land
grab’ in many countries, especially in Africa, in which smallholders are
critically disadvantaged. Wealthy citizens (including foreigners) not
only have better access to investment capital, but can buy allocations
and override local land rights through political connections. However,
neither the pace nor the redistributive impact of the ‘land grab’ are
fully understood14 .

Smallholders’ role in degradation
Low Investment Systems (LIS) can be taken as synonymous with
smallholders where underinvestment is the key to understanding
poverty and environmental degradation.
Smallholder farmers, pastoralists or others manipulate
their land, labour and capital opportunistically within a general
condition of scarcity. The system generates its own dynamics,

economically and environmentally.
Micro-systems (‘backyard” or garden agriculture, greenhouses)
may attract high pro-rata investment especially in or near urban
areas. In general, drylands are ‘investment deserts’ when compared
with industrial, urbanised or humid regions. This constrains food
production, whether crops or livestock product.
Dryland degradation is therefore much broader than technology
alone and the example landscapes shown in the following pages,
containing a mix of technical and non-technical constraints and
opportunities, form either barriers or pathways to sustainable
landscapes, through co-evolving, ‘coupled‘ human and biological
systems. In China, barriers to increased productivity and greater
environmental performance have been removed by integrating
adapted scientific evidence in extension work,
making smallholders farm more efficiently, and
resulting in yield increases of more than 10 %48 .
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The Role of Smallholders
Smallholder livelihoods play an important role in evaluating land degradation
"Taken at the end of the dry season, the
photograph shows fallow, rain-fed fields
(brown and tan) — except around the margins,
where forested villages have access to river
water. The largest village in the scene is
Sciovele.
Thin river channels run through long
floodplains that arc around the fields. These
floodplains are part of a wide, low-lying
wetland system that supports both swamp
vegetation and another set of fields where
crops thrive through the dry season. Farmers
in the lower wetlands take advantage of
flood-recession agriculture, where wet-season
rainwater drains more slowly and is available
for plant growth even in the middle of the dry
season.
The wetlands are part of the complex
coastal zone of Lake Tana, which lies just
outside the top of the image. Individual fields
and angular margins at the floodplain (right) are
indicative of the human use and modification
of the wetlands. The Gilgel Abbay River is lined
with very narrow fields that give the greatest
number of farmers access to the water.
Forests occupy parts of the wetlands; they
also stand on a few patches of higher ground,
such as the hill in the centre of the image and
five small circular patches dispersed among
the fields. Some of these forests surround
monasteries that are characteristic of the
region.
The relatively high rainfall in the
Ethiopian Highlands makes the region suitable
for growing coffee, oilseeds, and grains
(especially subsistence crops such as wheat
and sorghum). However, a recent years-long
drought is threatening Ethiopia’s food supply."
Smallholder fields and forests in the Ethiopian Highlands.
Source: Text by: NASA, https://visibleearth.nasa.gov/view.php?id=89948
Photo Credit: Astronaut photograph ISS050-E-30105, NASA Visible Earth.

Following adaptive pathways, smallholders are
more key to the solutions, rather than being
the problem, of dryland degradation.

GDP per capita in 2015 (current US$)
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Plowing a peach orchard in China.
Source: Xiaobo Zhang / International Food
Policy Research Institute, Flickr.com

GDP per capita in 2015 (current US$).
Source: Worldbank, CC BY-4.0.
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Smallholder quinoa farming, southern Bolivia.
Source: Reynolds, J.
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a

The debate on dryland degradation has been driven by two conflicting viewpoints12, 15
on desertification and on the related role of smallholders.

b

c

d

e

1st Viewpoint:
The 'desertification paradigm' smallholders’ role in degradation.

2nd Viewpoint:
A ‘resilience paradigm’ smallholders’ role in sustainability.

The ‘desertification paradigm’ may be stated as follows:
“The implicit basis of the desertification paradigm is the idea
of an ecosystem at equilibrium in which a perturbation is followed
by a natural readjustment back to a stable state. Thus vegetation
always evolves, through natural succession, towards its ‘climatic
climax’. However, human agency, through ‘misuse’ of the land, may
dislodge the ecosystem irreversibly from its former equilibrium.
Restoration is not economically possible within an acceptable
time-frame. The common use of the term ‘fragile’ denotes the
susceptibility of dryland ecosystems to such degradation”16 .
The paradigm has been embedded, over a century or more,
in rapidly growing literature derived from technical and expert
observations of over-cultivation, overgrazing, deforestation,
desiccation and salinisation in dryland countries17-20 . The
historical roots of this literary tradition are to be found in the
hypothesis of an advancing Sahara, for which smallholders (both
farmers and pastoralists) were held culpable. Since the 1950s,
UN institutions, donors and national governments financed or
facilitated these studies21 .
The ‘advancing Sahara’ hypothesis is still influential.
The ‘Great Green Wall’ strategy born at a meeting of West
African heads of state began with a reforestation goal for the
governments along its southern edge, despite the failure of some
earlier tree planting programmes and the uncertain performance
of such schemes since22 . Making enormous demands on capacity
and ignoring experience of ‘top-down’ imposition elsewhere, this
crude prescription has now evolved into a more realistic landuse planning framework which depends for its success, not only
on European Commission finance, but also on smallholders. Yet
China has recently announced its intention to plant a forest wall
against the Gobi Desert23 .
Under-investment is linked to small-scale agricultural
operation. The priority given to food security at the level of the
family farm naturally follows from low productivity and high
environmental variability, while over-dependence on market
production is risky. So is dependence on soil amelioration: he
(or she) who spends family savings on chemical fertilisers will
lose the most when drought strikes24 . Ruminants that perform
better under extreme variability are preferred by livestock
breeders25 . This clash occurs between the goals of survival and
those of profit and affects all smallholders. Profits (if any) may
be invested in animals, urban migration, real estate (property), or
business, which may be less risky than reinvesting in farming (for
example, in Senegal26).
Within this framework, landscapes are presently undergoing
a transition from ‘wildscapes’ (where human impact is less
obvious) into agrarian, urbanised and industrialised landscapes
– or anthromes (see page 44), driven by demographic growth,
technology change, social and economic transformation and
other global forces. This transition is not painless, either for the
life-supporting natural ecosystems or for the human systems
that have increasingly dramatic impact nearly everywhere.
These tensions, in combination with climatic aridity, variability
and change, have brought dryland degradation to centre stage
in global environmental management27. Smallholders - whether
farmers or pastoralists - operate under alarming scenarios of soil
and water erosion, declining bio-productivity, episodic floods and
droughts, soil salinisation and deforestation.

The 'resilience paradigm’ begins with recognising that dryland
ecosystems are not characteristically at equilibrium. As their
productivity depends primarily on variable rainfall, they are better
understood as being in a state of disequilibrium. For example,
when pastures fail, animals die or migrate. But seed banks in the
soil ensure that vegetation recovers, though not necessarily with
the same species composition. In the Sahel, perennial grasses
were replaced by annuals when the rain returned. This capacity of
the ecosystem to maintain its functional integrity while adjusting
to various drivers justifies describing it in ecological terms as
unstable and resilient29, 30 .
During the past three decades, Earth satellite data have
provided a fresh perspective on dryland degradation that has
generated growing literature on “regreening”31, 32 . They offer
a compatible basis for global estimates and a testing ground
for theories of change. Results from West Africa produced
surprising counter-evidence to the orthodox view of progressive
degradation32-34 (see case study: Sahel).
Unexpectedly, increased NDVI values were found to be most
visible in the semi-arid and arid ecological zones, where dense
human and livestock densities had appeared to present the
greatest threat. The trends were found to be significant throughout
the period from 1982 (when the first data became available) to
2006 and significantly correlated with rainfall. However, there are
localised exceptions, where rainfall is not the sole explanatory
factor and management may have also had a role. Given the
predominance of smallholders in the region’s agriculture and
livestock sectors, such a conclusion seems reasonable. But much
more research on the ground is needed. While positive trends
in biomass production are indisputable, field studies of woody
vegetation at local scale show contrary trends32, 35 .
Some degraded landscapes show evidence of recuperation
in their productive capacity through uptake of sustainable land
management (SLM) practices, for example, via livestock grazing
and redistribution of organic nutrients; reforestation or plantation
of trees; protection of enclosed rangelands from grazing animals;
intensive use of domestic waste on gardens; and long rotational
fallows. There is an extensive inventory of SLM practices
by smallholders which can support such a recovery of bioproductivity, if found economically viable36 . But within a complex
and dynamic framework, the search for ‘solutions’ to dryland
degradation is much broader than technology alone, important
though it is (see Sustainable Land Management, page 225).
Degradation is contextual and almost infinitely
variable37. So also is sustainability. This wider livelihood
frame provides the necessary context for evaluating
degradation and sustainability, in particular in relation
to ameliorative action and policy, which needs to be as
holistic as the dryland household itself (see Case Studies,
page 193-229).

In expert diagnosis, ‘over use’ of land by smallholder
farmers and pastoralists rapidly gained currency during the
20th Century28.

Spatial representation of people’s perceptions of changes in vegetation cover and NDVI trends (by 20 × 20 km grid cells) in Senegal.
(a) Number of focus groups reporting observations of degradation of the vegetation cover.
(b) Number of focus groups reporting observations of rehabilitation/improvement of the vegetation cover.
(c) Observations of degradation and improvement combined.
(d) NDVI trends for 1982–2008 at the original 8 × 8 km resolution.
(e) Observations superimposed on NDVI trends averaged for 20 × 20 km grid cells.
Grey grid cells represent the area of Senegal that was not crossed by any of the mapped routes of transhumance and was hence excluded
from the analysis. There is an apparent contradiction between increasing NDVI values and environmental degradation perceived by local people.
However, in many instances, increasing vegetation cover was the result of an increase in undesirable plant species31 .
Source: Herrmann, S., 201431 .

PART III – FEEDING A GROWING GLOBAL POPULATION | World Atlas of Desertification

67

Smallholders as Landscape Architects
The resilience of smallholders makes them key to local environmental solutions
Landscape patches: greening the drylands
Because the smallholders’ agricultural holdings are small and
fragmented, the outcome of interaction between nature and users
is a mosaic of patches. The topography, colour, moisture and other
properties of the soil, the natural growth of biomass, seed production
and growth characteristics of crops and other useful plants, mingle
with the management of fields, pastures and woodland to create
unique resource landscapes that are well known to the farmer,
pastoralist or woodsman. The smallholder may be seen either as a
creative landscape architect or as a soulless destructor (or perhaps
both) of nature’s legacy, his (or her) decisions and outcomes being
responsive to an encircling range of natural or human agents. The
array - which is illustrative rather than comprehensive - contains
both slow changing variables (e.g. rainfall trends, soil formation,
population growth, or knowledge) and fast (e.g. drought, soil erosion,
seasonal ‘exodus’ of labour, or violence). These variables4 are linked
directly or indirectly with the management of land-use patches.
Sahelian landscapes and most probably those of other
drylands managed by smallholders, resolve a dispute between
human and natural systems at the level of the smallholding. An
apparently homogeneous topographical surface breaks down
into an almost limitless diversity, confirmed in other Sahelian
studies39 . Each patch is situated on a continuum - a logical ‘ladder’
to sustainability - as managed ecosystems evolve, reflecting
increasing investments of labour, skills and finance (oval and
pictures a-h). Reaching a goal of sustainability, of course, is not
inevitable. Movement down as well as up this ‘ladder’ is possible,
and forms of degradation can ensue at any point. Nevertheless,
conservation of an intensified and sustainable system through
micro-management is the desired and logical outcome.

At a micro-scale, each landscape patch is an arena for contesting
degrading and sustaining processes. From a ‘greening’ standpoint,
management of development pathways at the household level is
crucial. Decisions at this level aggregate at higher orders of scale.
Thus the recent greening trend observed across the African Sahel,
though primarily a product of recovering rainfall events40 , must
be supported by policies and incentives that operate at this level.
Studies of these patches at a micro-scale show the remarkable
extent of resilience in Sahelian vegetation over several decades,
including drought cycles41 .
Management under pastoral and farming regimes is not
inconsistent with climatic uncertainty. At representative sites in the
region, farmer-managed natural regeneration (FMNR) is claimed
to have benefited 4.5 million peoples’ livelihoods in the Maradi
and Zinder Regions of Niger42 . Preceded by several decades of
environmental policy (top-down and widely unsuccessful), a major
shift in governance, restoring local autonomy in the management
of forest reserves and farm trees, has brought about a significant
change in land use43 . Improving on a traditional Sahelian
practice of allowing economically valued species to reseed or regrow along field boundaries, simple
improvement in the technique and awareness
of an economic opportunity, based on
the valuable species Faidherbia
albida, has led to increased tree
densities with income, soil
fertility, crop yields and
livestock
feeding
benefits.

b

c
Dry forest: ‘Unoccupied’ woodland with more rainfall but not yet
colonised by farmers, exploited by mobile graziers, hunters and
harvesters of non-timber forest products. (Location: Borno State,
Nigeria.)

d
Farming frontier: Low- to medium-density woodland under
pioneering farming families with livestock, enabled by the ‘land
rights to the user’ doctrine recognised in custom and increasingly
in legislation; family labour responding to social and economic
drivers (see text) with women as well as men in fields, organised
communities extending into drier regions between existing
villages. (Location: Jigawa State, Nigeria.)

f
Rotational mosaic: The farming frontier stabilises as the
supply of land diminishes, rights become fixed and to maintain
soil nutrients under repeated cultivation cycles, rotational
systems (such as ‘bush fallowing’ and livestock grazing), with
complementary practices, become generalised, as field boundaries
and other investments begin to reflect social inequality. (Location:
Kano State, Nigeria.)

e

Arable land saturation: Disappearing supply of unclaimed land,
together with increasing trends in labour inputs, multiple cropping,
increased weeding frequency, high yields, commodification of
both inputs and outputs; scarcities of financial capital inhibiting
non-labour investments; migratory labour46 (Location: Kano State,
Nigeria.)
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Conservation: Following saturation, sustainable land
management (SLM) practices (see 4e), the protection of
threatened species - notably in West Africa the leguminous tree,
Faidherbia albida - and other forms of investment in permanent
fields with fixed ownership boundaries, increased fertilisation
(organic and inorganic, both through the markets), cut-and-carried
fodder with stall feeding of livestock during the cropping season
and intensified nutrient cycling. A market in arable land gathers
momentum. (Location: Diourbel Region, Senegal; Yobe State,
Nigeria.)

Sustainable conservation of an intensified
eco system use through micro-management.
a
Dryland smallholders: a provisional conclusion

Steppe: Almost treeless grasslands, rainfall too low and variable
for rainfed farming, managed for mobile selective grazing, enabled
by customary common access, supporting pastoral families.
(Location: Yobe State, Nigeria.)

h

Degradation: Water and aeolian erosion leading to bare ground
following removal of soil and sub-soil from lateritic bedrock,
especially on slopes and where Quaternary dunefields have been
reactivated under low rainfall. Neither is necessarily irreversible,
as interventions in the micro-management of lateritic surface
materials (e.g. ‘half moons’) and changes in dune formation
(with rain, prevailing wind and self-seeding) show. Of greater
importance is slow soil degradation over very extensive areas.
Degradation may set in at any of the stages proposed here with or
without human agency. (Location: Yobe State, Nigeria.)

g

Wetland intensification: Flood plains, permanent or seasonal
depressions), shallow water tables, dams and irrigation canals,
water-lifting gear, reflecting private and public investment;
restricted livestock access to high-quality grazing and water, often
contested between farmers and graziers, local and distant (urban)
owners; outputs of fruit and vegetables, out-of-season grain or
cotton and other crops are sent almost entirely to urban and niche
markets. Public-sector investments are extensive along major
rivers. (Location: Jigawa State, Nigeria.)

The efficiency and dynamism found in the smallholder sector
has been criticised as an inadequate engine of economic growth and
poverty reduction and a policy focus on smallholders as not fully
justified by the data44 . But the precondition for growth is large-scale
outmigration enabling an increase in agricultural productivity. It may
be speculated that the relocation of rural people to towns and cities
(and diversified incomes in situ) will leave ‘remainers’ condemned to
low incomes, weak markets, input scarcities, technical obsolescence
and diminishing land and labour resources.
Contrary to the expectations of some, smallholders in many
dryland countries have evolved complex market systems linked to
interregional trade, experimented with new crops and technologies,
sustained skills in animal breeding and struggled to optimise organic
and inorganic nutrient inputs and to adapt to rainfall variability. The
priority of winning a livelihood from the soil - the sole asset enjoyed
by many dryland people - against the risks of an unpredictable
environment, deprived of equal opportunity in a grossly unequal
world, marginalised by an enfeebled global rhetoric (substituting
Sustainable Development Goals for the only partially successful
Millennium Development Goals) and the largely unregulated
forces of globalisation, ensure that exiting the smallholder sector
will continue to be difficult, especially for the poorest. Because
smallholders are likely to be an enduring feature of semi-arid
landscapes in most of Africa, much of Asia and large parts of South
America, the interaction of co-evolving and ecological systems
defines the challenge facing development interventions. It calls for
holistic analysis. Advancing intensification technologies, in the hope
that they offer another green revolution, must also contend with the
long-term consequences of divisible inheritance, soil degradation
and possible negative outcomes of climate change.
Nowhere are these risks greater than in the drylands.
Conventional metrics of economic growth may have to be jettisoned
in favour of sustainability indicators45 . It seems paradoxical to claim
that the smallholder holds a key to the solution, rather than being the
essence of the ‘problem’ of dryland degradation, in those extensive
areas where smallholder systems operate. But such a conclusion
follows from the argument made in this section. The proviso is that
the ‘investment desert’ of the drylands can be reclaimed46 . In the
past, neglect of this variable led to an analytical underestimation of
small-scale investments in drylands, where urban investment may
be more profitable than agriculture7. Rural people utilise alternative
income sources to reduce the risk and insecurity engendered by
low agricultural productivity and high variability. This income can
be recycled, and such recapitalisation should build on existing local
knowledge as well as adapting appropriate science from external
sources.

Landscape patches illustrated from the Sahel.
Landscape patches form a logical sequence (a) to (h), but it does not
follow that all surfaces have progressed in the same way or will do
so in future; degradation can set in anywhere in the sequence.
Source: Model and photos M. Mortimore, WAD3-JRC, 2018.

Smallholders’ strategies (systems) may incorporate not only
ecological ‘givens’ but also a range of management variables,
resulting in an almost infinite number of landscape patches.
Source: Mortimore, M.

System

Population density

Soil-nutrient
management

Tree management

Tenure

Impact

Natural woodland

Very low

None

None

Open access

Very low

Natural grassland ‘steppe’

Low

None

Few trees, fuelwood cut

Open and/or communal
grazing

Low

Farm - forest mosaic - frontier

Low, rising

Burning cycles

Burning, cutting

‘Land to the cultivator’

High

Livestock integrated

Selection of useful species Individual titles increase;
grazing rights overlap if
for protection; fuelwood
recognised
from natural woodland

Rotational crop-livestock systems Variable, rising

High

Intensifying systems

Input markets, N-fixation,
Highest but declining (‘exodus’) weeding, etc. (e.g. KCSZ),
tree protection

Planting and natural
regeneration

Ending of ‘free land’ and
beginning of purchase plus
disputes

Conservation

Declining

Replacement, fertilisation,
species selection

Legislated and exchangeable
rights to farmland; customary High
rights suppressed

Inorganic and dedicated

Highest
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PART IV
LIMITS TO
SUSTAINABILITY

Unsustainable human activities put the land resource at risk.
If we wish to arrest or reverse the decline of our natural
resource base, we must first understand and monitor the land
status as well as understand the various change processes
that can result in land degradation.
This will allow us to understand, or establish, “planetary
boundaries,” or the limits of the biophysical envelope that
sustains life on Earth4 . By comprehending the environmental
thresholds within which human actions can be maintained we
can avoid severe or catastrophic disruption in the future.
Climate constraints such as changing aridity and drought, the
global distribution and change of surface and groundwater
resources, the status of soils, dynamics of vegetation and the
appropriation of it, as well as dynamics in biodiversity are
covered in this section.

Reserva Extrativista Auati-Paraná, Western Amazon, Brazil.
(https://global-surface-water.appspot.com/#v=-2.93316,-65.69082,7.443,latLng&t=0.00&l=wo)
Source: Global Surface Water Explorer, https://global-surface-water.appspot.com/
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Patterns of Aridity
Aridity is a climate phenomenon characterised by a shortage of water

1981–2010

20.4%

42.4%

6.4%

13.6%
5.7%

11.5%

Global distribution of dryland subtypes
based on the aridity index
(as a percentage of total terrestrial land area)

Cold
Hyper-arid
Drylands

Semi-arid
Arid

Climate Type

Dry Subhumid

Aridity Index

Dryland Subtypes

Humid

Hyper-arid

AI < 0.05

Arid

0.05 ≤ AI < 0.2

Semi-arid

0.2 ≤ AI < 0.5

Dry Subhumid

0.5 ≤ AI < 0.65

Non-Drylands

In 1981-2010 drylands constituted nearly 40 %
of the total terrestrial land area of the Earth.
Most people associate the term aridity with drylands, which
evokes various types of images, including sparse vegetation
(e.g. succulents and other xerophytic plants), sand dunes, small
amounts of water, little or no surface water, scant rainfall and
high temperatures1 . This is only partly true as aridity is, in fact,
a climate phenomenon principally characterised by a shortage of
water2 and therefore, aridity also occurs in cold climates where
precipitation falls mainly as snow, e.g. in the Arctic and Antarctica
(the “polar deserts”), because they receive little net precipitation
each year1 .
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Water is, of course, the key to understanding aridity but at the
same time has a physical meaning on the ground as determined
by climate, vegetation and soil processes. Hence, aridity is
commonly quantified by comparing the long-term average of
water supply or precipitation (P) to the long-term average of
climatic water demand (known as potential evapotranspiration).
Potential evapotranspiration (PET) is a measure of the “drying
power” of the atmosphere to remove water from land surfaces
by evaporation (e.g. from the soil and plant canopy) and via
plant transpiration. Consequently, if PET is greater than P, then
the climate is considered to be arid. Of course, anomaly water
deficits may also occur over shorter time periods, e.g. seasonally
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Humid

AI ≥ 0.65

Cold

PET < 400 mm
Climate classification and dryland subtypes based
on the Aridity Index.
Source: Middleton and Thomas5 , WAD2, 1997.

or monthly, which are called droughts depending on their intensity
and duration (see Droughts, page 76).
The term aridity is meteorologically related to water
availability, with many different techniques proposed to precisely
define it1 . The Aridity Index (AI) is a simple but convenient
numerical indicator of aridity based on long-term climatic water
deficits and is calculated as the ratio P/PET. The AI is a widely
used measure of dryness of the climate at a given location3, 4 .
Using the AI, six subtypes of arid lands or drylands are
classified: cold, hyper-arid, arid, semi-arid, dry subhumid and
humid.

The observed global distribution of the climate classes over the periods
from 1951-1980 and 1981-2010. These AI maps are based on data
computed using the 30-year average of P/PET:

AI=

Σ

30
i-1

Pi
PETi
30

where i denotes the ith year.
Aridity index (AI) is shown on a 0.5° global grid, processed by the JRC, using
precipitation data from the Full Data Reanalysis (v6.0).
Source: Global Precipitation Climatology Centre and potential evapotranspiration data
from the Climate Research Unit of the University of East Anglia (CRUTSv3.20), WAD3-JRC,
modified from Spinoni, J.6 , 2015.

1951–1980 (as published* in WAD 2nd Edition, 1997)

* 1951-1980 period reprocessed by the JRC.
Source: As above.
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Change in Aridity
Global dryland areas changing due to climate change

Shis to Drier Conditions
Humid to subhumid
Subhumid/humid to semi-arid
Semi-arid to arid
Arid to hyper-arid

Shis to Wetter Conditions
Subhumid/semi-arid to humid
Semiarid to subhumid
Arid to semi-arid
Hyper-arid to arid
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A comparison of the two 30-year periods, 1951-1980 and
1981-2010, shows that global drylands have increased by
about 0.35 %. This is attributable mainly to a 3.4 % increase
(from 13.11 % to 13.56 %) in semi-arid subtypes.

Dryland

19511980

19812010

Absolute
change
(%)

Relative
change
(%)

Hyper-arid

0.09

1.51

Arid

0.11

0.98

Semi-arid

0.45

3.42

Dry Subhumid

0.08

1.30

Humid

0.60

1.44

Cold

0.96

4.47

Non-drylands

Climate classification and dryland subtypes based on the Aridity Index.
Source: WAD3-JRC, 2018.
Data: see previous page
1951-1980: Middleton and Thomas, WAD2, 1997.
1981-2010: WAD3-JRC.

Changes in dryland subtypes
A comparison of shifts in the AI (see Patterns of Aridity, page 72) from 1951-1980 to 1981-2010.
Shifts to drier subtypes are observed in high latitudes of Eurasia and North America, northern China, Africa,
southern Europe, eastern Australia, India, and in regions of South America.
Shifts to wetter subtypes are in southern Russia, western China, the central region of the United States,
western Australia, South America, and Greenland.
Source: WAD3-JRC 2018, modified from Spinoni, J., 2015.
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Drought
Prolonged periods of abnormally low water availability

Number of drought events (1975 to 2014)
Oceania
Europe

41

Drought - a meteorological feature of
all climates
Drought, like aridity, is a meteorological
phenomenon. However, while aridity is a
permanent climate feature of a region, droughts
are best described as “extreme events”1 . On a
year-to-year basis, droughts are one of the most
costly natural hazards, affecting many of the essential
elements of coupled human-natural systems2 .
Palmer3 defined droughts as an “interval of time, generally
on the order of months or years in duration, during which the
actual moisture supply at a given place rather consistently
falls short of climatically expected or climatically appropriate
moisture supply.” In other words, as Redman4 succinctly noted,
droughts represent periods where there is “insufficient water to
meet needs.”
Droughts occur in all climates, from wet to very dry. Since
they are temporary aberrations, persisting over months or years,
they vary significantly from one region to another and even within
a given region. The nature of a drought may be exacerbated
or moderated by air temperature, antecedent soil moisture,
frequency and duration of prior droughts and so forth. Drought
can be perceived as being more severe in drylands as it is easier
to exceed tipping points where total crop failure is possible4a .
The exact manifestation of any type of drought depends
on the sector (biophysical or socio-economic) analysed and the
related processes and their impacts. Depending on the prevailing
impacts, various types of droughts are recognised, for example5:
meteorological drought (precipitation deficiencies against some
norm for a given period); agricultural drought (soil moisture
deficiencies that adversely affect crop plant development and
yields); hydrologic drought (reduction of streamflow, reservoir
storage and lowering of groundwater levels); and socio-economic
drought (demand for an economic good exceeds supply as a
result of a weather-related shortfall in water supply).

What is a drought?
From a climatic point of view, a drought results from a
shortfall in precipitation over an extended period of time or from
the inadequate timing and consequently the ineffectiveness
of the precipitation. This situation may be exacerbated by high
temperatures, strong winds, atmospheric blocking patterns and
antecedent conditions in soil moisture, reservoirs and aquifers,
for example. If this situation leads to an unusual and temporary
deficit in water availability, it is called a drought. It is distinguished
from aridity, a permanent climatic feature and from water scarcity,
a situation where the climatologically available water resources
are insufficient to satisfy average long-term requirements.

Droughts have significant impacts
Unlike other extreme events or natural disasters, droughts
develop slowly over time and over large areas6 . Their impacts
cascade through the hydrological cycle, affecting soil moisture,
reservoirs, river flows and groundwater. Ultimately, droughts
impact many different sectors of human societies and the natural
environment (e.g. wildlife habitats) and over varying time frames
(some immediate, some long-term).
Prolonged or repeated droughts may lead to progressive land
degradation, especially in semi-arid and arid regions characterised by
fragile ecosystems with naturally limited and highly variable water
resources. Whereas the human populations in these regions are
especially vulnerable, the processes involved are not simple. They
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Asia

20

238

133
124

Africa

Americas
Number of drought events (1975 to 2014).
Source: based on EM-DAT: The Emergency Events Database
- Université catholique de Louvain (UCL) - CRED, D. Guha-Sapir www.emdat.be, Brussels, Belgium.

are characterised by
complex interdependences
of
coupled
socialenvironmental
systems,
which include economics, public
policy, antecedent rangeland
conditions, management and
human behaviour7. This is illustrated
in an study of the impacts of shortand long-term droughts on grazed
Australian rangelands over the past
century8 . Seven major ‘degradation
episodes’ were found to share three
common sets of events:
i. a period of favourable climate
and economic conditions that
encouraged increased stocking
rates;
ii. these favourable periods were
followed by a major drought with
a commensurate decline in markets,
which paradoxically made reducing
livestock stocking rates financially
unattractive to ranchers, further exacerbating
the pressure on rangeland ecosystems; and
iii. invariably, rangeland degradation occurred with declines in
grazing production. Recovery (where it occurred and its rate)
depended on rangeland condition, the type of subsequent
seasons (wet versus dry), market forces and social conditions.

How do we measure drought?
Droughts are relatively easy to monitor, largely due to their
slow onset, which allows enough time to observe changes in
precipitation, surface water, snowpack, groundwater supplies,
temperature and soil moisture in a region. The World Meteorological
Organization (WMO) has complied a handbook of drought indicators
to help track droughts and guide early warning and assessment2 .
Like other hazards, droughts can be characterised in terms of their
severity, location, duration and timing.
Drought indicators are usually normalised against the long-
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term (> 30 years) statistical distribution of
the measured variable in order to derive
anomalies. This allows for the comparison
of data from different climatological regimes
and the relation of the results to probabilities
and return periods. Indicators range from
very simple ones (e.g. precipitation) to complex
formulations that may include anomalies of the
photosynthetic activity of vegetation, river flows
and other meteorological, hydrological and satellitebased indices. The WMO identifies three general methods
for monitoring droughts: single indices, multiple indices and
composite or hybrid indicators or indices.
Three simple examples from the handbook are briefly
described below:
1. Standardised Precipitation Index (SPI): The SPI is an
indicator that can be calculated for different rainfall
accumulation periods (e.g. 3, 6, 9, 12 months). SPI values are
given in units of standard deviation from the standardised
mean. Negative values correspond to drier periods than
normal, and the magnitude of the departure from the mean
is a probabilistic measure of the severity of a dry event.
2. Standardised Precipitation Evaporation Index (SPEI): The
SPEI is calculated in a similar manner to the SPI, including
however the effect of temperature on the evaporative
demand.
3. Soil Moisture Anomalies (SMA): Uses precipitation and PET
values in a simple water balance equation.

Exposure and vulnerability
The environmental and socio-economic impacts of a
drought stem from the duration, severity and spatial extent of
the precipitation deficit, but also from the exposure of different
goods, assets and activities to a drought event and from the
environmental, social and economic vulnerability of the affected
regions and societies. Key factors that exacerbate the impacts
are inadequate land-use practices, unsustainable management
of water resources and inadequate risk management.

Between 1951 and 2010 the number of
drought events increased predominantly in
already fragile areas, causing increasing
pressure on land and water resources.
Drought Frequency
(events/decade)
+1

-1
Trend in meteorological drought frequency (1951 to 2010)
The map shows the linear trend in the frequency of drought events over the
period 1951 to 2010. It is measured as the change in the number of drought
events per 10 years10 .
Source: WAD-JRC based on Spinoni, J., 201410 .

Climate Variability

High temperatures, strong winds,
low relative humidity, more
sunshine hours, less cloud cover

Precipitation deficit

Meteorological
Drought
Reduced infiltration,
deep percolation, runoff

Increased evaporation
and transpiration

Time

Soil water deficit

Plant water stress, reduced
biomass, yield reduction

Ecosystem
Drought

Reduced stream flow, reservoirs,
lakes, wetlands, groundwater

Hydrological
Drought

Environmental Impacts

Social Impacts

Economic Impacts

(e.g. forest fires, wetland degradation,
land degradation, desertification...)

(e.g. public water restrictions, health,
migration, conflict, water pricing...)

(e.g. agricultural yields, energy production, water-based transportation...)

Droughts cascade through the hydrological cycle leading to impacts in different sectors.
Source: WAD3-JRC, adapted from US National Drought Mitigation Centre (drought.unl.edu), 2018.

Drought and climate change
Global warming is expected to increase the frequency, duration
and severity of droughts in many parts of the world9, 10 . Although
there is some uncertainty11 , increasing evidence suggests that
this is due to higher temperatures, which enhance dry conditions
and thus evaporation if moisture is available12 . Drier soils and
less recycled moisture in the atmosphere is a recipe for increased
intensity, frequency and duration of droughts1 . In a modelling
study with an ensemble of 35 models, it was found that there is
a high probability of increases in the global severity of drought
by the end of 21st century, especially in South America and
Central and Western Europe, where the frequency of drought
may increase by more than 20 %11 . Such changing conditions
will undoubtedly impact social-environmental systems in fragile
drylands in the world. In spite of the fact that droughts are
complex phenomena involving various factors
(such as precipitation, temperature, soil moisture,
snowpack and responses of the human and
natural system on a variety of timescales) there
is a growing consensus that even specific extreme
weather and climate events like drought can be
attributed to anthropogenic climate change13 .

PART IV – LIMITS TO SUSTAINABILITY | World Atlas of Desertification

77

Aridity Projections
Global extent of drylands is increasing due to climate change
Intergovernmental Panel on Climate Change (IPCC)1 concluded
that the climate system of the planet is warming at a significant
rate. Since 1880, the surface temperature of the planet has risen
by about 0.8 ℃, and each of the past three decades has been
successively warmer than the preceding one. The 10 hottest
years ever recorded have all occurred since 1998, and 2016 was
the hottest year on record2 . If there is not a substantial reduction
in greenhouse gases, the IPCC posits that there is a 62 % chance
that by 2081-2100 global temperatures could be more than 4 ℃
higher than in pre-industrial times1 .
One of the major consequences of a warming climate is the
potential for increased global aridity. Aridity is defined here as the
degree of dryness of the climate at a given location, expressed as
a function of precipitation (P) and potential evapotranspiration
(PET), which is the “demand” or “drying power” of the atmosphere
to remove water from the land surface. A commonly used
index to measure changes in aridity is the ratio P/PET, or the
Aridity Index (AI) (see Aridity, page 72). Decreases in AI mean
that conditions are becoming drier; in contrast, increases in AI
mean conditions are getting wetter. Hence, as air temperature
systematically increases globally – accompanied by shifts in
other key variables, including precipitation, relative humidity,
solar radiation and wind speed – a long-term shift to increased
aridity is anticipated. Indeed, recent observational studies have
shown that the average AI is decreasing (a drying effect) as the
globe warms3-5 . For a detailed treatment and justification of the
use of AI in model projections, including a quantitative analysis of
how relative changes in P and PET impact AI, see6, 7.

Imminent Future
2011-2040

P/PET change
(%)

< -20%
< -15 – 20%
< -10 – 15%
< -5 – 10%
< -2 – 5%
No change (< -2 – +2%)

Near Future

> 2 – 5%

2041-2070

> 5 – 10%
> 10 – 15%
> 15 – 20%
> 20%

Model projections
Simulation output based on the work of Feng and Fu6 is presented in the
adjacent maps. Results for Imminent Future, Near Future and Far Future
are AI values compared to Current observations. These simulations are
based on the following 30-year time periods:

†

Far Future

Time Period

Dates

Source

Past

1951-1980

Observations†

Current

1981-2010

Observations†

Imminent Future

2011-2040

CMIP5 simulations

Near Future

2041-2070

CMIP5 simulations

Far Future

2071-2100

CMIP5 simulations

Note that Feng and Fu used modeled values for Current whereas in the projections presented
here, observations are used. In Section 9.1 Aridity (see page 72), changes in AI are based on
Past as compared to Current observations.

2071-2100
Projected future changes in the Aridity index (AI) for three 30-year periods (Imminent
Future, Near Future and Far Future) relative to Current (observed data, 1981-2010).
Shown are results from scenario RCP 8.5 using 27 CMIP5 climate models.
Source: Reynolds, J. et al.17.

The above maps are based on the ensemble average of
27 CMIP5 (Coupled Model Intercomparison Project v. 5) climate
models under a business-as-usual (RCP 8.5) scenario (see Box:
Representative Concentration Pathways on the right). Changes in
the Aridity Index for Imminent Future, Near Future and Far Future
are each calculated relative to Current conditions
Feng and Fu6 concluded that in the past sixty years, global
drylands have significantly expanded, and will continue to expand
into the future. They projected that under a high greenhouse
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gas emission scenario, by the end of the 21st century, global
drylands will expand by about 10 % (or 5.8 × 106 km2). In a similar
modelling study, it is estimated that global drylands could expand
by as much as 23 % and that as much as 80 % of this will occur in
developing countries4 . Obviously, while there are many sources of
uncertainties and limitations when predicting changes in Aridity
Index (AI)9-11 , there remains a high degree of confidence that
aridity will continue to expand globally3, 4, 7, 12-15 .
In their Fifth Assessment Report, the United Nations
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Representative Concentration Pathways
The IPCC adopted a set of scenarios of greenhouse gas emissions
for use in model simulations. These are referred to as Representative
Concentration Pathways, or RCPs. The externally forced responses are
due to changes in Radiative Forcing (RF), which is the measure of the
capacity of a gas (or other forcing agents) to affect the Earth’s energy
balance, thereby contributing to climate change. The model simulations
shown here are based on RCP 8.5, where greenhouse gas emissions
and concentrations increase over time, eventually leading to a Radiative
Forcing of 8.5 W/m2 at the end of the century.

Projected changes to drier dryland
types from 1981–2010 [observation]
to 2071–2100 [RCP 8.5]
Humid to subhumid
Subhumid/humid to semi-arid
Semi-arid to arid
Arid to hyper-arid

Projected changes to wetter dryland types
from 1981–2010 [observation] to
2071–2100 [RCP 8.5]
Subhumid/semi-arid to humid
Semi-arid to subhumid
Arid to semi-arid
Hyper-arid to arid

Projected changes in dryland types with future climate change, shown
as shifts in drier and wetter types from 1981-2010 (observations) to
2071-2100 (RCP 8.5) based on classification of dryland types (see
Aridity, page 72) and changes in the Aridity Index.
Source: WAD3-JRC 2018, modified from Spinoni, J., 2015 (see page 72).

Projected expansions of drylands are not homogeneous over
the globe. This figure depicts some of the changes in drylands
from drier and/or to wetter types for the Far Future (2071–2100)
relative to the Current situation (1981-2010). More than 80 %
of the 27 ensemble models were in agreement on the major
projected expansions of drylands shown6 .
Although slightly different methodologies were used in
Feng and Fu’s study6 , the results presented here are similar. In
comparing the two maps, a strong pattern emerges showing how
increased aridity is the predominant pattern. Major expansions
of drylands are seen over regions of North America, the northern

fringe of Africa, the Mediterranean, southern Africa, coastal
regions of Australia, the Middle East and central Asia (e.g. Iraq,
Iran, Afghanistan) and South America (especially eastern Brazil,
southern Argentina and coastal Chile). Over the northern fringe
of Africa (including Morocco, Algeria and Tunisia), the arid and
hyper-arid climate is projected to expand into semi-arid ones,
which is consistent with predictions of the vulnerability of semiarid drylands to climate change16 . In southern Africa, semi-arid
regions may expand northward and eastward, while the arid
climate is projected to strongly impact countries such as Namibia
and Botswana.

Drylands will become wetter in regions of tropical Africa,
India and parts of north-western China, indicating a reduction
in aridity. There appears to be a poleward shift of northern
African drylands indicated by the retreat of drylands from hyperarid (arid) to arid (semi-arid) in the southern Sahara countries
along with the expansions of hyper-arid and arid
regions in the northern fringe of Africa. However,
all of these regions involve relatively small land
mass as compared to those that show increasing
aridity.
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Aridity and Urban Population
Distribution of the world’s Big Cities

Oslo

London
Paris
Chicago

Madrid

Lisbon

New York
Los Angeles

Mexico City
Global location of Big Cities (population > 300 000), highlighting
dryland versus non-dryland distribution.

Dakar

Source: World Urbanization Prospects: The 2014 Revision, Highlights (ST/ESA/
SER.A/352). Department of Economic and Social Affairs, Population Division.
© 2014 United Nations. Reused with the permission of the United Nations.
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The Big Cities shown here are home to about 2.2 billion
people or 30 % of the world’s total population. In terms of
climate zones, the population distribution closely follows the Big
City distribution, that is, 33 % live in drylands and 67 % in nondryland or humid zones. With projected global population growth
(an estimated 2 to 3 billion new people will be added by 20504)
the number of big cities will increase and many of the current
1 692 cities will become even larger. There is also the potential
for shifts in the balance shown here due to increasing global
aridity as rural populations increasingly move to urban centres to
pursue better employment opportunities4 .
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Urbanisation in different ecosystem-climate zones.
Depiction of the percentage of the world’s population that is urban by
various ecosystem-climate zones, past and projected. Urbanisation in
drylands is expected to increase due mainly to increased population growth
in Africa and Asia (see page 30 on ‘The Urban Planet’)1 .
Source: Balk, D., 20083
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Climate types
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Of the 1 692 Big Cities, 35 % (586) are located in DRYLANDS (dry subhumid,
semi-arid, arid and hyper-arid) where the Aridity Index ≤ 0.65), while 65 %
(1 106) are in non-dryland (or HUMID) regions (Aridity Index >0.65)2 .
Source: WAD3-JRC, 2018, Reynolds, J. and Ye, J., based on 2 , 2016.

As of 2015, there were 1 692 cities in the world each with a population
that exceeded 300 000 people. Here, these are referred to as “Big Cities”.
The total population in these Big Cities is about 2.2 billion people. The
trend of increasing migration to urban areas has been accelerating over
the past generation1 .
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exceeded 300 000 people. The total population in Big Cities is
about 2.2 billion people. The global distribution of the Big Cities is
shown on the main map.
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The trend of increasing migration to urban areas has been
accelerating over the past generation1, 2 . Highlighting this trend,
the term “Megacities” is used for the largest urban centres of
more than 10 million inhabitants. As seen in the graph on the
right, in 1990 there were 10 Megacities, which accounted for 153
million people or less than 7 % of the global urban population.
Today, there 28 Megacities, with a total population of about 453
million; these now account for about 12 % of the global urban
population. Some of the world’s largest Megacities include Tokyo
(Japan) (the world’s largest Megacity with an agglomeration of
38 million inhabitants), Delhi (India, 25 million), Shanghai (China,
23 million) and three Megacities with approximately 21 million
inhabitants each: Mexico City (Mexico), Mumbai (India) and São
Paulo (Brazil)1 .
Cities with 5 to 10 million inhabitants (“Large” cities) cater
for a growing proportion of the global urban population1 . In
2014, over 300 million people lived in 43 Large cities, with 5
to 10 million inhabitants each. Examples of Large cities include
Santiago (Chile), Madrid (Spain) and Singapore. Large cities now
account for 8 % of the urban population of the world, and this is
expected to increase by 2030. The projection is that there will be
63 Large cities in 2030, which will account for 400 million people
or 9 % of the global urban population.
Here, our focus is on global cities that exceed 300 000
inhabitants, which are referred to as “Big Cities”. As of 2015,
there were 1 692 Big Cities in the world with a population that
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Urban population growth is occurring in cities of all sizes
A summary of global urban population growth in cities of different sizes.
Source: World Urbanization Prospects: The 2014 Revision, Highlights (ST/ESA/SER.A/352).
Department of Economic and Social Affairs, Population Division. © 2014 United Nations.
Reused with the permission of the United Nations.
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Global Urbanisation and Aridity
How will increasing aridity impact the Big Cities of the world?
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There are 1 692 cities in the world where population exceeds
300 000 people, referred to here as “Big Cities”.
On the maps above and opposite, these Big Cities are shown
in relation to global maps that illustrate projected changes in
aridity. Changes in aridity is quantified in terms of percentage
change in the Aridity Index (AI) (see page 78 on Aridity projections).
The histograms show a summary of the distribution of the
two types of cities (non-dryland and dryland) for each climate
projection. They also include changes in the number of cities that
experience increased aridity (lower AI) or increased wetness (higher
AI) based on two projected climate scenarios: RCP 4.5 and RCP 8.5.
Under the current climate, 35 % of these Big Cities (583) are
located in drylands, and 65 % (1 109) in non-dryland (or humid)
regions. Since evidence clearly indicates that global aridity will
change in the future, will these percentages change or remain the
same? Will the climate zone in which each city is presently located
become drier or wetter in the future? Analysis shows that in the
RCP 8.5 scenario, 71 %, 84 % and 86 % of the 1 109 non-dryland
cities become drier in the Imminent Future, Near Future and Far
Future scenarios, respectively (as compared to 29 %, 16 % and
14 % of them becoming wetter). This drying trend is occurring
where 75 % of the non-dryland city populations presently reside
(based on 2015 estimates1, 2, 3). However, the trends are similar
for both RCP 4.5 and RCP 8.5 scenarios (see page 78 on Aridity
projections for definition of RCP).

Number of cities

400

For the 583 dryland cities, the trend is roughly 50:50 (see
above graph) – that is, the climate in about half of the cities
becomes wetter while about half become drier. Specifically, the
climate in 43 %, 51 % and 54 % of the dryland cities will become
drier in the Imminent Future, Near Future and Far Future RCP
8.5 scenarios, respectively (as compared to 57 %, 49 % and 46 %
becoming wetter). This drying trend is occurring where 50 % of
the dryland city populations presently reside (based on 2015
estimates1, 2, 3).

Change in aridity determines the
water availability to growing big
cities, knowing where conditions
get wetter or drier is crucial for
land-resource planning.

Source: Reynolds, J. et al10 ; source Big Cities: World Urbanization Prospects: The
2014 Revision, Highlights (ST/ESA/SER.A/352). Department of Economic and Social
Affairs, Population Division. © 2014 United Nations. Reused with the permission of
the United Nations.

1 109 = Non-dryland, AI > 0.65 (current)
583 = Dryland, AI ≤ 0.65 (current)

The IPCC concluded with a very high level of confidence that
urban areas are extremely vulnerable to climate change. There
are numerous issues related to increasing aridity that pose major
concerns for urban populations, the urban infrastructure and its
associated economies and ecosystems. These include increased
heat stress, severe storms, extreme precipitation (and related
flooding and landslides), increased air pollution as temperatures
rise, drought and water scarcity. Of course, risks are always
magnified for people who lack essential infrastructure and
services or who reside in exposed areas.
One major concern is the heat island effect3 (see Urban
Planet, page 30). As the climate warms, extreme heat events will
increase2, 4 , which will lead to increased heat stress, especially
in urban areas5 . Heat stress is a leading cause of weatherrelated human mortality in many countries6 . It is well known that
human beings have a definitive upper limit to cope with heat and
humidity stress and that extended exposure to combinations of
high temperatures and humidity above this threshold will lead to
hyperthermia and death5, 6 . It is estimated that this physiological
2

threshold will become important in the distant future as the
global mean temperature rises4 .
Pal and Eltahir7 conducted a case study on this physiological
limit with regional climate models under future scenarios of
increasing aridity in the Arabian Peninsula. They explored how a
combined index of temperature and humidity (which represents
the physiological threshold of humans) would increase if carbon
emissions continue on current trends and the world warms by
4 ℃ this century. Their study suggests that, if current emissions
continue unabated, extreme heat waves could potentially become
commonplace after 2070 and the hottest days of today would
become a near-daily occurrence in cities such as Abu Dhabi,
Dubai and Doha. Although the Arabian Peninsula is a specific
regional case study, it suggests that increasing hotspots do not
bode well for human habitability of cities in the future unless
significant mitigation occurs.
The IPCC2 argues that urban adaptation is critical in order to
address the many challenges faced by an urbanising planet. Some
examples of adaptation mechanisms include reducing energy
and water consumption in urban areas via greening cities and

300
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Potential consequences
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Change in Aridity Index (AI)
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(+) becoming wetter

Note: each Big City is designated as either a non-dryland (AI 0.65) or dryland city
(AI < 0.65) based on current conditions.
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2041-2070
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Summary of trends in the number of Big Cities that will be impacted
by changing global aridity. It is evident that cities will become drier under
future climates and this trend is most pronounced in the Far Future than in
Imminent Future and for non-dryland cities. RCP 8.5 results only.
Source: Reynolds, J. et al10 .

water recycling8 . Importantly, cities must develop
a resilient infrastructure in order to reduce their
vulnerability to the many risks associated with
climate change9 .
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Water Stress and Urbanisation

Percent change in number of Big Cities

Increasing vulnerabilities of Big Cities to water shortages
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Water Stress Indicator
Water stress indicator calculated for the Imminent Future scenario
(2011-2040) (using RCP 4.5 and RCP 8.5 scenarios - differences in RCP
scenarios were slight).
Source: Reynolds, J. et al.20 .
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of the Water Stress Index (%)
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Trends in all Big Cities
Based on current climate, Big Cities are roughly split evenly in terms of their
water stress ratings: 44 % of them experience High- to Very High-water
stress, compared 42 % that are in None- to Low-water stress regions. The
remaining 16 % are in Mid-water stress.

would represent the greatest shared
risk to the global economy7. The only
way to avoid a global water crisis is
to limit water consumption, increase
water-use efficiencies, and develop
efficient, cooperative, international
strategies to share limited freshwater
resources5 . However, the magnitude
of this challenge is illustrated by the
fact that currently about two-thirds of
the global population – half of whom
reside in India and China – subsist under
conditions of severe water scarcity at
least one month of the year5; over 120
million people in the European region do not
have access to safe drinking water1; and half a
billion people in the world face severe water scarcity
year round5 .
To prepare, manage, and adapt to water shortages, there is a
need for different sectors of human society (private, nation states,
their institutions and organisations, etc.) to better understand the
scope of the problem8 . However, quantifying water dynamics
at the scale of the globe is a difficult task due to the inherent
complexity of the hydrologic cycle, which includes many nonlinear
interactions and feedbacks between climate, water availability,
water quality, human interventions, and water demand8 . In
part to aid in this understanding, the World Resources Institute
developed the Aqueduct water risk mapping tool8, 9 . Generally,
Aqueduct provides insight into the complex topic of water risk by
using available data, indicators, and modelling. It combines data
on 12 different indicators of water risk – from water stress to
access to clean drinking water. Here, we present the Water Stress
Indicator, which is from the Aqueduct Global Maps 2.16 .

Source: Reynolds, J. et al.20 .
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Water is a critical natural resource for both natural ecosystems
and human subsistence, including human needs related to
consumption, agricultural, municipal, industrial, and recreational
uses. Freshwater resources are limited yet global water use has
grown at twice the rate of population growth over the past 100
years1 . Humans affect the global water cycle in a variety of ways.
There are (i) direct effects, including the construction of dams,
diversion of major rivers, and the withdrawal of surface and
groundwater reserves for industrial, agricultural, and domestic
usages; and (ii) indirect effects, mainly via climate change, which
has the potential to significantly modify the water cycle and thus
influence global water availability and alter demand2-4 .
Access to, and sustainability of, freshwater resources sufficient
to meet human demands is one of the most critical challenges of
the near future1, 2, 4-6 . The World Economic Forum asserted that
the global economy failure to meet human demands for water
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Trends in Water Stress Indicator: Dryland vs. Non-Dryland Cities:
The number and percentage of dryland and non-dryland cities in each of
the Water Stress Indicator categories under current climate conditions (see
Aridity Projections). A total of 74 % of the dryland cities are found in High to
Very High stress regions whereas 55 % of non-dryland cities are located in
None- to Low-stress regions. (Note: water stress data missing for some cities
hence, total percentage with negative change is not equal to percentage with
positive change).
Source: Reynolds, J. et al.20 .

Some of the most immediate pressures
on land that lead to degradation include
diversion of surface waters and the removal of
groundwater reserves to meet human, urban,
industrial and agricultural demands.

Variability in the Water Stress Indicator across the globe. See 6 for details
of how the Water Stress Indicator (also known as relative water demand) is
derived. Briefly, the Water Stress Indicator is a measure of total annual water
withdrawals (total amount of water removed from freshwater sources by various
users, e.g. local, municipal, industrial, agriculture) expressed as a percentage of
the total average annual available freshwater surface and groundwater (“blue
water”). The Water Stress Indicator shown here is shown as the ratio of water
withdrawals in 2010 to the mean available blue water over the period 1950–2008.
Available blue water is the total amount of water available to a catchment before
any use is satisfied, calculated as all water flowing into the catchment from
upstream catchments plus any imports of water to the catchment, minus upstream
consumptive use, plus runoff in the catchment. Higher stress values indicate an
increasing inability of existing water supplies to meet water demands. The Water
Stress Indicator is thus a measure of chronic, rather than drought, stress6 .
Global water stress and Big Cities: the 1 692 Big Cities in the world (as of 2015,
with a population over 300 000; see Aridity Projections and Urbanisation, page 78
and 82) are shown in relation to the Water Stress Indicator.
Source: Gassert, F., et al 2014. “Aqueduct Global Maps 2.1.” Washington, DC: World Resources
Institute6 ; Big Cities: World Urbanization Prospects: The 2014 Revision, Highlights (ST/ESA/SER.A/352).
Department of Economic and Social Affairs, Population Division.
© 2014 United Nations. Reused with the permission of the United Nations19 .

Big Cities, climate change, water resources and land degradation
Climate change, e.g. processes that lead to increased global
aridity, will affect Big Cities. Since urban areas are particularly
vulnerable to water shortages10 , this is one of the greatest risks
of urbanisation. The graphs to the left suggest that under current
climate conditions, 44 % of the Big Cities face High- to Very High
water stress. In a study of 71 Cities with more than 750 000
inhabitants, it was estimated that 35 % of the Megacities are
presently vulnerable to water shortages11 .
How might these trends change in the future? To explore this,
the Water Stress Indicator was recalculated for the Imminent
Future scenario (2011-2040) using both the RCP 4.5 and RCP
8.5 scenarios (see Aridity Projections, page 78). Overall, water
stress becomes more severe with a 24 % increase in the number
of Big Cities with Very High stress (from 463 to 572) (bar chart
on the left). For the Megacities, it was estimated that 29 % more
of them would be vulnerable to water shortages by 2040 if no
action is taken11 .

While climate change is an important driver of global water
shortages, increases in population growth and rapid economic
development will have a much stronger effect on water stress
than climate change per se12 . This is especially the case for
many developing nations. The rate of social and economic
development associated with urbanisation poses serious threats
to the environment and often leads to serious land degradation.
Some of the most immediate pressures on land that lead
to degradation include diversion of surface waters and the
removal of groundwater reserves to meet human, industrial and
agricultural demands, construction of domestic and industrial
landfills, air pollution, the conversion of adjacent grasslands,
forests and wetlands to agriculture, building of infrastructure
to support urban needs and various industrial activities, e.g.
thermoelectric production and mining13 . In addition, urban
areas are major local sources of pollutants into waterways and
groundwater reservoirs14 . Paradoxically, another cost is that as

urban expansion inescapably spreads over existing agricultural
lands, the increasing land values and markets around cities often
result in the abandonment of productive agricultural land as
owners anticipate profits for development15 .
The interactions and feedbacks between urbanisation,
climate change, population growth, land use, land cover, land
degradation and water resources are highly complex. With regard
to water resources and water security, activities such as reducing
water consumption via greening cities and water recycling16
and the development of resilient infrastructures are needed to
help reduce the vulnerability of these cities to climate change
and projected water shortages17. Although there
is no single best policy that can be universally
applied, water conservation is increasingly being
singled out as the most important strategy for
water planning and management for the future
decades18 .
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Surface Water
Global distribution varies dramatically in space and time
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Changes in the water balance
Changes in soil and land cover can have important impacts
in the water balance (see figure on opposite page). For
example, in a semi-arid grassland in southern New Mexico
(USA), reduction in grass cover (due to overgrazing and
prolonged drought) resulted in increased soil surface
temperatures, which increased soil water evaporation
Dakar
and nutrient volatilisation. Over time, these drier, warmer
conditions tended to favour the establishment of shrubs,
which replaced the grasslands.
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Africa and Australia have the lowest permanent
water reserves in their dryland areas.
At the global scale, surface water is a dynamic resource1 .
While surface water is only one part of the global water resource,
it is the most readily accessible for human use and provides
wide-ranging ecosystem services. Over the past three decades,
3 % of the Earth’s landmass (4 476 571 km2) has been covered
by water for at least some period of time. Permanent lakes and
rivers comprise about 60 % of surface water, while the rest
occurs as episodic events, including seasonal (e.g. monsoons)
and sporadic (e.g. once every few years) events. Most surface
water is freshwater, but there is no accurate data available on
the proportions of fresh/brackish/saline waters.
When and where surface water occurs on the planet is
critically important. Water availability is relevant to almost all
socio-economic and environmental impacts of climate and
demographic changes and has far-reaching implications for
sustainability2 . The presence or absence of surface water on
the planet’s landmass influences the physical climate system
because it affects the exchange of heat, gas and water vapour
between the planet’s surface and atmosphere3 . Surface water
sustains ecological systems on which terrestrial life depends4 . It
affects our capacity to grow crops and raise animals, underpins
industrial processes, influences the movement of diseases and
toxins, generates energy, can cause loss of life and damage
to property and infrastructure and also has immense spiritual,
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Buenos Aires

recreational and cultural value in our
lives5 . Surface water is therefore a
fundamental land resource.
North America accounts for 52 %
of the planet’s truly permanent water
resources and 15 % of contemporary seasonal
water, but has just 5 % of the human population. In
contrast Asia, with 60 % of the human population, has
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only 9 % of the truly permanent and 35 % of the contemporary
seasonal water. Africa and Latin America have almost the same
share of the world’s permanent water at around 9 % each, though
their populations are very different, with Africa (16 % of the total)
supporting nearly twice as many people as Latin America (8.6 %).
Europe, including Russia, with 10 % of the global population has
22 % of the permanent water and 18 % of the contemporary
seasonal water1 .
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The global water cycle
The mass of water on Earth remains fairly constant over time, but its partitioning into the major
reservoirs of ice, fresh water, saline water and atmospheric water varies depending on a wide range
of climatic variables. The water moves from one reservoir to another, such as from river to ocean,
or from the ocean to the atmosphere, by the physical processes of evaporation, condensation,
precipitation, infiltration, surface runoff and subsurface flow.

Africa

Europe

Asia

North America

Australia

South America

Distribution of permanent and Seasonal water in dryland areas per continent1
While permanent water as a percentage of the respective continental drylands is rather unequal,
the global drylands show a more equal share of seasonal water but the actual benefit and use
depend on time and duration and on the coincidence of availability and needs.
Source: WAD3-JRC, 2018, based on Pekel, J.-F. et al, 20161 .

Source: WAD3-JRC, 2018.
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Surface Water Changes
Every land-use decision is a water-use decision1

TURKMENISTAN

US WESTERN STATES

Although lakes, rivers, streams, reservoirs, wetlands
and estuaries cover less than 3 % of the Earth’s
surface, they play a disproportionately large role in
the global carbon cycle because of their high rates of
carbon respiration and sequestration21 .
IRAN, AFGHANISTAN AND IRAQ
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Area (103 km2)

10

0

-10
Patterns of Change
Surface water is crucial because it is the most accessible
form of available water to human populations2 . High-resolution
mapping of data from three million Landsat satellite images has
shown that over the period from 1984 to 2015, permanent surface
water contained in lakes, rivers and reservoirs has fluctuated
greatly across the globe3 . Once considered permanent, about
90 000 km2 of surface water has been lost – overwhelmingly
(70 %) in the Middle East and Central Asia – while about twice
as much (184 000 km2) of new surface water has formed across
the globe. All continents show a net increase in permanent water,
except Oceania, which has a 1 % net loss. Overall, 24 countries
have gained at least 1 000 km2 of new surface water.
The underlying drivers of these fluctuations have been
drought, climate change and human actions, the latter of
which includes river diversion or damming and unregulated
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withdrawals3 . Much of the global increase is from the formation
of new reservoirs, although some is due to climate change, such
as in high-elevation lakes throughout the Tibetan Plateau. These
lakes have expanded in size and number over the past decade
– an increase in area of 20 % – as a result of accelerated snowand-glacier melt caused by higher temperatures and changing
precipitation, which is caused by global warming.

Increases
The bulk of increases in surface water is the direct result of
dam construction and the subsequent filling of reservoirs. Dams are
considered to be essential components of economic development4
and indeed have many economic and societal benefits, including
flood control, hydroelectric power generation, and storage of
water for irrigation, tourism and recreation. But dams also come
with heavy costs to the environment and local human societies.
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This includes significant alteration of biogeochemical cycles (such
as those of silicon and phosphorus5, 6), the invasion of exotic
species7, the upstream flooding and loss of rich agricultural land,
negative impacts on human health (such as creating favourable
environments for disease vectors, e.g. of malaria8), displacement
of human populations and their loss of livelihoods and the
destruction of terrestrial and aquatic ecosystems and subsequent
loss of biodiversity9 . Diminished downstream flows also cause
fragmentation and the disappearance of fluvial systems, which
has a devastating impact on ecosystems and the services
they provide9 . Dams impact downstream estuaries, deltas and
coastal zones via increased salinity, the loss of nutrients and
decreased sediment, which is essential for the maintenance of
deltas, beaches and sandbars10 . The Three Gorges Dam in China
is a recent, high-profile example of the massive scale that such
disruptions can have11 .
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TIBETAN PLATEAU

Five countries were most affected: Kazakhstan
and Uzbekistan (where the Aral Sea has largely
disappeared), Iran, Afghanistan and Iraq. The latter three
have respectively 56 %, 54 % and 34 % less permanent
surface water area than they had in the early 1980s.
Source: WAD3-JRC, 2018, based on Pekel, J.-F.3 .

30°

60°

60°

90°

90°

120°

-30° S
150°

120°

150°

180°

180°
New permanent
Lost permanent
New seasonal
Lost seasonal

Downstream, in the irrigated cropland areas served by dams,
there are challenges to manage and maintain soil structure
and fertility, prevent soil salinity, minimise fertiliser movement
into groundwater and surface waters and protect riparian and
adjacent ecosystems10, 12 . The magnitude and complexity of
managing large river basin developments as coupled human and
environmental systems are well documented and illustrated in
examples around the world, including the Indus River in Pakistan,
the Nile in Egypt and the Colorado in the USA9 .
North America contains about 52 % of the planet’s permanent
surface water13. Between 1984 and 2015, its permanent surface
water area increased by 17 000 km2, largely because of the
construction of new reservoirs. Other notable increases in surface
water are associated with increased runoff from glaciers and
snowpack surrounding the Himalayas and the restoration of the
Garabogazköl Aylagy lagoon along the Caspian Sea in Turkmenistan3.

Decreases
Reductions in surface water can be attributed to numerous
factors, including drought, climate change and increasing human
demand (mainly for agriculture). The Aral Sea in central Asia
and Lake Chad in Africa are two prominent examples of where
upstream diversions have reduced surface water, although
climate change has perhaps exacerbated these losses3 .
Another cause of the disappearance of surface water is the
drying up of reservoirs due to the construction of upstream dams,
as in Syria and Iraq where the Greater Anatolia Project in Turkey
has constructed new reservoirs to bring new agricultural land into
production14, 15 .
The rate of loss of global wetlands is alarming. Although
wetlands are significant for water security, food security and
human health, there is as yet no agreed global map of wetlands,
and global estimates on conversion are mainly based on satellite

data. Due to uncertainties in distinguishing man-made features,
such as rice fields from natural features such estimates have not
been reliable18 . Based on alternative and combined approaches,
the loss of global wetland extent has recently been estimated at
around 30 % during the 1970-2008 time period (based on the
Wetland Extent Trends (WET) index19) and to be “at least 33 %”
in 200920 . Wetlands are not only global biodiversity hotspots,
they are an intrinsic chain in the water flow cycle providing
vital ecosystem services such as hydrological regulation,
flood prevention, water supply, erosion control and nutrient
retention19, 21 . Their degradation or loss, at an
annual average decline of around 1 % globally19 ,
is an important aspect to be considered in terms
of water resource change and land degradation.
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Surface Water Trends in some Key Areas
Surface water bodies altered due to climate variability and human activities

Area (103 km2)

Trend

30

Turkmenistan

25

The Caspian Sea - the largest inland sea in the world - is an endorheic basin (a basin without outflows) that
equilibrates through evaporation. The Garabogazköl Aylagy lagoon is a shallow extension on its eastern coast and
situated in North-West Turkmenistan. It was long considered as, essentially, an evaporation pond that, due to its high
level of evaporation, contributed to lowering the water level of the Caspian Sea. In the 1980s, a dam was constructed to
block entry of water into the lagoon. This blockage resulted in the nearly complete evaporation of the lagoon, converting
it into a vast salt plain, prone to wind erosion. The salts were transported and deposited on adjacent agricultural areas.
These salts created problems for farmers as soils became salinised and also posed a public health hazard. To mitigate
these problems, the dam was breached in 1992, allowing water from the Caspian Sea to flow again, eventually filling
the 14 411 km2 lagoon and even exceeding its past extent1 .
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Three percent of the Earth’s landmass (4.46 million km2) was under water at some time during the past three
decades. Half of this is found north of 44° N latitude. About 2.4 million km2 of permanent water bodies were observed
to be geographically and temporally stable and consistently present during this period.
Finland – “the land of a thousand lakes” - with around 30 030 km2 of the permanent water surface, is one of those
places showing both a high density of lakes (10 % of the territory) and a long-term stability over the past three decades.
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The Tibetan Plateau in central Asia is called “the Third Pole” of the Earth because its ice fields contain the largest
reserves of fresh water outside the polar regions. It is the source of 10 major river systems that provide irrigation,
power and drinking water for over 1.3 billion people in Asia. Global warming affected this area over the past three
decades with a local temperature rise of 0.3 °C per decade, about twice the global average. Warming accelerated the
melting of snow and glaciers. In addition, annual precipitation also increased. Throughout most of the plateau, the
combination of these phenomena made high-elevation lake levels rise (average elevation > 4 000 m) and increased
runoff. Lakes expanded by about 20 % over the past decade. The expansion reduced rangelands that were originally
near these water sources. Also, new lakes formed by runoff tend to be more saline because they filled dry depressions
that had been lakes in the geologic past and that had left salt pans when they evaporated. Although, surface water
areas have expanded, in many cases the water is unsuitable for agricultural or domestic use due to its salinity2 .
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USA, Western states
Over the past three decades, almost 90 000 km2 of global water bodies previously thought to be permanent have
vanished, but with enormous regional variation and differences.
In the USA, the permanent surface water area overall has increased by 0.5 % since 1984. However, a combination
of drought and sustained and increasing demands from agricultural, urban and industrial sectors led to six Western
states losing more than 6 000 km2 of their permanent water surface. These losses trigger local water-management
policy changes, affect irrigation schemes, cause shifts in agricultural production and are modifying social behaviour3 .
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Iran, Afghanistan and Iraq
Over 70 % of the global net permanent water loss is concentrated in only five countries - Iran, Afghanistan, Iraq,
Kazakhstan and Uzbekistan. This observed negative change in permanent water cover change is geographically centred
at 45° N, 60° E. Observed in 2015, Iran, Afghanistan and Iraq have seen major losses of respectively 56 %, 54 % and 34 %
of their permanent surface water over three decades. Further problems are caused by factors including unregulated
withdrawals, the construction of dams that change the flow rate and direction of rivers, and recurring droughts. The
observed loss and use of surface water raise serious concerns for the region on questions related to water security and
transboundary water management, as well as sustainability of agricultural production and food security4, 5.
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The Aral Sea - one of the largest saline lakes until the 20th century - is a famous example of dramatic humaninduced environmental changes. The sea is fed by the Amu Darya and Syr Darya rivers, but in the 1960s, these were
diverted to irrigate vast new agricultural production areas. This economic decision deprived the Aral Sea of its main
water income, and evaporation caused the water level to dramatically decrease. As the Aral Sea shrank, winds carried
dust from the exposed lakebed sediments and deposited it onto the newly established croplands, degrading the soil
through salinisation. Furthermore, in addition to salts, the lakebed sediments were contaminated with agricultural
chemicals, all of which posed a considerable hazard to public and environmental health in the region (see case study
on Aral Sea, page 214)4, 6, 7.
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Source: Pekel, J.-F., 20167.

PART IV – LIMITS TO SUSTAINABILITY | World Atlas of Desertification

91

Groundwater
Global distribution and availability of groundwater

Groundwater is the water stored
beneath the Earth’s surface in soil
and porous rock aquifers7.

“We don’t really know how much
groundwater we have.”
Jay Famiglietti, professor, University of California, Irvine
Groundwater recharge (mm/a)
Groundwater resources:

very
high

high

medium

low

very
low

in major groundwater basins
in areas with complex hydrogeological structure
in areas with local and shallow aquifers

Groundwater, or water stored below the Earth’s surface in
unconsolidated media and porous rock, provides up to 33 % of
the total water that supports irrigation and human consumption.
It is used to supplement surface water supplies in humid areas,
particularly in times of drought, and may provide the primary
or sole source of water in arid and semi-arid areas worldwide1 .
Globally, groundwater serves as the primary source of water
for around 2 billion people2 . Consequently, the depletion of
groundwater is a well-known global-scale concern3 . In addition
to human demands, there are many groundwater-dependent
ecosystems (GDEs), such as rivers, lakes and wetlands, that
depend on groundwater to maintain their structure and
functioning. These unique, fragile ecosystems comprise a diverse
and complex subset of the world’s ecosystems4 . GDEs are
especially vulnerable to pollution, the intrusion of brackish waters
and variations in the water table caused by human withdrawals,
drought and climate change3 .
Despite its overwhelming importance, global estimates of
groundwater volume, rates of recharge (through rainfall, surface
flow infiltration, irrigation and transmission losses from canals)
and discharge (via outflow to surface waters or withdrawal by
pumping) have been either unavailable or unreliable, varying by
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several orders of magnitude over the past
half-century5 .
Currently, total groundwater volume
in the upper 2 km of the continental crust
is estimated at approximately 22.5 km3 – with an
uncertainty of about 30 % - or about three times the quantity
of surface water6 . Given projected rates of human population
growth and its attendant demands for water, combined with the
predictions of climate change impacts on water resources, this
gap in our fundamental understanding of the hydrologic cycle is
cause for concern7.
Although ubiquitous throughout the terrestrial land mass
of the globe, groundwater is not amenable to direct observation
and so is largely unknown and unmanaged, particularly in the
developing world. Even in developed countries, groundwater
management is haphazard and data on groundwater depths
and withdrawals are rarely shared among local, regional or
national management agencies. As a consequence, there is a
general under-appreciation of its value, it is being extracted at
unsustainable rates (often promoted by perverse governmental
irrigation subsidies) and there is little regulatory overview7.
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The first global map of aquifer types and status, shown here,
was compiled using existing ground observation data8 . Since
2002, the GRACE (Gravity Recovery and Climate Experiment)
satellite system of the United States (NASA) and German (DLR)
space agencies has provided a novel means of acquiring coarseresolution data that can be used to measure changes in the
mass of stored groundwater. We now have an unprecedented
opportunity to monitor, with exceptional precision, groundwater
changes across the globe9 . These data are actively used with
models and observations of extraction wells to estimate
groundwater recharge and withdrawals10 .
The advent of this enhanced ability to monitor groundwater
will result in more widely available data and will facilitate
more coordinated efforts to manage its use and quantify its
contribution to the global hydrologic cycle. Because 70 % of
fresh water is used to irrigate crops, very small increases in crop
water use efficiency achieved with new irrigation technologies,
judicious crop selection and other prudent water-management
practices, has the potential to yield large water savings. However,
to be most effective, all water resources – surface, ground and
wastewater – must be viewed and managed as an integrated
whole7.

2 billion people rely on groundwater
as their primary water source.
Groundwater accounts for one third of
total water withdrawals globally!7.

Groundwater basins and recharge
The Worldwide Hydrogeological Mapping and Assessment Programme
(WHYMAP) is a global initiative to better study and manage aquifer
resources. Using very diffuse subnational, national and regional data
sources of different quality, a consistent picture of the hydrogeological
situation on the globe was obtained for the first time.
WHYMAP shows "various characteristic groundwater environments in their
areal extent:
Blue colour is used for large and rather uniform groundwater basins.
Green colour symbolises hydrogeological environments of complex
geological structure.
Brown colour outlines areas with local and shallow aquifers in which
relatively dense bedrock is exposed to the surface"
Five categories define the potential recharge rates from over 300 mm
to less than 2 mm/year (ranging within the three main colours from dark
(very high recharge rates) to light (very low recharge potential)8 .
Source: Richts, A., WHYMAP, 20118 .
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Most of the major aquifers in the world’s arid and semi-arid zones are experiencing rapid rates of depletion
because of water use, mainly for agriculture. This chart is derived from GRACE data and shows groundwater
storage declines in the North China Plain, Australia’s Canning Basin, the Guarani Aquifer in southern South
America, the High Plains and California Central Valley aquifers of the United States and the aquifers
beneath north-western India and the Middle East.
Source: Data from Reager, T., NASA Jet Propulsion Labouratory, California Institute of Technology, USA. Figure 2. Famiglietti 2014)7.

California experienced a serious drought beginning in 2011. The extent of
the drought is visible in the series of GRACE maps of dry season (SeptemberNovember) water storage anomalies shown here. Colours progressing from green
to orange to red represent greater accumulated water loss between April 2002
and June 2014. California’s Sacramento and San Joaquin river basins have lost
roughly 15 cubic kilometres of total water per year since 2011 — more water
than all 38 million Californians use for domestic and municipal supplies annually.
Over half of the water losses are due to groundwater pumping7.
Source: NASA/JPL-Caltech/University of California, Irvine.
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Groundwater Changes
Satellite observations enable the mapping of global groundwater dynamics
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An expanding global population, with its accelerated demand
for food, industrial products and domestic consumption, drives a
commensurate demand for water1 . While much of this demand
is met by surface water, groundwater is increasingly exploited.
Globally, irrigated agriculture is the prime user of groundwater2, 3:
Half or more of irrigation water, estimated at around 70-80 %
of total water consumption, is supplied by groundwater4, 5, 6 .
As irrigated agriculture increases, so does the use of fertilisers,
manure and pesticides7, which contributes to the pollution and
contamination of groundwater3 , especially from phosphorus8 ,
nitrogen9, 10 and antibiotics11 .
If withdrawals surpass net recharge, groundwater will be
depleted12, 13 . In fact, based on recent monitoring data (see GRACE
textbox on this page), this is, in fact, the case for major aquifers
around the globe1 . Total groundwater depletion is estimated to
have doubled during the period 1960 to 200013 . The risk for
depletion increases in arid and semi-arid areas12 .
Because of the difficulties to assess and monitor at global
scales, few studies on groundwater dynamics are available.
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However,
recent
space
observations
demonstrate that changes in groundwater storage
can be estimated1, 14 . The global groundwater footprint
– the theoretical size necessary to sustain current use rates – is
currently estimated to be 3.5 times the actual area of aquifers15 .
For example, the expansion of irrigation in India has resulted in
severe depletion and contamination of groundwater reserves12 .
Groundwater storage is important for Indian agriculture as
groundwater-based irrigation has been expanded substantially in
the past decade. Groundwater pumping for irrigation has been a
major contributor to adverse variations in groundwater levels in
north-western India, however using the GRACE observations and
derived estimates of groundwater changes, it was recently shown
that further to anthropogenic causes, precipitation variability
played the major role in groundwater changes in north-central
and southern India. This knowledge highlights the need and
options for adapted water management in current and projected
climate conditions16 .
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Trend in annual groundwater anomaly from GRACE data for 2002–2013.
Source: Asoka, A. et al., 201716 .
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Source: Chen, J., 201514 .
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Groundwater use is difficult to monitor globally
The NASA-DLR GRACE mission provides the first
opportunity to directly measure groundwater changes
from space. By observing changes in the Earth’s
gravity field, scientists can estimate changes in the
amount of water stored in a region, which cause
changes in gravity. GRACE provides a more than 10year data record for scientific analysis. This makes a
huge difference for scientists and water managers
who want to understand trends in how our resources
are being consumed over the long term. GRACE has
returned data on some of the world’s biggest aquifers
and how their water storage is changing17.
The GRACE satellites.
Source: NASA, PODAAC (https://podaac.jpl.nasa.gov/gravity).

A woman carrying her child on her back is collecting water at a source in the bush, close to the school of Benah 2, 19 May 2008. In the Central
African Republic it is estimated that 31.5 % for populations in urban areas and 26.0 % in rural areas have access to safe drinking water. About
75 % of the population does not have access to adequate sanitation facilities. The lack of access to safe water and sanitation has many serious
repercussions on children, particularly girls, who are denied their right to education because they are busy fetching water or are deterred by the
lack of separate and decent sanitation facilities in schools. Women are forced to spend large parts of their day fetching water. Poor farmers and
wage earners are less productive due to illness, and national economies suffer.
Source: hdptcar. Flickr.com
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Soil Organic Carbon
The most prevalent form of carbon in the soil is organic carbon, and its dynamics influence global biogeochemical cycles

The loss of soil carbon leads
to soil and land degradation,
affecting land productivity.
Together with the atmosphere, land, water and vegetation
cover, soil is a fundamental building block of terrestrial
ecosystems and plays an essential role in global biogeochemical
cycles. Soil performs numerous ecosystem functions and services
that include storage, filtering and transformation of substances
such as water, nitrogen and carbon that are crucially important
for the existence of life on Earth. Land productivity (see page 114)
is conditioned by soil fertility and nutrient exchange. Carbon is
the soil’s energy pool. Carbon-related ecosystem services include
biomass and soil carbon sequestration. These services suffer
when natural systems are converted to agroforestry, pasture,
no-tillage cropping, conventional tillage agriculture and industrial
land-use systems1 .
A key property of soils is its soil organic matter (SOM).
The amount of organic matter in soil depends on a number of
factors, including the rates of input and decomposition of organic
constituents (e.g. soil biota, root exudates, plant and animal tissues,
animal residues) and climate. SOM affects numerous physical,
chemical and biological properties of soils, including the retention
of water and nutrients (and thus directly impacts biological
processes like plant biomass production and photosynthesis), and
improves soil structure and reduces erosion (which can lead to
improved quality of ground- and surface waters)30 .
A major proportion of SOM is carbon, which is termed soil
organic carbon (SOC). Globally, stores of SOC contain twice the
amount of carbon present in the atmosphere and three times
that present in terrestrial vegetation2 . As shown on the map, SOC
stocks vary among biomes and eco-regions due to differences in
climate, soil type, physiography, vegetation and land use 3, 4 . The
total carbon contained in terrestrial ecosystems of the globe is
estimated to be about 3 170 Gt (1 Gt = 1 billion metric tonnes) of
which about 80 % is found in soils as either organic (SOC=1 550
GT) or inorganic carbon (950 GT, which is mainly elemental carbon
and carbonate materials that don't play a role in soil atmosphere
carbon fluxes)3, 5, 6, 7.
Since SOC is a key part of global biogeochemical cycling,
disturbances or degradation processes that lead to carbon losses
have major implications. For example, the conversion of natural
ecosystems to agricultural systems initially depletes SOC, which
can have a negative impact on productivity and contributes to
climate change3, 8, 9, 10, 11, 13 . The annual flux of carbon dioxide
(CO2) between soil and the atmosphere is estimated to be seven
times that derived from the burning of fossil fuels12 . Emissions
from land-use change are estimated to account for up to 20 % of
atmospheric CO2 through loss of biomass and SOM14 . It is known
that the seasonal amplitude of atmospheric CO2 in the northern
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Global soil organic carbon stock (tha−1) at 250 m resolution.
This map is based on integrated modelling of observations,
based on 150 000 soil profile descriptions and satellitebased parameters. SOC stock for 0-1 m depth is derived from
predictions of soil organic carbon content, bulk density and
coarse fragments26 .
Source: Hengl, T. et al., 201726 .

hemisphere is due to a higher carbon
uptake by high productive agricultural
systems during summer and their greater
release of CO2 during winter compared to natural
ecosystems15 . There is growing evidence of a positive
feedback land–climate loop where increased climate warming
accelerates the breakdown of SOC, with the subsequent release
of CO2 and methane serving as a feedback that can accelerate
climate change11, 16, 17.

Carbon sequestration
Through adaptive conservation and restoration18 agriculture
and land management practices19 , sequestration of organic
carbon in the soil can be increased20 . Soil carbon sequestration
is higher in cooler, or wetter climates and clayey soils21 . Hence,
changes in tillage and cropping practices can increase soil organic
carbon storage at different rates, as has been observed in tropical
moist (largest) and temperate dry conditions (smallest). Also,
high-input cropping systems were found to be less constraining
on SOC storage in moist climates compared to dry climates19 .
Abandonment of cultivated land can increase carbon
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sequestration22 but can cause other problems related to erosion
or invasive species. In tropical areas it can take decades or
centuries to recapture the carbon lost by clearing23 .
Covering around 41 % of the global land area, dryland
ecosystems play an important role in the inter-annual variability
of global carbon sinks, however these are strongly controlled by
temperature and precipitation variations24 . Anthropogenic landuse-related soil carbon loss in the past created a sink capacity
that now could be filled by carbon sequestration through
restoration and adaptive land management practices. These
include perennial cropping systems, increasing fallow periods,
erosion control, low stocking rates with controlled grazing and
conservation tillage21 .

Global biogeochemical cycles
Global biogeochemical cycles are processes of nutrient cycling in
ecosystems by which a chemical substance moves through the
Earth’s abiotic and biotic components. Oxygen, water, carbon, nitrogen
and phosphorus are important cycles, and their quantities regulate
atmosphere, climate and life conditions on Earth.

Soil carbon emissions due to anthropogenic
land use feed global warming while feedback
from global warming is expected to further
accelerate soil organic carbon release.

Carbon rich soil.
Source: Zdruli, P.

Soil at the centre of the "critical zone" concept
The Earth “critical zone” concept incorporates the interfaces of the
atmosphere, biosphere, pedosphere and lithosphere25 .
Considering the role of soil as part of the Earth’s critical zone allows for a
better understanding of the interactions of a wide variety of environmental,
ecological, geological, agricultural and natural resource issues.
Soil-related issues that are important for land degradation assessment
include carbon emission and sequestration, nutrient cycling and water
quality and quantity, all of which should be considered, not only within
the landscape context, but also as a critical component of global
biogeochemical cycles (see page 106).

Period of long-term cultivation

Period of possible
impact of
management change
(+/- 20 years)

Native soil organic stock

Set aside

0
No or reduced till
High-input rotation

Change in carbon stocks all croplands
(tonnes/C/ha)

Conventional tillage
Medium-input rotation

Improvement of
organic carbon
sequestration by
adaptive management
practices

Loss of
soil
organic
carbon

Low-input rotation

-200

Long-term conventional cultivation causes soil carbon loss –
adaptive management practices can improve carbon sequestration.
Change in carbon stocks due to cropland conversion compared to potential natural vegetation carbon stocks. The average
carbon loss from cropland expansion per unit area converted is nearly twice as high in the tropics as in temperate regions.
Clearing tropical rainforest for cropland use can locally provoke substantial carbon loss up to −440 tonnes C ha−1 [from 23].
Conversion from grassland to cropland can cause vast carbon losses depending on the original sink. Rates of loss have been
estimated at -4 % – 22 % for Mongolian grasslands27, up to 50-55 %28, 29 in Central USA and Northern China respectively.

Source: Redrawn after Ogle, S., 200519 .

Source: West et al. 201023 .
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Soil Erosion
Erosion accelerated by human actions

Water erosion rate
(Mg ha-1 yr-1)
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Global rates of soil displacement by water erosion
The map illustrates the soil erosion rates divided into seven classes according to the European
Soil Bureau classification25 . The colour gradation from green to red indicates the intensity of the
predicted erosion rates. The baseline model predicts an annual average potential soil erosion
amount of 35 Pg yr-1 for 2001, with an area-speciﬁc soil erosion average of 2.8 Mg ha-1 yr-1. In
2012, an overall increase of 2.5 % in soil erosion (35.9 Pg yr-1), driven by spatial changes of land
use, was estimated.
The estimates are predicted through a RUSLE-based modelling approach. The Revised Universal
Soil Loss Equation (RUSLE)26 belongs to the detachment-limited model types, where the estimate
of soil erosion (expressed as a mass of soil lost per unit area and time, Mg ha-1 yr-1) due to
inter-rill and rill erosion processes is given by the multiplication of contributing factors, including
rainfall erosivity14 , soil erodibility, slope, crop management and support practices. The model
provides rates on an approximately 250 × 250 m cell basis for the land surface of 202 countries
(ca. 2.89 billion cells; ~125 million km2), covering about 84.1 % of the Earth’s land.
Being a global model, the map also covers areas where there is no direct anthropogenic impact.
Source: Borelli, P. et al., 201722 .

Soils are the main terrestrial reservoir of organic carbon,
nitrogen and phosphorus. Thus, any type of disturbance, e.g. landuse changes, that alters soil integrity is a threat to planetaryscale biogeochemical cycles that sustain the life-support systems
of the Earth2, 3, 4 . Soil erosion impacts the residence time of these
elements (carbon, nitrogen, phosphorus) in soils, as well as their
flux rates, storage and distribution4, 5 .
Soil erosion is the removal, transport and deposition of soil
particles by water or wind from their original place to another
location. Factors that influence soil erosion are topography (slope
steepness and length), soil erodibility (determined by properties
such as texture, structure, moisture, organic carbon content, etc.),
vegetation cover and management practices6 . When soil is left
bare, the fine, carbon- and nutrient- rich fractions are removed
first, altering physical, chemical and biological soil properties,
such as soil albedo, temperature, evapotranspiration, waterholding capacity4 and soil biodiversity at a variety of scales3 ,
which disrupt ecosystem functioning. Recent scientific insights7,
however, place soil degradation, including erosion, in a broader
perspective. Soil erosion is not only a biophysical factor but also
a feedback component in complex socio-environment systems
that disrupts fundamental ecosystem services and the human
economic systems that rely on them8 .
Anthropogenic soil erosion, as caused by improper
agricultural practices and overgrazing, accelerates erosion and
has repercussions on carbon and phosphorus emissions. Humaninduced erosion accounts for as much as one third of the carbon
emissions that result from land-use change9 . Moreover, on much
of the global farmland, soil is lost at greater rates through erosion
than can be replenished through natural soil-forming processes10 .
By contrast, deposition of eroded sediment can also sequester
carbon11 . Understanding the global feedbacks of soil carbon
to climate change is a major challenge10 . The precise role and
impact of soil erosion in terrestrial carbon cycling is uncertain11,
12, 13
due to lack of harmonised global erosion estimates14 .
Beyond carbon, phosphorus is another essential element in
terrestrial ecosystems that is vital for agriculture. It, too, can
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be dislocated and transported
in dust emissions caused by wind
erosion15 . Recently, attention has
been given to the deposition effects
that may increase the fertility of
weathered soils offsite. For example,
dust from the Sahara may contribute
phosphorus to America’s tropical
forests16 . Also, dust emissions from
cultivated areas may accelerate
eutrophication of inland lakes where
dust eventually is deposited17 (see
page 100).
Erosion associated with human
activities affects land productivity and
has economic effects on-site and offsite. On-site costs that directly affect
farm or pasture production are mostly
absorbed by the land owner. Off-site costs are
mostly borne by society at large through attempts
to mitigate their impacts18 . On-site loss of topsoil is the
most severe and affects both short-term and long-term land
productivity through losses in fertility, water-holding capacity
and changes in soil structure7. In smallholder areas, the onsite costs of losing soil nutrients, nitrogen and phosphorous,
due to sediment runoff that reduces yields and long-term land
productivity can be substantial19 (see Costs of Land Degradation,
page 236). Ultimately, off-site economic effects, such as adverse
human and animal health effects, sedimentation of reservoirs,
damages to inland infrastructure and ports by dust pollution
and eutrophication of surface water, can often be higher than
on-site consequences. Sediment retention in reservoirs not only
threatens reservoir longevity, but also may accelerate coastal
erosion by reducing sediment flows to the coast20 .
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Control measures
Vegetative cover protects soil against erosion, hence
control measures focus first on keeping vegetation cover intact.
Agronomic practices that help protect soil cover include notill and reduced tillage, cover crops (in lieu of fallow), residue
and management, vegetative filter strips, riparian buffers,
agroforestry (i.e. introduction of trees into fields for production of
food, fodder, fuel and construction materials) and soil synthetic
soil conditioners21 . The implementation of such sustainable
land management (SLM) practices can increase productivity
particularly by improving water use efficiency, optimising nutrient
cycles for crop production, enhancing vegetation cover and
ultimately improving food security (see page 206).
Soil management strategies must seek to balance soil
resource depletion (through erosion and carbon and nutrient
exchange) and the effects of climate change, to ensure
sustainable food supply for future generations10 .
A recent global assessment of erosion22 confirms that land use
changes are a prime cause of erosion and led to a 2.5 % increase in
predicted erosion from 2001 and 2012. Over 50 % of erosion takes
place on cropland, with hotspots in China, Brazil, Equatorial Africa,
India, south-eastern United States and to a lesser extent centraleast Ethiopia, Mexico, Peru and Mediterranean Europe. Over the
2001-2012 period, increased erosion was found in south-eastern
Asia, African and South America countries and a decrease in
China and India. Adoption of conservation practices had a notable
positive impact on erosion rates.

"Anthropogenic erosion is the most visible and
economically serious form of biophysical land
degradation processes."1
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Relationship between vegetation cover and soil erosion
Vegetation cover protects the soil from raindrop impact and overland flow, increases
infiltration and favours better soil structure. Even if only 20-30 % of the soil is covered,
soil loss rates can be reduced by 80 - 90 %. Adapted practices and minimal tillage
significantly contributes to preventing erosion.
Source: Freebairn, D., 200424 .

Wind and water erosion
Wind erosion is most commonly associated with arid areas21 . It is a function of
soil erosivity, or the ability of wind to mobilise fine solid surface particles such
as clay and silt to be transported as dust. Saharan dust has been observed
far offshore (see page 100). Independent of climate, wind erosion is a major
driver of land degradation in areas where agricultural management leaves
soils exposed to the wind. The best-known example wis the dust bowl in the
Great Plains of the USA during the mid-1930s1 . This example illustrates that
the loss of vegetation is both a cause and result of degradation.

Source: Nick Brooks. Flickr.com

Water erosion is another serious cause of soil degradation. It is caused by
raindrop impact and the drag force of running water. Once dislodged, soil
material is transported by overland flow (sheet erosion) or concentrated
flows (rill erosion)6 . The exposure of the Earth’s surface to the energetic
input of rainfall is a key factor in water erosion. Among many human
actions, deforestation, biomass burning, forest fires, ploughing, extensive
soil sealing, urbanisation and land abandonment are practices that favour
water erosion23 .

Source: Hans Birger Nilsen. Flickr.com

Soil erosion has increased global sediment transport by rivers
to about 2.3 (+/-0.6) billion metric tonnes per year. However,
due to sediment retention in reservoirs, only about 1.4 (+/0.3) billion metric tonnes per year reach the oceans20 .
This International Space Station image of the Rio de la Plata
shows Buenos Aires on the right and Montevideo on the left.
Sediments carried by the Paraná and Uruguay rivers colour
the water brown.
Source: NASA, 17/03/2003; eol.jsc.nasa.gov
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Soil Atmospheric Dust
Unsustainable land use may increase global dust emissions
The greatest dust activity in North America occurs in the high plains,
extending from Montana to southern Texas, and is primarily anthropogenic
except for a few ephemeral lakes. This semi-arid and subhumid region
accounts for 60 % of wind erosion in the US, with the highest frequency
located in the southern plains of Texas, which experience 50 dust days per
year, the USA national maximum22 .

The Sahara is the most significant global source
of dust, accounting for half of all aeolian desert
material supplied to the world’s oceans3 . The Bodélé
depression is by orders of magnitude the largest dust
source in the world23 .

There are many natural or anthropogenic sources
related to ephemeral water bodies. For example,
Owens Lake in California was desiccated by water
diversions of the Owens River into the Los Angeles
Aqueduct since 191321 .

Upper Niger River basin. The southern Sahel dust sources are
overwhelmingly anthropogenic. Increases in dust event frequency
and duration in the Sahel have been observed since the late 1950s,
concurrent with drought periods. and are possibly indicative of
climate change. These trends are corroborated by data showing
increases in Saharan dust deposition in many depositional areas
in Europe and Barbados3.
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The Atacama Desert of Chile is the largest natural
source of dust in South America and is non-hydrologic2 .

Annual mean dust emission from land use estimated from MODIS Deep Blue
aerosol products (2003–2009). Hydrologic (Hydro) and natural sources are in blue
and non-hydrologic (Non-hydro) and anthropogenic (Anthro) sources are in red.

The Argentine Patagonia is a major anthropogenic dust source. Sheep
ranching is largely responsible for the desertification of the area and
has caused a doubling of dust in Antarctic Peninsula ice cores during the
twentieth century24 . Riparian areas and wetlands are heavily impacted
by grazing due to concentrations of livestock around water sources. In
addition to the direct disturbance of soil cover, indirect effects of climate
change may play a role.

Source: Ginoux et al., 20122 .

Sand- and dust storms (SDS) occur when wind mobilises
exposed, loose soil. These conditions are common in semi-arid
and arid regions. Sandstorms typically occur relatively close to
the ground surface, but fine dust particles may be lifted high
into the atmosphere (several kilometres) where strong winds can
transport them vast distances across oceans and continents.
About 75 % of global dust emissions arise from natural
sources2 . Topographic depressions in arid regions, mainly dry lake
beds with little vegetation cover, are a major source. Disturbances
to the sediment or soil surface, e.g. removal of vegetation cover
and the destruction of biological crusts by vehicles, increases
their susceptibility to SDS3 .
Although anthropogenic sources currently constitute only
25 % of global dust emissions, the potential for increasing this
is great5, 6 . Anthropogenic sources stem largely from ephemeral
water surfaces3 . Human-induced hydrological changes, often
driven by demand for water in areas adjacent to natural sources,
can lead to the desiccation of wet or ephemeral water bodies
and thus an increased risk in SDS (see Surface Water, page 86).
Unsustainable land use and land degradation, especially in arid
and semi-arid areas, poses a corresponding increased risk of
SDS4, 19, 20 . Major SDS events in various parts of the world, such
as the American Dust Bowl, have occurred due to a combination
of prolonged drought and unsustainable land management
practices.
SDS are characterised and tracked using a combination of
satellite imagery, ground monitoring and numerical modelling1 .
The largest areas with high SDS are located in the Northern
Hemisphere, mainly in a broad “dust belt” that extends from the
west coast of North Africa, over the Middle East, Central and
South Asia, to China2 . Although it can have large local impacts,
the Southern Hemisphere contributes comparatively little to
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global atmospheric dust, with small
concentrations in central Australia,
southern Africa and the Atacama in
South America2 .
Simulations suggest that total
global annual dust emissions have
increased by 25 % to 50 % over the
past century due to a combination of
land use and climate change5, 6 . SDS
frequency and severity have increased
in recent decades in some areas but
decreased in others. There have been few
major changes in SDS over the past three
decades over North Africa, the Middle East and
South America, whereas there have been substantial
changes in the US high plains, central Asia and Australia2 .
There is evidence to support positive impacts of improved land
management on reducing SDS, particularly in northern China7, 8 .
Climate change projections suggest regions that are currently
sources of dust are likely to become drier; this includes most
of the Mediterranean areas of Europe and Africa, the northern
Sahara, central and west Asia, southwest USA and southern
Australia9, 10 . Precipitation has increased in mid-latitude land
areas in the Northern Hemisphere since 1950, which might help
to reduce dust emissions in the mid-latitude belt. Dusty regions
that are likely to become wetter include East Africa and East
Asia, whereas large model uncertainties preclude projections for
the Sahel-Sudan, the Gangetic basin and the Lake Eyre region10 .
Dust deposition has positive and negative environmental
impacts11 . Dust affects and interacts with the climate system in
a variety of different ways, e.g. influencing the radiative balance
of the Earth by scattering and absorbing incoming solar radiation
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and indirectly by changing the optical properties of clouds.
There is increasing concern in the international community
because SDS have damaging effects on human health through
air quality (especially in arid and semi-arid regions) and damage
agricultural land, infrastructure and transport1 . Inhalation of
fine particles can cause or aggravate diseases such as asthma,
bronchitis, emphysema (damage of the air sacs in lungs) and
silicosis (lung fibrosis)15 . In Sahelian countries there is a strong
correlation between dust loads from the Sahara and meningitis
outbreaks16 . On the positive side, global dust deposition provides
nutrients to terrestrial ecosystems and oceans, thereby boosting
primary productivity, which in turn affects the global carbon
cycle. Saharan dust fertilises the Amazon rainforest, providing a
phosphorus input comparable to the hydrological loss from the
basin12 . Similarly, Hawaiian rain forests receive nutrient inputs via
dust from central Asia13 . On the other hand, dust from Africa and
Asia may have harmful effects on coral reefs in the Americas14 .
SDS have wide-ranging economic impacts, both immediate
and long-term. In addition to the environmental and health
impacts, short-term costs include crop damage, livestock
mortality, infrastructural damage (e.g. buildings, power,
communications), interruption of transport and communications,
air and road traffic accidents and costs of clearing sand and dust3 .
Longer-term costs include chronic health problems, soil erosion
and reduced soil quality, soil pollution through deposition of
pollutants and disruption of global climate regulation. Economic
losses from a single SDS event can be in the order of hundreds
of million dollars1 .

In China the largest natural sources are associated
with basins. They include the Taklamakan Desert of
the Tarim Pendi, the Qaidam Pendi and the Turpan
Pendi. At the base of the Tibetan plateau, sources are
associated with fluvial fans15 .

The northern part of the Indian subcontinent is a
major dust source, largely associated with ephemeral
water bodies ranging in scale from the major rivers to
small lakes and driven by land use. The Indo-Gangetic
basin is a principal source, characterised by intense
agricultural activities25 .

Dust sources in northern China are due mainly to
human activities, such as farming, overgrazing
and water usage26 . Although there has been much
progress in desertification control, the large areas
involved make them major dust sources27. China may
contribute up to half of the global dust production28 .

Australian dust sources only contribute to 13 %
of global emissions but have large local impacts.
About 75 % of emissions are anthropogenic2 .

The most active sources in Australia are located within
the Lake Eyre Basin23 , especially near the mouth of the
Warburton River feeding North Lake Eyre.

The Murray-Darling River systems erode fine particles from
the uplands and carry them downriver into the arid zone where
they serve as one of the major Australian dust sources29 . The
clearing of land and increased water demand for agriculture
have disrupted the hydrological regime and led to a significant
increase in dust30 .

Particle transport processes
Sand and dust storms are atmospheric events that result from the
erosion and transport of mineral sediments from the ground surface.
They are typically associated with arid and semi-arid areas, but can occur
anywhere where there are dry and unprotected sediments3, 31 .
The process involves three phases: the entrainment or emission of
surface material, its transport through the atmosphere and its deposition.
Entrainment of particles occurs when the wind shear stress exerted on
the surface (wind erosivity) exceeds the ability of the surface material to
resist detachment or transport (sediment or soil erodibility).
Wind transport can cause particle movement through the processes of
creep, saltation and suspension. Particles larger than about 500 microns
in diameter will creep across the land surface. Saltation is when wind
transports particles of between 63 and 500 microns and usually at a
height of less than 1.5 metres above ground level. Suspension refers
to the longer-range transport of particles of diameter of less than 63
microns32 . Sandblasting is a process whereby saltating particles bombard
soil aggregates, causing aggregate fragmentation and the release of fine
particles that are then entrained 33 .

long-term
suspension
(<20µm)

short-term
suspension
(20-70µm)

wind
flow

saltation

(70-500µm)

1.5m

Protective lichen crusts on gravel plains in
the Namib Desert. Excessive or unconstrained
vehicle tracks disrupt protective crusts in natural
ecosystems.

creep

(>500µm)

Source: Jennifer Lalley.

Particle transport processes.
Source: WAD3-JRC, 2018.
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Assessing Atmospheric Dust
The global impacts of local and regional dust emission
Climate processes and human actions combine to generate
dust. Climate change, especially increasing aridity, leads to an
increase in naturally occurring dust particles and, hence, dust
storms36 .
Dust affects climate through various direct and indirect
mechanisms, including its effect on:
i. the carbon cycle via the redistribution of soil organic carbon
and as a moderator of carbon sources and sinks,

Climate Processes

Human Impacts

ii. marine primary productivity and surface ocean cooling, and
iii. radiative effects3, 34, 35 .
Dust-induced climate change, especially in drylands, can
increase the frequency, duration and intensity of droughts37.

Global annual dust emissions have increased
25-50 % over the last century5, 6 .

Climate Feedbacks

(Precipitation, winds,
large-scale circulation)

(Land-use practices,
agriculture etc.)

Dust Generation

Atmospheric Dust Load
and Fluxes

The impacts of human activities on atmospheric
dust loads and the feedbacks to climate.
Source: Redrawn after Arimoto, M., 200137.

Dust storm headed towards Phoenix, AZ in July 2011. Ahwatukee can be seen just in
front of the wall of dust. Photo taken from the top of South Mountain, looking south.
Source: Alan Stark. Flickr.com

The largest areas with high aerosol values, which derive from
natural and anthropogenic sources, are located in the Northern
Hemisphere, mainly in a broad “dust belt” that extends from the
west coast of North Africa, over the Middle East, Central and
South Asia, to China23 .

Forecast of dust optical depth released by the Barcelona Dust Forecast Center
A service provided by the Sand and Dust Storm Warning Advisory and Assessment System
(SDS–WAS) (WMO, 2015), forecasts provide early warning and help to reduce harmful impacts
of dust and sand storms.
Source: Barcelona Dust Forecast Centre, 2014.

102

World Atlas of Desertification | PART IV – LIMITS TO SUSTAINABILITY

Saharan dust reaches Italy.
Source: https://eoimages.gsfc.nasa.gov/images/imagerecords/11000/11780/Italy.AMOA2003197_lrg.jpg

The portrait of global aerosols produced by GEOS-5 simulation at 10 km resolution:
dust (red), sea salt (blue), smoke (green), sulphate (white).
Source: Putman, W., NASA/Goddard [https://www.nasa.gov/multimedia/imagegallery/image_feature_2393.html]
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Soil salinisation
A major land degradation process

Saline soils as mapped by the
World Reference Base
soil classification (WRB)
Solonchaks
Solonetz
Global distribution of natural saline/sodic soils
Solonchak, "salt marsh" in Russian, is a poorly drained grey soil that has high contents of soluble
salts and occurs in arid to subhumid areas.
Solonetz, "salty soil" in Ukrainian, are soils with a 'natric' horizon within 1 m depth. A 'natric'
horizon is a clayey layer with more than 15 % of sodium content.
Both are long established natural soils; in irrigation areas (see page 56) salinisation can become
a problem if proper saline management is not implemented (see text).
Source: data from the Harmonized World Soil Database (HWSD)1 and the World Reference Base for Soil Resources
(WRB), FAO/IUSS/ISRIC20, 21 .

Soil salinity leaves Indian Fatehabad farmers in debt
A farmer stares at his salinity-affected agricultural field in the
Badopal village of Fatehabad. Hundreds of hectares in the area
are saline or waterlogged.
Source: The Tribune India (http://www.tribuneindia.com/news/haryana/soil-salinityleaves-fatehabad-farmers-in-debt/183070.html) photo: Sanjeev Sharma.

Soil salinisation and alkalinisation are major threats to
the soil resource globally and are among the most common
land degradation processes. This is especially true in drylands
due to their erratic rainfall, high evapotranspiration rates and
the wide presence of soluble salts1 . Accumulation of salts
in soils is a natural process. In basins with no outlet, runoff
from surrounding terrain and the salts it carries collects and
evaporates, leaving salts behind which create saline and sodic
soils that are harmful to plants. Salinisation can also be humaninduced (secondary salinisation) through irrigation that sustains
crop production in much of the world’s drylands (see page 56).
Here, evaporation of irrigation water carrying dissolved solids
may lead to accumulation of salts in the root zone. If sufficient
water is applied, salts are carried beyond the root zone (leaching).
When leaching is insufficient, salts accumulate in the root zone
(salinisation)2 and reduce yields by as much as 30 %3 . Poor
irrigation practices (i.e. insufficient water application, use of
saline water, limited provision for field drainage), combined with
low rainfall, high evapotranspiration rates and limited inherent
soil drainage characteristics accelerates salinisation4 .

Saline soil management
Land productivity may be limited in salt-affected areas
due to the toxicity of dissolved salts for plants or due to the
destruction of soil structure that then restricts water infiltration
capacity5 . Soil salinity is site-specific. Interventions may be
prohibitively expensive and must be carefully managed. Saline
soils may be treated by improving sub-surface drainage and
applying sufficient water to move salts out of the root zone. Sodic
or alkali soils can be treated through the application of chemical-
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biological amendments, such as gypsum, along with organic
manure6 . Adoption of crop-rotation systems using salt-tolerant
crops (halophytes), followed by legumes and avoiding fallow
periods may improve the soil resource7. For example, Quinoa
(Chenopodium quinoa Willd), a salt-tolerant crop, is widely used
in saline environments.
A large proportion of salt-affected soils in irrigated areas
occur on small farms with limited access to resources (see page
64). Many affected farmers must supplement their low on-farm
income with off-farm economic activities8 . This potentially limits
their ability to invest in many salinity management opportunities.
Although salt-affected soils are of low fertility and limited
agricultural value, they can provide an alternative resource for
growing biomass for renewable energy9 .

Salinisation and climate change
Soil salinisation plays a role in global biogeochemical cycles,
but its significance is still not as well understood, particularly
with regard to different potential management opportunities (e.g.
small vs largeholder farms). Soil salinisation is a key regulator of
plant/soil nitrogen pools and, by altering soil electric conductivity
and affecting the functioning of soil microorganisms, it impacts
nutrient cycling and global fluxes. Moreover, soil salinity
may increase N2O emissions, but the underlying regulatory
mechanisms are complex10 .
Soil salinity generally reduces plant productivity in
croplands and, consequently, soil carbon storage. Furthermore,
decomposition of soil organic carbon is limited because salinity
reduces soil microbial function11 . Capturing the effects of salinity
on carbon storage and emissions in climate change models is a
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challenge, but to ignore it would underestimate CO2 emissions
and overestimate soil organic carbon stocks11 . On the other
hand, through irrigation, dissolved inorganic carbon is leached
from the soil and deposited in saline or alkaline aquifers. This
storage appears to be underestimated12 . Climate change-induced
sea surface rise will lead to saltwater intrusion in coastal areas.
Moreover, when groundwater is overused, inland aquifers can
also be affected, increasing risks of soil salinity. Under climatechange scenarios, salinity in drylands can increase due to higher
rates of evapotranspiration of shallow groundwater4 .

Mapping salinisation
The extent of primary (natural) salinisation is estimated
to be slightly under 1 billion ha. Secondary salinisation occurs
on around 77 Mha, of which 58 % is in irrigated areas13 . Fully
20 % of all irrigated areas is estimated to be salt-affected14 ,
mostly in intensively cultivated areas of India, Pakistan, China,
Iraq and Iran. Regions at risk of increasing salinisation are the
Mediterranean Basin, Australia, Central Asia, the Middle East
and Northern Africa. As discussed above, soil salinisation is an
issue that is conditioned by local soil, terrain and hydrological
situations which make comprehensive mapping and monitoring
at global scale a challenge. Recent advances in satellite-based
observations have supported regional mapping that is able to
differentiate between salt-affected and non-salt-affected soils
on the basis of biomass productivity indicators5, 14 . Although the
promise of high resolution satellite imagery is immense15 , field
measurements remain indispensable16 .

Salinity in Pakistan and India
In Pakistan, 13 % of all irrigated agricultural soils were classified as
strongly saline, totalling some 6.8 Mha17. In India, secondary salinisation
has become a serious problem. The implementation of large irrigation
schemes, many without complementary drainage plans, has changed and
disturbed the hydrologic balance of the fertile lands in many parts of
the Uttar Pradesh state and inside the Indo-Gangetic plains18 . In total,
5.26 Mha in India are affected by salinisation/alkanisation19 .

Soil salinity

Evidence of salinisation in flood
irrigation channels, Morocco
Source: Richard Allaway, Flickr.com

Increased soil salinity restricts most plant growth, due to the high
osmotic pressure of the soil solution that makes water uptake by plants
difficult. Moreover, the phytotoxicity induced by high concentrations of
soluble salts, mostly of Cl-, Na+, Mg++ and compounds of boron. Saline
and sodic soils are characterised by low organic matter content, very
weak soil structure development and limited soil horizon differentiation.
Saline soils
Classified as Solonchaks by the The World Reference Base for Soil
Resources (WRB)20 , saline soils cover an estimated area of about
260 Mha worldwide but their most extensive areas are in the arid and
semi-arid regions of North Africa, the Near East, the former Soviet Union
and Central Asia. They are also widespread in India, Iran, Iraq, Australia
and the Americas20 .
Sodic (Alkali) soils

Plants colonising formerly arable
areas in the vicinity of a salt-lake.
Alicante, Spain.
Source: Batlle-Sales, J.

Classified as Solonetz by the WRB20 sodic soils represent some of the
“worst” soils of the world and cover an estimated global area of 135 Mha.
Their typical characteristic is the dominance of Na+ in the soil exchange
complex, and physical and chemical properties that are unfavourable
for plant growth. Sodic soils occur in steppe climate regimes with total
annual precipitation between 400-500 mm mostly in poorly drained flat
lands. Their major distribution occurs in Ukraine, Russian Federation,
Eastern Europe, China, India, USA, Canada, Southern and Eastern Africa
and Australia.

More than one fifth of irrigated areas
globally are affected by soil salinisation14 .

Vineyards on salt-affected soils under arid environment,
Valencia (eastern Spain).
Source: Batlle-Sales, J.

Mangroves and saline rangelands. Ocean level increase menaces
to salinise coastal environments, Nayarit, western Mexico.
Source: Batlle-Sales, J.

Salt-induced land degradation facts
The global annual cost of salt-induced land degradation in irrigated areas
is estimated to be US$ 27.3 billion related to lost crop production8 .
The most known regions where salt-induced land degradation takes place:
• the Aral Sea Basin (Amu-Darya and Syr-Darya River Basins) in Central Asia,
• the Indo-Gangetic Basin in India,
• the Indus Basin in Pakistan,
• the Yellow River Basin in China,

Profile of a Solonchak soil, China.
Source: Rockwurm. Wikimedia Commons.

• the Euphrates Basin in Syria and Iraq,
• the Murray-Darling Basin in Australia, and
• the San Joaquin Valley in the United States.
Alkaline-saline soil in a rangeland area, central Hungary.
Source: Batlle-Sales, J.
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Direct anthoprogenic soil threats
Nutrient mining, surface sealing, pollution, biodiversity loss, compaction, landslides
Soil-nutrient mining

Soil Sealing

Many human activities – particularly agriculture – can result
in depleting the store of soil nutrients. “Nutrient mining” refers to
agricultural practices that result in a negative nutrient balance,
i.e. where losses are greater than gains. In cultivated areas,
nutrient mining may occur when (a) no rest (fallow) period is used
that allows nutrients to accumulate, e.g. via the decay of crop
residues2 , (b) when there is no crop rotation (e.g. use of legumes to
restore nutrients)3 , or there is no application of fertlisers (organic
or chemical)1 . Nutrient mining results in reduced productivity,
loss of soil biodiversity, and declines in biomass and cover, which
may lead to other degradation processes, such as erosion and
leaching1, 2 .
The severity of nutrient mining depends on the balance
between input and output which is determined by crop type and
management, soil and climate and the technical and economic
ability of farmers to adopt sustainable land management
practices. Developed countries may often apply excess amounts
of fertiliser that can carry heavy environmental consequences,
while poorer communities often face net depletion of soil
nutrients that threatens sustainability, economic viability and food
security. Without fertiliser application, yields can be sustained
for short periods only because the productivity consumes preexisting stocks of soil organic nutrients. Indian and sub-Saharan
African smallholder systems are examples of this process3 (see
page 54, 64 and 170). While soil nutrient depletion has severe
economic impacts at global scales, they are most pronounced
regionally in sub-Saharan Africa4 . The low and declining per
capita food production in sub-Saharan Africa has been caused
by soil nutrient depletion in smallholder farms over decades. As
production declines, farmers are increasingly unable to restore
soil nutrients through the application of manure or chemical
fertilisers5 . Growing populations have increased local demand for
agricultural land which made it nearly impossible to use extended
fallow periods to regenerate natural soil fertility6 . Participatory
programmes now reinstate site-adapted and economically sound
crop rotations that can allow for fallow periods5 .
In 2014, fertiliser use in sub-Saharan Africa, at 16 kg/ha,
was far below the global average of about 138 kg/ha7. While
the increased use of fertiliser is imperative to avoid further land
degradation by nutrient depletion, it also must be accompanied
by a dramatic increase in the efficiency of their use6 . Some
steps toward improving efficiency would include adaptive
land management, such as conservation tillage, integrated
pest management, high-yield crop varieties, agro-forestry and
inclusion of livestock in the system. All of these are traditional
‘low tech’ solutions and, as such, have a greater potential for
adoption through focused extension and education programmes
(see page 64 and 228).

The creation of impermeable layers over the soil, such as
asphalt and concrete surfaces, isolates soil from the atmosphere
and above-ground biosphere13 . Sealing is the most intense form
of land “take” and is essentially an irreversible process. Direct
consequences are the partial or total loss of living soil, often
the most fertile, a reduction in plant production and habitat,
the disruption of water and nutrient
cycles caused by the interruption of
soil functions and services and an
increase in vulnerability to flooding.
Soil is a porous medium that stores
water, gases and heat but also
harbours a large, diverse and vibrant
biological community, all of which
help contribute to and support the
biosphere. Sealing interrupts or
reduces storage and sink capacities,
prevents the transport, infiltration
and exchange of nutrients and
eliminates the soil's biologically
active agents. Sealing also influences
the energy balance of an area by
altering heat fluxes14 affecting the
local and possibly the global climate.
Altogether, sealing means that the
soil, as an active and vast terrestrial
medium that supports basic life
and sustains global biogeochemical
cycles, is not able to fulfil some of its
most important ecosystem functions.
On the other hand, when sealed for
urban, transport and production
infrastructures, these areas have considerable economic value
as they contribute to the gross national product of countries13 .
Soil sealing is directly associated with the scope of
urbanisation14 , which is expected to rise significantly in the
coming decades. Increases in lower atmosphere temperature due
to the increased heat capacity of sealing substrate and reduction
in overall evapotranspiration, creates ‘urban heat islands’14 (see
Urban Planet, page 30).
The natural process of soil crusting when a hard soil
surface layer is formed that reduces porosity and permeability
is sometimes also indicated as ‘sealing’15 and results in a low
surface physical quality that reduces infiltration rates, increases
runoff and adversely affects biomass productivity16 . Soil crusting
is a degradation process, but adapted management techniques
can prevent or limit it and it is therefore not as irreversible as
man-made sealing.

The soil environment supports life and
sustains global biogeochemical cycles
Other options for remediation and mitigation of nutrient
mining include the use of chemical fertilisers8 and application of
green manuring. Green manuring involves adding nitrogen-fixing
crops and trees in cropping systems or by mixing of organic waste
in the soil2 . Organic farming has additional benefits through
the use of manures, because it enhances the development of
microbial communities in the soil that are more complex than
those that result from the use of synthetic fertilisers9 . These
more intensive methods, however, should be complementary to
more traditional management systems described above because
none of them alone are likely to solve the problem of soil nutrient
depletion.
To guide implementation of solutions, recently-developed
methods are now used to map nutrient management zones based
on spatial predictions of soil nutrient deficiency/sufficiency levels
that can be linked to crop requirements. These maps can be used
to target agronomic interventions to reduce nutrient depletion,
such as adapted intensification, alternative crop varieties, fertiliser
use efficiency and possible restoration of degraded areas10 .
Around the globe, agriculture, increasingly driven by telecoupled
needs (see page 40 on Telecoupling), is tackling the enormous
challenges of developing and implementing sustainable nutrient
cycling3 .
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Loss of soil biodiversity

Soil biota provide a wide range of
ecosystem services that are essential to
the functioning of natural and managed
ecosystems. Their impact is both direct
(e.g. affects on crop yield) and indirect
(e.g. the role of soil organisms in global
carbon and nutrient cycles). In addition to the focused impacts
of soil sealing, there are multiple pressures that threaten soil
biodiversity. Some of these include the disruption of ecosystems
by invasive alien species, acid rain, nutrient overloading, harmful
agricultural practices, overgrazing and pollution17.

Soil pollution
The conscious or inadvertent deposition of anthropogenic
materials from industry, agriculture or urban wastes poses a
threat to soil health. Soil tends to act as a sink for almost all
substances released in the environment by human activities.
The effects of soil pollution can be directly toxic for the aboveand below-ground biota, but can also change the physical
and chemical properties of the soil and indirectly affect the
ecosystem. Some pollution can be reversed on- or off-site by
soil decontamination techniques such as microbial and phyto
remediation, soil washing, elektrokinetic remediation and thermal
treatment. However, these treatments range in cost from EUR 25
to more than EUR 150 per cubic metre18 .

Soil compaction
The use of heavy machinery in agriculture and forestry
and the overload of livestock can reduce the water-holding and
infiltration capacity of soil. These changes lead to increases in

World Atlas of Desertification | PART IV – LIMITS TO SUSTAINABILITY

soil erosion and a general decrease in the land productivity. Soil
compaction can be prevented by: reducing physical pressure on
the soil, especially when wet; adopting minimum or no tillage
cropping systems; increasing soil organic matter to improve its
structure through in-field retention of crop and pasture residues;
including plants with deep and strong taproots in crop rotations19 .

2014 Washington State landslide
This landslide appears to have involved a complex sequence of events. About 10
million cubic metres of debris covered about 30 houses and 1 km of a State Route.
Source: Godt, J./USGS CC0.

Global biogeochemical cycles
Global biogeochemical cycles are processes of nutrient cycling in
ecosystems2 . The atmosphere is the main reservoir for elements such
as carbon (C), oxygen (O) and nitrogen (N), while the soil is the main
reservoir for less mobile nutrients such as phosphorus (P), potassium (K),
calcium (Ca)11 . These nutrients are taken up by plant roots, stored for a
period of time in biomass and eventually returned to the soil within the
same ecosystem by soil decomposers.
The cycles that mediate levels of available P, C and N are coupled: P
becomes available for uptake by plants and microbes through the
action of enzymes in the soil that depend on N which is regulated by
the availability of C. The presence of C and N in the soil is linked to
biological processes such as photosynthesis, N fixation by plants and
decomposition of litter, all of which tend to function at lower rates in
drylands. Under arid conditions there is a decoupling of these cycles
because phosphorus no longer relies entirely on levels of the other two
nutrients, as it is also produced by rock weathering12 . The decoupling of
cycles with increasing aridity can lead to an imbalance among nutrients.
An increase in aridity, as expected under climate change, could further
disrupt C, N and P nutrient cycles in drylands12 . Imbalances between
agronomic output (harvest) and input (manure and fertilisers) create
nutrient deficiencies that reduce land productivity or excesses, and have
environment consequences such as nitrification of water resources.

Landslides
Overly steep and overburdened slopes can become unstable,
leading to detachment and downslope movement of a mass of
rock, debris or soil. Landslides can be caused naturally by intense
rainfall, prolonged periods of wet weather and snowmelt, seismic
activity, loss of vegetation cover after a fire and the undercutting
of slopes by rivers or sea waves. Anthropogenic causes include
deforestation, the removal of vegetation cover, and inappropriate
agricultural practices and infrastructure construction that lead to
slope cutting or loading. Landslide occurrence is expected where
we find ill-planned urbanisation, land cover modifications and
changing climate conditions.

A team of leading European soil scientists have collaborated to produce
the first ever Soil Atlas of Europe. Using state of the art computer
mapping techniques, the Soil Atlas of Europe shows the changing nature
of soil across the European continent.

Soil is one of the fundamental components for supporting life on Earth.
Most ecosystem processes and global functions that occur within soil
are driven by living organisms that, in turn, sustain life above ground.
However, despite the fact that soils are home to a quarter of all living

The first ever Soil Atlas of Latin America and the Caribbean aims to
answer questions about the origin and functions of soils related to what
is special about soil in Latin America and the Caribbean under impact
from a changing society and global climate.

The Soil Atlas of Europe explains the origin and role of soil, describes the
different soil types that can be found in Europe and their relevance on a
global scale. The atlas also discusses the principal threats to soil across
Europe and the steps being taken within the European Union to protect
soil resources.

species on Earth, life within the soil is often hidden away and suffers by
being ‘out of sight and out of mind’.

This Atlas also describes the different soils that can be found in the region,
and with the use of digital soil mapping technology, illustrates the high
diversity of soil characteristics. This work is the result of a collaboration
between scientists from Latin America, the Caribbean, Europe and North
America.

The Soil Atlas of Europe is more than just a normal atlas that simply
shows the location of places. Rather, this volume presents an
interpretation of an often neglected natural resource that surrounds and
affects us all.
The Soil Atlas of Europe is an essential reference to this non-renewable
resource in Europe.

The first ever European Atlas of Soil Biodiversity functions as a
comprehensive guide allowing non-specialists to access information
about this unseen world. The first part of the book provides an overview
of the below ground environment, soil biota in general, the ecosystem
functions that soil organism perform, the important value it has for
human activities and relevance for global biogeochemical cycles. The
second part is an ‘Encyclopedia of Soil Biodiversity’. Starting with the
smallest organisms such as the bacteria, this segment works through a
range of taxonomic groups such as fungi, nematodes, insects and
macrofauna to illustrate the astonishing levels of heterogeneity of life
in soil.

The Soil Atlas of Latin America and the Caribbean places special attention
on the possible negative effects of climate change on soil functions and
properties, as well as potential mitigation and adaptation measures
which can be adopted in order to preserve this natural resource.
This publication constitutes an essential reference for the management
of a natural resource that is non-renewable within a human time frame,
yet fundamental for life on Earth.

The European Atlas of Soil Biodiversity is an essential reference to the
many and varied aspects of soil. The overall goal of this work is to convey
the fundamental necessity to safeguard soil biodiversity in order to
guarantee life on this planet.

Leading soil scientists from Europe, Russia, Canada, Greenland and the
United States of America have collaborated under the auspice of the
International Polar Year 2007-2009 to produce the first ever Soil Atlas of
the Northern Circumpolar Region.
Using state of the art computer mapping techniques, the Soil Atlas of
the Northern Circumpolar Region shows the changing nature of soil in
northern territories.
The Soil Atlas of the Northern Circumpolar Region explains the origin
and role of soil, describes the different soil types that can be found in
this environment and their relevance to global issues. The atlas also
discusses the possible impacts of climate change on soil and the
relationship between soil and global climate.
The Soil Atlas of the Northern Circumpolar Region is an essential reference
to a non-renewable resource that is fundamental for life on this planet.

Leading soil scientists from Europe and Africa have collaborated to
produce the first ever Soil Atlas of Africa. Using state of the art computer
mapping techniques, the Soil Atlas of Africa shows the changing nature
of soil across the continent.

The first ever Global Soil Biodiversity Atlas uses informative texts,
stunning photographs and striking maps to answer and explain questions
as: What is soil biodiversity? What are the main threats to soil biodiversity?
What can we do to preserve it?

The Soil Atlas of Africa explains the origin and functions of soil, describes
the different soil types that can be found in Africa and their

Soil is an extremely complex system resulting from the essential
interactions between inert and living components. Soils host a myriad
of soil organisms ranging in size from a few micrometres to several
centimetres, from the microscopic bacteria and archaea to the “giant”
earthworms and moles.

relevance to both local and global issues. The atlas also discusses the
principal threats to soil and the steps being taken to protect soil resources.
The Soil Atlas of Africa provides answers to questions such as: What is
special about soil in Africa? What does soil provide to society and the
environment? How do our activities affect soil?

All these organisms are distributed over space and time, and each
ecosystem and season has its unique soil community. Soil organisms
interact to provide essential ecosystem services to human beings and
the environment, ranging from supporting plant growth to the regulation
of climate.
The atlas explains the factors influencing the distribution of soil
organisms, how soil biodiversity supports food production, the pressures
affecting soil life and the possible interventions to preserve it.

The European Commission’s Joint Research Centre collaborated with
experts from around the globe to develop a series of comprehensive soil
atlases (available at https://esdac.jrc.ec.europa.eu/Atlas and
http://publications.europe.eu).
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Net Primary Production
Net primary production is the basis of all ecosystem services

Net primary production (NPP)
The colours on these maps indicate how fast
carbon was taken in for every square metre of
land, during the year 2015. Values range from -1.0
grammes of carbon per square metre per day (tan)
to 6.5 grammes per square metre per day (dark
green). A negative value means decomposition or
respiration overpowered carbon absorption; more
carbon was released to the atmosphere than the
plants took in.
These NASA images were made by Reto Stockli,
NASA's Earth Observatory Team, using data
provided by the MODIS Land Science Team.
Source: NASA images compiled by Reto Stockli, NASA's Earth
Observatory Team, using data provided by the MODIS Land
Science Team.

Without plants converting sunlight into
organic carbon compounds there would
be no life on Earth as we know it.
NPP
6.5

gC/m2/day

0
-1.0

"A flux tower in Kruger National Park South Africa, measures the “breathing”
of an African savanna ecosystem. During summer days, CO2 is taken
up by the vegetation leading to an increase in overall biomass. Some of
this biomass is lost to herbivory and microbial decay, but most is lost to
the frequent fires that are an integral component of the ecosystem. An
important question in the context of climate change is whether this system
is in long-term equilibrium, or if the carbon store is increasing or decreasing.
The flux tower helps scientists understand the dynamics of the system,
and trends in carbon dynamics, as well as being a useful tool in calibrating
satellite-based NPP products."
Source photo Tami Mudau text based on: https://www.csir.co.za/eddy-covariance-flux-towers
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Terrestrial
ecosystems
are
dependent on the sun's energy to
support growth and maintenance. Plants
are primary producers that, through
photosynthesis, manufacture organic
molecules such as carbohydrates and lipids
from raw inorganic materials (CO2, water, mineral
nutrients). Primary productivity is thus a fundamental
determinant of both the structure and functioning of
terrestrial biomes. The energy and carbon of primary production
supplies consumers, including humans, with the necessary fuel
to support their metabolism while providing essential carbon
compounds that form the bricks and mortar of living cells1 .
In addition to solar radiation, the main abiotic factors that
affect rates of photosynthesis and NPP are water, temperature,
carbon dioxide concentration, and nutrients2 . Globally, there is
broad equilibrium relationship between NPP, temperature and
precipitation that is strongly impacted by nutrient limitations and,
hence, knowledge of the global distribution of NPP is important
for understanding vegetation dynamics in biomes, patterns of
biodiversity, potential agricultural yield, and predicting global
climatic changes3 .
Some of the key factors that lead to long-term reductions in
NPP are associated with various forms of land degradation. This
includes soil erosion (wind, water), nutrient depletion, salinisation,
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soil compaction and crusting, topsoil losses and nutrient
depletion, alterations of vegetation composition and structure,
and water depletion. In fact, most types of soil disturbance can
have devastating impacts on a region’s productivity. One of the
most extreme examples of soil loss’s impacts on productivity is
Iceland. Icelandic agriculture is primarily based on sheep farming,
dairy and poultry production. Due to numerous factors, but
especially poor grazing management and wood harvesting, the
entire topsoil has been lost over vast areas of the island4 .
Numerous biogeochemical processes affect the carbon
balance of terrestrial biomes, including photosynthesis, plant
respiration, microbial respiration, leaching losses, erosion,
herbivory, fire, and rates of rock weathering. Human appropriation
of NPP and modification of the Earth's surface over the past several
centuries has altered many of these processes5 (see pages 38
and 112). Net biome production (NBP), which applies to changes
in carbon stocks over large spatial areas and long time periods, is
helpful to describe changes in carbon balances after losses due
to natural or anthropogenic disturbances6 . NBP balances carbon
emissions with non-respiratory losses such as fire, deforestation,
insect infestation, droughts, agricultural harvests, and ecosystem
respiration fluxes with NPP, and indicates the carbon source-sink
strength and possible positive feedback flux to atmospheric CO2
concentrations. Climate change and human-induced degradation
may well result in an increased or decreased NBP5 .

Net Primary Production and
Net Ecosystem Production
Net primary production (NPP) is the amount of biomass or carbon
produced by primary producers per unit area and time, obtained
by subtracting plant respiratory costs (Rp) from gross primary
productivity (GPP) or total photosynthesis. The term net ecosystem
production (NEP) is used to express net carbon accumulation by
ecosystems, which is obtained by subtracting the respiratory costs
of all organisms (Rall), including plants, grazers and microbes, from
GPP. When NEP is positive (i.e. GPP > Rall), there is a net gain of
carbon in the ecosystem.

Global environmental change is rapidly altering the
dynamics of terrestrial biomes. This has major consequences
for the functioning and structure of the Earth system, including
the provision of ecosystem services. Long-term satellite
measurements have identified a widespread greening of the
Earth7. The four key drivers of this change are the fertilisation
effects of atmospheric CO2 (this explains 70 % of the observed
greening trend), nitrogen deposition (9 %), climate change (8 %)
and land cover change (4 %). Global CO2 concentrations have
risen from about 280 ppm at the start of the industrial revolution
to about 406 ppm in 20178 .
Elevated carbon dioxide concentrations have numerous effects
on plants, such as acting as a fertiliser that stimulates increases in
photosynthesis2 . Elevated CO2 concentrations also tend to reduce
water loss in plants, which may be more important than the direct
effect of increased photosynthesis rates due to global trends
in changing aridity9 (see Aridity Projections, page 78). There is
evidence that the CO2 fertilisation effect can change plant-species
mix (such as enhancing woody plant growth over grass growth),
lower the carbon-to-nitrogen ratio of plants (making grazing and
browse material less palatable), and evoke long-term evolutionary
responses10 . It is therefore likely that increased NPP due to
increased CO2 concentrations may be changing useful ecosystem
services in some areas, despite the higher plant productivity.
However, generalisations are difficult to make because there

are many feedbacks and interactions with other variables, such
as temperature, nutrients, water availability, and plant-plant
competition2, 10 .
The direct CO2 effect on plants should be most strongly
expressed in warm, arid environments where water is the dominant
limitation to vegetation growth and where land degradation is
widespread. Indeed, it has been shown that the 14 % increase in
atmospheric CO2 (covering the period 1982–2010) led to a 5-10 %
increase in green foliage in warm, arid environments11 . Can global
increases in NPP mask the impacts of degradation? Long-term
change in NPP is potentially a useful indicator of land degradation,
but interpreting short-term changes in NPP as degradation can be
misleading because it can be a reflection of climatic fluctuations.
Scientists have attempted to use rain use efficiency (NPP per unit
of water) to better understand degradation tends, which have been
most successful over long time periods12 . Also, in combination with
climate impact, anthropogenic land use can increase NPP but mask
other forms of degradation. Highly productive cultivation systems
may increase NPP but affect other ecosystem services, such as water
and nutrient supply. Grazing pressure can cause a species change to,
for example, woody shrubs showing an increase in NPP but reduce
palatability and biodiversity. Hence, it is important to include NPP
changes in land degradation assessment but these changes can
only be interpreted correctly when considering the dynamics of other
ecosystem services and socio-economic situations.

Erosion on hillsides
Extreme topsoil erosion in Iceland. An extreme example
of near total loss of topsoil having huge impacts on
NPP. In Iceland, thick Andosoils have been removed by
the forces of wind and water leaving shallow and poor
soils with limited vegetation cover.
Source: Zinneke. Wikimedia Commons.
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Net Primary Production Cycles
Loss of NPP can trigger further land degradation
Jan

Feb

Biomass production is the most important process of the
biosphere. It directly impacts many ecosystem services, such
as the global carbon cycle, which in turn affects the water cycle
and climate. In fact, many ecosystem services are positively
correlated with net primary production (NPP), including food
production, climate regulation, purification of water, maintenance
of nutrients, healthy soils, carbon sinks, biodiversity, and aesthetic
landscape function13, 14 . NPP dictates the amount of carbon
synthesised within an ecosystem, which is ultimately available to
consumers, including humans. In fact, associated with increased
population growth over the last millennium, a disproportionate
amount of the world’s NPP is now consumed by humans (see
pages 38 and 112).

Humans have major impacts on NPP through the use of
irrigation and fertilisers. It is the loss of NPP through actions
such as increased soil erosion, deforestation and soil salinisation
that forms the basis for many forms of land degradation. There
are also forms of degradation where NPP may stay constant,
or even increase, but where important ecosystem services
change. Examples include plant species, compositional changes
in response to grazing pressure where palatable grasses are
replaced by less palatable ones, or in some cases where palatable
grasses are replaced by unpalatable woody shrubs15 . In such
circumstances the grazing capacity of the rangeland may be
greatly reduced, biodiversity can be lost, but carbon sequestration
and other regulating ecosystem services may be maintained or
even enhanced.

Of the estimated 59.2 PgC/yr of net primary production,
a disproportionately high (23.8 %) is used by humans*.
* For more information see Human Appropriation on page 112.
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CO2 fertilisation is having an impact on Leaf Area Index
(LAI) (and hence NPP) over vast areas of the Earth. 70 % of the
observed impacts on LAI to CO2 fertilisation effects7, with factors
such as nitrogen deposition, climate change-induced rainfall and
temperature as well as land-cover change being responsible for
the remaining observed changes.

Mar

Apr

Carbon absorption by plant biomass within a yearly cycle
The colours on these maps indicate how fast carbon was taken in for every square metre of land for each month
of the year 2015. Values range from -1.0 grammes of carbon per square metre per day (tan) to 6.5 grammes
per square metre per day (dark green). A negative value means decomposition or respiration overpowered
carbon absorption; more carbon was released to the atmosphere than the plants took in.
Source: NASA images compiled by Reto Stockli, NASA's Earth Observatory Team, using data provided by the MODIS Land Science Team.
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Annual NPP differs substantively among biomes
The graph shows comparison of the variability in model estimates among
biomes for mean net primary productivity. Biomes include arid shrublands/
deserts (DES), tundra (TUN), boreal woodlands (BW), temperate savannas
(TMS), boreal forests (BF), grasslands (GRS), xeromorphic woodlands (XFW),
temperate coniferous forests (TMC), tropical savannas (TRS), temperate
deciduous forests (TMD), temperate mixed forests (TMM), tropical deciduous
forests (TRD), temperate broad-leaved evergreen forests (TMB) and tropical
evergreen forests (TRE). Biomes are arranged in ascending order of the mean
biome NPP estimated from the combined model results. Bars within the boxes
represent median values. The bottom and top of the box represents the 25th
and 75th percentile, respectively. The bars outside the box represent the 10th
and 90th percentiles. Open circles represent outliers.
Source: Cramer W., 199511 .
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Human Appropriation of Net Primary Production (HANPP)
Trends and patterns of land resource use
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(i.e. climate and soil), conditions of hypothetically undisturbed terrestrial
ecosystems1, 3, 4 .
Global HANPP estimates are based on a combination of vegetation
modelling, land use and productivity statistics (e.g. agricultural and
forestry yield, livestock density, other biomass flows associated with land
use, etc.), global land-cover/land-use data as well as actual NPP figures
that are primarily derived from satellite imagery1, 2, 5 . Many inputs, such
as time series from national to global scales, are increasingly available1, 6,
. The main components for estimating HANPP are:

7

NPP_0: is derived from bio-climatic models and refers to the
potential vegetation that would prevail in a defined area under current
soil and climate conditions without human intervention.
NPP_act: is the NPP of the actual production under current land use,
which can be derived from global satellite data.
NPP_h: is the NPP that is harvested (e.g. in agricultural yields, timber
production and other biomass products) compiled from statistical databases
which are spatially disaggregated.
NPP_t: is the NPP remaining in the ecosystem after human harvesting
From these components the following can be derived:
HANPP_LC = NPP_0 – NPP_act (accounts for the NPP change due to
human land-use conversion)
NPP_t = NPP_act – NPP_h (accounts for the NPP remaining in the
ecosystem after harvesting – also called NPP_eco
HANPP = NPP_h + NPP_LC= NPP_0 – NPP_t

Global patterns and trends of HANPP
Spatial and temporal patterns of HANPP and its components
reveal regional differences in the interactions between socioeconomic and ecological systems that may also be relevant to
land degradation. Converting an undisturbed ecosystem into
croplands, managed forests or tree plantations, infrastructure
and built-up area tends to reduce NPP. For example, when a forest
is replaced by a built-up area, the actual NPP is greatly reduced
compared to its potential. Agro-ecosystems are generally less
productive in terms of NPP than the natural vegetation they
replace. However, in drylands, the NPP of irrigated croplands will
likely exceed that of potential vegetation (i.e. NPP_act > NPP_0).
The global map here represents the change in potential NPP due
to human land transformation. It indicates where and the degree to
which the original primary production has been modified as a result
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bar and line charts
Asian countries with industrial economies.
associated with the main
map illustrate the temporal
2.
Areas with moderately negative
Lima
development of HANPP
values of NPP-LC occur where human land use
components, roughly showing
has driven actual NPP above potential NPP. This
three global patterns:
is found in developed industrial regions with high
1. Regions
where
ecosystem
input, efficient agriculture, and generally favourable
Rio de Janeiro
change resulted in a high loss of
environmental conditions in parts of the European
São Paulo
natural capacity to provide NPP
Union, parts of China and South Korea.
tend to have HANPP_LC values
3.
The highest negative values occur in dryland areas
greater than 30 % (dark yellow
with low potential NPP. Here, almost all agricultural production
to reddish colours). In many
is fully dependent on irrigation and fertiliser use. These inputs
cases this is related to low-input
allow for the production of actual NPP that far exceeds potential
Buenos
agriculture with modest levels of
Aires
NPP. Prominent examples are the Nile delta, the Indus Valley and
NPP harvested for human use.
the Arabian Peninsula.
These tend to be areas with “yield
Meaningful interpretations cannot be made from single date
gaps” especially in sub-Saharan
HANPP_LC estimates. Other elements of the HANPP framework are
Africa,
south-eastern
Europe,
helpful. In particular the synoptic view on the relationship between
central Asia and, to a lesser extent,
the biomass extracted for human use (NPP_h) and NPP_LC and total
in parts of southern and South-East
HANPP (see bar/line charts associated with the map) helps distinguish
Asia. In industrial agriculture regions,
other regional HANNP patterns and interpretation of combined land
initially high values of HANPP_LC may
use intensity and efficiency1, 3. The graph below ("Time series 1910eventually be offset through high inputs
2005 of continental HANPP") summarises global and continental
that increase crop yields and raise actual NPP
trends of HANPP1, 3, 7, 11 .
to levels closer to potential NPP. In any case, land
Between 1910 and 2005, human population has quadrupled
conversion combined with high inputs can place great
and overall economic production (GDP) has grown by a factor of 17,
pressures on land and water resources, ecosystem services although global HANPP only doubled from 13 % to 25 % of potential
Time series 1910-2005 continental NPP_lc/NPP_harvest

Time series 1910-2005 of continental HANPP
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and biomass extraction of all types (i.e. not only agricultural crops) alter the
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Human Appropriation of Net Primary Productivity
(HANPP) is the proportion of terrestrial NPP consumed
Mexico
City
directly and indirectly through human land use. Hence,
HANPP can serve as an integrated measure of the socioecological impact of human land-use change.
HANPP describes the partitioning of NPP at the point where
human land use takes place. Complementary HANPP approaches
consider the human demand of NPP at the place of consumption
and involve integration of population and biomass trade data8, 9. The
‘embodied HANPP’ aims to address the spatial disconnect between
biomass production and consumption to characterise associated
socio-economic and environmental telecoupling9 (see also page 40).
HANPP2 estimates the extent to which anthropogenic land conversion
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Paris
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Source: University Klagenfurt download https://www.aau.at/
soziale-oekologie/data-download/ and UNEP live regions10 :
https://environmentlive.unep.org/regionscountries

112

1980

HANPPluc

LC/HARV%

Potential NPP lost or gained due to human land use
(HANPP_LC).
Positive values (red) indicate loss and negative values
(blue) gain of actual NPP compared to potential NPP.
Conversion of natural vegetation to human land use
(NPP_LC) refers to the year 2000 [3][4].
The combined bar and line charts display temporal
development from 1960 to 2005 of essential HANPP
components for UNEP live regions [10].
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From 1910 to 2005, global population grew 4-fold and economic output
17-fold. Yet, for this same period, HANPP only grew 2-fold1, 3 .
Change of potential NPP due
to human land transformations
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Johannesburg
terrestrial NPP1 . The increase in demand
for biomass that might be expected from
Cape
this growth was partly offset by agricultural
Town
expansion, but mostly by increases in agricultural
efficiency. Increased efficiency (through increased
inputs) increased the NPP of agricultural land, in many cases to
close or even beyond potential NPP1, 3. The adjacent graph ("Time
series 1910-2005 continental NPP_lc/NPP_harvest") illustrates the
temporal development of the ratio between NPP lost to land use
change (HANPP_LC) versus the NPP actually harvested for human
consumption. This ratio declines with increasing land use efficiency
and has decreased globally by 50 %. This systematic decline
begins in the 1950s and 1960s and generally coincides with the
mechanisation of agriculture after 1945 and the subsequent green
revolution in the 1960s that introduced new and high productivity
crops worldwide1, 3. Nevertheless, globally, there are substantial
regional differences in the evolution of HANPP and its components
over the past 100 years. These reflect different socio-environmental
pathways at continental scales.
Africa has increased HANPP almost 3-fold (7 % to 20 % of
potential NPP). However, HANPP_LC has increased with the same
order of magnitude as the HANPP_h (harvested NPP). The 1:1
relationship between HANPP_LC and HANPP_h in 2005 is an
indication of land-use inefficiency.
Latin America and the Caribbean show significant increases in
HANPP (from 5 % to 17 % of potential NPP). HANPP_LC increased
and gains in HANPP_h show only a moderate increase in land use
efficiency with a portion of HANPP_LC above the global average.
Asia doubled HANPP from 20 % to 40 % of potential NPP and
has thus succeeded in largely satisfying the rapidly increasing
demand of its growing population. Notably, HANPP_LC has steadily
declined while HANPP_h has more than doubled. Currently HANPP_h

exceeds HANPP_LC by a factor of 5, which
strongly suggests a significant gain in land-use
Perth
efficiency.
The highly industrialised part of the globe is
composed of western and central Europe, North
America, Australia and New Zealand, Japan and
South Korea. They have no common geographical connection but are
characterised by highly industrialised economies and efficient landuse systems that were largely established or consolidated during
the last century. Since the middle of the last century, HANPP has
increased only modestly (from 18 % to 23 % of potential NPP) and
remained generally stable. Embedded within this general pattern
are many sub-regions which deviate from regional averages. For
example, a detailed study of European Union countries revealed
that total HANPP is greater than 40 % and HANPP_LC remains
distinctly above average due to the high density of built-up areas
and infrastructure in central Europe7.
The territory of the Former Soviet Union and Eastern Europe
(FSU-EE) is the only region that has shown a decline in HANPP
over the observed period. Up to 1990 it followed a similar pathway
and level of total HANPP as the highly industrialised parts of the
globe. But after 1990, the region experienced a distinct decline of
HANPP due to the political and economic disruption that followed the
collapse of the FSU.

HANPP and land degradation
Global patterns and trends of HANNP reflect global resource
exploitation, pressures on ecosystem services and the ultimate limits
to sustaining life on Earth (planetary boundaries)3. The application
of the HANPP framework is scale-independent and its ability to
suggest multiple global change issues that highlight areas of concern
complements the underlying concept of ‘convergence of evidence’

Melbourne

Auckland

proposed in this atlas.
Land degradation processes are often triggered by land
conversions and the concept of HANPP_LC is one measure that can
be employed to identify areas of potential risk. Soil degradation can
accompany high values of HANPP_LC3 even as actual NPP declines.
Over the long term, it was estimated that 4 to 10 % of potential
NPP lost in drylands could be due to soil degradation12 . Alternatively,
the Economics of Land Degradation initiative (ELD) used the ratio of
actual NPP versus potential NPP as a spatially explicit proxy factor
of land degradation. This was combined with a layer of ecosystem
values (monetary values of ecosystem services for land-cover types)
to estimate the cost of land degradation in the NPP supply area13, 14 .
However, interpreting HANPP components alone as an indicator
of potential land degradation may also be misleading. For example,
high-input agriculture can increase actual NPP to levels that are
comparable to potential NPP. This would mask the
potentially adverse impacts of excess inputs on longterm soil and water quality and general ecosystem
functioning. While a useful measure, in the absence
of context, HANPP alone may not always be a reliable
indicator of potential degradation.
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Land Productivity Dynamics
Tracking some consequences of global land transformations

Oslo

London
Paris
Global land productivity dynamics showing 5 classes of
persistent land productivity trajectories from 1999-20136, 16 .
The map is compiled from phenological metrics, such as
growing season productivity, derived from time series of the
Copernicus Global Land SPOT VGT products of normalised
difference vegetation index (NDVI), composited in 10-day
intervals at a spatial resolution of 1 km. Phenological metrics
can be derived from other Earth-observation modelled
vegetation indices such as fAPAR. The period here is
constrained by the operational life of the SPOT satellite.
The map shows 5 classes indicating areas of negative or
positive change or stability, and is an indicator of change
or stasis of the land’s capacity to sustain the dynamic
equilibrium of primary production from 1999 to 2013.
Declining trends do not indicate land degradation per se, nor
do increasing trends indicate recovery.
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Source: WAD3-JRC, 2018, Cherlet, M., 2014.
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Global and continental area percentages affected by persistent
declines or unstable land productivity between 1999 and 2013.
Source: WAD3-JRC, 2018.

Humans need increasingly more biomass for food, fodder, fibre
and energy. Meeting these demands changes global ecosystems.
Tracking changes in total biomass production or land productivity is
an essential part of monitoring land transformations that are typically
associated with land degradation1 . The state of the Earth’s vegetation
cover and its development over time is one reliable and accepted
measure associated with land productivity. The state of vegetation
cover and is a good reflection of the integrated ecological conditions
as well as the impact of natural and anthropogenic environmental
change2 . Persistent land productivity changes point to long-term
alteration of the health and productive capacity of the land.
Trends in land productivity have been adopted as one
of three land-based UNCCD progress indicators3 . These are
used for mandatory reporting and have been proposed as one
sub-indicator for monitoring and assessing progress towards
achieving Sustainable Development. Goal (SDG) target 15.34 .
A persistent reduction in land productivity will directly and
indirectly impact almost all terrestrial ecosystem services and
benefits that form the basis for sustainable livelihoods of all
human communities. But declining productivity is certainly not the
sole indicator of possible land degradation. Increased productivity
is sometimes achieved at the cost of other land resources, such
as water or soil, in which case it can lead to degradation, which is
observable only in later stages. To identify critical land degradation
zones, land productivity must be analysed within the context of
anthropogenic land use and other environmental changes. One
approach to bringing many disparate measures together is the
convergence of evidence framework presented in from page 142
onwards. Land productivity as presented here refers to observed

Buenos
changes of above-ground biomass
Aires
and is conceptually different from, and
not necessarily related to, agricultural
production or income per unit area.
Between 1999 and 2013,
approximately 20.4 % of the Earth’s
vegetated land surface showed
persistent declining trends in land
productivity. However, the level to which
the different continents display persistent
productivity decline (classes 1 and 2),
instability or stress in the land’s productive capacity
(class 3) varies significantly, as shown in the graph above.
Africa, Australia and South America show, proportionally,
declines or stressed productivity dynamics for larger areas that
the rest of the globe. The vegetated continental land surface
that shows a decline or unstable land productivity reaches
approximately 22 % in Africa, 37 % in Australia and Oceania and
27 % in South America. This is much higher when compared to
Asia with 14 %, Europe with 12 % and Northern America with
18 % of their vegetated area showing a declining or unstable
land productivity.
Further differentiation of the extent and significance of land
productivity changes can made for within land cover/land use
classes (see graph on the right page).
It is alarming that 20 % of the world’s croplands show
declining or stressed land productivity, particularly considering
that immense effort and resources are being committed to
maintain and enhance the productivity of arable and permanent
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The relationship between NDVI and primary production is directly
related to chlorophyll abundance and energy absorption. Comparison of
integrated gross primary production from 21 Fluxnet forest flux towers
and integrated NDVI (Normalised Difference Vegetation Index) from
MODIS Terra, shows a reasonable correlation between NDVI and Gross
Primary Production (GPP).
Source: Hashimoto, H. et al., 201220 .

A

R

C
B
Disturbance (e.g. drought, grazing, land clearing)
Schematic trajectory of a curve (hysteresis) illustrating that, with
increasing pressure, productivity declines to reach point B until the stress
is reduced. When stress is reduced, productivity increases again. A fully
resilient system (green curve) will go back to its original state (A) and will
oscillate between stages A and B. If the system has decreased resilience
(red curve) it will return to lower productivity at point C and possibly reach
a new equilibrium at that lower productivity level. The resilience of the
system, R, is related to the distance between A and C1, 17.
Source: Yengoh, G.T., (2015)9 .
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cropland, as well as the fact that there are clear
limitations to the further expansion of cropland.

Land productivity dynamics:
Land productivity dynamics (LPD) are used as an indicator
of change or stability of the land’s capacity to sustain primary
production. The primary productivity of a stable land system is
not a steady state, but may be highly variable between different
years and vegetation growth cycles due to natural variation and/
or human intervention5 . This recognises that land productivity
Global Land Productivity Trends for Selected Land-Cover/Land-Use Types

changes cannot be assessed meaningfully by
comparing land productivity values of single
reference years or averages of a few years, and underscores
the need for approaches based on longer-term trends. The
map presented here depicts the persistent trajectories of land
productivity dynamics over the period of 1999 to 2013, rather
than a single summary measure of land productivity over that
period6, 7.
Analyses of trends and changes in land productivity may
detect areas with persistent and active declines in primary
productivity. These trends might point to ongoing land degradation
rather than areas which have already reached a new equilibrium
prior to the observation period8 .

Rangelands 27%

Global monitoring of land productivity

Forest land 16%

Global monitoring of land productivity relies on multitemporal and thematic evaluation of long-term time series of
remotely sensed vegetation indices, computed from continuous
spectral measurements of the vegetation photosynthetic
activity. Research has shown that time series of remotely sensed
vegetation indices are correlated with biophysically meaningful
vegetation characteristics such as photosynthetic capacity and
primary production. These characteristics are closely related
to global land surface changes that can be associated with
processes of land degradation and recovery (see Figures on the
left page). There is broad agreement that they are adapted to
studying vegetation dynamics at global, continental and subcontinental levels9 .

Grassland 19%
Cropland 20%
0%
declining*

20%
moderate
decline

40%
stressed

60%

80%

stable

100%
increasing

* 'Declining' groups the 'persistent severe decline in productivity' and
'persistent moderate decline in productivity' classes.

Proportional global land productivity by land cover/land use class.
(Cropland includes arable land, permanent crops and mixed classes with
over 50 % crops; Grassland includes natural grassland and managed
pasture land; Rangelands include shrub land, herbaceous and sparsely
vegetated areas; Forestland includes all forest categories and mixed
classes with tree cover greater than 40 %).
Source: WAD3-JRC, 2018.
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Global data sets describing vegetation response are now
operationally provided by national and international Earth
observation systems, such as the EU Copernicus Earth observation
programme and the NASA Land Data Products and Services
programme, harmonised through intergovernmental frameworks
such as the Group on Earth Observation implementing the Global
Earth Observation Systems of Systems (GEOSS).
A number of recent products analyse global biomass
trajectories by using trends and change metrics of remote-sensing
time series9, 10, 11, 12, 13, 14 . Main divergences are related to the
differences of the input time series (e.g. time period and spatial
resolution) and in the way processing chains attempt to account
for external environmental factors, such as rainfall, atmospheric
fertilisation and land-use practices10, 13, 14 . To relate these trends
to land degradation, these approaches try to
incorporate other factors into the analysis, some15
rely on doing this in a second step, however,
biomass trends alone reflect only one aspect of
land degradation (see page 108).
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Land Productivity Dynamics: Continental Highlights
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NORTH AMERICA
In North America, 13 % of the croplands (about 500 000 km2) show
declining trends or persistent instability. The most prominent anomaly
falls in the southern part of the semi-arid Great Plains in the border
region between New Mexico, Texas, Oklahoma and Kansas, where large
areas are dedicated to input-intense, irrigated crops (e.g. cotton in
north-western Texas) that depend primarily on fossil groundwater.

Spatial extent of LPD classes in
North America under selected LC/LU categories
TOTAL CONTINENT

TOTAL CONTINENT

Rangelands

Rangelands

Forest land

Forest land

Grassland

Grassland
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Cropland

* 'Declining' groups the 'persistent severe decline in productivity' and
'persistent moderate decline in productivity'.
LPD: Land Productivity Dynamics
LC:
Land Cores
LU: Land Use

116

Distribution of LPD classes for
four major LC/LU categories in North America
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SOUTH AMERICA
In South America, all land-cover/land-use category types show negative
land productivity trends that are considerably above global averages. One
of the main anomalies of declining productivity trends is in the vast semiarid plain of the Dry Chaco in the border region between Argentina, Brazil
and Paraguay (see the Argentina case study on page 210). The spatial
distribution of declining productivity areas generally correlates with the
rapid expansion of crop production and cattle ranching at the expense
of ecologically valuable primary dry forests. The north-eastern Brazilian
dryland area shows the effect of severe drought conditions toward the end
of the observation period. Long-term effects of this anomaly, now visible as
declining productivity, cannot be estimated yet.

Rio de Janeiro
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Spatial extent of LPD classes in
South America under selected LC/LU categories
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Distribution of LPD classes for
four major LC/LU categories in South America
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* 'Declining' groups the 'persistent severe decline in productivity' and
'persistent moderate decline in productivity'.
LPD: Land Productivity Dynamics
LC:
Land Cores
LU: Land Use
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Land Productivity Dynamics: Continental Highlights (cont’d)
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EUROPE
Europe has the highest proportion of croplands in the world of which
about 18 % may be subject to significant drivers that lead to declines in
productivity. In central Asia and the south of eastern Europe, large landuse systems that were previously large-scale collective farms (including
livestock production) have been substantially transformed following the
collapse of the former Soviet Union. Some Mediterranean areas have
seen agricultural intensification intermingled with the rapid expansion
of infrastructure and urbanisation into croplands. In many European
croplands, the impacts of land and soil degradation may be masked by
a sustained capacity to compensate for losses in soil fertility, but this
comes at a significant cost to biodiversity and freshwater resources.
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Dakar

Spatial extent of LPD classes in
Europe under selected LC/LU categories
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* 'Declining' groups the 'persistent severe decline in productivity' and
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Distribution of LPD classes for
four major LC/LU categories in Europe
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ASIA
In Asia, more than 20 % of rangelands show declining land productivity
trends. The central Asian region has undergone dramatic changes in
land use after the foundation of independent states during the 1990s.
In many cases, more sedentary forms of livestock production have led
to overstocking and overgrazing of rangeland systems, while there was
large-scale abandonment of collective farm and livestock land-use
systems. Siberia and south and South-East Asia show complex patterns
of productivity reflecting the dynamics of forest transformations in these
regions. Expansion and intensification of agriculture results in increasing
productivity patterns, but in many cases these are offset by loss of water
resources and pollution and overuse of fertilisers (see case studies of
China (page 198), India (page 221) and the Aral Sea (page 214).

Spatial extent of LPD classes in
Asia under selected LC/LU categories

Distribution of LPD classes for
four major LC/LU categories in Asia
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Land Productivity Dynamics: Continental Highlights (cont’d)
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AFRICA
In Africa, approximately 16 % of the vegetated land surface is designated
cropland, of which about 23-24 % shows signs of decreasing or unstable land
productivity.
African rangelands and grasslands, an essential resource for livestock
production and livelihoods of large parts of the population, are experiencing
productivity declines similar to those of croplands. These land productivity
trends in African croplands and grasslands are particularly concerning given
expected population growth. Forests in Africa still cover about 7 million km2,
16 % of which show decreasing or stressed land productivity, while 34 % of
the tree-covered land shows signs of increasing productivity.
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Spatial extent of LPD classes in
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AUSTRALIA/OCEANIA
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Australia/Oceania shows the largest proportion of area with decreasing
land productivity trends, which total approximately 37 % of vegetated
land. Clearly above the global average, much of this decrease may be
attributed to the very large dryland area in Australia and reoccurring
droughts, including the millennium drought18 . There is a pronounced
aridity gradient from east to west. The most northerly part of Queensland
in the humid tropical zone shows declining trends of primary productivity
Manila
which may be decoupled from the general gradient of aridity and drought.
There is evidence that land cover has recovered after significant periods
of rainfall in 201519 .
* 'Declining' groups the 'persistent severe decline in productivity' and
'persistent moderate decline in productivity'.
LPD: Land Productivity Dynamics
LC:
Land Cores
LU: Land Use

Spatial extent of LPD classes in
Australia/Oceania under selected LC/LU categories

Distribution of LPD classes for
four major LC/LU categories in Australia/Oceania
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Climate and Vegetation Trends
Vegetation response to climatic variability
IBERIAN PENINSULA
Iberian Peninsula shows resilience to sustained
drought conditions. Despite the high incidence of
Iberian ecosystems being subjected to a general
water deficit situation16 and recent droughts17,
there was only limited long-term biomass loss.

USA/MEXICO
Increased drought severity in Texas, New Mexico
and Mexico result in major long-term biomass
loss. The co-occurrence of long-term drought and
decreased vegetation suggests a close coupling
of climate and vegetation response. This recent
drought seriously impacted the agricultural sector13
and was responsible for large-scale tree diebacks14 .

Biomass trends in drought-affected areas

-0.6 - -0.3
Strength of the linear trend in drought
intensities over the 1981 - 2010 period

-0.3 - 0

Strongly positive

increase in
biomass

0 - 0.3

loss of
biomass
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0.3 - 0.6
0.6 - 1
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ARGENTINA
Long-lasting drought in recent years led to longterm biomass loss in the Argentinian Chaco and
Pampas. These changes are likely connected to the
prolonged 2007-2009 La Niña event, considered to
have been the worst drought in over a century. This
drought severely affected the Argentinian grain and
meat sector15 .

Time, in months, of the
first observable biomass
change in response a er
a drought event
0

Vegetation productivity trends between 1981 and 2010 in areas vulnerable to drought
Anomalies in vegetation conditions (deviation from 1981-2010 average), derived from satellite series of fraction of
Absorbed Photosynthetically Active Radiation (fAPAR)9 , were correlated with drought intensity (negative deviations
from the 1901-2010 average Standardised Precipitation and Evaporation Index, SPEI, version 2.3)10 within the
vegetation growing season.
The main map represents the linear trends in annual plant productivity in areas where the aforementioned
correlations were significantly positive, i.e. where the vegetation showed below-average conditions due to deficits in
precipitation. Map colours represent loss or increase in vegetation cover in areas vulnerable to drought. Red areas
indicate vegetation loss, pointing to the places most vulnerable to drought. Green areas indicate increasing vegetation
cover, which might suggest resilience to drought, naturally or through land management.
Insets highlight conditions and responses in representative Ecosystem Response Types11 in selected areas between
1981 and 2010:
Graphs show precipitation and temperature anomalies (red bars), their trends (dashed lines) and the response of
vegetation anomalies (blue lines) in the selected areas.
Small maps show the strength of the linear trend in drought intensities over the 1981-2010 period (ranging from
dark blue: strong positive trend to red: strong negative trend).

1
2
3

The impact of drought events can be measured by calculating
the temporal response of a change in vegetation biomass to the
drought event, based on the most significant positive correlation
between the growing season temperature/precipitation (SPEI)
and vegetation (fAPAR) anomalies.
Grey on the map indicates an immediate response while the
coloured areas map the response after 1, 2 or 3 months12 .
Source: Ivits, E.12 WAD3-JRC, 2018.

Source: WAD3-JRC, 2018; from Ivits, E., Horion, S. and Fensholt, R11 .

Changes in vegetation biomass are critical in assessing land
degradation1 . Climate variations alone, or in combination with
human-induced land use and land change, can affect biomass
productivity and may trigger changes in vegetation type and
structure.
When perturbed through natural pressures (e.g. climate; fire),
or through human land use, ecosystems can transition from an
“original” equilibrium state to a new state, which may result in
lower levels of productivity2 . Depending on severity and duration,
precipitation anomalies can trigger or aggravate existing land
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pressures in managed and cultivated areas and accelerate
ecosystem state changes, prompting long-term degradation3, 4 .
However, the response of plant productivity to climate fluctuations
is highly variable5 and there are many uncertainties in predicting
how ecosystem composition responds to drought3, 6 . In part, the
degree of impact depends on the resilience of the ecosystem
and the level of other stresses that are at play. Identification of
the factors influencing the vulnerability of an ecosystem7 and
an understanding of the response of the ecosystem to climate
and other perturbations complicate decision-making. However,
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predicted shifts towards increasing temperatures, modified
distribution and increased variability of rainfall that lead to more
frequent extreme climatic events will probably enhance the
vulnerability of ecosystems to change8 .
Providing an accurate assessment of the stability and
sensitivity of ecosystems in response to disturbances at continental
or global scale is thus pivotal to better understand how to mitigate
the external forcing (climatic as well as anthropogenic) that might
lead to land degradation.

CENTRAL EURASIA
Precipitation anomalies were partly responsible for
long-term biomass loss in Central Eurasia. Longterm biomass loss was seen as a response to water
deficit. Some areas also registered increasing
drought severity that contributed to observed longterm biomass loss18 . Human-induced changes may
be inferred in those areas that showed a decrease
in biomass but no increase in drought severity19 .

NORTHERN CHINA
Increased drought severity20 triggered long-term biomass loss in Northern
China. Large-scale impacts of drought were notable in 200021 .

HORN OF AFRICA
Increasing drought severity and long-lasting droughts have
resulted in crop failure22 , long-term biomass loss and famine
in the Horn of Africa23 .

SAHEL

AUSTRALIA

Partial alleviation of droughts since 1980s resulted in an overall gain in biomass in the Sahel24 .
Signs of an increase in woody cover, notably in Senegal, Mali and Sudan25 , may explain some
patches of greening despite lingering drought constraints.

Signs of vegetation recovery after the Big Dry. The Big Dry, or Millennium
drought, that occurred in the 2000s seriously affected Australia26 . However
limited long-term biomass losses were probably due to favourable conditions
after 2010.
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Fire
Changes in fire frequency and timing can transform vegetation

Fire is a natural part of all ecosystems.
Wildfires have been burning vegetation and
shaping landscapes far longer than people have
been on Earth1 . However, changes in patterns of
fire can result in degradation if the vegetation
is not adapted to the new fire regimes. In this
context it is possible to have both too much,
and too little, fire in a landscape.
Patterns of fire vary across the globe2:
boreal forests burn infrequently (every few
hundred years) but when they burn, fires are
intense – consuming entire forests with flame
heights of 20 m and more. Grassland ecosystems
may burn every few years, but these fires are
less intense, and seldom damage mature trees.
Organisms are adapted to the particular fire regime
that they evolved under, but patterns of fire can
quickly change with changing climates, human activities
(ignition/suppression) and land cover. Two key factors that
people change with fire is the frequency (or “return period”), and
the season or time of year that fires occur. As fire frequency and
season change, they can also affect fire intensity, with important
implications for plants, animals, and people living in these regions,
potentially causing long-term damage to land biomass components
affecting soil structure, nutrients and water cycling.

Median Fire Return Interval
(in years)
1
2
2–5
5 – 10
10 – 20
20 – 30
30 – 50
> 50

WESTERN USA
Fire Return Interval (FRI) (in years) in different ecosystems, globally estimated
from remotely sensed burned area. Grassy systems burn very frequently. Currently
it is not possible to resolve FRIs of longer than 50 years, but charcoal analysis and
tree rings tell us that boreal forests have FRIs as long as 200 or 300 years.
Source: Archibald, S. et al., 20132 .

SOUTH AMERICA
South America has two neighbouring ecosystems –
tropical forests and savanna (Cerrado) – with very different
historical fire regimes. Degradation takes two forms
here: too much fire in tropical forests and too little fire
in the Cerrado5, 6 , which complicates the development of
effective fire-management policies. Attempts to ban fire
in order to protect tropical forest are having devastating
impacts on the indigenous Cerrado vegetation, which
evolved with fire to maintain its function and diversity7.
In the Cerrado, reduced fire frequencies have caused
encroachment of weedy forest species and the elimination
of a range of endemic grassland species8 , which have
additional impacts on water yields9 .
By contrast, tropical forest trees are very sensitive to fire,
and when fires penetrate these forests (due to drought
or runaway crop fires) it can destroy the canopy trees.
Logging opens up canopies, dries the understory and
makes the leaf litter more flammable. When this litter
ignites, fires can be very destructive: they are usually
small fires moving slowly through the understory, but
because the tropical forest trees with thin bark are not
adapted to fire, they are often killed10 . This opens up
more gaps in the canopy and a fire cycle begins that can
result in the degradation of tropical forest11, 12 .

NON-NATIVE SPECIES AND FIRE
In many ecosystems, invasion by non-native
species can have big impacts on fire regimes and
result in rapid degradation of native vegetation15 .
Often this takes the form of alien grasses invading
arid shrublands and increasing fire frequency
and severity: e.g. Buffelgrass (Cenchrus ciliaris)
in Australia16 and cheat grass (Bromus tectorum)
in the USA17. Invasions of flammable shrubs and
pines can also increase fire intensity by increasing
available fuels – as in the Fynbos region of the
south-western South Africa.

Cheatgrass invading a sagebrush steppe rangeland.
Source: Cifor image.

Fire in the Cerrado, a vast savanna that covers
more than a fifth of Brazil's land.
Source: Centro de Monitoramento Ambiental e Manejo do Fogo,
Universidade Federal do Tocantins.
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In the western USA, humans suppressed natural fires
for many years. Hence, when fires eventually occurred,
they were much more intense and damaging than the
vegetation or people were adapted to3 . More regular
fires, which are less intense, result in less degradation
of these systems4 .
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Crown fires in Western USA.
Source: Credit Kari Greer, National Interagency Fire Center
(Wyoming, USA).

Many ecosystems are well adapted to a fire regime,
but human land use alters this equilibrium,
which changes the fire impact.

MEDITERRANEAN SHRUBLANDS
In Mediterranean shrublands high rates of human
ignitions mean that fires can occur more frequently than
their natural cycles – reducing the return time from ~30
to ~10 years in some instances13 . Some species in these
systems require a fire to germinate (“reseeders”) but
they also need enough time between fires to complete
their lifecycles and set seed. Thus, although they need
fire to produce offspring, if return periods are too
short some species (such as Pinus halipensis) may be
eradicated from the system14 .

Pinus halipensis.
Source: Prof Juli Pausas.

DRAINING OF PEATLANDS

Pyrome
FIL

Peatlands accumulate carbon over thousands of years,
but there is a recent global trend of agricultural expansion
resulting in the drainage of peatlands. For instance,
in South-East Asia land transformation for palm oil
plantations drains the water table and dries out ancient
peatlands. This makes them more flammable and when
they ignite they can burn for months18 , releasing large
quantities of carbon to the atmosphere and affecting
human health in the region19 . This is one of the most
damaging changes in fire regimes globally today.

FCS
RIL
RCS
ICS

Five major global “pyromes” or fire regimes, can be defined in terms of their size, frequency and intensity2 . Frequent Intense
Large (FIL) and Frequent Cool Small (FCS) fires occur largely in grassy systems – those systems with more people tend to have
smaller cooler fires. Rare Intense Large (RIL) fires are associated with crown fire regimes where an entire forest canopy can
burn with very high intensity and the forest takes time to regenerate. Rare Cool Small (RCS) fires occur in wet/cool parts of
the world where conditions are not often flammable. Intermediate Cool Small (ICS) fires are also in wet parts of the world, but
strongly associated with people, who increase fire frequency. Switches from one pyrome to another are often associated with
degradation of the ecosystems because organisms are adapted to particular fire regimes.

Army officers and and firefighters try to extinguish
fires in peatland areas, outside Palangka Raya,
Central Kalimantan.
Source: Aulia Erlangga/CIFOR. Flickr.com

Source: Archibald, S. et al., 20132 .
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Fire (cont’d)
Change in fire regime can lead to land degradation
Fires in Africa, May 2000 to April 2010
Satellite imagery shows the extent and frequency of fire globally. Savannas, such
as those that cover most of Africa, burn most frequently. Some parts of Africa burn
annually. Although it was initially thought that these frequent fires were products
of human activities, recent analyses reveal that human activities often tend to
decrease the frequency, size and intensity of grassland fires20, 21 . The exception to
this is fuelwood harvesting, which can increase grassy biomass and fires22 .
Source: Council for Scientific and Industrial Research (CSIR), South Africa, 2011.
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FIRE STRATEGIES
To prevent woody encroachment into savanna
rangelands, fires need to be frequent and intense enough
to top-kill woody saplings23 . These fires maintain the
biologically diverse grassland communities. However
in the wetter Miombo woodlands of Africa there is
concern that intense fires applied at the wrong time of
year reduce ecosystem functioning22 . Opinion differs
about how much any given landscape should burn as
fire regimes for conserving biodiversity, storing carbon
and supporting livelihoods are unfortunately not always
aligned24 .

1925

1993
FIRE - NATURAL PART OF ECOSYSTEM
Dramatic result of an intense fire in the dense
Miombo woodlands.
Source: Röder, A.

2011

It is generally assumed that humans are responsible for
increases in the amount of fire in Africa. However, examples
from two of the most well-conserved parts of Africa the Serengeti National Park in Tanzania and the W-ArlyPendjari Biosphere reserve in West Africa - show that fire
is a natural part of these ecosystems. When landscapes
just outside the reserves are heavily used by humans,
fire frequency is reduced. Reduced fire frequencies can
have unintended consequences such as the promotion
of increased densities of woody plants, which decreases
grazing potential21 .

Increased woody cover has been observed over large
areas of arid and semi-arid savannas25 .
Sources (from top to bottom): 1925 (Pole Evans), 1993 (Timm
Hoffman) and 2011 (J Puttic); South African National Biodiversity
Institute (SANBI).

Fire planning for 2017 (map on left) and fire break,
Royal Natal protected park.
Source: Cherlet, M., 2017, South Africa.
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Active fires during the 3rd decade of February 2017.
Source: EU Copernicus Global Land Service, 2017.

Savanna fires in South Sudan, Africa. Active fires and burned areas (black) visible.
Source: Copernicus Sentinel-2 (2016).

Social versus ecological impacts of fires
During its long dry season, southern and central Chile
experience thousands of forest fires. The 2015-2016 season
had far more fires than the 1990-2000 average (FAO). Also in
January 2016, dozens of fires broke out, fueled by a heatwave
and strong winds. This triggered the Chilean President to declare
a state of emergency in the affected areas on 20 January 2016
and the evacuation of over 200 people from Pichilemu. The fires
also burned through commercial pine and eucalyptus forests and
shrouded the nation’s capital of Santiago in a thick haze. On these
Copernicus Sentinel-2 satellite images, the massive smoke is
clearly visible in the area of Paredones in the SE of the Chilean
region Libertador General Bernardo O'Higgins.
Zoom of bottom-left image.

Similar devastating fires occurred in Knysna South Africa in
June 2017, where three people died and almost half the town’s
houses were destroyed. Though these fires are devastating to
people and property, they may well be part of natural ecological
regeneration and are not necessarily bad for the environment.
Human activities (such as the creation of plantations of exotic
trees) leads to unnatural fire suppression, but during times of
drought and heatwaves extreme fire events naturally occur.
Though these fires are part of long-term natural processes
they can have devastating social impacts. Climate change may
increase the frequency of these events.

(based on text from ESA-BELSPO, VITO, 2017)

Source: Copernicus Sentinel-2, 19/01/2017.

19/01/2017

20/03/2017

Burned areas

Fires in Paredones in the SE of the Chilean region Libertador General Bernardo O'Higgins,
Chile. Active fires (left image) and burned areas (black on the right image) visible.
Source: Copernicus Sentinel-2, 20/03/2017.
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Deforestation and Forest Degradation in the Tropics
Deforestation leads to large losses of biomass and soil carbon
Tropical forests play an important role in maintaining
biodiversity and providing ecosystem services, such as nutrient
cycling, controlling soil erosion and flooding, providing food and
water and regulating diseases1, 2 . Tropical forests are home
to indigenous populations and fulfil essential socio-economic
functions such as spiritual and recreational benefits2 . At global
scale, tropical forests are an essential factor for regulating
climate and the carbon balance3 .

Although rates of global deforestation have decreased
during the past 25 years1 , the loss of forest in tropical regions
remains a serious concern. For example, deforestation in Brazil
since 2015 has surged due to a relaxation (and/or reversal) of
environmental policies4 . In addition, there has been severe forest
degradation (e.g. selective logging, wildfires, road-building, loss
of connectivity, etc.)5 over very large areas, perhaps even larger
than the area of deforestation6 .

1989

2001

Of particular concern is the loss of primary and old-growth
forests. The magnitude of natural forest loss is often not fully
reflected in forest area figures at national or regional scales, as it
may be counterbalanced by an increasing area of industrial tree
plantations (e.g. Eucalyptus, Acacia, Rubber). Although essential
for satisfying the timber demand of an increasing population
and potentially reducing pressure on remaining natural forests,
most forest plantations in many aspects cannot compete with
ecosystem services of natural tropical forests7, 8 .

2014

Satellite imagery unveil the magnitude of change of tropical forest cover, displaying the spatial pattern and providing first
indications of potential drivers for that change. Conversion of forest to oil palm plantations in Northern Kalimantan (Borneo)
as seen between 1989 and 2014 by Landsat satellite imagery (sample site of 20 km × 20 km)11 .
Source: Stibig, H-J. et al., 201411 .

Tropical deforestation and forest degradation contribute
6-17 % to man-made carbon emissions3.
Forest cover
%
10

The main driver of forest loss in the tropics is the
conversion of forest to agricultural land, and particularly to cash
crop plantations (e.g. soybean, oil palm plantations). Forest loss
to fuel is increasing, especially in Africa’s large cities, where
charcoal is the preferred household cooking fuel. It is this
urban wood fuel demand, rather than rural demand, that drives
deforestation. But also urban extension and the building of new
infrastructure, including hydroelectric dam or road construction,
play an important role9, 10, 11 . Road construction exposes
previously inaccessible areas to deforestation and degradation12 .
Vulnerable tropical forest ecosystems are affected, like mangrove
and peat swamp forests, which are often replaced by shrimp
farms and oil palm plantations, respectively13, 14 . Main causes
for forest degradation are unsustainable forest management,
particularly excessive logging practices, excessive extraction
of firewood (e.g. charcoal), shifting cultivation, over-grazing or
uncontrolled burning9, 10, 11 . The replacement of natural forests
by industrial tree plantations may be seen as a deterioration of
forest ecosystems7, 8, 15 .
For the period 2000 to 2010 the net loss of tropical forest
cover was estimated at about 59 million hectares, based on
satellite image analysis of more than 4 000 sample sites,
systematically distributed across the tropics16 . The forest area
actually affected by change is even better reflected by the figure
of gross forest loss, reaching about 76 million hectares. At
regional levels, loss of tropical forest has been highest in Central
and South America (39 million ha), followed by South and SouthEast Asia and Africa, both with about half of that amount16 .

20
50
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100

Forest-cover change
%
5
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25
50
100

Forest conversion in Eastern Kalimantan.
Source: H-J Stibig.

Forest cover 2000

Forest cover 2010

(million ha)

(million ha)

Net forest loss 2000-2010 Gross forest loss 2000-2010
(million ha)

(million ha)

Pan-Tropical

1 574

1 514

59.3

76.2

C&S America

772

743

28.4

39.1

Africa

501

485

16.5

18.4

S&SE Asia

301

286

14.4

18.8

Forest cover and forest-cover change estimated for the tropics for the period 2000-2010 (rounded figures)16 .
Source: Achard, F., 201416 .
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Emissions related to forest change
Tropical rain forests hold large amounts of biomass, reaching
in humid ecological zones up to 680 tonnes of above-ground
biomass per hectare17, equivalent to about 380 tonnes of carbon
per hectare. This amount of carbon, together with soil carbon, is
released when these forests are converted to other land uses,
particularly when burnt to clear the area. In the case of tropical
peat swamp forests, emissions are even higher due to the large
amounts of carbon stored in the underground peat layers18 .

Emissions from tropical deforestation and forest degradation
are estimated to contribute between 6-17 % to man-made
carbon emissions at the global level3 . For the period from 2000
to 2010, gross carbon emissions from loss of tropical forests
and woodlands were estimated to reach about 8.8 billion
tonnes16 , based on average values of biomass estimates from
recent global-scale forest biomass studies19, 20 . Emissions from
forest degradation and biomass losses within forests are not yet
included in these figures, they may account for as much as 25 %
of the total emissions from deforestation and degradation21 .

3

2

Forest cover, gross forest loss and related
the tropics12 :
(a) area of forest
cover
(yellow)
and
woodland
(green)
in
million hectares in the tropics in 2010;
0.0
0
0
(b) annual gross forest cover loss in million hectares in the 1990s (claret) and 2000s (light brown);
(c) annual carbon emissions in the 1990s (light blue) and in the 2000s (dark blue) and respective
100
100
carbon removals
(light yellow and yellow) in million
t C /ha.
Source: Achard, F., 201416 .
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Logging road in lowland forests of Borneo.
Source: A. Langner.

Pattern of forest cover and forest cover change at regional and pan-tropical scales16 :
forest cover (top row) and forest cover change (bottom row) as percentage in each sample site (10 km × 10 km) of
systematic sample grid (1 deg × 1 deg confluence points). Gross loss of other woodland cover appears in yellow circles,
and gross loss from forests appears in orange circles. Range is 0–100 % loss over one decade.
Source: Achard, F., 201416 .
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1

Biophysical Effects of Vegetation Transformations
The impact of land degradation on local climate
The type of vegetation covering the landscape has a direct
influence on local climate through its control of water and
energy fluxes. The albedo (brightness) of the vegetation cover
will determine how much energy is reflected back into space as
shortwave radiation. Its roughness determines how much mixing
of air occurs between the atmosphere and the vegetation canopy.
The depth and structure of its rooting system can determine how
much soil moisture and groundwater might be tapped and thus
how much heat can be dissipated through evapotranspiration
or latent heat flux. The balance of all these surface properties
determines the direct influence of vegetation on the surface
energy budget and ultimately on the local temperature1 .

When vegetation cover is altered following processes of land
degradation or land-use change, resulting changes in surface
properties can lead to a local warming or cooling, depending on
which biophysical forces dominate. Both the sign and magnitude
of this change depends on the specific vegetation transition, its
timing and location, as well as the background climate2 . Local
changes in temperature are potentially more perceptible by
people because its consequences are felt more immediately than
those that result from global greenhouse gas emissions. However,
these effects have been largely ignored in shaping global policy
and climate treaties due in part to the difficulty in capturing the
biophysical changes that drive them.

a

b

c

d

Several data-driven diagnostics have been developed
based on satellite observations3–5 . However, only recently has
it been possible to generate a comprehensive assessment of
the effect of multiple vegetation transitions on the full surface
energy balance at a global scale6 . Based on a combination of
data products7–10 derived from MODIS and CERES instruments
with recent land-cover maps11 , a dataset has been created12
which allows exploration of the consequences of vegetationcover change on energy fluxes and on the resulting land-surface
temperature, as measured from space.

Change in Energy Flux (W/m2)
High (32)

Local biophysical effects of land degradation shows the potential consequences of
conversion of forest to grasses or crops on surface energy fluxes. Shortwave reflected radiation
increases generally everywhere (a), but more in drier areas. Longwave emitted radiation increases
in dry areas and decreases in northern latitudes (b). Latent heat flux is strongly reduced (c),
particularly in the tropics and the residual flux composed of sensible and ground heat fluxes (d)
shows a general decrease, with a major exception around south-eastern Brazil6 .

0

Low (-32)

Source: Duveiller, G. et al., 20186 .
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LW ↑ : Longwave upwelling radiation emitted by the surface
LW ↓ : Longwave backradiation emitted or reflected by the atmosphere
LE : Latent heat flux
H : Sensible heat flux
G : Ground heat flux
Average surface energy balance over vegetated areas
Values on the arrows indicate the mean annual values over vegetated
areas between 2008-2012, along with the mean of the monthly standard
deviation. The source of the radiative fluxes is CERES EBAL surface dataset
Ed2.810 , latent heat comes from the MOD16A2 dataset9 and the combined
sensible and ground heat fluxes are the balance of the other fluxes.
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0

LW ↑

SW ↑ : Shortwave upwelling radiation reflected by the surface

Longwave emitted

−100

SW ↑

SW ↓ : Shortwave downwelling radiation reaching the surface
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Shortwave reflected
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2

SW ↓

43 ± 39 W/m

CRO

43 ± 34 W/m

EBF

374 ± 71 W/m

126 Mha

33 ± 19 W/m

TOTAL

174 ± 66 W/m

Vegetation cover change from 2000 to 2015, dominated by agricultural
expansion into tropical forest, has resulted in a local warming of 0.23 ±
0.03 °C due to changes in biophysical properties of the surface.

Surface energy balance:
SW ↓ − SW ↑ − LW ↑ + LW ↓ = LE + H + G

Source: Duveiller, G., 2017.

100

Energy change in exoJoules
Cumulative changes in energy for each component of the surface energy balance
resulting from recent major vegetation transitions
Transitions are sorted according to decreasing absolute change in the surface energy
balance. The changed area per transition, calculated based on the ESA CCI land cover
maps of 2015 and 2000, are reported in megahectares on the right. Transitions involve
the following vegetation classes: evergreen broadleaf forests (EBF), deciduous broadleaf
forests (DBF), savannas (SAV), shrublands (SHR) and croplands (CRO)6 .
Source: Duveiller, G. et al., 20186 .
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Global summary of mean annual potential change in surface energy balance and temperature
for transitions in vegetation type derived from satellite observations.
Transitions involve the following vegetation classes: evergreen broadleaf forests (EBF), deciduous broadleaf
forests (DBF), evergreen needleleaf forests (ENF), savannas (SAV), shrublands (SHR), grasslands (GRA),
croplands (CRO) and wetlands (WET). Because transitions are symmetric, reverse transitions can be derived by
inverting the sign. A striking pattern emerges between the column representing tropical evergreen broadleaf
forests (EBF) and the rows representing agricultural expansion (CRO and GRA). They consistently show warming,
irrespective of which transition is considered6 . (changes are FROM - top of graph - TO right of graph)
Source: Duveiller, G. et al., 20186 .

Land degradation and deforestation can increase the surface albedo, which can have a cooling
effect by reflecting energy back into space. However, in many tropical and temperate regions this is
offset by a stronger warming effect of reduced evapotranspiration.
Source: Tirachard Kumtanom, Pexels.

In contrast, boreal forests can mask the reflective cooling power of
the snow, which can lead to a cooling effect following deforestation.
Source: Invisiblepower, Pexels.

Change in Surface Temperature (°C)
6

a
0

-6

Deforestation generally leads to local warming, except in boreal
areas. The map shows average annual change in mean land surface
temperature (LST) following potential conversion of forest to grasses or
crops. Mean LST is the average of daytime and nighttime LST estimated
from the MODIS instrument on-board of the AQUA platform6 .

b

Source: Duveiller, G. et al., 20186 .
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The effect of a potential conversion of forests to grasses or crops
on a) daytime land surface temperature (LST), which is close to
the daily maximum; b) nighttime LST, which is close to the daily
minimum and c) the daily amplitude in LST6 .
Source: Duveiller, G. et al., 20186 .
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Biodiversity
Biodiversity underpins nature’s benefits to people

a

Raw Data

Vertebrate species richness
924

b

SPP

Combined Model

2

Vertebrate species density
Highest species density is concentrated in the
tropics and subtropics.

6 500

c

Source: Jenkins et al., 201319 .
Data source: BiodiversityMapping.org; with acknowledgement
to IUCN, Birdlife International, NatureServe and USGS.

Kriging
3 300

10

d

Co-Kriging

Global patterns of plant species richness
Biodiversity information is always obtained at the specific
points of observation. A global continuous map based on
point data can be derived. (a) Species richness per region
– represented here as dots - are obtained from combining
original observations within the region. Using standardised
prediction models (b) and different interpolation methods
(c and d), a global geographic continuous presentation of
species density richness is obtained.
Source: Kreft, H. and Jetz, W., 200720 , National Academy of Sciences.
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reduced biodiversity, or a biodiversity
that is shifted to early successional
species. Heavy overgrazing destroys
perennial grass species that are
replaced with annual grasses and
weedy forbs, including exotic invasive
species. This increases the rates of
soil erosion and provides less palatable
grazing for livestock6, 7. From a species
loss perspective, it is transformation
of natural or semi-natural vegetation to
agricultural fields or settlement that has the
biggest impact on biodiversity, often resulting in a near
total loss of the indigenous diversity.
The Millennium Ecosystem Assessment popularised the
concept of ecosystem services and their importance to humans.
Although the link between biodiversity and ecosystem services
is complex, there is general agreement that maintaining
biodiversity is critical for maintaining long -term and sustainable
flows of ecosystem services8 . With climate change likely to
result in greater levels of drought conditions in some drylands
(see page 72), the genetic variation in dryland species may be
critical for breeding new varieties that can withstand higher
temperatures and/or reduced rainfall. The value of biodiversity
of drylands is often underestimated because it is less productive
than more humid areas. Despite this, these drier areas are home
to a disproportionally high proportion of the world’s human
population and provide a high proportion of the world’s food and
other ecosystem services.
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MSA (Mean Species Abundance) (%)

Biodiversity refers to the variety of plant and animal life in
the world. Within the terrestrial environment, it is the tropical and
sub-tropical band where the world’s greatest biodiversity is to be
found. High biodiversity also tends to correlate with increased
rainfall so it is not surprising that the Amazon forest is normally
regarded as the area with the highest biodiversity1 . Despite
this, many unique habitats, including arid areas, can have high
biodiversity. For instance the Succulent Karoo in South Africa,
possibly the arid area with the richest desert biodiversity, has
5 000 plant taxa, of which approximately 40 % are endemic2 .
The loss of biodiversity itself, can be considered as a
form of land degradation. For instance overhunting in some
tropical forests has resulted in the loss of most natural large
herbivores, carnivores and primates, leading to what can be
referred to as an ‘empty forest’. This can have a cascading effect
through different trophic levels. The reintroduction of wolves into
the Yellowstone Park USA is a graphic illustration on how the loss
of a key predator can have far-reaching impacts. Without wolves,
the build-up of elk populations was causing major degradation of
plants resulting in erosion along river beds3 . In some instances
human activities cause the targeted loss of specific species. For
instance, in South Africa 82 plant species are threatened with
extinction as a direct consequence of medicinal plant harvesting4 .
Biodiversity gives ecosystems greater resilience and as
a consequence the loss of biodiversity threatens the functions
and services delivered by ecosystems. This may be especially
important for ecosystems to be able to adapt to climate change5 .
Land degradation typically results in biodiversity
being lost. As habitats degrade they become less able to support
biodiversity, with badly degraded habitats typically having a
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Pressures driving global biodiversity loss under a baseline scenario
Land-use change and encroachment are projected to remain the most
important drivers of biodiversity loss, but climate change will also become a
significant pressure.
Source: B. ten Brink21 , Netherlands Environmental Assessment Agency (PBL), 2010.

The "perfect storm" of climate change, over-exploitation, land
degradation and fragmentation poses a combined threat to
biodiversity that is beyond the impacts of any single driver.
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Links between biodiversity use and poverty
“Poverty forces humans to kill the goose that lays
the golden eggs.”
There is a destabilising link between poverty and overexploitation of biodiversity in most, if not all dryland ecosystems7.
An often cited example is the over-exploitation of woody plants
when poverty drives individuals to use cheap biomass-based fuels
rather than better technologies for cooking, heating and other
forms of energy supply. As a consequence, cities and villages are
surrounded by large devastated areas, where trees, shrubs and
dwarf shrubs are removed in a radius of up to a dozen kilometres.
Charcoal replaces fuelwood as it is more easily transported and
the impacts can be experienced over several kilometres. As a
consequence, numerous provisioning ecosystem services of the
former woody vegetation, including food, medicine, building
material, fibres, crafts, fertiliser, etc. are depleted (see case study
on Upper Okavango catchment, Angola).
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Source: Mikkelson, G. M. et.al 200722 .
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Drivers of biodiversity loss
The world is currently losing species at an unprecedented
rate. Most of this species loss can be directly attributed to human
activities9 . Land conversion, for instance from natural woodlands
to agricultural crop fields, has, over the past few decades, been a
major threat to biodiversity10 . In some vegetation types there are
very low levels of formal conservation and in some cases there
has been an almost total loss of natural habitat, this despite the
global target for conserving a minimum of 17 % of each habitat
in protected areas11, 12 . Fragmenting natural habitats can lead
to species loss in what is termed the ‘island biogeographic’
effect. The fragmented habitats prevent free species movement
and the remaining patches may become too small to support
viable populations of some species13 . Land degradation of
untransformed habitats can also have a profound negative impact
on biodiversity. For instance, most large indigenous herbivores are
lost from many livestock ranching systems14 , where overgrazing
may also radically change the species mix in the herbaceous layer

of vegetation15 . Invasive alien species further impact indigenous
biodiversity, displacing indigenous species, or even altering the
entire nature of the habitat16 . Pollution and (particularly nitrogen
deposition) is also impacting biodiversity17.
Overlaid on this is the impact of climate change which is
anticipated to lead to an unprecedented rate of species extinctions
over the coming decades18 . Climate change will mean that species
and entire ecosystems will, in effect, have to migrate to find new
areas of suitable climate. As the world heats this typically means
moving away from the equator, or moving higher up mountains,
to find areas with cooler climates. Land transformation and land
degradation will make this species migration even more difficult,
potentially exacerbating extinction rates.
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Mining
Large-scale physical and chemical land disturbance

Mining is one of the most widespread and
invasive land uses that causes land degradation.

Commodities presented
Bauxite
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Tantalum; Tungsten; Vanadium

Satellite view of the open cast brown coal
mine in Germany.

Chromium

Source: Copernicus Sentinel-2, 2016.
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Open-cast brown coal mine in Germany.
Source: T. Hamor, JRC.

Iron Ore

Map of active metal and energy minerals mining sites.

Rare earth minerals

Source: SNL Metals & Mining Database, 20173 .
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Mining land productivity dynamics by commodity.
Source: WAD3-JRC, 2018.
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Although
the mining and
minerals
sector
forms a relatively
small part of the
global economy, it is very
diverse (producing over 80
mineral commodities), and underpins
the world economy and the development
of human societies24 . The major producer
countries include Australia, Brazil, Canada,
China, the EU, Russia, South Africa and
the United States, although large-scale
mining is increasingly shifting to developing
countries1 . An estimated 40 million
people are involved in large-scale mining,
representing 1 % of the world’s workforce,
another 200–250 million people form an
indirect workforce and a further 13 million
are involved in artisanal small-scale mining
(see page 136)1, 24 .

Societal demands
Globally, mining is expanding in response to societal demands for energy
minerals (e.g. coal, uranium); metals (e.g. iron, copper, zinc); construction
minerals (e.g. natural stone, aggregates, sand, gravel, gypsum) and
industrial minerals (e.g. borates, carbonates, kaolin). Since the 1970s,
extraction of metals increased by more than 75 %, non-metallic industrial
minerals by 53 % and construction materials by 106 %1 . The global
extent of land area impacted by mining and quarrying are debated, but
recent estimates range between 300 000 and 800 000 km22 .

The environmental costs of mining are substantial. The United
Nations Conference on Sustainable Development (June 2012, Rio
de Janeiro) recognised the importance of mining, particularly to
developing countries, and urged that the negative environmental
and social impacts of mining be addressed4 . However, the
stabilisation and restoration of abandoned mining sites typically
require long-term efforts focused not only on local site conditions
but also on adjacent waste-disposal sites, neighbouring areas
affected by water pollution, distant areas affected by dust
emissions and infrastructure (e.g. roads and railways). How to
resolve the inherent conflict between the growing impacts of
increased demand for mineral resources with the need to protect
and restore environmental goods and services remains a major
challenge8 .
It has been estimated that, in 2010, about 45 billion tonnes
of raw material minerals were extracted worldwide; by 2030, this

Satellite derived mineralogical anomaly map
indicating alteration of mining waste at the open cast
porphyry copper-gold mine Roșia Poieni, Romania.
Source: JRC PECOMINES project report EUR 21185 EN 20 .

Open cast porphyry copper-gold mine Roșia Poieni,
Romania.
Source: JRC PECOMINES project report EUR 21185 EN 20 .

is expected to increase to 70 billion tonnes5 . Since most of the
“richer” sites with high-grade mineral deposits have been mined,
“poorer” sites (more rock, less mineral) must be reemployed.
Recovering these resources requires the removal and disposal
of far larger amounts of overburden material and waste rock,
which has resulted in a global shift from restricted mine shafts
that follow specific ore veins or enriched deposits, to large-scale
open-pit mines. Such forms of extraction produce significant
volumes of waste material, including tailings, which are mixtures
of crushed rock and processing fluids from mills, washeries or
concentrators that remain, minerals, mineral fuels and other
potentially hazardous contaminants25 . This shift is driving a
rapidly growing global footprint of mining industries6, 7.
Artisanal or small-scale subsistence mining presents
another set of problems. This practice is widespread, especially
in developing economies, and is often illicit and thus unregulated.
It frequently results in high levels of disturbance and pollution,
For instance, the uncontrolled use of cyanide and mercury
in gold extraction leads to the pollution of soils, surface- and
groundwater and exposes mine workers and local populations
to severe health risks9 . In fact, artisanal mining is the world's
largest source of mercury pollution26 .
Furthermore, there are endemic problems with abandoned
and derelict mines, which represent a threat to the environment
and public health. In general, there are three major types of
residue problems27 :

1. Production of large amounts of waste materials, or ‘spoils’,
from mining of metals and coals. Usually gathered into large
mounds on the land surface, the composition of these spoils
is highly variable, although they often contain a mixture of
chemically inert and reactive components.
2. Production of reactive mineral wastes or ‘tailings’. Usually
fine-grain deposits, tailings typically are rich in sulfide
minerals, generating acid mine drainage and thus causing
them to be of greater environmental concern than spoil
heaps.
3. Generation of acidic discharge waters that contain elevated
concentrations of metals and metalloids.
While there is great uncertainty with regard to the worldwide
extent of the legacy impacts of abandoned mines, there is little
doubt they present serious risks. For example, the Government
Accountability Office of the United States estimated in 2011 that,
in 12 western States and Alaska, there were at least 161 000
abandoned hardrock mine sites10 . For 2003, estimates for
Australia found that only approximately 24 % of mining-affected
land was subject to preliminary rehabilitation, thus presenting
a vast and potentially highly toxic “rehabilitation gap”8 . Similar
dimensions have to be expected in other mining regions of the
world.

Data for global estimation of the extent and land
degradation impact of mining
Ample databases on global mining sites, mined commodities
and produced volumes are compiled and regularly updated by
national geological services, mining industries, associations
and information services and are made widely available to the
general public. Global satellite data archives that allow areas
directly altered by mining to be mapped and to identify critical
mineralogical anomalies indicating problems such as Acid Mine
Drainage (AMD) are an important complement to the mining
databases19, 20 . The photographs illustrate the large dimension of
land clearing and waste disposal of typical opencast coal mines
(photos on the left page) and phorphyry copper-gold mines (photos
above), which can be mapped and monitored by global satellite
data. Combining the mining databases with remotely sensed
spatial information can reveal, for example, that
coal mines, followed by copper, gold and iron
ore mines, contribute most substantially to the
spatial dimension of land deterioration at global
scales (see graph on the left and the continental
overview, pages 138-141).
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Impact of Mining
Socio-economic and land degradation aspects of mining

Dump trucks are used to transport ore in open
mines that can stretch over large areas.
Source: Martin Cooper. Flickr.com

Mirny open pit.
Source: jandparis. Flickr.com

Berkeley Pit panorama (Berkeley Pit, Butte,
Montana, USA).
Source: Jürgen Regel, Marian. Wikimedia Commons.

The water of Berkeley Pit.
Source: Todd Trigsted, TD Trigsted Photography.

The Berkeley Pit.

Granite quarries often use gyratory crushers
for mining material extraction.

Source: Todd Trigsted, TD Trigsted Photography.

Source: Ludowingische. Wikimedia Commons.

Mining life cycles and associated land
degradation issues
Mining, compared to other land uses, occurs on a relatively
limited land area estimated to be 0.3 to 0.6 % of the global
ice-free land surface2 . However, its impacts are far reaching.
Manifold land degradation issues are inevitably associated with
different phases of mining, whether industrial or artisanal, with
each phase having different environmental impacts11 .

Exploration and site preparation
Land clearing, including deforestation and large-scale
removal of vegetation and soil cover is inevitable in the earliest
preparatory phases of mining and typically expands over the
operational lifetime of a mine. Immediate consequences are
habitat fragmentation and destruction, biodiversity loss and
disturbance of regulating ecosystem services such as water
retention, filtering and soil erosion control.

Active operation
Once mining sites enter active mining operation, vast
material extraction, movement and re-deposition of overburden,
waste rock and commodity materials generate the most massive
waste stream of all industries. At this stage typically a high
water demand and use of chemicals for on-site mineral preprocessing, purification and concentration add significantly to the
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environmental burden of the mining operation on- and near-site.
Deep excavation of overburden and ore removal requires
lowering the water table in the wider mining area. This leads to
the depletion, hydraulic disturbance and contamination of existing
water resources, both surface- and groundwater, which poses a
substantial threat to all ecosystems. Large volumes of water are
directly consumed for mining operations and on-site mineral preprocessing such as flotation, leaching and coagulation and liquid
dumping of residuals in tailings ponds. Hence modern mining
has a substantial water footprint. For instance, the production
of 1 kg of mined gold consumes an average of 691 cubic metres
(691 000 litres) of water6 . It also involves the use of highly toxic
substances such as cyanide and mercury, which brings high
risk of accidental releases in toxic spills from operating mines.
Beyond the immediate mine site, such spills can cause severe
damage to humans and ecosystems even hundreds of kilometres
downstream.
The accumulation of waste materials can extend from
hundreds up to several thousand hectares on a single industrial
mining site. This threatens soils, freshwater bodies and
vegetation in the wider surroundings of mine sites through dust
generation, mechanical movement and water and wind erosion
acting on waste heaps. Eroded sediments and dust, whether inert
or toxic, can affect human health directly and lead to physical
and chemical deterioration of downstream surface waters and
sensitive ecosystems11, 12 .
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Post-operation
Once active mining ceases, mine facilities and the site must
be reclaimed and closed with the aim of returning these lands to a
stage that resembles, to some degree, the pre-mining conditions.
In most cases this is only partially feasible. Until now, this has
not been achieved, with vast numbers of abandoned mine sites
leaving major pollution legacies.
A primary issue is acid mine drainage (AMD). In an active
mine, water is removed from the site through pumping to allow
mining to proceed. Once closed, groundwater again migrates into
the mine site. AMD is caused where sulphide minerals (primarily
pyrite), common to most metal mines and coal deposits, react
with water and oxygen to create sulphuric acid. This, in turn,
dissolves sulphate salts and heavy metals from the waste rock
heaps and tailings, creating AMD leachate. Once released into
the environment, AMD is quite toxic to aquatic ecosystems and
creates a contamination source that is essentially infinite11, 13 .
In 2010, alone in the western US, at least 33 000 sites were
identified that had degraded the environment by contaminating
surface water and groundwater or leaving arsenic-contaminated
tailings piles10 . Hence, controlling AMD is one of the main
strategic environmental issues challenging the mining industry
and environmental protection authorities worldwide.

Road to Mawthbah, Khasi Hills, Meghalaya, India – a road financed by Uranium Corporation of India.
Road to facilitate transportation of processed Uranium ore.
http://raiot.in/a-very-short-guide-to-uranium-mining-and-nuclear-power/

Marakkanam Salt Pans
The Marakkanam area in Tamil Nadu, India has many salt pans where salt is
produced drying up sea water that is pumped into pans. Recently, the salt industry
is facing a number of problems and many workers prefer to do daily labour
in the construction industry instead of working in harsh highly saline conditions.

Photo: Tarun Bhartiya.

Source: Sandip Dey. Wikimedia Commons.

Surface gold mine close to Henry Town.
Source: Luigi Mineiro. Pixabay.

Minas Gerais/Brasil
Source: Travis Lupick. Flickr.com

Socio-economic aspects of mining
Despite the substantial environmental costs, mining
represents undoubted opportunities for national economic
development.
Since the 1990s, there has been an accelerated shift of mining
activities from industrial countries of the Global North (including
China), which represent the major part of global mineral demand,
to developing countries of the Global South. This shift has led to
a predominance of and dependency on mining exports in many
countries with emerging economies. Not surprisingly, these are
among those countries of the Global South that suffer most from
land degradation and desertification14 .
Hence, the environmental costs of developing primarily the
mining sector in emerging economies may ultimately challenge
the positive effects of economic growth.
Nevertheless, recent analysis of 22 low- and lower middleincome mineral-rich countries reveals that they, in comparison to
countries without mineral resources, have not only shown stronger
growth in GDP since the year 2000 but have also achieved more
substantial improvements in their Human Development Index
(HDI), including clear progress in public education and health,
although the HDI scores are still negatively impacted by social
inequality15 .
Societies have to deal with balancing economic gains through
mining with other social, economic and cultural activities on the
land, such as agriculture, forestry, livestock grazing, recreation

and aesthetics, while retaining and respecting traditional societal
and spiritual values. The risk of affecting these valuable activities
and resources increases when there is a failure to build strong
and transparent institutional frameworks to regulate the mining
sector and to ensure good governance practice.
When local land users and indigenous communities are
only exposed to the burdens of mining but are not benefitting
from its socio-economic gains, the potential for societal and
economic conflict is high16 . The EU project Environmental Justice
Organisations, Liabilities and Trade has identified several hundred
mining conflicts globally17 where there has been a failure to
consider environmental, economic, social and cultural impacts
of mining investments in a participatory planning process.
Recent proposals to mobilise the global mining sector within the
implementation framework of the new Sustainable Development
Goals (SDGs) urge and encourage mining companies of all sizes
to fully incorporate this wider range of factors in their planning to
enhance the sustainability of mining operations18 .

Alluvial diamond miner Sierra Leone.
Source: Laura Lartigue / USAID. Wikimedia Commons.
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Mining Impact on Land Productivity Dynamics: Continental Highlights

Mapping mining impacts at continental scales
Current research combining global satellite data archives with
databases on mining such as the SNL Metals & Mining Database3
demonstrate new options to improve the assessment of global
mining impacts. Previous studies were based on compilations of
generic reports on country mining profiles extrapolated to global
land area. The latter results in great uncertainties due to different
or incompatible definitions of mining impacts and indicators2 .
Recent studies aimed to determine global land area
disturbed by large scale metal mining and associated impacts
on biodiversity. Several methodologies have been proposed using
combinations of thematic mining data bases, global satellite data
and land cover/biodiversity data to derive quantitative measures
of impact19, 21 .
These global studies considered base metal commodities
bauxite, iron and copper plus gold and silver in one case and
lead and zinc in another. For bauxite, iron, copper, gold and silver
the annual disturbed land area estimates for 2011 amounted
to about 12 000 km2 based on 116 mine samples19 . This implies
an average perimeter of mining impact of about 103 km2 per
studied mine, which implies an average disturbance radius of
about 5.74 km around each mine. Another study21 found that the
disturbance within 5 km radius from each mine remains quite
constant, but may also extend beyond these limits around very
large mining sites.
Based on these findings, we present an independent review
of the current dimension of land disturbance by active mineral
mining in relation to global and continental trends of Land
Productivity Dynamics (LPD). This analysis suggests that areas
with anomalous patterns of persistently active declines in land
primary productivity may indicate active land degradation driven
by mining (see page 114). The thematic interpretation is based
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for a specific region or continent. The coloured segments in the bars indicate
the fraction of land productivity dynamics classes within the perimeter of
mining impact, which can be further interpreted as an indicator of land
degradation intensity within a region.
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The percent distribution of the LPD trends per continent.
This suggests that declining and stressed land productivity
dynamics is clearly pronounced in the mining areas of Africa,
Austral-Oceania and of Latin America, pointing to stronger land
degradation threats due to mining compared to the situation in
Asia, Europe and North America.
This may be partially explained by the fact that in Africa, AustralOceania and Latin America, larger parts of the mining operations
occur in drylands than in other continents.
Source: SNL Metals & Mining Database16 ; WAD3-JRC for the Land Productivity
Dynamics (page 114).

Source: SNL Metals & Mining Database16 ; WAD3-JRC for the Land Productivity Dynamics
(page 114).

on the comparison of LPD in mining areas compared with other
land-use situations. The following mapping and spatial analysis
steps where performed:
• Selection of worldwide active mining sites of metals, technical
minerals and energy minerals (i.e. coal and uranium oxide)
from the SNL Metals & Mining Database;

distributions, including distributions under other key land
cover/land use (e.g. cropland, rangeland, forestry).

• Calculation of LPD trend class distribution within a 5 km
radius around each mining site;

The comparison of LPD class distribution in dryland and nondryland mining areas demonstrates that dryland conditions
in combination with mining lead to a significant increase
in declining and stressed land productivity. This suggests a
higher vulnerability of dryland ecosystems to mining due to
the additional pressure on already limited water resources.

• Evaluation/interpretation of LPD trend patterns of mining
areas, also considering different commodities (see page
134), in relation to continental or country LPD average

Source: SNL Metals & Mining Database16 ; WAD3-JRC for the Land
Productivity Dynamics (page 114).
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NORTH AMERICA, CENTRAL AMERICA AND THE CARIBBEAN
mining site underlaying LPD map (see page 114)

Land Productivity Trends in North America
as share of selected Land-Cover/Land Use Types

TOTAL CONTINENT
Rangelands
Forest land

According to the available data on North America,
approximately 72 644 km2 of land are assumed to be
impacted by active mining sites.
The overall distribution of LPD classes in this area is
shown in the accompanying pie chart. This result does not
significantly deviate from the general distribution observed
at continental level displayed in the adjacent bar chart.
The level of 19 % declining and stressed land productivity
in the overall mining areas points to similar degradation
levels as observed in rangelands and grasslands which
are considered to be most affected by land degradation
in North America. This suggests that a more regional
and sector-specific analysis is required to better capture
significant impacts such as those caused by mountaintop
coal mining in the central Appalachian region which may
impact up to 48 000 km222 .
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EUROPE
In Europe, exclusive of Russia, the estimated area impacted
by active mining is about 40 100 km2. At continental levels,
the distribution of declining and stressed land productivity
in mining areas is moderately above the overall continental
average and may reflect the high degree of regulation and
monitoring of mining operations in Europe. It may also
indicate the general trend of reducing mining activities over
the past decades, especially in the European Union.

Land Productivity Trends in Europe

as share of selected Land-Cover/Land Use Types
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mining site underlaying LPD map (see page 114)

SOUTH AMERICA
In Latin America, approximately 52 800 km2 are assumed
to be impacted by operating mines. All of the main landcover/land use classes reflect negative land productivity
trends that are considerably above global averages. This
relationship is also reflected in the overall mining areas
which show up to 28 % declining and stressed land
productivity. However, given the small proportion of mined
land in relation to the overall continental land mass, the
continental mining statistics resemble general trends in
land-productivity decline. Therefore, further spatial subsetting reveals a much clearer picture of the strong impact
of mining on land-productivity trends. This is demonstrated
in the LPD distribution of mining regions in countries with
significant mining sectors such as Brazil and Chile. Both
countries together account for one third of all mined
land on the continent and are among the main global
producers of copper (Chile) and other base metals (Brazil).
In both countries, declining and stressed land-productivity
proportions in the mined areas far exceed the general
continental levels for mining and also for all other major
land uses. Mining areas where land productivity dynamics
are stable include zones that have been covered by mining
waste for longer periods. While declining parts are those
where vegetation is cleared to expand operations or is
losing productive capacity due to secondary impacts such
as water contamination or dust.

mining site underlaying LPD map (see page 114)
Land Productivity Trends in South America
as share of selected Land-Cover/Land Use Types
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The declining LPD classes reach 47 % in Chile and 35 %
in Brazil, which far exceeds the continental and national
averages of all other land cover/land use types.
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Mining Impact on Land Productivity Dynamics: Continental Highlights (cont’d)

AFRICA

mining site underlaying LPD map (see page 114)

Land Productivity Trends in Africa

as share of selected Land-Cover/Land Use Types
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In Africa, approximately 50 469 km2 are assumed to be
impacted by active industrial scale mining.
With 31 % of this area showing declining and stressed land
productivity, the mining sector exceeds the continental
proportion of negative LPD trends as well as proportionally
compared to the main land uses. This indicates that
industrial mining in Africa still causes more adverse
environmental impact than in other regions of the world,
while the continent also has a strong and further developing
artisanal and small-scale mining sector (ASM) which tends
to be less controlled and certainly adds further dispersed
environmental pressures, e.g. in large areas of Central
Africa23 .

ASIA
In Asia, the estimated area impacted by active mining
amounts to 168 419 km2. At continental level the
distribution of declining and stressed land productivity in
mining areas is moderately above the overall continental
average. However, given the small proportion of mined
land in relation to the overall land mass, the statistics
tend to resemble general continental degradation trends.
Therefore, further spatial sub-setting and commodityspecific analysis is required for a more differentiated picture
of the specific impact of mining on land-productivity trends
in Asia. For example, Indonesia far exceeds the continental
average of mining impacts on land productivity and is
known to be associated with high impact mining with waste
rock intense open-pit mining of gold, copper and nickel in
sensitive tropical ecosystems16 .
Land Productivity Trends in Asia

as share of selected Land-Cover/Land Use Types
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mining site underlaying LPD map (see page 114)

AUSTRALIA/OCEANIA
For all land-cover types, Australia-Oceania shows the largest
proportion of area under decreasing land productivity trends,
or approximately 37 % of vegetated land, clearly above the
global average. Much of this might be attributed to specific
climate conditions and recurrent drought situations during
the LPD observation period 1999-2013. A pronounced
gradient of areas characterised by frequent occurrence
of declining and stressed land productivity following the
general aridity gradient from east to west is evident.
The estimate of the extent of mining areas is around
37 000 km2, has which proportionally is a higher share
than in other continents. This reflects the role Australia
has developed as the world-leading mining country ranked
as top producers of major base-metal minerals such as
bauxite, iron ore, copper, lead, manganese but also coal
and uranium oxide. The fact that Australia is a leader in
technologies allowing large-scale opencast mining of lowgrade ores may be also reflected in the large fraction of
declining and stressed LPD within the mining impact areas.
These areas show decreasing and stressed LPD classes of
up to 42 %, exceeding by far the proportion of increasing
LPD at only 9 %. The strong impact of mining in combination
with the prevailing dryland conditions may explain the
significantly stronger land productivity declines in mining
areas compared to continental averages and in any other
main land-cover/land use systems. The continental figures
presented here reflect conditions of the Australian continent,
but specific impacts of other Oceanian territories are also
well depicted with the available data sets. For example, the
LPD distribution of mining areas in New Caledonia forms a
strong anomaly of land productivity decline which can be
associated to the opencast nickel mining of the island state,
which may highlight limits of sustainability in situations
characterised by a combination of land degradation with
economic dependency on mineral exports16 .

Land Productivity Trends in Australia

as share of selected Land-Cover/Land Use Types

mining site underlaying LPD map (see page 114)
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PART V
CONVERGENCE
OF EVIDENCE

At any given place on Earth, complex human-environment
interactions are at play, which include differing rates and
magnitudes of drivers (e.g. overgrazing, climate change,
agricultural practices) and consequences (e.g. soil erosion,
changes in productivity, loss of biodiversity). Because these are
tied to specific places on the ground with their own intertwined
biophysical, social, economic and political environments, land
degradation is not a phenomenon that can be modelled or
mapped at a global scale.
WAD3 builds on a systematic framework of providing
a convergence of reliable, global evidence of humanenvironment interactions to identify local or regional areas of
concern where land degradation processes may be underway.
Concerns can be validated or dismissed only by evaluating
them within local biophysical, social, economic and political
contexts. Local context provides an understanding of causes
and consequences of degradation, but also offers guidance for
efforts to control or reverse it.

Sources:
Akca, E.
Brink, A.
Cherlet, A.
Cherlet, M.
Liniger, H.
Providoli, I.
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Convergence of Global Change Issues

Number of GCIs

Convergence of evidence: Where the evidence leads
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There are 13 327 different combinations of the 14 GCIs behind the
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table presents the 6 most frequent combinations of 9 GCIs.
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Source: WAD3-JRC, 2018.

Aridity
Water stress
Decreasing land productivity

The occurrence of multiple global change issues (GCIs) at a location
suggests a potential for land degradation (at least in some form).

Climate-vegetation trends
Fires
Tree loss

The assessment and mapping of land degradation at
different spatial scales (global, local) is highly desirable.
However, numerous limitations make it all but impossible to
directly apply, and scale, global assessments to local conditions.
For example, (i) some data simply do not exist for all places on
Earth (e.g. household income); (ii) while specific data may be
widely available, it is often collected and reported using different
methods, diverse standards, and/or using incompatible scales; and
(iii) some data are wholly site-specific and thus not amenable to
global assessments. Limitations such as these encumbered past
attempts to produce global maps of desertification1, 2 , including
previous editions of the World Atlas of Desertification (WAD1WAD2)3-5 .
Desertification maps were controversial for a variety of
interrelated reasons. First, their scientific value was circumspect
because of the multifaceted nature of land degradation and
the inability to unambiguously define what was actually being
mapped. Second, the use of global maps to represent a dynamic,
complex issue like land degradation created false equivalencies.
For example, red zones on a map – used to indicate severe
land degradation – cannot capture the nuances, and different
manifestations, of land degradation in any two areas (e.g.
soil erosion, decreased production, loss of vegetation cover,
salinity, water scarcity, pollution, disruption of chemical cycles,
loss of biodiversity), its underlying causes (e.g. overgrazing,
poor land management, population growth, climate change),
and its consequences of interest to humans (e.g. loss of
livelihoods, loss of ecosystem services, economic impacts, dust
production)6 . Such false equivalencies hindered organisations
and institutions who attempted to use these maps to prescribe
specific types of interventions to ameliorate problem areas7, 8 .
Third, desertification maps suffer from a lack of “context”, that
is, the ability to understand and portray actual conditions on
the ground (as exemplified by the red zones described above).
Only local context can provide insight into why a particular land
degradation issue came to be, how significant it might be, what
the range of potential solutions might be available, and whether
the potential social, cultural, economic, environmental costs and
benefits might warrant intervention9 (see Case Studies).

Since the publication of WAD in 19924 , there have been a host
of scientific and technical advancements that have contributed to
the development of a new framework to study environmental
problems. These advancements include the emergence of
new, comprehensive global data, improved understanding
of underlying processes, and technological innovations in
analytical tools. As a result, global change issues (e.g. spread of
urbanisation, deforestation, ground water depletion) are more
readily characterised with increased spatial accuracy, which
has led to novel insights of global-scale dynamics, as well as
the ability to rapidly disseminate these products to a worldwide
audience.
Earlier global mapping attempts relied solely on data
obtained from a few satellites that often could not be processed
systematically, had few corroborating data, and lacked ample
ground observations. Today, the monitoring of the state of the
Earth is multi-sourced: the number of Earth-observing satellite
systems has increased from about 20 (in 1992) to more than 90
(in 2013)10 ; there are global networks of long- and short-term
land and sea based observations gathered by ground stations
and aircraft11; and basic geo-referenced data provide social
and economic conditions not directly observable but essential
to understanding local context. This multi-sourced theme is
illustrated by the Global Earth Observing System of Systems,
which is a set of coordinated, independent Earth observation and
processing systems that provide information to a broad range of
public and private users12, 13 .
In addition, open access, innovative analytical tools, and
significant advancements in information technology (e.g. cloud
computing, the Internet of Things, social networking) have
facilitated an era of “big data” where new avenues of research
(both within and outside the traditional Earth observation
community) are flourishing14, 15 . This mixture of disciplinary
expertise has led to the realisation that a consideration of social
and economic processes is necessary to quantify environmental
change that matters to humans11, 16, 17. Moreover, there are
economic and political contexts in which all local conditions are
bounded, and these complex relationships help better explain
previously underappreciated telecoupling between environmental,
economic and social drivers in one place, and their sometimes
surprising outcomes elsewhere, often far-removed11, 17-19 (see
Environmental Globalisation, page 40).
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Limitations of global assessments

Constructing convergence of evidence maps
The map illustrates the concept of convergence of evidence. It depicts
where global change issues (GCIs) relevant to land degradation coincide
at a global scale. The map is constructed using two basic kinds of global
data: land cover/land use and global change issues (GCIs):
First, land cover/land use data: Total global land mass is stratified into
broad classes based on their share of cropland22 , rangeland22 , and forest23
(the term ‘forest’ is used to indicate the ‘tree cover extent’ mapped in the
dataset). Depending on specific interests, the availability of data, region
and scale of investigation, other stratifications, e.g. climate, soil, and
ecosystem services, could be used.
Second, global change issues: 14 global change issues (GCIs) were
selected. These GCIs are a mixture of biophysical and socio-economic
drivers, and were selected because of their availability as global data and
their usefulness as factors associated with land degradation24 . Based
on whether its value at a particular spatial location is above or below a
certain threshold, each GCI is classified as being either a concern for land
degradation (e.g. declining productivity) or not (e.g. stable productivity).
A GCI threshold is calculated based on the per class distribution of the
dataset within each of the broad land classes. At this global scale, for
most GCIs the median value is considered (except for agriculture input
and land productivity - see table on GCIs for details)
The global map shown here does not represent land degradation. Rather,
it illustrates the convergence of evidence of GCIs relevant to land
degradation. As noted previously, the correct interpretation of the map
must consider contextual information on regional and local conditions, as
per individual user’s knowledge. See text for details and following pages
for theme maps that illustrate possible stakeholder’s interests.

Opportunity to Explore:
Web Access to Global Data
WAD1 and WAD2 were limited by their reliance on the printed page.
Once compiled and printed, the information contained in assessment
maps could not be probed more deeply. For example, there was no
obvious way to examine the data or model that went into designating
the Cholistan desert in Pakistan as having severely-degraded soils. This
limited the ability of users to understand how land degradation processes
at local sites related to other locations or regions. Furthermore, there
was no opportunity for systematic feedback, which would permit users
to share their knowledge of local conditions. To overcome this, this atlas
provides access to the global data that have been assembled at the Joint
Research Centre of the European Commission (http://WAD.jrc.ec.europa.
eu). The intent is to allow users who have interest in a particular thematic
topic (e.g. irrigation, overgrazing, land use change) or specific geographic
location to visit the website to explore the co-occurrence of two or more
of the global change issues presented here and, utilising contextual
knowledge of a particular location, perhaps combine these data with
other global data to explore various drivers and consequences of land
degradation processes20 .

Convergence of evidence approach
Heeding the lessons learned regarding “limitations of global assessments”
and benefiting from “new opportunities, new data” (described above), this
atlas explicitly decouples global and local assessments and employs a
scale-independent approach. This is accomplished by using a convergence
of evidence mapping approach, which facilitates the exploration of land
degradation – in its various forms and complexities – in lieu of global
“maps of desertification”.
Convergence of evidence refers to the existence of multiple, independent
sources of evidence that, when taken together, point towards the same
conclusion, inference and/or decision. For these reasons, convergence of
evidence analyses are suggestive rather than diagnostic. Importantly,
the conclusion can be very strong even if each of the individual sources
of evidence by themselves are not sufficient to reach this conclusion.
For example, the scientific consensus that the Earth is warming stems
from a convergence of evidence of multiple lines of inquiry, such as
pollen records, tree rings, ice cores, glacial ice-cap melt, sea-level rise,
ecological data, atmospheric carbon dioxide increases, and annual rates
of temperature increase. When combined, this evidence converges to a
singular, irrefutable conclusion that the globe is warming21 .

Global change issues (GCIs) used in convergence maps (see also box on ‘Constructing convergence of evidence maps’)
Reference to atlas page
reference year and dataset

Condition
BIO-PHYSICAL GCI

Aridity
Water stress
Decreasing land productivity
Climate-vegetation trends
Fires
Tree loss
Population density
Population change
Income level
Built-up area change
Low-input agriculture
High-input agriculture
Irrigation
Livestock density

Aridity

See page 72
Aridity Index < 0.65 (Dryland).
Aridity is a measure of ‘dryness’ of the climate expressed as the ratio of precipitation to evapotranspiration; the lower the CGIAR-CSI Global-Aridity25, 25b, 26
ratio the drier the climate.

Water stress

Total water withdrawal is > 40 % of the total surface water plus groundwater available (per year).
Total water withdrawals refer to water use from the agriculture, domestic, and industrial sectors. Water stress is a
measure for chronic human induced stress, rather than drought stress.

See page 84
Baseline year 2010
Aqueduct 2.127

Decreasing land productivity

Severe or Moderate decline in land productivity. Classes 1-3 in the land productivity dynamics map (LPD).
Land productivity, here calculated as the annual growing season accumulation of the above ground biomass production
is a proxy for NPP. The dynamics, observed by satellite and derived from phenological analyses of a 15-year time series
(1999-2013), point to long term alterations of the health and productive capacity of the land.

See page 114
period 1999-2013
Copernicus Global Land 1km SPOT VGT derived LPD28, 29

Climate-vegetation trends

Below-average biomass productivity due to drought conditions.
Decline in annual plant biomass productivity (as derived from Fraction of Absorbed Photosynthetically Active Radiation
–fAPAR) due to drought conditions (here, based on negative deviations from the 1901-2010 average Standardized
Precipitation and Evaporation Index). Expresses the response of plant productivity to climate fluctuations.

See page 122
period 1981 and 2010
fAPAR3g (1981-2010) and SPEI (1901-2010)30

Fires

At least one fire over the period.
The number of fires observed over the period on satellite iimages with 1 km grid cells.

See page 124
period 2000-2013
MODIS burned area product31

Tree loss

Decline in tree cover, if observed in any 30 m2 pixel contained within each 1 km2 pixel.
The change in tree cover is derived from satellite observations at 30 m resolution (per year).

See page 36
period 2000-2014
GFC v1.223

Population density

Population density > broad land cover class median.
Population density (number of people per km2) is derived from census data.

See page 26
2015
Gridded Population of the World, Version 4, CIESIN32

Population change

Change in population density > broad land cover class median.
Reflects the dynamics of increasing number of people in a certain area.

See page 26
difference between 2000 and 2015
Gridded Population of the World, Version 4, CIESIN32

Income level

Average income of a country's citizens > broad land cover class median.
Computed based on the Gross National Income (the value of a country's annual income – domestic plus net income
received from abroad) divided by size of its population.

See page 64
2014
World Bank33

Built-up area change

Increase in built-up area > broad land cover class median.
Built up is expressed as percent of pixel (1 km2) that is observed to be covered by building construction. This is derived
from high resolution satellite observations, augmented by ancillary information.

See page 32
change between 2000 and 2014
Global Human Settlement layer34

Low-input agriculture

Nitrogen deficit exists. Calculated based on the N balance level remained below the first quantile.
The nitrogen balance indicates the level at which the crop(s) uses the applied nitrogen according to local conditions.
Values in the first quantile mean that there is less nitrogen than the crop needs. (quantiles are calculated per broad land
class).

See page 54
period pre-201435

High-input agriculture

Nitrogen surplus exists. Calculated based on the N balance level remained above the fourth quantile.
The nitrogen balance indicates the level at which the crop(s) uses the applied nitrogen according to local conditions.
Values in the fourth quantile mean that there is more nitrogen than the crop needs. (quantiles are calculated per broad
land class).

See page 54
period pre-201435
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Irrigation

Livestock density

See page 56
Irrigation occurs > 10 % of grid cell.
Area equipped for irrigation, expressed as percent of total 10 × 10 km area. Obtained by combining sub-national irrigation Around 2005
statistics with geospatial and satellite information on the position and extend of irrigation schemes. This layer does not
Global map of irrigation areas (Version 5)36, 37
map the area that is actually irrigated.
See page 60
Livestock density > class median.
Livestock is calculated in terms of livestock ‘units’ (LSU). This allows to accumulate the various types of livestock (cattle 2014
equal 0.8 LSU, sheep 0.1, goats 0.1, pigs 0.4, chicken 0.01LSU). The layer is compiled with the 2007 FAO GLW data that is Global distribution of livestock38
improved with current statistics and the use of higher resolution predictor variables.
The density of livestock is related to environmental pressures from livestock related land use change, grazing lands and
fodder production, and greenhouse gas emissions.
Within the broad land classes an additional subdivision between dryland and non-dryland was introduced for calculating
the GCI thresholds.
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Convergence of Global Change Issues (cont’d)
Convergence of evidence: Where the evidence leads (cont’d)
Interpreting maps
The goal of convergence of evidence mapping (see box
’Constructing convergence of evidence maps on previous page) is
to pinpoint areas on the globe where GCIs coincide. The weight of
this evidence (kind and/or number of GCIs) can lead to conclusions
on where land degradation may exist. Contextual knowledge
and additional information will strengthen such conclusions and
warrant further investigation.
A convergence of evidence map does not signify land
degradation; rather, as per the convergence of evidence
principle described above, no GCI by itself is sufficient to infer
land degradation. While the occurrence of multiple GCIs at
any location suggests the potential for land degradation (at

Limitations of maps

How to read the maps

As with all methodologies, there are some limitations:
The land cover/land use (based on the cropland, rangeland and
forest share of the land) are very broad and other stratifications
could be used;
The thresholds used to classify the GCIs (as being either a
concern for land degradation or not) are statistically defined, but
the choice for e.g. the ‘median’ is subjective. They can, however, be
fine-tuned to fit empirical data and expert knowledge if available;
In some parts of the world, specific land cover types – such
as rainforests in South America and cropland in North America
– encompass vast and largely continuous areas. Nevertheless,
they are rarely homogeneous, often containing a mixture of
information such as open versus closed canopies (the former
supporting livestock grazing) and are interspersed with fallow
fields, roads, remnant woodlands, and human settlements;
While the 14 GCIs are important, they are only a representative
subset of potentially-relevant issues. There is currently a lack of
dynamic data but as more global data becomes available, other
GCIs will be identified, which will strengthen the approach;
Maps of a single theme and coinciding GCIs poses some
limits. For example, a map of high livestock density will have a
different meaning if it occurs in a high-input cropping system
versus a rangeland, which illustrates the necessity of context; and
Global data for many important aspects of land degradation
are not available. This includes both biophysical data (e.g. biomass
loss, biodiversity, soil organic carbon dynamics, soil erosion, plant
encroachment) and social-economic data (household income,
literacy rates, gender mix, etc.). Such joint data are necessary to
elucidate and interpret the complexity of factors that govern land
degradation in dynamic human-environmental systems17. This is
illustrated in a number of case studies (see page 188, onward).

Accompanying each convergence of evidence map are
summaries of the coinciding global change issues (GCIs). The
GCIs are classified as occurring in either dryland or non-dryland
(based on Aridity, see Table of GCIs).
The GCIs are shown in relation to the land productivity
dynamics map (LPD) (for details, see page 114). LPD is global
in scope, derived from multi-temporal and long-term time series
of remotely-sensed land productivity measures equivalent
to NPP, at medium spatial resolution (1 km or better). Briefly,
land productivity reflects the overall quality of land and soil,
so persistent decreases in land productivity dynamics (LPD) is
evidence of a long-term alteration of the health and productive
capacity of the land. The LPD map depicts the persistent
trajectory of land productivity dynamics during 15 years, from
1999 to 2013, which are summarised by five qualitative classes
(see Table below). These five classes represent the intensity
and persistence of negative or positive trends and changes of
vegetation cover. Note that the first three classes (severe decline,
moderate decline and stressed) are used to define the GCI
“Decreasing land productivity” (see table of GCIs).

Example illustrating the distribution of the number
of coinciding global change issues (GCIs) in High
Density cropland in South America. The most
common number of coinciding GCIs is 3 (most of
which are in non dryland regions).

Example showing the number of coinciding global
change issues (GCIs) in relation to LPD (in absolute
area) in High Density cropland in South America.
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Stable, but stressed; persistent strong inter-annual productivity variations
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Stable productivity
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Persistent increase in productivity

Hypothetically, if the spatial occurrence of drought
conditions (see “Climate and vegetation trends”, page 122),
decreasing land productivity, decreasing population density, and
decreasing livestock density were to coincide in rangelands of
central Botswana, the collective weight of these GCIs – that
is, a convergence of evidence – would strongly suggest that
land degradation may exist in this area, or at least that the
conditions and current dynamics are present to be potentially
susceptible to land degradation. Ultimately, the level of concern
and subsequent action (social, cultural, economic, environmental)
must be determined by stakeholders who have local context and
knowledge9 .
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Example illustrating the percent occurrence of each
of the global change issues (GCIs) in High Density
cropland in South America.
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Land productivity dynamics (in five classes – Y-axis)
according to the number of coincident issues (in
three groups – few (<4) in blue, several (4-7)in
yellow, many (>7) in red) expressed as relative area
occupied within the theme (which represent 100 %).
Example showing the number of coinciding global
change issues (GCIs) in relation to LPD (in relative
area) in High Density cropland in South America.

Stable, not stressed

Stable, not stressed

100

Coinciding
GCIs

Declining

few (<4)

Early signs of decline

Continental distribution of predominant global
change issues (GCIs) according to percent area
occupied specific for the presented theme top of
the map – e.g. High density cropland.

% of South American area with >50 % cropland
(0.532 million km2)

Coinciding
GCIs

Declining

Area of South America with >50 % cropland (km2)
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Climate-vegetation trends
Decreasing land productivity
Aridity
Tree loss
Fires
Water stress
SOCIO-ECONOMIC
Livestock density
Population change
Population density
Low nitrogen balance
High nitrogen balance
Income level (GNI/capita)
Irrigation
Built-up area change

LPD

Land productivity dynamics (in five classes –
Y-axis) according to the number of coincident GCIs
(in three groups – few (< 4) in blue, several (4-7)
in yellow, many (> 7) in red) expressed as absolute
area occupied (in km2) within the theme.

Class
Description
value

Disclaimer: Statistics, map descriptions and interpretations are based on the 14
biophysical and socio-economic global change issues used in the WAD3 example
of convergence of evidence. These 14 global change issues are a representative,
not exhaustive, collection of potential drivers or outcomes of land degradation.
Statistics and area estimates may differ from those reported elsewhere due
to various factors, including differences in methodologies, choice of thematic
datasets, and disparities in the base maps used to measure terrestrial areas.

% of South American area with >50 % cropland
(0.532 million km2)

LPD

3

To guide the reader, convergence of evidence maps are
presented on the following pages for 13 themes or topics (see
Table on this page). The various themes – high density cropland,
smallholders, protected areas, etc. – are examples of subject
matter selected by a stakeholder who has that particular interest.
A theme provides a broad context in which to weigh the evidence
of coinciding GCIs and, hence, each map, and accompanying
statistics, are limited to the specific area of the globe and
continents that are specific for the theme.

GCIs

Continental distributions of coincident global
change issues (GCIs)
Y-axis: number of coinciding GCIs (from 1 to 13;
the GCIs high or low fertiliser use are mutually
exclusive)
X-axis: % of area occupied per number of GCIs
the area always refers to the specific area of
the globe and continents that are specific for the
theme– e.g. High density cropland; (in brackets the
total area per continent of this theme is given).

Number of GCIs

1

Thematic maps

least in some form), the correct interpretation ultimately must
consider contextual information (regarding regional and/or local
biophysical and socio-economic conditions). For example, the cooccurrence of high livestock density, water stress and population
change in the smallholder coffee region of Kilimanjaro (Tanzania)
will most probably have a very different connotation than their cooccurrence in the Panhandle region of Oklahoma (United States).
Similarly, the total number of coincident GCIs (e.g. two versus six)
per se can only be interpreted with context: that is, a single GCI
in one location may have serious consequences in terms of land
degradation while six coincident GCIs in another location may
have little or no consequences (see following pages).
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Relative area of South America with >50 % cropland

Theme/topic

Definition

Reference

High density cropland

> 50 % of each grid cell (1 km2) is under cultivation

GLC-Share v1.039

148

Low density cropland

between 10 - 50 % of each grid cell (1 km ) is under cultivation

GLC-Share v1.039

152

High density – high input cropland

> 50 % of each grid cell (1 km2) is under cultivation and where there is a high rate of nitrogen fertiliser application
(corresponding to the global change issue “High-input agriculture”; see Table p. 145)
> 50 % of each grid cell (1 km2) is under cultivation and where there is a low rate of nitrogen fertiliser application
(corresponding to the global change issue “Low-input agriculture”; see table p. 145)

GLC-Share v1.039 and Nitrogen balance on landscape35

154

GLC-Share v1.039 and Nitrogen balance on landscape35

158

Low density – low input cropland

between 10 - 50 % of each grid cell (1 km2) is under cultivation and where there is a low rate of nitrogen fertiliser application
(corresponding to the global change issue “Low-input agriculture”; see table p. 145)

GLC-Share v1.039 and Nitrogen balance on landscape35

160

High density – rainfed cropland

> 50 % of each grid cell (1 km2) is under cultivation and the only source of water is rainfall

GLC-Share v1.039 and GMIA v5.036, 37

164

Low density – rainfed cropland

between 10 - 50 % of each grid cell (1 km ) is under cultivation and the only source of water is rainfall

GLC-Share v1.039 and GMIA v5.036, 37

166

Smallholder cropland

> 10 % of each grid cell (1 km2) is occupied by farms, the medium-size of which is <2 ha

GLC-Share v1.039 Field size40

170

Irrigated cropland

each grid cell (1 km2) has > 50 % under cultivation, of which >10 % equipped for irrigation

GLC-Share v1.039 and GMIA v5.036, 37

Cropland with yield gaps

> 10 % of each grid cell ( 1km2) has yields less than the median values for 17 major crops (see Closing Yield Gaps, page 52)

GLC-Share v1.0 and Yield gaps for major crops

176

Rangeland

natural or semi-natural vegetation that provides a habitat suitable for wild or domestic ungulates

GLC-Share v1.039 and Livestock distribution38

178

Forest

areas where > 40 % of each grid cell (1 km ) is covered with trees

GFC v1.223

182

Protected areas

areas mapped by the World Database on Protected Areas39

WDPA43

184

2

High density – low input cropland

2

Page

172
41, 42

39

2

13 thematic topics used to represent the convergence of evidence map.

The convergence of evidence principle states
that no global change issue (GCI) by itself
is sufficient to infer land degradation but if
multiple GCIs were to occur at any location,
this would suggest the potential for land
degradation (at least in some form).
South America
North America
Oceania
Europe
Asia
Africa

Continents delineation used for calculating the statistics
presented in the following thematic pages.
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Percentage of global mapped area

Distributions of predominant issues
in NORTH AMERICA

Distributions of predominant issues
in EUROPE

Examples of coincident global change issues at one specific 1 km2 grid
cell. The examples on each map represent some key situations. Similar
information queries are possible for all grid cells on the interactive web site
(see BOX ‘Opportunity to Explore: Web Access to Global Data’ on page 145).

GLOBAL distributions of
predominant issues

Distributions of predominant issues
in ASIA

1
2
3
4
Distributions of predominant
issues in SOUTH AMERICA

Proportion of the continents' land covered by
the thematic topic represented on the map.

Distributions of predominant issues
in OCEANIA

Distributions of predominant issues
in AFRICA

The maps have grid cells of 1 km2. Statistics
are in total area (km2) or percentage of total
area of the presented theme and are given for
both global and/or continental scales.
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Convergence of Evidence: High Density Cropland
High density cropland are areas where > 50 % of each grid cell (1 km2) is under cultivation
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Convergence of Evidence: High Density Cropland

See previous spread for data.
Examples of global regions where high density cropland are
affected by global change issues (GCIs; see Table, page 145)
include:
• Africa: Sub-Sahara, including Burkina Faso, northern Nigeria,
eastern Sudan, south Kenya, Malawi, and Zimbabwe;
• North Africa: northern Morocco, Egyptian Nile area, and
Tigris-Euphrates region;
• Asia: India, Pakistan cropland, agricultural expansion areas in
northwest China;
• Central Asia: Aral Sea area; eastern Kazakhstan, Uzbekistan,
Kyrgyzstan, and Tajikistan;
• Latin America and the Caribbean: northeast Brazilian
drylands, agricultural expansion areas in the Argentinean
Chaco, central Chile, southern Mexican cropland, and parts
of Cuba and Haiti; and Australia: Southeast and southwest
areas;
• Europe: Intense agricultural areas in the Mediterranean and
central Europe; cropland
• United States: Irrigated areas in the west.

Global change issues (GCIs) associated with transformations
(including land degradation) in high-density cropland include: high
population density, high livestock densities, and high fertiliser
inputs. These GCIs are found in more than 50 % of high-density
cropland areas of the globe (see inset).
Analysis shows that in high density cropland:
• Approximately 9 % (1.3 million km2) of the high density
cropland area experiences potential pressure from 8 to 13
GCIs, most of it in drylands. Signs of land productivity decline
are observed in 23 % of this area (0.3 million km2).
• Approximately 60 % (8.9 million km2) of the high density
cropland area experiences potential pressure from 4 - 7 GCIs,
evenly distributed between drylands and non-dryland areas.
On 20 % of this area (1.8 million km2), they coincide with
trends in declining land productivity.
• Approximately 29 % (4.35 million km2) of the high density
cropland area experiences potential pressure from 1 – 3
GCIs. Approximately 11.5 % (0.5 million km2) of this area
shows signs of declining land productivity.
• Only 2 % of high density cropland, all non-drylands, are not
associated with any of the GCIs.

In Europe, expanding infrastructure comes
largely at the expense of productive land.
At a continental scale, some patterns with regard to high
density cropland and global change issues (GCIs) emerge:
• Africa. More GCIs are present here than in most other
continents. More than 80 % of the high density cropland area
has high population densities and population increase, more
than 75 % is arid, has low per capita income, and almost
75 % has high livestock density.
• Asia. More than 58 % of high density cropland area has 6
or more GCIs. 75 % have high population densities, livestock
densities and fertiliser use. More than 50 % is arid, with
high water stress, irrigation, high population growth and low
incomes.
• South America. High density cropland have comparatively
few GCIs. More than 75 % of the area has high livestock
densities, and more than 60 % has high population increases
(with half occurring in drylands). Less than 30 % has high
population densities and most of these are non-drylands.

the continent. Change in built-up area is the largest of any
continent and occurs on 16.3 % of the area.
• North America. About 30 % of the high density croplands
has high population growth and 25 % high population
densities. More than 75 % has high fertiliser inputs, 50 %
high livestock density and 20 % is equipped for irrigation.
• Oceania. More than 75 % of the high density cropland area
is arid, with high fertiliser use. About 50 % has high livestock
density, 25 % has water stress, and comparatively low
population increases. Overall, there are fewer GCIs at play
and, given lower population pressures and higher income, the
potential for land transformations (e.g. degradation) would
appear to be lower than in either Asia or Africa.

High density cropland in Asia and Africa, the majority of which
is found in drylands, stand out as areas of potential concern, but
for different reasons. Both have high population densities, high
population growth rates, high livestock density and low income.
Where they diverge is total irrigated area (>50 % in Asia, < 10 %
in Africa) and high-input agriculture (high fertiliser use: 75 %
Asia, 35 % Africa). While there are undoubtedly hotspots on every
continent that can be explored, Asia and Africa show that there
are large areas potentially undergoing transformations.

• Europe. GCIs found in more than 25 % of the area include
population density, livestock density, high input agriculture,
and water stress (in the southern parts). Larger numbers of
coinciding GCIs are generally found in the southern part of

In 14 % of high density cropland of the globe, multiple global
change issues negatively impact land productivity; this is more
pronounced in drylands and especially in Africa and Asia.

• Theme layer derived from: FAO GLC-SHARE v1.039 , 2014.
• This map has grid cells of 1 km2.
• Statistics - in total area (km2) or percentage of total area are given for both global and/or continental scales.
• Refer to global change issues (GCIs) in the table on page 145.
• Refer to ‘how to read the maps’ on page 146.

150

World Atlas of Desertification | PART V – CONVERGENCE OF EVIDENCE

Convergence of Evidence: Low Density Cropland

See next spread for data.
Examples of global regions where low density cropland are
affected by global change issues (GCIs; see Table, page 145)
include:
• Africa: most of the Sahel and coastal zones along the Gulf
of Guinea, cultivated areas of Somalia, southern Democratic
Republic of Congo, Zimbabwe, Tanzania, and the coast of
Madagascar;
• Asia: north China plain and large areas of southeast China, the
river basins in Bangladesh Padma and Myanmar Irrawaddy,
northern Sri Lanka and hotspots in the Philippines and Java;
• Central Asia: northern Kazakhstan, Kyrgyzstan and Tajikistan;
• South America: Western Andean slopes, the Amazon delta,
drylands of northeast Brazil, and agriculture expansion areas
in southern Brazil, Argentina, Uruguay, Paraguay and Bolivia;
• Europe: Belarus; and
• North American: Large areas in several Central American
countries and Haiti.

Global change issues (GCIs) associated with transformations
(including land degradation) in low density cropland areas include:
tree loss, high population densities and low-input agriculture. With
regard to the latter, the intensity of fertiliser use ranges from low
use (around 33 % of the area) to high use (24 % of the area)
(contrast this to high density cropland where the figures for low
and high fertiliser use are about 21 % and 31 %, respectively).
Tree loss occurs over 36 % of the low density cropland area which
is significantly higher than in the high density croplands, where
tree loss occurs over about 10 % of the area.
Analysis shows that in low density cropland:
• About 4 % (or 0.56 million km2) of the low density cropland
area experiences potential pressure from 8 to 13 GCIs, which
is significantly less than high density cropland. Signs of land
productivity decline are observed in 51 % of this area (0.3
million km2).

Fertiliser use is deficient in about
one third of low density cropland.
• Approximately 26 % (4.59 million km2) of the low density
cropland area experiences potential pressure from 1-3 GCIs.
Signs of land productivity decline are observed in 11 % of
this area (0.51 million km2).
• Around 2 % have no GCIs.

• Approximately 68 % (11.71 million km2) of the low density
cropland area experiences potential pressure from 4 to 7
GCIs. Signs of land productivity decline are observed in 21 %
of this area (2.47 million km2).

Low density cropland extends over a larger area than high density
cropland; less land is subject to many (more than 7) coincident
global change issues, but more land is subject to pressure from 4 to
5 GCIs – this is more pronounced in Africa.

At a continental scale, some patterns with regard to low
density cropland and global change issues (GCIs) emerge:
• Africa. More GCIs are at play than any other continent. Fully
76 % (ca. 2.7 mill.km2) have between 5 - 7 GCIs. Population
density and population change, along with low income levels,
occur in around 90 % of this area. Fires affect about 25 %
of the total area, the largest extent in any continent. About
60 % has high livestock densities and >30 % has fertiliser
deficiencies. The GCIs are found more or less equally in
dryland and non drylands.
• Asia. Fully 65 % of the low density cropland area has between
4 to 6 GCIs, with population density (80 % of the area) and
population changes (62 % of the area) the most common
GCIs, followed by high livestock densities (62 % of area). Two
important GCIs are low income level (53 % of the area) and
water stress (30 %). The agricultural plains of Bangladesh
and Myanmar are experiencing population increase and
growing built-up areas, combined with expanding irrigation
schemes and high livestock densities. High input cultivation
is prevalent in Bangladesh while low input cultivation is
prevalent in Myanmar.
• South America. There are relatively few GCIs in low density
cropland areas of South America, where an average of
4 coincide on nearly 20 % of the area. However, there are
high livestock densities (over 85 % of the area), tree loss
(concerns half the area) and declining land productivity (26 %
of the area), all three occur on more area than on any other
continent – but not necessarily coincide. Central American
countries (Guatemala, Honduras, El Salvador, Haiti, and small
areas on the Pacific side of Costa Rica) have a relatively high
number of GCIs (5-6) at play.

• Europe. Has the lowest number of GCIs of all continents, with
3 - 4 potential GCIs occurring on 24 and 23 % of the area,
respectively. Only between 6 - 7 % of low density cropland is
subject to 6 or more GCIs, which are mostly concentrated in
Portugal, Greece and Belgium. Livestock density, low nitrogen
balance, and high population density are found in around
50 % of the continent. Tree loss (27 % of area) and water
stress (17 % of area) are the most common biophysical
GCIs. Also in low density cropland, the change in built-up
area is the largest of any continent (13 % of the area). The
expanding infrastructure comes largely at the expense of
productive land, which is a common feature around towns;
this phenomenon is widespread in northern parts of Europe,
including large parts of Belarus, where this is associated with
forest loss and population changes.

Africa stands out with more than 6 coinciding GCIs concerning
more than half the low density cropland area.

• North America. High livestock densities (70 % of the area)
and tree loss (39 %) are the most widespread GCIs. In the
dryland portions of North America, water stress (36 % of the
total area) and drought conditions (i.e. climate-vegetation
trends GCI, see table) (28 %) are important GCIs.
• Oceania. A large extent of dryland has experienced drought
conditions (i.e. climate-vegetation trends GCI, see GCI table),
which has led to declining land productivity in about 26 %
of the area. Higher than average livestock densities (51 %
of the area) and low nitrogen balance (36 %) contribute to
stress in areas with 3 to 4 GCIs.

• Theme layer derived from: FAO GLC-SHARE v1.039 , 2014.
• This map has grid cells of 1 km2.
• Statistics - in total area (km2) or percentage of total area are given for both global and/or continental scales.
• Refer to global change issues (GCIs) in the table on page 145.
• Refer to ‘how to read the maps’ on page 146.
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Convergence of Evidence: Low Density Cropland
Low density cropland are areas where between 10 - 50 % of each grid cell (1 km2) is under cultivation.
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Convergence of Evidence: High Density – High Input Cropland
High density – high input cropland are areas where >50 % of each grid cell (1 km2) is under cultivation and where there
Distributions of predominant issues in NORTH AMERICA
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Convergence of Evidence: High Density – High Input Cropland

See previous spread for data.
Examples of global regions where high density – high input
cropland are affected by global change issues (GCIs; see Table,
page 145) include:
• Africa: Nile delta of Egypt, east Sudan, Kenya and Tanzania
(around Lake Victoria), Malawi, Zimbabwe, and west Senegal;
• Middle East: cropland in Syria, Iraq and Iran;
• Asia: large areas in east China and scattered zones in western
China; southern Vietnam, and areas in Pakistan and India;
Central Asia: Kyrgyzstan and Uzbekistan;
• Europe: central Spain, southern Italy, Turkey.

Global change issues (GCIs) associated with transformations
(including land degradation) in high density – high input cropland
include high livestock numbers (in about 85 % of the area),
irrigation, and water stress (about 50 % of the area).
Analysis shows that in high density – high input cropland:
• About 20 % (or 0.9 million km2) of the high density – high
input cropland area experiences potential pressure from 8
to 13 GCIs. Signs of land productivity decline are observed in
19 % of this area (0.17 million km2).

• The global distribution of high density-high input cropland
is equally distributed between drylands (49 %) and nondrylands (51 %).
• Along with high population density and change, elevated
livestock densities is an important GCI in these systems
(ranging from 60 % in North America to 90 % in Asia).
• More coinciding issues show more land productivity decline.

• Approximately 62 % (2.9 million km2) of the high density –
high input cropland area experiences potential pressure from
4 to 7 GCIs. Signs of land productivity decline are observed
in 13 % of this area (0.37 million km2).
• Approximately 17 % (0.8 million km2) of the high density –
high input cropland area experiences potential pressure from
1-3 GCIs. Signs of land productivity decline are observed in
9 % of this area (0.07 million km2).
• Less than 1 % have no GCIs.

Globally, 31 % of croplands are high density – high input systems,
half of which are experiencing 6 or more global change issues.
At a continental scale, some patterns with regard to high
density-high input cropping systems and global change issues
(GCIs) emerge:
• Africa. The Nile delta is known for high density, irrigated
agriculture, where population density and changes coincide
with low income and high livestock densities. Declining land
productivity, tree loss, fires, livestock density, population
increase and low income (up to 85 % of the area) are
coincident over these cropping systems in east and southern
Africa.
• Asia. In eastern China, population density and change and
expanding built-up area are common GCIs. The sharp division
visible on the map is due to aridity: the area to the north is
dryland and there also water stress plays a role. In north
and north-eastern China, a relatively large area of improving
land productivity is however subject to pressures from GCIs,
such as irrigation, high livestock densities, population change
and built-up area; these aspects reflect the expanding and
intensifying agriculture. Similar combinations might also be
critical in regions where low income is an issue, such as in
India.

• South America. Only 2.3 % of the total area of South
America is made-up of high density-high input cropland.
However, in the Argentinean Chaco there is evidence that
these new cropping areas require further study as to their
susceptibility to land degradation.
• Europe. Increasing population and loss of land due to builtup areas are pressing issues, while expanding irrigation
combined with water stress is of concern in southern Europe.
• North America. While this region has the fewest coincident
GCIs, the ones of interest here are water stress, livestock
densities, fire, population, and decreasing land productivity.
• Oceania. In west and southeast Australia, coincident GCIs
include frequent drought conditions, high livestock densities
and irrigation. In 38 % of these high density-high input areas,
land productivity is decreasing or stressed.

In areas of high density – high input agriculture, fewer global
change issues coincide where income levels are low. Notable
exceptions are in China (particularly in drylands) and low income
areas in Africa and India.

• Theme layer derived from: FAO GLC-SHARE v1.039 , 2014 and
nitrogen balance on landscape: West P. 201425 (see page 54).
• This map has grid cells of 1 km2.
• Statistics - in total area (km2) or percentage of total area are given for both global and/or continental scales.
• Refer to global change issues (GCIs) in the table on page 145.
• Refer to ‘how to read the maps’ on page 146.
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Convergence of Evidence: High Density – Low Input cropland

See next spread for data.
High density – low input cropland are rather limited globally.
Input is considered low when the nitrogen balance remains in
the first quartile, i.e. where a deficiency is reported (see table on
page 145).
Examples of global regions where high density-low input
cropland are affected by global change issues (GCIs; see Table,
page 145) include:
• Africa: Central and north-western Nigeria, east-central Sudan
and some areas in Ethiopia, Uganda, Tanzania, Zimbabwe,
and South Africa
• Myanmar: Part of the Irrawaddy River basin;
• South America: Soy-producing areas of Central Argentina,
Bolivia;
• Eastern European, southern Russian and north-central Asia;
• North America: Northwest Yucatan in Mexico, and throughout
the United States and Canada.
• Australia: Various locales in southeast Australia.

Global change issues (GCIs) associated with transformations
(including land degradation) in high density-low input cropland
include livestock density, population and income level as the
most important socio-economic GCIs, while decreases in land
productivity (in 22 % of the area or about 700 000 km2), water
stress, and drought conditions (i.e. climate-vegetation trends GCI,
see table) are the most important biophysical GCIs. The graph on
area distribution of GCIs illustrates that these cropping systems
have fewer coincident GCIs as compared to high density - high
input cropping systems.
Analysis shows that in high density – low input cropland:
• About 4 % (or 0.13 million km2) of the high density – high
input cropland area experiences potential pressure from 8
to 13 GCIs. Signs of land productivity decline are observed in
51 % of this area (0.07 million km2).

• Approximately 35 % (1.1 million km2) of the high density –
high input cropland area experiences potential pressure from
1-3 GCIs. Signs of land productivity decline are observed in
12 % of this area (0.13 million km2).
• Less than 1 % have no GCIs.
• In the limited area where 7 or more GCIs coincide, there is a
higher proportion of declining land productivity

• Approximately 60 % (1.9 million km2) of the high density –
high input cropland area experiences potential pressure from
4 to 7 GCIs. Signs of land productivity decline are observed
in 30 % of this area (0.59 million km2).

Low input cultivation coinciding with a persistent decline of land
productivity dynamics raises concern for potential land degradation.
At a continental scale, some patterns with regard to high
density – low input cropland and global change issues (GCIs)
emerge:
• Africa. There are more coincident GCIs in Africa than
anywhere else (more that 75 % of the high density-low input
cropland areas have >6 GCIs). Tree loss, land productivity
decline (in about 24 % of the area), drought conditions,
population issues, and low income tend to coincide.
• Asia. In Asia, 70 % of this cropping system is found in
drylands. The most important GCIs are water stress, fire, and
to a certain extent, land productivity decline.
• South America. The area of high density – low input cropland
is limited, but more than 50 % of it (about 60 000 km2) has
declining land productivity, most of it in soybean producing
areas where also drought conditions probably impacted on
the land productivity dynamics.

• Europe. About of 24 % of the area (about 300 000 km2)
exhibiting declines in land productivity is found in eastern
Europe. Water stress and drought conditions are important
GCIs, especially in western Russia.
• North America. In about 38 % of this area, tree loss is an
issue. Other GCIs of note are decreasing land productivity
and livestock densities. A specific region of emerging concern
is in the agriculture region of northwest Yucatan peninsula
in Mexico.
• Oceania. Most high density – low input cropland in Oceania
are found in drylands where drought conditions and land
productivity decline are important GCIs. Land productivity
decline occurs in one third of the non-dryland high densitylow input cropland area.

About 22 % of global high density–low input cropland show
a decline of land productivity over the last 15 years. This
ranges from about 12 % in North America and Asia, over
24 % in Europe and 17 % in Oceania to more that 50 % of
the high density–low input cropland in South America.

• Theme layer derived from: FAO GLC-SHARE v1.039 , 2014 and
nitrogen balance on landscape: West P. 201435 (see page 54).
• This map has grid cells of 1 km2.
• Statistics - in total area (km2) or percentage of total area are given for both global and/or continental scales.
• Refer to global change issues (GCIs) in the table on page 145.
• Refer to ‘how to read the maps’ on page 146.
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Convergence of Evidence: High Density – Low Input cropland
High density – low input cropland are areas where >50 % of each grid cell (1 km2) is under cultivation and where there
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Convergence of Evidence: Low Density – Low Input cropland
Low density – low input cropland are areas where between 10 - 50 % of each grid cell (1 km2) is under cultivation and
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Convergence of Evidence: Low Density – Low Input cropland

See previous spread for data.
Examples of global regions where low density – low input
cropland are affected by global change issues (GCIs; see Table,
page 145) include:
• Africa: Western Sahel, coastal zones of Gulf of Guinea,
coastal areas of Somali and Tanzania, coastal and inland
areas in the Democratic Republic of Congo;
• Asia: South-East Asia, the lower part of the Irriwaddy Basin
(Myanmar), and some areas in Vietnam;
• Central Asia: Some of the “revived” agriculture land in
southern Russia, Kazakhstan and Kyrgyzstan;
• Latin America: Brazil (southwest of Brasilia, Rondonia and
the Amazonia delta areas), Chaco region of Bolivia and
Argentina, southern Ecuador, Maracaibo region in Venezuela,
and smaller areas in central America (such as the Flores
region in Guatemala);
• United States and Europe: Limited areas, which are usually
scattered within high density – low input cropping areas.

Global change issues (GCIs) associated with transformations
(including land degradation) in low density-low input cropland
include tree loss (which involves all continents, totalling about
35 % or nearly 2 million km2) and low income. As compared
to high density-low input cropland, income level is the most
important GCI, and occurs in about 51 % of the low density-low
input cropland area.
Analysis shows that in low density-low input cropland:
• About 4 % (or 0.22 million km2) of the high density – high
input cropland area experiences potential pressure from 8
to 13 GCIs. Signs of land productivity decline are observed in
54 % of this area (0.12 million km2).

• Less than 1 % have no GCIs.
• Around 45 % of these cropland systems have 5 - 6 coincident
GCIs, of which tree loss is primary, followed by decrease
in land productivity (about 16 %), water stress, drought
conditions (i.e. climate-vegetation trends GCI, see table), and
fires (each over about 13 %).
• Biophysical GCIs (e.g. water stress, drought conditions, fire)
are less common in these cropping systems than in high
density – low input systems.

• Approximately 74 % (4.17 million km2) of the high density –
high input cropland area experiences potential pressure from
4 to 7 GCIs. Signs of land productivity decline are observed
in 22 % of this area (0.91 million km2).
• Approximately 21 % (1.19 million km2) of the high density –
high input cropland area experiences potential pressure from
1-3 GCIs. Signs of land productivity decline are observed in
8 % of this area (0.09 million km2).

Low income is a main issue in low density – low input cropland
and might constrain land management options.
At a continental scale, some patterns with regard to low
density-low input cropland and global change issues (GCIs)
emerge:
• Africa. Nearly all the low density-low input cropping area in
Africa has high population density and low income. This is a
reflection of the prevalence of smallholder farms (see page
64). Tree loss (about 48 % of area) and fire (about 26 % of
area) are the main biophysical issues. Land degradation is
a potential concern in about 17 % of the area where land
productivity is decreasing. More GCIs are coinciding in Africa
than the global average.
• Asia. Tree loss (about 30 %) and water stress (about 26 %)
are the main biophysical issues in Asia. Next to population
density (67 % area), income level (about 48 % area) is the
more frequent coincident GCI.
South America. Tree loss (about 52 % of area) is the most
important biophysical issue. Maps on the forest loss (see page
36) and expanding agriculture (page 50) illustrate that, in many
cases, low density -- low input agriculture follows a transition
from forest to cultivation. Over the total area, GCIs population
change occurs in about 70 % and low income in 40 %.
• Europe. Fewer coincident GCIs occur in Europe where tree

loss is the main biophysical issue. Drought conditions, fire
and decreasing land productivity all occur over less than
10 % of the area. Below average income level is an issue
over about 23 % of the area and increase in built-up space
occurs in about 8 % of the area, the second highest after
North America.
• North America. Tree loss occurs over 50 % and built-up
area in 10 % of the total area of low density - low input
agriculture, the highest globally. Water stress is found over
about 20 % of the area.
• Oceania. Mostly, 3 - 4 GCIs coincide with drought conditions
and decreasing land productivity. Population change is an
issue in about 70 % of the area. Most of the area has stable
land productivity.

In South America, low density – low input cropland systems are
often located where forest to cultivation transition is observed,
population changes and low income are the main coinciding
global change issues.

• Theme layer derived from: FAO GLC-SHARE v1.039 , 2014 and
nitrogen balance on landscape: West P. 201435 (see page 54).
• This map has grid cells of 1 km2.
• Statistics - in total area (km2) or percentage of total area are given for both global and/or continental scales.
• Refer to global change issues (GCIs) in the table on page 145.
• Refer to ‘how to read the maps’ on page 146.
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Convergence of Evidence: High Density-Rainfed Cropland

See next spread for data.
Examples of global regions where High Density-Rainfed
Cropland are affected by global change issues (GCIs; see Table,
page 145) include:
• Africa: Northern Morocco, west Senegal, vast areas in centralnorth Nigeria, Sudan, areas around Lake Victoria, Zimbabwe,
and the main agricultural areas in central-east South Africa;
• Asia: Northeast China, Myanmar, India and northern
Afghanistan;
• South America: Central Argentina, small areas in Brazil and
Bolivia;
• Europe: Limited areas.
• North America: Some areas in western Mexico, the United
States, and Canada;
• Australia: southwest and eastern Australia.

Global change issues (GCIs) associated with transformations
(including land degradation) in High density-rainfed cropland
include water stress (27 % of the area), drought conditions
(23 % of the area) (i.e. climate-vegetation trends GCI, see table)
and decreasing land productivity, low income, and higher than
average livestock densities. There are slightly more of these
cropping systems with low (26 %) versus high agriculture inputs
(21 %). High input agriculture and livestock densities are the most
widespread combination in this rainfed cropland, mostly in North
America and Europe.
Analysis shows that in high density-rainfed cropland:
• About 2 % (or 0.22 million km2) of the high density-rainfed
cropland area experiences potential pressure from 8 to 13
GCIs. Signs of land productivity decline are observed in 54 %
of this area (0.12 million km2).

• Approximately 41 % (4.4 million km2) of the high densityrainfed cropland area experiences potential pressure from
1-3 GCIs. Signs of land productivity decline are observed in
0.5 % of this area (11 million km2).
• Around 2 % have no GCIs.
• About 10 % of the global area has more than 7 coincident
GCIs, which are associated with decreases in land productivity.
• These cropland are nearly equally distributed between
dryland and non-drylands (51 vs. 49 %, respectively).

• Approximately 56 % (6.1 million km2) of the high densityrainfed cropland area experiences potential pressure from 4
to 7 GCIs. Signs of land productivity decline are observed in
24 % of this area (1.5 million km2).

At a continental scale, some patterns with regard to high
density-rainfed cropland and global change issues (GCIs) emerge:
• Africa. More than 75 % of high density-rainfed agriculture
occurs in drylands (the most of any continent). Important
GCIs are drought conditions, decreasing land productivity,
high population densities, population growth, and low income.
Nearly 60 % of high density-rainfed agriculture in Africa has
more than 6 coincident GCIs.

High density-rainfed cropland in the mid-latitudes face fewer
coincident global change issues than similar areas in the tropics.

• Asia. In Asia, 60 % of the area is considered drylands. Hence,
water stress is a common GCI, especially in regions of rapid
agricultural expansion, such as northeast China. Although
low income occurs in about 45 % of the area, high-input
agricultural is an important GCI in about 30 % of the area.
In northern Afghanistan, water stress and drought conditions
are key biophysical GCIs.
• South America. Drought conditions (45 % of the area)
and decreasing land productivity (43 % of the area) are
widespread biophysical GCIs. These coincide with high
livestock densities (80 % of the area) and population change
(64 % of the area).
• Europe. In southern European drylands, drought conditions
(i.e. climate-vegetation trends GCI, see table) and water
stress are important GCIs, while elsewhere, livestock density
and agriculture inputs (both high and low) are concerns.
• North America. Very few GCIs, mostly 2 or 3, coincide in
high density-rainfed cropland. Water stress and drought
conditions (i.e. climate-vegetation trends GCI, see table) are
important GCIs in some areas. High livestock numbers exist
over 59 % of the area and high inputs are found in about
30 % of the area.

Drought conditions occurred in
23 % of global high density-rainfed
cropland during the past 3 decades.

• Oceania. Drought conditions (i.e. climate-vegetation trends
GCI, see table) and decreasing land productivity are important
GCIs in Australia.

• Theme layer derived from: FAO GLC-SHARE v1.039 , 2014 and
Siebert S. 2014: GMIA36, 37 (see page 56).
• This map has grid cells of 1 km2.
• Statistics - in total area (km2) or percentage of total area are given for both global and/or continental scales.
• Refer to global change issues (GCIs) in the table on page 145.
• Refer to ‘how to read the maps’ on page 146.
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Convergence of Evidence: High Density-Rainfed Cropland
High density-rainfed cropland are areas where >50 % of each grid cell (1 km2) is under cultivation and the only source of
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Convergence of Evidence: Low Density-Rainfed Cropland
Low density-rainfed cropland are areas where between 10 - 50 % of each grid cell (1 km2) is under cultivation and the
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Convergence of Evidence: Low Density-Rainfed Cropland

See previous spread for data.
Low density-rainfed cropland are found mostly (more than
70 %) in non-drylands (mainly in the tropics) and have more
issues than the high density-rainfed cropland.
Examples of global regions where low density-rainfed
cropland are affected by global change issues (GCIs; see Table,
page 145) include:
• Africa: Western and central parts of the Sahel, the southern
coastal areas of the Gulf of Guinea countries; southern
Somali coastal area, parts of Kenya and Tanzania, Zimbabwe
and the eastern coast of Madagascar; a zone around Kenge
in central Democratic Republic of Congo, a trans-boundary
area in southern Angola and northern Zimbabwe; and limited
areas in northern Morocco
• Asia: South-East Asia and areas in the Philippines and
Indonesia;
• Central Asia: Northern Kazakhstan.
• South America: The Pampas and parts of the Chaco in
Argentina, central Paraguay, southern Brazil (Parana and Rio
Grande rivers northeast highlands, Belem area), coastal areas
in Ecuador, central Nicaragua, Honduras and Guatemala.

Global change issues (GCIs) associated with transformations
(including land degradation) in low density-rainfed cropland
include tree loss, which is the most important biophysical GCI
(31 % of the area, most of which occur in non-drylands). Other
GCIs include declining land productivity (over 17 % of the area)
and income level (an issue in nearly 50 % of the area).
Analysis shows that in low density-rainfed cropland:
• About 2 % (or 0.32 million km2) of the low density-rainfed
cropland area experiences potential pressure from 8 to 13
GCIs. Signs of land productivity decline are observed in 61 %
of this area (0.19 million km2).

• Population density and population change affects more
the 60 % of the area, hence these areas are susceptible to
infrastructure and urban expansion, which encroaches into
agricultural lands.
• Globally, higher than average livestock numbers are common

• Approximately 67 % (10.2 million km2) of the low densityrainfed cropland area experiences potential pressure from 4
to 7 GCIs. Signs of land productivity decline are observed in
22 % of this area (2.2 million km2).
• Approximately 29 % (4.48 million km2) of the low densityrainfed cropland area experiences potential pressure from
1-3 GCIs. Signs of land productivity decline are observed in
11 % of this area (0.49 million km2).
• Around 2 % have no GCIs.

Rather than being remote, most low density rainfed cropland are closer or mixed with
populated areas and thus tend to have more issues than high density agriculture areas.

At a continental scale, some patterns with regard to low
density-rainfed cropland and global change issues (GCIs) emerge:
• Africa. Low density-rainfed agriculture is widespread and
associated with areas that have high population density
and low income. About 58 % occurs in drylands, twice the
global average. Important GCIs are tree loss (40 % of the
area), low agricultural input (40 %) and fire (25 %). Fire is
an important issue in Senegal, Mali, Burkina Faso, Chad and
parts of Eritrea, as well as in the southern fringes of the
Gulf of Guinea countries. Declines in land productivity are
observed on the coastal areas of Somali.
• Asia. In this region, 4-5 coincident GCIs predominate, which
is slightly above the global average. Population tends to be
high (75 % of the area) and income levels lower (60 % of
the area) than median global income. Land productivity has
decreased in about 10 %, as exemplified in Central Myanmar,
parts of Rajasthan (India), and the Philippine islands of Luzon
and Mindanao.
• South America. High population and livestock densities
are common GCIs in low density-rainfed cropland in South
America, although vast areas of Brazil and Argentina have
few coincident GCIs. Higher than median livestock numbers
is an issue in over 80 % of the area and tree loss (50 % of
the area) is above the global average. In areas of agricultural
expansion, such as the Argentina soybean and Chaco areas,
high input agriculture occurs in 30 % of the area. In the

Ecuadorean coastal areas, tree loss, drought conditions and
land productivity declines coincide with population density
and livestock numbers.
• Europe. In Europe, which has a highly concentrated population
and extensive land use, low density-rainfed cropland are
dispersed throughout the landscape. Convergence of GCIs
is lower than the global average. Livestock numbers and
low inputs are key GCIs in over 50 % of the area. Tree loss
is in more than 25 % of the area while decreasing land
productivity affects less than 10 % of the area.
• North America. Spread over the central and eastern United
States and Canada, low density agriculture areas have
relatively few GCIs beyond livestock numbers and tree loss
(in nearly 40 % of the area). Built-up area is higher than the
global average in similar areas (10 % of the area).
• Oceania. A relatively small area of Oceania (0.46 M Km2) is
low density-rainfed cropland. More than 60 % of it is dryland.
Half has been affected by droughts conditions, mainly in
eastern Australia. Decreasing land productivity occurs in just
over 25 % of the area.

Much of the African low density rainfed cropland is
associated with low income levels and nutrient deficiency
occurs over a vast part of it (40 % of the area).

• Theme layer derived from: FAO GLC-SHARE v1.039 , 2014 and
Siebert S. 2014: GMIA36, 37 (see page 56).
• This map has grid cells of 1 km2.
• Statistics - in total area (km2) or percentage of total area are given for both global and/or continental scales.
• Refer to global change issues (GCIs) in the table on page 145.
• Refer to ‘how to read the maps’ on page 146.
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Convergence of Evidence: Smallholder Cropland

See next spread for data.
Examples of global regions where smallholder cropland are
affected by global change issues (GCIs; see Table, page 145)
include:
• Africa: Nile River basin, Sahel, eastern Africa (regions on the
Somali southeast coast, Kenya and northern Tanzania), and
Zimbabwe.
• Asia: Indus River basin of India, Yellow River basin in northeast
China, Java (Indonesia).
• Central Asia: Some parts of Uzbekistan, Kyrgyzstan and
Tajikistan,
• North America: Central Mexico.

Global change issues (GCIs) associated with transformations
(including land degradation) in smallholder cropland include tree
loss and water stress (both occur in about 27 % of the total area).
About 40 % of smallholder cropland occur in drylands, and most
have 6 or more coincident GCIs where non-dryland areas have 5
or less.
Analysis shows that in smallholder cropping systems:
• About 9 % (or 1.47 million km2) of the smallholder cropland
area experiences potential pressure from 8 to 13 GCIs. Signs
of land productivity decline are observed in 26 % of this area
(0.39 million km2).
• Approximately 77 % (12.5 million km2) of the smallholder
cropland area experiences potential pressure from 4 to 7
GCIs. Signs of land productivity decline are observed in 15 %
of this area (2 million km2).

• Approximately 13 % (2.2 million km2) of the smallholder
cropland area experiences potential pressure from 1-3 GCIs.
Signs of land productivity decline are observed in 8 % of this
area (0.18 million km2).
• Less than 1 % have no GCIs.
• Key GCIs are high population density and population change
(86 % and 76 % of the land area, respectively), which coincide
with low income levels (67 % of the area).
• Smallholders in poorer rural areas (about 67 % of the area,
mostly in Africa and Asia) support many people (88 % of the
area has higher than average population densities) and must
deal with water stress (27 %), tree loss (27 %) and fire (9 %).

Smallholders in poorer rural areas in Africa and Asia support
many people and must cope with numerous global change
issues, such as water stress, tree loss and fire.

At a continental scale, some patterns with regard to
smallholder cropping systems and global change issues (GCIs)
emerge:
• Africa. Africa has the second largest area of smallholder
cropland (after Asia), of which about 60 % is located in
drylands. In more than 60 % of the area more than 6 GCIs
are found. Higher than average population densities and
population changes, and lower than average income is
affecting more than 90 % of the total smallholder area in
Africa. Unlike Asia, in 37 % of the area smallholders have low
input agriculture, potentially compromising long-term land
quality. Land productivity is declining in about 20 % of the
area. Combinations of 7 or more coincident GCIs occur in
stressed or declining land productivity classes.
• Asia. A vast area of 8.73 M Km2 is managed by smallholders.
They must deal with 6 and more convergent GCIs. Water stress
(about 40 % of the area), as well as population densities,
high livestock numbers and below average income (60 % of
the area) pose significant challenges. Irrigation is practiced
in more than 40 % of the area and corresponds with high
input agriculture that potentially threatens water quality. The
Indus basin in Pakistan, most of India, the Yellow river area
and coastal areas in eastern China and the Irrawaddy river
basin in Myanmar are regions of concern.

• South America. Limited areas in north and northeast Brazil,
the Ecuadorean coastal area, smaller zones in central Chile
and central Mexico show more than 6 coincident GCIs. Tree
loss, high livestock densities and high input agriculture are
the continent’s main global change issues.
• Europe. Key GCIs include higher than average livestock
numbers, population densities, and water stress. Smallholder
cropping areas have fewer than 4 coincident GCIs. Surprisingly,
26 % of smallholder cropping areas have increases in built
up areas.
• North America. Smallholder areas are very limited and
there are few coincident GCIs.
• Oceania. There is very limited smallholder cropland in
Australia, New Zealand and the rest of Oceania. There are
no important issues, aside from high livestock numbers and
high agricultural inputs.

Vast areas of smallholder cropland in Africa and Asia must cope with
a large number of divergent global change issues. In Asia, overuse of
agricultural inputs (e.g. fertilisers) is an environmental issue while in
Africa, the opposite (lack of inputs) prevails. There are serious long-term
consequences in both instances.

• Theme layer derived from: FAO GLC-Share v1.039 and Fritz S.,
IIASA-IFPRI (GEOWIKI) Field size40 , 2015 (see page 64).
• This map has grid cells of 1km2.
• Statistics - in total area (km2) or percentage of total area are given for both global and/or continental scales.
• Refer to global change issues (GCIs) in the table on page 145.
• Refer to ‘how to read the maps’ on page 146.
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Convergence of Evidence: Smallholder Cropland
Smallholder cropland are areas where >10 % of each grid cell (1 km2) is occupied by farms, the medium-size of which
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Convergence of Evidence: Irrigated Cropland

Irrigated cropland are areas where each grid cell (1 km2) has >50 % under cultivation, of which >10 % is equipped for i
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Convergence of Evidence: Irrigated Cropland

See previous spread for data.
Examples of global regions where irrigated cropland are
affected by global change issues (GCIs; see Table, page 145)
include:
• Asia: Areas in west and north-east China, Pakistan (Indus
River), northern India (Ganges River), western India, and
Kyrgyzstan, Uzbekistan in central Asia;
• Middle East: Iran and Nile delta;
• Others: Mediterranean (Europe), western United States, and
southern Australia.
Global change issues (GCIs) associated with transformations
(including land degradation) in irrigated cropland include high
fertiliser input, water stress, high population densities, high
population growth rates, low income and high livestock density.
Globally, irrigated cropland occupy 4.2 M km2 of land (*), of which
70 % occurs in drylands (a primary reason for irrigation). High
population density occurs in over 80 % of the area, population
growth in 75 % and low income in 50 %.

Analysis shows that in irrigated cropland:
• About 26 % (or 1.08 million km2) of the irrigated cropland
area experiences potential pressure from 8 to 13 GCIs. Signs
of land productivity decline are observed in 17 % of this area
(0.18 million km2).
• Approximately 66 % (2.75 million km2) of the irrigated
cropland area experiences potential pressure from 4 to 7
GCIs. Signs of land productivity decline are observed in 13 %
of this area (0.37 million km2).
• Approximately 7 % (0.3 million km2) of the irrigated cropland
area experiences potential pressure from 1-3 GCIs. Signs of
land productivity decline are observed in 10 % of this area
(0.03 million km2).
• Less than 1 % have no GCIs.
• About 60 % of the area is characterised by high water stress.
In about 55 % of the area there is an excess use of fertilisers.

In most irrigated cropland, water quality and
availability will be an important global change issue.

At a continental scale, some patterns with regard to irrigated
cropland and global change issues (GCIs) emerge:
• Africa. About 0.14 M km2 (*) is classified as irrigated cropland,
with 90 % of it occurring in drylands and most of it in the
Nile delta. The number of coincident issues is comparatively
high. High population growth is found in 90 % of the area,
population density in almost 100 %, low income in 75 %,
increase in built-up in 25 %, high water stress in 30 %, high
livestock densities in 75 %, and high input agriculture in 60 %.
• Asia. About 3.0 M km2 (*) is classified as irrigated cropland,
with 60 % in drylands. The number of coincident GCIs is
comparatively high. There is high population growth in more
than 80 % of the area, high population density in 90 %, low
income in 60 %, over 80 % in both high livestock density
and high input agriculture, and 60 % shows water stress
(corresponding to the dryland portions).
• South America. About 0.01M km2 (*) is classified as
irrigated cropland, with 60 % in drylands. About 60 % of
the area has high population density and 75 % has high
population growth, all mostly in drylands. Low income levels
occur in about 10 % of the area, high livestock density in
70 %, high input agriculture in 70 %, and both decreasing
land productivity and tree loss in 30 % of the area.

• Europe. About 0.4 M km2 (*) is classified as irrigated
cropland, split evenly between dryland and non-dryland. The
number of coincident GCIs is comparatively low. Each of the
following GCIs occur in 50 % of the area: population density,
high population growth, high livestock density, and high input
agriculture.
• North America. About 0.5 M km2 (*) is classified as irrigated
cropland, with 65 % in drylands. High population density is
found in about 30 % of the area, high population change in
30 %, low income levels in <10 %, high input agriculture in
80 %, and high densities of livestock in 70 %.
• Oceania. About 0.06M km2 (*) is classified as irrigated
cropland, with 80 % in drylands. The number of coincident
issues is comparatively low. More than 40 % of the area has
increasing population, 20 % has high population density,
80 % high livestock density, 75 % high input agriculture and
60 % high water stress.

More than half of the world’s irrigated cropland are in water
stressed areas and possible nitrogen excess due to high fertiliser
input occurs in 55 % of the irrigated cropland.

• Theme layer derived from: FAO GLC-SHARE v1.039 , 2014 and
Siebert S. 2014: GMIA36, 37 (see page 56).
• This map has grid cells of 1 km2.
• (*) Statistics - in total area (km2) or percentage of total area
- are given for both global and/or continental scales.
• Refer to global change issues (GCIs) in the table on page 145.
• Refer to ‘how to read the maps’ on page 146.
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Convergence of Evidence: Cropland with Yield Gaps

See next spread for data.
Examples of global regions where cropland with yield gaps
are affected by global change issues (GCIs; see Table, page 145
and see Closing Yield Gaps, page 52) include:
• Africa: Morocco, Tunisia, Nile delta in Egypt; Gedaref area
in Sudan, Ethiopia, Kenya, Tanzania, Malawi, Zimbabwe and
coastal Senegal;
• Asia: northern Turkey, Yellow River Basin (China); Indus valley
(Pakistan), various areas in India;
• Europe: Mediterranean dryland areas, including southern
Italy, Spain. Moldovan Dniester valley and northern Belgium.

Global change issues (GCIs) associated with transformations
(including land degradation) in cropland with yield gaps include:
various biophysical GCIs (water stress, drought conditions
(i.e. climate-vegetation trends GCI, see table), decreasing
land productivity) and socio-economic GCIs (low income, high
population densities, high input agriculture, low input agriculture).
Cropland with yield gaps tend to occur in poorer regions of the
world, such as in Africa and India, where low income and water
stress are especially important GCIs.
Analysis shows that in cropland with yield gaps:
• About 10 % (or 0.82 million km2) of the cropland with yield
gaps area experiences potential pressure from 8 to 13 GCIs,
which is significantly less than high density cropland. Signs
of land productivity decline are observed in 26 % of this area
(0.22 million km2).

• Approximately 26 % (4.47 million km2) of the cropland with
yield gaps area experiences potential pressure from 1-3
GCIs. Signs of land productivity decline are observed in 11 %
of this area (0.48 million km2).
• Around 2 % have no GCIs.
• In 15 % of the area with yield gaps, there is a decrease of
land productivity that typically coincides with numerous GCIs,
such as low input agriculture (28 % of the area), and low
income (52 %).
• Where yield gaps coincide with irrigation, water stress
(35 % of the area), high input agriculture (27 %) and land
productivity increase there is the potential for degradation of
water resources, as e.g. in northeast China.

• Approximately 62 % (8.1 million km2) of the cropland with
yield gaps area experiences potential pressure from 4 to 7
GCIs. Signs of land productivity decline are observed in 20 %
of this area (1.67 million km2).

Yield gaps exist in about 45 % of all cropland area and
are more pronounced in low income countries.
At a continental scale, some patterns with regard to cropland
with yield gaps and global change issues (GCIs) emerge:
• Africa. Coinciding GCIs in most of African cropland
with yield gaps are low input agriculture (26 % of the
area), land productivity decline (21 % of the area), high
population density with low income (both in 90 % of the
area) and less than 4 % of this cropland is under irrigation.
Stress on the land resource is likely due to low intensity
cropping, low input technology and low land productivity,
especially when combined with a dense, poor and growing
populations. The Maghreb area in northern Africa deviates
from this pattern because irrigation is more widespread,
and combines with other issues associated with drought
conditions and urban growth along coastal areas associated
with a decline in land productivity in some areas.

• Asia. Irrigation (27 % of the area), high input agriculture
(30 % of the area), and stable or increasing land productivity
all coincide with current yield gaps. This suggests that
agriculture in this area has been intensified in order to close
yield gaps to meet the demands of a growing population.
However, 40 % of the area is under water stress and this
agriculture developments potentially place pressure on both
land and water resources, such as in Pakistan’s Indus valley
and northeast China. Large areas in eastern Europe, south
Russia and north-central Asia stand out due to their recent
historic trajectory from abandonment after the collapse of
the former Soviet Union followed by the recent “revival” of
low input agriculture in some areas (see page 187).
• South America. The Argentine Chaco experienced tree loss
(40 % of the area), drought conditions, and declining land
productivity as a result of land use change from the dry
forest to agriculture.

• Europe. There are very few coincident GCIs. In 60 % of the
area, mostly in eastern Europe, there is low input agriculture.
Tree loss is found in 20 % of the area, including Portugal,
northwest Spain, Poland, and Latvia, Lithuania and other
areas scattered throughout eastern Europe. High population
densities and rapid expansion of built-up areas add to
pressures on cropland in Belgium.
• North America. Areas of concern are the mid-west United
States, Mexico and Cuba. Coinciding GCIs are tree loss (over
nearly 40 % of the area), water stress, some fire, and high
livestock numbers (in 75 % of the area). In north-central
Mexico also drought conditions coincided.
• Oceania. Water stress, irrigation and high livestock density
(65 % of the area) and high input agriculture (over 38 % of
the area) are part of a dynamic agriculture.

Concern for land degradation is warranted where yield gaps
coincide with low fertiliser use (35 %), decreasing land productivity
(20 %) and low income (60 %).

• Theme layer derived from: FAO GLC-SHARE v1.039 , 2014 and
Mueller N. 201241, 42 (see page 53).
• This map has grid cells of 1 km2.
• Statistics - in total area (km2) or percentage of total area are given for both global and/or continental scales.
• Refer to global change issues (GCIs) in the table on page 145.
• Refer to ‘how to read the maps’ on page 146.

Coincidence of GCIs – low income, low input agriculture (nitrogen
deficient) and declining land productivity – in global croplands with
yield gaps (red dots indicate where this combination occurs).
Source: WAD3-JRC, 2018.
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Convergence of Evidence: Cropland with Yield Gaps

Cropland with yield gaps are areas where > 10 % of each grid cell (1 km2) has yields less than the median values for 1
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Convergence of Evidence: Rangeland
Rangeland are areas with natural or semi-natural vegetation that provides a habitat suitable for wild or domestic
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Convergence of Evidence: Rangeland

See previous spread for data.
Examples of global regions where rangelands are affected
by global change issues (GCIs; see Table, page 145) include:
• Africa: Sahel, southern Somalia, southern Madagascar, South
Africa, and Lesotho;
• Asia: scattered areas in Iran, vast areas in Afghanistan,
eastern Turkmenistan, central Kyrgyzstan, India (including
the Thar Desert), Inner Mongolia (China), and scattered areas
in South-East Asia;
• South America: Central Argentina, coastal areas of northern
Peru, northeast Brazil;
• North America: Central United States, northern Mexico.
• Oceania: Australia (New South Wales, Queensland).

Global change issues (GCIs) associated with transformations
(including land degradation) in rangeland include several socioeconomic (high numbers of livestock, human population density,
low income) and biophysical (water stress, decreasing land
productivity, fire, drought conditions (i.e. climate-vegetation
trends GCI, see table) issues.
Analysis shows that in rangelands:
• About 3 % (or 0.49 million km2) of the rangeland area
experiences potential pressure from 8 to 13 GCIs. Signs of
land productivity decline are observed in 60 % of this area
Approximately 55 % (12.3 million km2) of the rangeland area
experiences potential pressure from 4 to 7 GCIs. Signs of
land productivity decline are observed in 25 % of this area
(3.1 million km2).

• Total global rangeland area is 29 million km2, of which 63 %
is found in drylands.
• High population density and high population growth occur in
about 50 % of the area, and income is low in 33 %.
• High livestock density is found in 55 % and fires on 16 % of
the area.
• Decreasing land productivity occurs in about 18.5 % or about
a fifth of global rangeland (14 % of which is in drylands).

• Approximately 37 % (8.55 million km2) of the rangeland area
experiences potential pressure from 1-3 GCIs. Signs of land
productivity decline are observed in 14 % of this area (1.16
million km2).
• Around 5 % (1.5 million km2) have no GCIs.

Consistent biomass reduction occurs over 15 % of global rangeland.
Where this coincides with other global change issues, additional
pressures building up can trigger land degradation.

At a continental scale, some patterns with regard to
rangeland and global change issues (GCIs) emerge:
• Africa. Rangeland occupies 9 M km2, of which 79 % is in
dryland. High population densities are found in 72 % of the
area, high population growth in 81 %, low income in 74 %,
high livestock density in 52 % and high agriculture inputs in
7 %. Fire was found in 38 % and tree loss in 16 %. Decreasing
land productivity occurs in 22 % of African rangeland.
• Asia. Rangeland occupies 8.7 M km2, of which 59 % occurs in
drylands. High population densities are found in 63 % of the
area and high population growth in 51 %. Low incomes occur
in 25 % of the area, high agriculture inputs in 12 %, and 30 %
has high water stress.

• North America. Rangeland occupies 6.3 M km2, of which
66 % is in drylands. High water stress was found in 37 % of
the area, high population densities in 10 %, high population
growth in 19 %, low incomes in 3 %, and high livestock
densities in 40 %.
• Oceania. Rangeland occupies 483Kkm2, of which 86 % is in
drylands. High population growth was experienced in 34 %
of the area, and only 2.5 % had high population density.
There were essentially no low-income areas. High livestock
densities were found in 21 % of the area.

• South America. Rangeland occupies 3.75 M km2, of which
50 % is in dryland. High population density was found in 57 %
of the area, and high population growth occurred in 52 %.
Land productivity was decreasing or stressed in 35 % of the
area. High livestock density was found in 80 % of the area,
24 % of the area was found to have high inputs.
• Europe. Only 1.3 M km2 is classified as rangeland. Compared
to other continents, there are few coincident GCIs. Population
change and high population densities exist in resp. 28 % and
57 % of the area. Areas of low income cover less than 3 %.
High livestock density occurred in 62 % of the area. High
inputs are found in only 12 % of the area.

Shrub encroachment in grasslands - which may result in a change
in land productivity - is considered land degradation in some
regions of the world. Local contextual information is needed to
make such a determination.

• Theme layer derived from: FAO GLC-Share v1.039 , 2014 and
Robinson T., Livestock distribution38 2008.
• This map has grid cells of 1 km2.
• Statistics - in total area (km2) or percentage of total area are given for both global and/or continental scales.
• Refer to global change issues (GCIs) in the table on page 145.
• Refer to ‘how to read the maps’ on page 146.
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Convergence of Evidence: Forests

See next spread for data.
Examples of global regions where forest occurs that are
affected by global change issues (GCIs; see Table, page 145)
include:
• Africa: coastal rainforest in Sierra Leone, Liberia, Ivory Coast
and Ghana as well as the northern and southern fringes
of the central African, with relatively large areas in the
Democratic Republic of the Congo;
• Asia: Boreal regions; Himalayas, Thailand, Laos, Vietnam,
Philippines, Papua New Guinea
• South America: western and eastern fringes of Amazon
rainforest; Coastal areas in Brazil and Chaco region in Bolivia
and Argentina;
• Europe: Boreal regions; and
• North America: United States, Mexico (Yucatan, around
Acapulco and the Sinaloa and Sonoran coastal areas),
Guatemala, Honduras, Nicaragua and the Dominican
Republic.

Global change issues (GCIs) associated with transformations
(including land degradation) in forest include population density,
population change, low income and high livestock numbers.
Tree loss is a main issue (36 % of the area) while declining land
productivity (12 % of the area), fire and drought conditions are
relatively frequent GCIs.
Forest occur predominantly in non-drylands. Dryland forest
is about 10 % of the total area. New data suggest this to be
underestimated (see page 37) but could not be integrated here.
Analysis shows that in forest:
• Less than 1 % (or 0.19 million km2) of forest experiences
potential pressure from 8 to 13 GCIs. Land productivity
decline is observed in 62 % of this area (0.12 million km2).

• Approximately 50 % (18.3 million km2) of forest experiences
potential pressure from 1-3 GCIs. Land productivity decline is
observed in 10 % of this area (1.9 million km2).
• Around 7 % (2.6 million km2) have no GCIs. These forested
regions are mostly in the northern boreal zone and Amazon
tropics.

• Approximately 43 % (15.7 million km2) of forest experiences
potential pressure from 4 to 7 GCIs. Land productivity decline
is observed in 21 % of this area (3.2 million km2).

Tree loss occurs in about 36 % of global forested regions.
At a continental scale, some patterns with regard to forest
cover and global change issues (GCIs) emerge:
• Africa. Low per capita income, high population density and
population changes are socio-economic GCIs that all occur in
about 90 % of African forest. Forest loss (38 % of the area)
and fire (25 %) are the main biophysical GCIs. Fires are very
common in Central African Republic, southern Democratic
Republic of the Congo, Zambia and Tanzania.
• Asia. The extent of forest (nearly 11 million km2) in Asia is the
highest of all continents. Forest includes the vast boreal zone
where few GCIs coincide. Tree loss (30 % of the area), land
productivity decline (10 % of the area), population density
(65 %) and low income (45 %) are all coinciding GCIs in the
Himalayas, Laos, Vietnam, northern Thailand, Myanmar and
southern China. A GCI combination of forest loss, livestock
densities and low income occurs in the Philippines (Luzon and
Mindanao), Indonesia (Kalimantan and Java) and Papua New
Guinea.

• South America. The Gran Chaco area in Bolivia and
Argentina (see Argentina case study, page 198), where there
are intense land use changes occurring, stands out as a region
where a high number of GCIs coincide (as compared to the
global average). The key GCIs include forest loss, decreasing
land productivity, population densities and livestock densities.
• Europe. Forest are mixed with other land uses. Nearly 90 %
of European forests have < 4 coinciding GCIs, including
population densities, livestock densities and low input
agriculture. Only 2 % of the area is subject to a decrease of
land productivity.
• North America. GCIs include tree loss, increasing
population, increasing livestock densities, and low agriculture
inputs. Forest in the southeast United States experience
water stress and drought conditions.
• Oceania. GCIs on Vanuatu and Fiji include high population
and livestock densities and low agricultural inputs, while on
the Solomon Islands forest loss and water stress occur.

Low input - nitrogen deficient - cultivation is a concerning
global change issue in 33 % of the global forest area.

• Theme layer derived from: GFC v1.2 Hansen M.23 , 2013 (see
page 36).
• This map has grid cells of 1 km2.
• Statistics - in total area (km2) or percentage of total area are given for both global and/or continental scales.
• Refer to global change issues (GCIs) in the table on page 145.
• Refer to ‘how to read the maps’ on page 146.
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Convergence of Evidence: Forests
Forests are areas where more than 40 % of each grid cell (1 km2) is covered with trees
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Convergence of Evidence: Protected Areas
Protected areas are those mapped by the World Database on Protected Areas (2018)
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Convergence of Evidence: Protected Areas

See previous spread for data.
Examples of global regions where protected areas are
affected by global change issues (GCIs; see Table, page 137)
include:
• Africa: Senegal, Ivory Coast, Ghana, Nigeria, Chad, Kenya,
Zambia, Zimbabwe;
• Asia: Pakistan;
• South America: North east Brazil;
• North America: Mexico.
Globally, 20 million km2 are designated as protected areas
(UN Environment-World Conservation Monitoring Centre). The
map depicts 17.3 million km2 of protected areas (based on the
2018 update of the World Database on Protected Areas - WDPA),
which excludes polar regions and smaller areas.

Global change issues (GCIs) associated with transformations
(including land degradation) in protected areas are mainly socioeconomic ones, such as population densities (50 % of the area),
low income (45 % of the area), high livestock densities (35 %)
and low input agriculture (25 %); less frequently occurring (all in
about 15 % of the area) are biophysical GCIs, e.g. decreasing land
productivity dynamics, fire and tree loss.
Analysis shows that in protected areas:
• About 1 % (or 0.18 million km2) of the protected areas
experiences potential pressure from 8 to 13 GCIs. Signs of
land productivity decline are observed in 49 % of this area
(0.85 million km2).

• Approximately 58 % (10 million km2) of the protected areas
experiences potential pressure from 1-3 GCIs. Signs of land
productivity decline are observed in 15 % of this area (1.5
million km2).
• Around 5 % (0.9 million km2) have no GCIs.

• Approximately 36 % (6.2 million km2) of the protected areas
experiences potential pressure from 4 to 7 GCIs. Signs of
land productivity decline are observed in 24 % of this area
(1.5 million km2).

Human activities are a threat to more than half the protected land.

• Europe. Nearly 19 % of the European land area contain
protected areas (WDPA). The majority are rather small size,
often ‘embedded’ in populated anthromes of the continent.
Important GCIs include population densities and livestock
densities (both about 50 % of the area), low input agriculture
(38 %) and tree loss (25 %). Built-up change occurs in 10 %
of the protected areas. In central Europe, 3-5 issues are
common, while in northern Europe less than 3 issues are
usually observed.

At a continental scale, some patterns with regard to protected
areas and global change issues (GCIs) emerge:
• Africa. Protected areas are present in about 17 % of the
continental land area, of which 70 % occur in drylands. All
have noticeably more coinciding GCIs than in other continents.
Population densities (75 % of the area), low income (80 %),
low input agriculture (35 %) and fire (40 %) are the main
GCIs. Decreasing land productivity and tree loss occur in
around 15 % of the area. Further analyses (not included on
this map) indicate that various issues, associated with land
degradation, are increasing around the outer peripheries of
protected areas (http://dopa.jrc.ec.europa.eu/en).

• North America. The main GCIs in Central American protected
areas include livestock densities, low input agriculture and
decreasing land productivity.

• Asia. Protected areas in the Boreal region have less coinciding
GCIs (population and livestock densities) than in south Asia.
In central Asia, China and southern Asia, population and
livestock densities, low input agriculture, water stress and
tree loss are main GCIs in protected areas.

• Oceania. Nearly 80 % of protected areas are in drylands. In
Australia, aridity, fire and decreasing land productivity are
common GCIs. In New Zealand (specifically, the northern
coast on the south Island) forest loss, population changes
and decreasing land productivity occur.

• South America. Few GCIs occur in the Amazonian protected
areas. Other areas on the continent have GCIs, including
livestock density and decreasing land productivity (10 % of
the area).

Protected areas in Africa are more under pressure from
coinciding biophysical and socio-economic global change issues
than anywhere else.

• Theme layer derived from: World Database on Protected
Areas43 , 2018.
• This map has grid cells of 1 km2.
• Statistics - in total area (km2) or percentage of total area are given for both global and/or continental scales.
• Refer to global change issues (GCIs) in the table on page 145.
• Refer to ‘how to read the maps’ on page 146.
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Convergence of Evidence: southern Russia and Zimbabwe

Convergence of evidence: Zimbabwe
A number of factors that may lead to land degradation
are found in the southern African region, but it is in Zimbabwe
where these appear to converge. Zimbabwe shares a similar
arid climate and the same climate and vegetation anomalies
as its neighbours. It is positioned between the arid Botswana
to the east, a relatively arid South Africa to the south and
moister Mozambique and Zambia to the north and west. It
shares the poverty and population growth problems of its
northern and eastern neighbours. It has high livestock densities,
similar to Zambia and parts of South Africa and Botswana.
High deforestation is driven by agricultural land expansion and
harvesting of fuelwood for both tobacco curing and domestic use.
This deforestation problem is shared with its northern and eastern
neighbours, though the drivers might differ. Though there is high
fertiliser use, this is mostly linked to the production of commercial
crops such as tobacco, with staple food crops showing a high
yield gap and seldom meeting national demand. Land tenure and
poverty has resulted in a high proportion of land being opened
for cropping and this, combined with the convergence of global
change processes, results in Zimbabwe standing out in the region
as a country with a high probability of land degradation. This
is confirmed by an extensive literature highlighting degradation
problems in Zimbabwe that date far back into its colonial past,
and were often associated with its regions of communal tenure1 .
Prince et al (2009)2 pointed out that degradation in Zimbabwe is
observable from continental satellite imagery.
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Convergence of evidence: southern Russia
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Notwithstanding privatisation and the tremendous changes
in land use and state policy, grain agriculture in rain-fed steppe
regions of the former SU has retain many of its extensive features:
very large farms, low fertiliser usage, low yields, high percentage
of fallow lands in crop rotations, low population density and

lack of transportation infrastructure. These factors contribute to
explain the apparently limited environmental impact of steppe
farming. Re-cultivation seems to have occurred until now at low
environmental costs5 .

Distributions of predominant issues in Russian Steppe area
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Vast stretches of land developed under Soviet Rule (19171991) were abandoned after the breakup of the Soviet Union
in the 1990s: Thirty-one million hectares in European Russia,
Ukraine and Belarus1 . Kazakhstan was more affected still, losing
more than half of its croplands, almost 20 Mha2 .
Since then, the trend has reverted and re-cultivation of
the best agricultural lands has begun in the forest steppe and
steppe regions of Ukraine, Russia and Kazakhstan. In Northern
Kazakhstan, 25 % of land abandoned during the 1990s has been
re-cultivated (Kraemer et al., 2015), and more than 50 % in
the steppe zone of Ukraine3 . Governments and farms have not,
however, reverted to the Soviet praxis of extensive development
of every parcel of land. Only land best suited for profit-oriented
agriculture from an agronomic point of view is being recultivated3, 4 .
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Case studies: Introduction
Case studies on land degradation processes
studies, Geist and Lambin5 identified four major categories of
causal agents: (i) increased aridity; (ii) agricultural impacts
(including livestock production and crop production); (iii) wood
extraction; and (iv) infrastructure extension, including irrigation,
roads, settlements, and extractive industries (e.g., mining, oil,
gas). Of the 130 case studies, (i) only 10 % were driven by a
single cause; (ii) about 30 % were attributable to increased aridity
and agricultural impacts; and (iii) the remaining cases were
combinations of three or all of the causal factors. These results
highlight the complexity of land degradation, the necessity for
integrative biophysical and socio-economic approaches to study
the problem, and why there is no unique analytical framework for
addressing land degradation at a global scale.
Angola.
Source: Achim Roeder.

Human
Impact

land use.
Five syndromes have been linked to dryland/land degradation
processes: the Sahel, Overexploitation, Rural Exodus, Dust Bowl,
and Aral Sea7. Syndrome analysis relies on a specific semiqualitative modelling methodology, which brings together
elements from complex systems theory, fuzzy logic and expertjudgement evaluations to design maps of the global extension
of these syndromes8, 9 . Similarly, more than 30 high-resolution
datasets on land-use intensity, environmental conditions and
socio-economic indicators have been used to identify and map
twelve archetypes of land systems10 .

Convergence of Evidence
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effects resulting from land-use processes .
Source: Adapted after Puigdefábregas, J., 199819
geographically-explicit assessments of land
condition on regional scale11-13 .

?

Climate
Vegetation
Quality and
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China loesplateau.
Source: Cherlet, M.

Even when there are similar causal agents, manifestations
of land degradation at the local scale is a function of local
biophysical and socio-economic factors. Nevertheless, at a very
broad scale, the 'syndrome' approach has been used to model
and describe bundles of interactive processes and symptoms of
land degradation that appear repeatedly and in many places in
typical combinations and patterns6 . A syndrome of land change
thus constitutes the particular combination of specific causal
conditions, involving both approximate and underlying factors,
and rates of change, i.e., slow and fast causative variables1 . This
implies that, for any given human-environment system, a limited
number of causes are essential to predict the general trend in

Ecosystem Services

Trade-Offs in Land Use Change
While there is agreement that land degradation is intrinsically
linked to land use practises14,15 , the approaches how to adequately
measure and evaluate their impact on ecosystem level are
diverse. The concept of ecosystem goods and services, first used
in the late 1960s, was of central importance to the Millennium
Ecosystem Assessment and its treatment of desertification
and land degradation2 . Goods and services consist of flows of
materials, energy, and information from natural capital stocks,
which combine with manufactured and human capital services to
produce human welfare16 , while ecosystem functions refer to the
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The linkage of natural and human factors has been basis of a
number of conceptual frameworks of land degradation1, 3 . Beyond
helping to identify drivers and consequences of land change
processes, these frameworks provide the foundation for designing
protective measures or alternative land use management
concepts, highlight how land use is a key driver of global
environmental change, and emphasise the role that human
societies have in determining the long-term productivity of land.
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habitat, biological or system properties or processes.
Land use practices have not only affected global and regional
climate due to the emission of relevant greenhouse gases, but
also by altering energy fluxes and water balance17. Hence, land
use and land change directly impact ecosystem services. Land
use and land change and their associated alterations of habitat
structure -- as well as release of substances like fertilisers,
pesticides, and air pollutants -- impact ecosystems goods and
services, amongst them biodiversity, substance flows, water and
air quality, soil properties and disease vectors, and ultimately
human well-being18-20 .
Management decisions always involve trade-offs among
ecosystem services, which must be balanced with respect to
societal objectives, i.e. to reduce negative environmental impacts
of land use while maintaining economic and social benefits21, 22 .
Although quantifying the levels and values of these services has
proven difficult, a scientifically based assessment of these tradeoffs is an essential prerequisite for decision-making18 .
Ecosystem stewardship has been proposed as an actionoriented framework to foster the social–ecological sustainability
under rapidly changing conditions. Three strategies underlying
ecosystem stewardship are: (i) reducing the magnitude of,
and exposure and sensitivity to, known stresses; (ii) focusing
on proactive policies that shape change; and (iii) avoiding or
escaping unsustainable social–ecological traps22 . All social–
ecological systems are vulnerable to change but have the ability
to adapt and are resilient, all of which can sustain ecosystem
services and human well-being via ecosystem stewardship22 .
Convergence of evidence mapping of GCIs is solution oriented
as it provides information on coinciding land stress factors that
should be addressed to alleviate stress.

Earth Observation from Space
In conceptualising key aspects of land degradation and
desertification as pathological processes of multi-annual landcover dynamics it is almost mandatory to consider time spans
on the scale of decades and to decouple changes on the long run
from the impact of short-term fluctuations driven by seasonal
pulses or single events.
Precise and unbiased information on drivers of land
degradation, the extent of affected areas and their characteristics
over extended periods of time, are important local aspects that
are needed for designing mitigation strategies and for monitoring
the efficiency of their implementation. However, access to
relevant and continuous data is difficult and often limited. The
availability of pertinent Earth observation (EO) data, collected
since the 1970s by a multitude of satellite missions, has become
increasingly important in compensating for such information gaps.
Some of the available satellite data archives cover time spans of
more than 30 years and provide open access. Importantly, several
of the most relevant satellite missions are already projected into
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Causes of desertification. Six broad clusters of underlying driving forces (fundamental social or biophysical
processes) underpin the proximate causes of desertification, which are immediate human or biophysical
actions with a direct impact on land cover1 .
Source: Adapted from: Geist, H. and Lambin, E., 2004.

the next decades (e.g. the EU Copernicus EO programme, such
that continuity of high-quality Earth observation data is assured.
This continuity is an important prerequisite for tracing the high
inter-annual variability of ecosystems and for distinguishing
between the role of human actions and climate variability.
The reliability of EO derived indicators for changing land
surface properties relevant to land degradation processes can
be substantially improved when integrating remote sensing,
ground-based observation and supportive geo-spatial data.
Inferring type and magnitude of changes in conditions on-theground exclusively from the analysis of satellite datasets might
be difficult, as it has been shown with respect to the observed
“greening” of the Sahel region of Africa since 199023 .

Selected Cases
The case studies presented here demonstrate that human
interaction and inadequate management of scarce resources
especially in drylands are central components of the land
degradation problem. Furthermore, they provide guidance into
how best to harness the competence of humans to successfully

Land condition surveillance
using geospatial data
2dRUE approach over
Iberia and north-west Africa

mitigate the consequences and design pathways towards a
more sustainable future (see page 228 on Solutions). While
illustrating how these complex interactions play out in specific
settings, case studies are also intended to suggest how difficult
and often misleading it is to infer the type and magnitude of
changes in conditions on the ground from the diagnostic analysis
of global datasets alone. For example, considerable efforts have
been spent to drawing general conclusions about the observed
“greening” of the Sahel region of Africa since 1990. Increases in
greenness, however, could be interpreted as positive in one setting
(i.e, recovery of productive rangeland vegetation), but negative
in another (i.e., invasion of undesirable plants into degrading
rangelands). Although, the convergence of evidence approach
copes with such possible differing situations and suggests areas
of concern for further analysis, the case studies illustrate the
viable need for local analysis to derive conclusions at a scale
that is adapted to interventions and solutions. They also illustrate
the essential and possible links with wider scale information to
design sustainable land management strategies.
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The selected case studies demonstrate a theoretical progression from
identifying problem areas (‘convergence of evidence’, see page 144) and their
land degradation issues (the case studies) to possible solutions and their
management (‘solutions’, see page 228). They also illustrate the bridging
between the global convergence patterns to local situations, the quantification
of qualitative information for assessing trade-offs and monitoring of solutions.
Source: base map: Source: NASA images compiled by Reto Stockli, NASA's Earth
Observatory Team, using data provided by the MODIS Land Science Team.
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Case study: Monitoring population pressure in low resilience areas
The Sahel, Africa - a complex human-environment system
Background

Drivers of change

Characterising changes over recent decades

In the past 50 years, anthropogenic influence and climatic
variability have caused major environmental changes in the
semi-arid Sahelian zone, and the desertification/degradation of
arable lands has been of major concern for livelihoods and food
security. In the wake of the major droughts in the early 1970s
and 1980s, there was a significant increase in scientific efforts
to provide an empirically supported understanding of both the
climatic and anthropogenic factors involved.
Despite decades of intensive research on human-environmental
systems in the Sahel, there is no overall consensus about the
severity of land degradation. A range of conflicting observations and
interpretations of the environmental conditions in the region and the
direction of changes can be found in the literature1 .

The example from Burkina Faso, shown below, illustrates
the main drivers of environmental change2 . The most important
drivers are population growth and land tenure. The most common
global change issues (see page 190) over the whole of the Sahel,
shown at the bottom of the page, are indeed population change
and low income levels.
Examples of causal relationships are displayed using
connecting arrows. The interrelationship between drivers and
their implications are complex, and all impacts of these drivers
have feedbacks on the drivers themselves. Each of the drivers
could be considered an opportunity for land restoration and
livelihood improvement.

Analyses of Earth-observation (EO) data over the Sahel
area show positive trends in rainfall and in vegetation greenness
(obtained by using Normalized Difference Vegetation Index
(NDVI) time series) over recent decades. This phenomenon
occurs over the majority of the Sahel region and is known as
the ‘regreening’ of the Sahel — see top map on the next
page3 . This has been interpreted as an increase in vegetation
productivity and contradicts prevailing narratives of a vicious
cycle of widespread degradation caused by human overuse as a
function of a rapidly increasing population and climate change.
The regreening is widely accepted to be driven by an increase in
rainfall. However, areas of decreasing NDVI, for example in Niger
and Sudan, indicate that the regreening is not uniform across the
entire Sahel.
Whereas the increase in NDVI, as observed from EO data, can
be confirmed by ground observations of vegetation productivity,
long-term assessments of biodiversity at finer spatial scales
highlight a negative trend in species diversity4 . New research
also suggests that a considerable part of the observed greening
in areas of low population density stems from an increase in
woody vegetation rather than the herbaceous vegetation that
traditionally supports livestock foraging5 . Overall it remains
unclear whether the observed positive NDVI trends are associated
with environmental improvements with positive effects on
people’s livelihoods6 .
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Drivers of land change in Cassou, Southern Burkina Faso.
Source: derived from Ouedraogo, I. et al., 20152 .
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Throughout the Sahel region smallholder cropland is prevalent
and cultivation is mostly done on fields smaller than 2 ha.
Maps on the following pages show the coincident global
change issues (GCIs) in the Sahel region and the graphs show
the occurrence of GCIs within the smallholder cropland (see page
144 and after).
Over the larger part of the smallholder cropland (82 %),
all in dryland, five to seven GCIs coincide. All these smallholder
communities are characterised by low per capita income. In 90 %
of this area, population change is high as are population densities.
Being mostly small subsistence based farms, livestock densities
are also high in 70 % of the area. 30 % of this smallholder cropland
is nutrient deficient and only 5 % is irrigated. Drought conditions
have impacted on 20 % of the area, and land productivity has
seen a persistent decline in 18 % of the area. This is probably
lower than expected, but is still slightly higher than the average
of 14 % of global cropland (see pages 148 and 152). Places
where six or seven GCIs coincide and a decline in land productivity
is observed may be of concern.
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Woody cover change 2000-2014.
Source: Redrawn from Brandt, M., et al 201612 .

Trend in Sahelian vegetation 1981-2014 (wet season NDVI per year)
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Woody cover change 2000-2014 (% woody cover)

Convergence of global-change issues

Various aspects of land-change issues in the Sahel region.
Sources:
Based on Brandt, M. et al., 20149 and 20155 ;
bottom graph: WAD3-JRC, 2018.

Loss in biodiversity
Local population perception suggests a general loss in woody species diversity in Mali.
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“Decrease”
“Vanished
or very strong decrease”

+

+

-

Sandy

Ferruginous
Increase

Stable

Decrease

Botanic inventories 1983 and 2013 confirm a loss in
woody species, especially in sandy areas in Senegal5 .
Greening in sparsely population is linked with increase in the Woody vegetation.
Kite arial photograph in the Fakara region of Niger.

Source:
Top graph: based on Brandt, M. et al., 20149 .
Bottom graphs: based on Brandt, M. et al., 20155 .

Source: Gérard Bruno and Delfosse Philippe, ICRISAT.
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Case study: Monitoring population pressure in low resilience areas (cont’d)
The Sahel, Africa - a complex human-environment system (cont’d)
Human- and climate-induced desertification in the Sahel
has been a major concern during recent decades. Conflicting
findings are found in the literature as regards whether or not
desertification has been a general feature of the Sahel. Partly,
this relates to differences and inconsistencies in the definition
of concepts and to disciplinary, strategic, methodological and
sampling differences10 . It is therefore of great importance to
monitor land dynamics in a transparent way by combining longterm information from EO data of different levels of spatial
detail with ground observations. Currently, EO time series show a
positive trend in vegetation greenness across the Sahel without
indications of widespread desertification. However, an improved
understanding of the changes in ecosystem composition and

functioning behind this greening is needed. Recent studies
suggest that the trend can at least partially be attributed to
the expansion of agricultural areas, a considerable proportion
of which is irrigated13 . How much of the increasing productivity
is sustainable, or will be absorbed by rapid population growth,
is difficult to decide. However, it is clear that the pressure on
available land, but also on protected areas will continue to
increase. Currently, the relationships between changes in
ecosystem services (including livestock forage, fuelwood and
biodiversity) and livelihoods/land use remain unclear in the Sahel,
making conclusions on the environmental and societal benefit
premature.

Abrupt and gradual changes in Sahelian ecosystem
functioning between 1981 and 2011.
Based on: Horion, S. et al., 20167.

Changes in vegetation composition
Drought-induced tree and shrub dying

Spreading of robust species

Several years of low rainfall have caused a recent mass dying
of shrubs in Senegal.

Balanites aegyptiaca and Combretum glutinosum spread in the
sparsely populated rangelands of Senegal.

Agroforesty
The increasing amount of woody cover in agricultural fields in
northern Nigeria reflects the protective management of parkland
trees by farmers8 .

Source: Tucker, J., 2017, from Digital Globe Inc. 2015.

Source: Tucker, J., 2017, from Digital Globe Inc. 2015.
(for location, see yellow circle above)
Source: Tucker, J., 2017, from Digital Globe Inc. 2015.

Importance of spatial scale in land
degradation monitoring
Comparison of trend analysis results derived from medium resolution
(250 m left) and low resolution (8 km right) products in northern Burkina
Faso. The 25 m resolution product reveals that land degradation
was limited to plateau areas (in red), whereas valley areas show
improved conditions (in blue), thereby providing additional insights into
mechanisms and drivers of change.
Source: Rasmussen, K., 201410 .
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The mapping and understanding of environmental change is
a difficult endeavour in the highly complex human-environment
system of the Sahel. More than any place else in the world, local
drivers of changes (e.g. shifting cultivation, fires, soil erosion,
misuse of natural resources) are superimposed upon global
drivers (e.g. climate change, drought), which in turn may lead to

gradual and/or abrupt change in ecosystem functioning. All these
result, when looking at the entire Sahel, in a patchwork of diverse
change scenarios.
A map of ecosystem-change types that highlights the possible
occurrence of an abrupt change in ecosystem functioning (method
based on 7) shows categories of change in the functioning of the

Land degradation
Livestock caused soil degradation in Senegal’s pastoral zone

1994

Sahel’s ecosystem. The map shows changes and abrupt shifts
in ecosystem functioning using rain-use efficiency (RUE, i.e. the
ratio between the above ground biomass and total rainfall). The
map captures a number of details regarding the environmental
changes that have occurred over the period from 1981 to 2011,
ranging from monotonic change (positive or negative) over
interrupted trends (two periods of similar trends separated by
an abrupt shift) to reverse trends in ecosystem functioning (two
periods of distinct different trends separated by an abrupt shift).
The diverse nature of the changes in the Sahelian ecosystems
is illustrated by photo pairs, high-resolution satellite images,
interview results and a drought diagram. The approximate
location of the illustrated cases is reported on the Sahel scale
change map.

2015
History of drought
There has been an alleviation of the drought constraint in Sudan since
the 1980s and early 1990s. However, recurrent droughts remain a
threat for the environment and the population, notably due to the
unstable political situation11 .

Source: Tappan, G. and Brandt, M.

Land and soil degradation
Extensive removal of trees in Mali’s rangelands, causing soil erosion
(Case A). Whereas trees in farmer’s fields are protected (Case B),
the surrounding rangeland is highly degraded, and dense tiger bush
from 1967 is transformed into stony desert in 20119 .

Overuse of woody resources leads to soil
degradation8

Case A

Case B

Source: Mbow, C. et al., 201514 .

Drought indicator.

Affected population (in billions).

Source: Van der Schrier, 201311 .

Source: Emdat, 201612 .

Source: Tucker, J., 2017, from Digital Globe Inc. 2015.
Source: Brandt, M. et al., 201713 .
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Case study: Land condition surveillance using geospatial data
2dRUE approach over Iberia and north-west Africa
Designing and implementing sustainable land-management Assessment
Monitoring
strategies is intrinsically tied to the availability of objective,
The assessment concept aims at estimating the relative
The monitoring concept aims at following the evolution of
repeatable and spatially distributed information on the state performance of each landscape location with respect to its every landscape location over time that might be associated with
of ecosystems. The development of assessment strategies is potential optimum conditions. It is thus simultaneously compared a changing climate or its internal ecological dynamics (potentially
also in the interest of the United Nations Convention to Combat
subject to external forces, such as land-use change).
to all other locations over the analysis period.
Desertification and its stakeholders. The related sustainable
development goal Target 15.3 ‘to achieve land degradation
neutrality by 2030’ requires indicator information on the amount
of degrading or degraded land expressed as a percentage of the
Raster Climate & Vegetation Index Archive
total land area. The 2dRUE approach addresses such requirements
in its assessment and monitoring components that produce data
on the state and trend of the land. Furthermore, 2dRUE reports on
Vegetation Index &
Rue &
Aridity Annual Series
Aridity Index
a full scale of land states other than, but related to, degradation.
From the perspective that land degradation implies a loss or
reduction of ecosystem functions (i.e. the ability to provide
Stepwise
Climatic
goods and services), the dynamics and interactions
Regression
Correction
of coinciding socioeconomic and biophysical
issues need to be understood at all scales.
Monitoring
Assessment
Aridity
Time
Long Term
Short Term
However, the physical condition of the land
The monitoring concept aims
The assessment concept
Trends
Trends
Rue
Rue
is a requisite biophysical aspect. Spatially
at following the evolution of
aims at estimating the
every landscape location
relative performance of each
explicit approaches are needed that aim
over time, which might be
landscape location with
at characterising ecosystem health, for
associated to changing
respect to its potential
Land Trends
Land States
example in relation to changes of net
climate or its internal ecologoptimum conditions. It is
Map
Map
ical dynamics (potentially
thus simultaneously comprimary productivity. The condition of a piece
subject to external forcings,
pared to all other locations
of land is defined both by its current state
Land Condition Map
such as land use change).
over the analysis period.
and by its associated trend, best addressed by
separate assessment and monitoring procedures.
Monitoring
Assessment
In this sense, ‘land condition’ is an expression of the
ecological maturity of ecosystems, which struggle for
The 2dRUE Surveillance Approach.
equilibrium between the opposing forces of human exploitation
Source: Del Barrio, G., based on Del Barrio, G. et al., 2010 .
and ecological self-organisation. Land-change and ecosystemadaptation processes can include land degradation. Building on 2dRUE data requirements: raster archives of climate recordings and vegetation properties
this concept, the 2dREU approach contains separate assessment
The data required for assessment and monitoring concepts through national or international data repositories, but may need
and monitoring procedures, the results of which are ultimately such as 2dRUE here include archived time series of satellite to be gridded over a given study area and period based on spatial
combined to express the ‘land condition’.
observations of vegetation properties and corresponding spatially interpolation algorithms3, 4 . The assessment period should be
Earth-observation satellites play an important role in assessing interpolated climate data. Vegetation indices (derived from the compliant with global-change-type events, but long enough to
vegetation status and changes over time. The characterisation of multi-spectral satellite observations) represent an excellent proxy capture a representative range of vegetation responses to climate.
vegetation productivity alone, however, is rarely enough to produce for characterising vegetation in terms of biomass or net primary Temporal resolution must capture seasonal climate variations.
unbiased assessments on whether an ecosystem is performing at productivity (the amount of biomass produced per unit of time). Spatial resolution should be as fine as possible without entering
the level of expectation. An option to overcome this conceptual The normalised difference vegetation index (NDVI) is a suitable into the scale domain where topographic variability may mask
bottleneck is to design assessment frameworks that combine choice because its integral over the course of the year is a proxy for broader trends. Bearing those constraints in mind, an observation
satellite observations of plant productivity with additional spatially net primary productivity1, 2 . Archived time series (for example the period of 10 years at monthly intervals with a spatial resolution of
explicit data fields. This was the basis of the development of the SPOT Vegetation S10, MODIS/Terra MOD13Q1) are made available 1 km is a recommended choice.
2dREU surveillance approach.
through various geo-portals. Climate-station data can be accessed
7

2dRUE diagnostically maps the land condition over
large territories for a given time period.
Aridity index
The mean UN Food and Agriculture Organisation–UN
Environmental Programme aridity index over the analysis period
is a by-product of 2dRUE. This index is derived from the ratio
of mean annual precipitation to potential evapotranspiration
and expresses the portion of atmospheric water demand that is
met by precipitation5 . The United Nations Convention to Combat
Desertification considers areas where the aridity index ranges from
0.03 to 0.65 to be susceptible to desertification. The data required
to compute the aridity index are part of the climate archive.

Aridity Index short-term scenario.
Source: Del Barrio, G. WAD3-JRC, 2018.

FAO-UNEP Aridity Index
Arid (0.03 - 0.2)
Semi-arid (0.2 - 0.5)
Dry sub-humid (0.5 - 0.65)
Wet sub-humid (0.65 - 0.75)
Wet (>0.75)
Aridity Index long-term scenario.
Gridded Climate Archives.
Source: WAD3-JRC, 2018.
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Source: WAD3-JRC, 2018.

Rain-use efficiency
Land-condition assessment must depend on ecological
functions, which change proportionally to prevailing processes of
self-organisation or degradation. Rain-use efficiency (RUE) is an
efficiency ratio that describes output net primary productivity in
relation to input rainfall6 . Large values represent well-developed
soil-plant systems that support vegetation functions over a time
span greater than intervals between rainfall events. High RUE
also implies that most of the water leaves the ecosystem through
evapotranspiration rather than through run-off.

Long-term rain-use Efficiency (proxy to biomass).

Short-term rain-use Efficiency (proxy to productivity).

Source: WAD3-JRC, 2018.

Source: Del Barrio, G. WAD3-JRC, 2018.

Climate correction of rain-use efficiency

Understanding land states

Monitoring

Observed RUE needs adjustments to enable comparisons
between all locations across climates7. This correction builds on
combining the observed RUE for each landscape location with their
respective aridity index values (below). The relative performance
of a location is then derived from comparing its individual RUE
to the range of all RUE values at the same aridity level. Relative
(or ‘climate-detrended’) RUE (either long- or short-term) rescales
ecosystem performance to a standardised value range between 0
and 1. Prepared in this way, a map of relative RUE scores represents
a measure of ‘land condition’, which is corrected for varying aridity
levels across the study area.

Both biomass and productivity are expected to decrease as
land degradation proceeds, but peak turnover rate (i.e. the ratio
of productivity to biomass) is found at intermediate stages of
exploitation8 . The states legend follows such a rationale9 . First,
the long-term RUE-AI scatterplot boundary functions and their
confidence intervals are used to detect reference and baseline
performances, along with their respective anomalies (bottom left).
Second, the range central class is further subdivided according to
empirical thresholds of both biomass (long-term RUE) and turnover
rate (the ratio of short-term RUE to long-term RUE) to yield a
sequence of increasing exploitation intensity: mature, submature,
productive with high biomass, productive with low biomass,
degraded and very degraded (below).

Monitoring aims to track trends of change. It is a flow-type
variable, which complements the state determination made by
the assessment component. The rate of change of biomass per
year is an accepted indicator of ecosystem change trends, and
NDVI is used as a surrogate. In simplified terms, biomass changes
can be attributed either to interannual climate oscillations or to
intrinsic ecological dynamics10, 11 . Whilst the former are useful
to evaluate climate effects (including climate change), the latter
suggest gradual ecosystem changes in terms of land degradation
(negative trends) or ecological succession (positive trends).
Several techniques are available to discriminate climate
from human effects, most of them involving regression-based
statistical analysis12 . In 2dRUE, a stepwise regression is applied,
which uses annual values of mean NDVI as the dependent
variable, and time and aridity index as predictors. Because these
predictors are intercorrelated, a procedure is implemented such
that the second predictor is incorporated to the regression model
only if it makes a significant contribution to the determination
fixed by the first predictor alone7. The result is a robust, albeit
conservative estimation, which frames any combination of
climate and human effects.

Observed rain-use efficiency plotted against the aridity index.
Source: Del Barrio, G. et al., 20169 .

Temporal scales
Two temporal aspects of RUE are implemented in 2dRUE. A
long-term performance score builds on using the average annual
RUE over a multi-year observation period; it represents a suitable
proxy to biomass. The short-term RUE is computed for a specific
6-month period during which the maximum vegetation index (e.g.
NDVI) of the time-series is detected; it is considered a suitable
proxy for productivity.

Land exploitation in Iberian Peninsula.
Source: Del Barrio, G.

Biomass changes:
monitoring trends
Effects of between-year variations in aridity (in
terms of PET/P) on vegetation.
Source: based on Del Barrio, G. et al., 20107.

Decrease
No relationship
Increase

Classification of location using the RUE — aridity index scatterplot.
Source: Del Barrio, G.

Change in mean relative RUE with turnover.
Source: Del Barrio, G., 2016 .
9

Effects of time on vegetation: the map reveals long-term
vegetation trends after short-term climate drivers are removed.
Source: based on Del Barrio, G. et al., 20107.
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Case study: Land condition surveillance using geospatial data (cont’d)
2dRUE approach over Iberia and north-west Africa (cont’d)
Desertification and land uses

6
Validation
Validation of land condition assessments is difficult, owing to the limited availability
of ecological functional data (e.g. suboptimal production or biomass for the climate
potential) suitable for describing complex problems such as land degradation. Most
of existing assessments of degradation are expert-based, thus largely subjective.
They may be useful at the interpretation stage, but not for proper validation where
the objective is to accept or reject an assessment product. It is therefore necessary
to fall back on spatial data which describe key elements of ecosystems. One option is
to compare land states derived with 2dRUE to the percentage of Soil Organic Carbon
(SOC), available through the Map of Organic Carbon in Topsoils in Europe17. We found
that the SOC distributions change proportionally to states of increasing ecosystem
maturity. Moreover, the threshold of 2 % SOC discriminates states where a change of
management or direct input of organic matter seems appropriate.

5

SOC (%)
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0

Source: Del Barrio, G. (AP).
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Changing conditions within land-use systems are an expression
of ecosystem functions and performance, and therefore provide a
proxy for land degradation16 . In the Iberian peninsula, statistical
analysis of land-condition trends and changes based on the 2dRUE
approach reveals two opposing dynamics14, 15 .
On the one hand, biomass production in large areas of
agriculture remained static or has fluctuated with the climate, but
has never increased over time. This could suggest a sustainable
exploitation of net primary production in both rainfed and irrigated
agricultural systems. However, some agricultural ecosystems
exhibit clear signs of active degradation processes, which could
drive them towards terminal stages in which exhausted and
unproductive systems are ultimately abandoned. What will remain
are simplified (degraded) ecosystems with low productivity
and poor vegetation cover. Areas of increasing intensification,
particularly where marginal lands are under irrigation, appear as
prominent hotspots.
On the other hand, in comparison, there are there are similarly
large regions of higher ecosystem maturity that reveal increasing
productivity. These regions mostly consist of natural and seminatural vegetation under ecological succession after phases of
economically triggered land abandonment, such as the rural
exodus in the middle of the 20th century, or the accession of Spain
and Portugal to the European Union.
An important question is whether these dynamics are
connected. In the past, usable lands went through alternating cycles
of production and fallow. Marginal lands served as an important
buffer by being brought into production ‘as needed’ (less so in
Portugal, where maintaining overall land condition is a priority).
Exploitation and self-organisation were thus sequentially linked
in this scenario. Nowadays, increasingly driven by global policies
and market mechanisms, the traditional system seems to fall into
separate development pathways for agricultural and marginal
land, the former being intensified until exhaustion and the latter
left to succession beyond practical recovery. The associated risk
is that pathways of interconversion become irreversible, therefore
pressure on degrading ecosystems can no longer be buffered by
reactivating reserves in marginal lands.

75%
Median
25%

Land states
UNDERPERFORMING - degrading

PRODUCTIVE - degrading

UNDERPERFORMING - fluctuating

PRODUCTIVE - fluctuating

UNDERPERFORMING - increasing

PRODUCTIVE - increasing

UNDERPERFORMING - static

PRODUCTIVE - static

BASELINE - degrading

MATURE - degrading

BASELINE - fluctuating

MATURE - fluctuating

BASELINE - increasing

MATURE - increasing

BASELINE - static

MATURE - static

DEGRADED - degrading

REFERENCE - degrading

DEGRADED - fluctuating

REFERENCE - fluctuating

DEGRADED - increasing

REFERENCE - increasing

DEGRADED - static

REFERENCE - static

PRODUCTIVE DEGRADED - degrading

OVERPERFORMING - degrading

PRODUCTIVE DEGRADED - fluctuating

OVERPERFORMING - fluctuating

PRODUCTIVE DEGRADED - increasing

OVERPERFORMING - increasing

PRODUCTIVE DEGRADED - static

OVERPERFORMING – static

Traveling sprinklers in Meseta plateau.
Source: Hill, J.

NORTHERN CONTINENTAL IRRIGATED
AGRICULTURE
The northern margin of the semi-arid Ebro basin is
characterised by rocks formed by the evaporation of water
(evaporites, such as gypsum, anhydrite and halite (common
salt)). The development of large irrigation schemes that use
surface run-off from the Pyrenees has transformed traditional
mixed agriculture into alfalfa-maize crop complexes and stock
breeding (sheep and beef). A consequence of the unlimited
use of water resources is the mobilisation of salts, which
triggers soil salinisation, loss of soil structure and erosion of
sodic soils, and salt leeching into the drainage network.

SOUTHERN CONTINENTAL IRRIGATED
AGRICULTURE
Traditional agriculture in the south-eastern part of the central
Iberian uplands combined olive groves, vineyards and grain
crops. Over the past 40 years, this system has evolved to
produce forage crops (alfalfa and maize) associated with
sheep breeding, together with industrial crops (sunflower)
and grapes, most under irrigation with groundwater. However,
lower temperatures in the upland areas limit the quality and
competitiveness of these crops on the market. Economic
gains have thus been moderate, while the over-exploitation
of aquifers and subsequent degradation of wetlands pose
major environmental problems.

2dRUE applied over IBERIA
The 2dRUE approach for assessing land condition provides
important indicators that support the framing of the complex
functional patterns of degradation as ‘syndromes’, i.e. typical
combinations of pertinent co-factors. A syndrome of land
change thus constitutes the interaction between specific
causal conditions, involving both proximate and underlying
factors, and rates of change, i.e. slow and fast causative
variables16 .
Source: Del Barrio, G. (based on Del Barrio, G. et al., 20107) (AP).

COASTAL IRRIGATED AGRICULTURE

DEHESA AND MONTADO AGROFORESTRY
AND STOCKBREEDING
It affects the whole south-west quadrant of Iberia. This landuse system is complex and integrates agroforestry and stock
breeding (sheep, beef and pigs). Its survival under current
economic trends faces several difficulties. One is the small
amount of circulating capital in relation to the fixed one.
Landowners are little interested in sustainable management.
They usually stock their holdings above carrying capacity by
supplying feed from outside. The resulting soil compaction
by trampling diminishes infiltration and increases run-off and
soil erosion.

196

OLIVE TREE AGRICULTURE
The central part of the Guadalquivir basin and adjacent
rangelands traditionally support rainfed olive orchards with
large, widely spaced trees. These old groves are increasingly
replaced by smaller (young) trees, planted at higher
densities and supported by drip irrigation, a process driven
to a large extent by subsidies and short-term benefits. The
encroachment of olive plantations into marginal lands with
steep hillslopes increases the risk of soil erosion. In addition,
shallow-rooted trees keep the soil under tree canopies almost
permanently at field capacity. The consequences of this
transformation process are not yet fully understood.
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The main drivers of land degradation in south-east Iberia result
from consumer demand that threatens the sustainability of
intensive horticulture. The over-exploitation of water and the
subsequent declines in groundwater, including the intrusion
of seawater into coastal aquifers, are driven by low water
prices. The declining water supply and quality may constrain
further expansion of irrigation systems in the area. Beyond
this, secondary effects associated with subsidies have also
triggered the expansion of almond trees over vast areas of
marginal land formerly used for low-intensity grazing. On
sloping terrain this leads to sheet wash, rill and tillage erosion.

Desertification trends in the Maghreb
The north-western Maghreb covers north-west Africa between
the Mediterranean Sea and the Sahara Desert (Morocco, Algeria
and Tunisia). The region has experienced major land-use changes
since gaining political independence around 1960, and is now
undergoing dynamic economic changes. Traditional knowledge,
combined with new land-use opportunities, underlies current,
specific drivers of land degradation: the movement of population to
urban areas of emerging economic activity comes at the expense
of the abandonment of rural areas, the extension of arable land
into forested areas, soil salinisation and overgrazing. Climate
conditions are often harsh, including extreme droughts and rainfall
events, and associated floods. New agricultural developments
include drilling boreholes, ploughing hillslopes and building roads
for moving livestock, all of which aim to increase local production
in the short-term at the expense of long-term land sustainability.

Atlas Mountains, Morocco.
Source: Del Barrio, G.

Land-degradation states
The results of the 2dRUE-based land-condition assessment
for the period from 1998 to 20089 demonstrate that moderate
land conditions (productive with either low or high biomass) prevail
and account for 454 880 km2 (41 % of the drylands domain).
Good conditions (submature and mature) follow with 331 232 km2
(30 %), while poor conditions (degraded and very degraded) were
less common, with 228 070 km2 (21 %). In general, better condition
states appear to be more common than poorer ones, which is
also true for the references: reference performance, representing
optimum vegetation cover (in terms of RUE), occupies 37 896 km2
(3.45 %), whilst baseline performance (which relates to vegetation
limited by soil conditions, such as
saline areas or rocky outcrops)
extends over only 9 130 km2
(0.83 %)16 .

Land states
Underperforming anomalies

Productive (high biomass)

Baseline performance

Submature

Very degraded

Mature

Degraded

Reference performance

Productive (low biomass)

Overperforming anomalies

Land-degradation trends

Source: Del Barrio, G. (based on Del Barrio, G. et al., 20107) (AP).

The area of land undergoing active degradation (degrading
trend) is only 0.7 % of the total. In contrast, much more land
(24.1 %) is found to be increasing in productivity. Land where
productivity is fluctuating only in correspondence to interannual
climate oscillations extends over 10.8 % of the territory. Finally,
there is a vast proportion of static land (64.4 %) that shows no
trend at all9 .

Marabout* burial site
Sepulchre sites have been respected through the history of the Maghreb;
nowadays they serve as well as permanent reminders of the original landscape.
Here, an isolated juniper (Juniperus oxycedrus) with exposed roots shows
the extent of recent landscape transformation and soil loss in the Plateau of
Rekkham, Northern Morocco.
*"a Muslim holy man or hermit, especially in North Africa" (OED Online. Oxford
University Press, March 2018. Web. 23 April 2018)
Source: Del Barrio, G.

Panorama from the hills south of Marrakesh,
Morocco, dominated by olive trees (Olea europaea).
Source: Hill, J.

Land trends
Degrading
Fluctuating
Increasing
Static
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Case study: Agriculture expansion calls for trade-offs in ecosystem services
Horqin sandy lands, Inner Mongolia, China
The unprecedented combination of population growth and
economic development in China has caused a range of landtransformation processes across the nation. The Horqin sandy
lands (map on the right) is located in the agro-pastoral zone
between the Inner Mongolian Plateau and the Northeast Plains
in China (42°41’ – 45°45’ N, 118°35’ – 123°30’ E). The Horqin
Sandy Lands is one of the extended sand areas in northern
China and includes a significant part of the Inner Mongolian
grasslands. The vegetation consists predominantly of shrubs and
perennial grasses; trees occur only in protected patches where
water conditions are favourable. Winds from the north-west blow
on average 230 days per year and may exceed force 8 on the
Beaufort Scale (a speed of 17 ms-1) for more than 40 days; the
region is thus an important source for sandstorms occurring in
northern China, especially in the Beijing–Tianjin–Tangshan Region.
Climatically, the region is part of the continental drylands, with
hot and short summers and very cold winters. The mean annual
temperature minima and maxima range from – 8.8 °C in January
to 30.4 °C in July; the mean annual precipitation is 375 mm, with
nearly 80 % concentrated in the months from June to September.
However, an important characteristic is rainfall irregularity: annual
precipitation, for example, varied from 205 to 679 mm per year
in the 2000-2008 period. These physiographic characteristics,
including easily erodible loess soils and mobile sand dunes, render
the area sensitive to pronounced land-degradation processes1 .
Recent climate-change studies have identified trends of warmer
and drier conditions in Inner Mongolia2 .

Horqin Sandy lands (yellow circle) extend in the north-east of China.
Source: Map No 800635 (544061) 5-86 — produced by the US Central Intelligence Agency.

Farming replaces pastoralism.
Source: Hill, J.

The Horqin Sandy Lands is a typical example of the sanddominated ecosystems in Inner Mongolia, which supported
a traditional and sustainable nomadic production system:
extensive areas of sandy dunes and plains covered by droughtresistant shrubs and grass species provided top-quality pasture
for sheep grazing. Still today, isolated forest patches provide
additional evidence of a performant ecosystem in the forest–
steppe transition zone with high capacities for regulating and
supporting ecosystem services, such as carbon sequestration, air-

Land protection against ‘sandification’.

quality regulation (suppression of dust movements through dune
stabilisation) and the preservation of habitats and biodiversity.
The widespread sandy soils with exceptionally high infiltration
rates are the prime reason for the development of abundant
groundwater reserves, sometimes accessible within only a few
meters below ground3 .
Traditionally home to Mongolian nomads, the Horqin Sandy
Lands became increasingly influenced by Chinese culture. From
the 1920s onwards Chinese immigrants started to migrate
towards the northern regions and brought with them a cultural
tradition that is rooted in farming, a practice further promoted by
the socialist regime after 1949, when pastoralists were forced to
give up their nomadic way of life and to settle in small villages,
hamlets or individual farms.
In recent decades, three peaks of land reclamation from
grassland to cropland occurred in 1955-1956, 1958-1962 and
1971-1973 under new policies such as ‘giving prominence to
food production’4 . In particular, the Great Leap Forward policy
in 1958-1962, including the introduction of a long-lasting
mandatory process of agricultural collectivisation, aggravated
the intensifying pressure on the sandy lands. During the Great
Reclamation policy in 1960-1962, large areas of grassland were
cultivated in Inner Mongolia. ‘Produce high yields on dune fields’
was a modern slogan in the 1960s4 .
In the wake of these policies, the total population in the
Horqin Sandy Lands increased from about 950 000 in 1947 to
approximately 3.5 million in 1996. Population density increased
during this period from 10.4 (1947) to almost 40 people per
square kilometre5 .
The intense and rapid cultivation of extended rangeland
areas and the growth in livestock numbers has increased grazing
pressure around newly established settlements and brought
large-scale pastoral movements between seasonal pastures

to an end6 . This policy took place at the expense of important
ecosystem services, since the continued degradation of the
natural grass and shrub vegetation triggered the acceleration
of wind erosion, the formation of blowouts and the widespread
mobilisation of dunes and laminar sand flows (‘sandification’).
Not surprisingly, most of the new fields lost their already-limited
productivity and were abandoned after 2 or 3 years of cultivation.
Specialists have concluded that the degradation of more than a
third of Inner Mongolia has had significant impact on ecosystem
services over the last century (e.g. its carbon sequestration), the
local economy and the regional climate6, 7.
It may have been national policies, such as the reforms during
the first period of new policy formulation (1979-1985) and decisions
and regulations issued by regional governments, that encouraged
new and intensified agricultural land-use practices (increasing
mechanisation, use of fertilisers, expansive groundwater-based
irrigation). With respect to the links between poverty and the
marginal agricultural-production system under environmental
pressure, it appeared justified to prioritise agricultural production
over environmental health. However, in response to environmental
concerns, a large number of restoration and protection measures
have been implemented (enclosures of pastureland, grazing
regulations, tree-planting campaigns)5, 8 . Yet the question arises as
to whether and how the impact of these political incentives can be
objectively assessed on landscape level.

Source: Hill, J.
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Climate records show trends of warmer and drier conditions in Inner Mongolia. The annual daily mean and minimum
temperature increased whereas the diurnal temperature range decreased. The decreasing trend of annual precipitation
was not signiﬁcant. However, the vapour pressure deﬁcit increased signiﬁcantly2 .
Source: Lu, N. et al., 20092 .
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Expanding agriculture creates pressure on the remaining rangelands.
Source: Hill, J.

Earth observation data, such as from Landsat or
Sentinel satellites, are in constant use for agricultural
management, production forecasting and insurance,
for land use and cover change, for forestry, water
resource management, study of ecosystem services
and functioning, for climate science and climate-change
studies, and for studying snow and ice, coastal areas,
deserts, geology, soils, urban change and transport,
among many other applications.

Traditionally, Horqin was home to
Mongolian nomads.

Chinese immigrants into the Horqin area.
Source: Hill, J.

Source: Hill, J.

Satellite observations provide valuable surrogates linked to
land-use changes, and can reveal conversions and modifications
that connect to the condition of ecosystem services. Since
1972 the Landsat series of Earth-observation satellites has
been collecting images of the Earth, resulting in the longest
continuously acquired collection of space-based terrestrial
observations. The spatial resolution (30 × 30 m²) and length of
observation of the imagery has made the Landsat archives an
invaluable information source for science, management and
policy development9 .
According to satellite-based estimates, claimed to be a
magnitude more precise than official statistics, conversion from
grasslands to croplands has dominated land transformation in
Inner Mongolia7.

This map of global-change issues (GCIs, see page 144) clearly reflects the ongoing landchange processes in the Horqin sandy lands. The GCI patterns reveal the case-study area
clearly.
Mapping the coincidence of global-change issues highlights areas of concern at the global
scale. Analysing the patterns at the regional scale aptly shows the areas and dynamics as
described in the case study: expansion of cultivation with increase in productivity, spreading of
urban areas with high population densities, areas of loss of water resources and pressure on
the rangeland expressed in the decline of land productivity.
The example here illustrates the relevance of global GCIs across the scales, and the
potential and the importance of linking these to local contextual information for the correct
interpretation of possible degradation situations. Knowledge of local interactions and the
impact of change processes can also cautiously be upscaled to adjacent regional areas. The
rectangle is the area as shown on the Landsat imagery at the bottom on the next page.
Landsat 8.
Source: NASA.

Source: WAD3 based on GSW (see page 86, 10 , GHSL11 , GPW v412 , LPD (see page 114), Nitrogen balance on
landscape13 , GMIA v514 , Aqueduct 2.115 .
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Case study: Agriculture expansion calls for trade-offs in ecosystem services (cont’d)
Horqin sandy lands, Inner Mongolia, China (cont’d)
Multispectral satellite imagery, such as the multiannual series
of observations by the Landsat or the recent Copernicus Sentinel
satellites, can be processed and analysed with mathematical
models to identify the spectral contributions of previously specified
surface materials. For tracking the environmental changes that
occurred after implementing new economic policy, specially
designed spectral models produce indicators for important
provisioning, supporting and regulating of ecosystem services:
• estimated proportion of photosynthetic Green vegetation
(GV) (sensitive to changes in biomass production after
agricultural intensification);

abundance. The changing presence of water at the land surface
is not always a continuous process adequately characterised
by linear trends. Lakes, bogs and wetlands tend to shrink and
disappear within short periods, and their spatial extension was
thus mapped at 5-year observation intervals (1987, 1995, 2001,
2006 and 2010). The extension of lakes, ponds, bogs and swamps
within the Landsat coverage has diminished from approximately

62 000 ha (1987) to 22 800 ha in 2010, i.e. a reduction of more
than 60 %16 (see graphs at the bottom of this page).
The observed changes in land-surface properties emerge from
the consequences of new economic policies in the agricultural
sector. Since then, the objective of improving rural livelihoods had
been pursued by a combination of incentives aimed at increasing
agricultural productivity, combined with enforced regulations

• estimated proportion of mobile sand (MS) (sensitive to
remobilised and dislocated sandy material, assuming that
intensified grazing with excessive stocking rates is a major
socio-economic driver behind this process);
• estimated proportion of surface water/wetlands (W) (sensitive
to the declining water table, primarily triggered by groundwater
extraction, might affect the spatial extension of lakes, ponds,
bogs and swamps).
When applied to a long series of observations (in this case
Landsat data from 1987 to 2010), the resulting trend maps
of physically based estimates of surface conditions provide
important information on dynamic changes on the landscape
level16 .
The linear trend analysis of estimates for MS and GV
provides clear evidence for substantial land-cover changes in the
study region. When looking at major land-use systems, it can be
seen that almost all the complete cropland area (in particular
the intensely managed, irrigated areas, such as IA and RA)
has increased productivity levels within the observation period
(1987-2007). In comparison, most grazing ranges (R1-R3) have
experienced substantial productivity losses during this period.
Rangelands with interspersed agricultural areas (R/A) exhibit a
patchwork of areas with positive and negative changes in GV

Green Vegetation

rangeland
production

crop
production

forest
production

habitat and
biodiversity
preservation

regional climate and
air quality regulation

carbon
sequestration

dune
fixation

groundwater
recharge

Water
‘Spider diagrams’ provide a graphical representation of the extent
to which ecosystem services are developed. Some of the ecosystem
services appear to be associated with thematic layers of land-surface
properties derived from multi-spectral Landsat observations.

Mobile
Sand

Increased water pumping for expanding irrigation
cultivation in the Horqin sandy lands, China.
Source: Hill J.
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Source: Hill, J. et al., 201416 .

Selected diagrams of a trend analysis of Landsat-derived estimates for the cover with green vegetation (GV). Positive GV
trends relate to areas where the vegetation productivity increased throughout the observation period (1987-2007), and
negative trends to areas where vegetation cover was reduced owing to various disturbance effects (e.g. shifting sands).
Green and red colours indicate areas where the changing GV quantities exceeded a threshold of plus or minus 30 % of
the value in 1987. The dashed lines are land-use strata, where R1, R2 and R3 indicate areas with predominant rangeland
use, IA irrigated and RA rainfed cropland and R/A a mixture of farmland and grazing ranges.
Source: Hill, J. et al., 201416 .

2010

provisioning service was optimised at the cost of other services,
primarily ‘groundwater recharge’ (see circular representation
on the right). Cropland has been invading former rangelands,
causing a reduction of grazing ranges and increasing
Agricultural
stocking rates on remaining rangelands. The ‘dune
production
fixation’ and ‘range production’ ecosystem services are
1
Climate
Forest
and Air
experiencing a notable reduction. Negative impacts
0.8
production
Regulation
include ‘forest production’ trees, traditionally used
0.6
for cutting firewood, are frequently dying off due
0.4
to the increasing distance to the water table),
the ‘preservation of habitats and biodiversity’
0.2
Carbon
Rangeland
and ‘regional climate and air quality regulation’
0
Sequestration
production
(reduced vegetation cover counteracts dune
fixation and increases the availability of sand
particles for dust storms).
The process which was observed since the
Habitat and
1990s represents a typical example of transforming
Groundwater
Biodiversity
Recharge
human-environment systems with limited resource
Preservation
Dune
availability into an alternative state that is likely not
Fixation
more sustainable over time. It is representative of
large parts of the arid and semi-arid regions in China,
such as Inner Mongolia, Gansu and Xinjiang7. Driven by the
1985
necessity to alleviate poverty in rural communities, innovation
2005
and technologies found their way into the agricultural production
system. However, the new economic policy, which allowed
Observed trade-offs in ecosystem services linked to the intensification of
individuals to profit directly from increased meat or wool production,
agricultural cropping systems in the drylands of northern China.
also fostered the pressure on the land resources and resulted in
Source: redrawn after Hill, J. et al., 2014 .
intensified agricultural land use and large-scale overgrazing20, 21 .
One of the most important consequences is severe water stress, (primarily used for producing alfalfa as fodder crop) into former
with increasingly depleted groundwater levels due to the increased rangelands is progressing at a speed previously unimaginable22 .
irrigation demands. More recent satellite observations confirm that The background of the recent trends are China’s efforts in securing
the drying of lakes and ponds has not ceased, while groundwater enough affordable food for a population that is not only growing
exploitation and the expansion of high-tech irrigation systems but also about to change its diet: beef sales to China are rising,
and so is the demand for livestock fodder in the country. The semiarid rangelands in northern China now appear to be land reserves
to satisfy the increasing demand. This is, of course, as long as
sufficient groundwater resources exist to sustain this type of
agricultural production.
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directed towards protecting rangeland resources at risk3, 8, 17, 18 . An
important issue was to render agricultural production less dependent
on climatic risks (i.e. drought), primarily by increasing the proportion
of irrigated areas. With the water table sometimes just a few metres
below surface, this goal was achieved with simple technologies and
moderate investment. The number of power wells in Naiman County,
for example, almost continuously increased from approximately
2 000 (1985) to slightly more than 10 000 in 2007 (an increase of
> 800 %), and the irrigated surface has grown from roughly 24 000
to 88 000 ha19. Additionally, private initiative has been encouraged
by modified land leasing concepts and by increased access to
investment, agricultural mechanisation and fertilisers.
However, the increase in agricultural productivity was
followed by an accelerated decline of the water table, where the
most rapid change occurred between 1995 and 2001.
In addition, one finds additional indicators for increasing
environmental risks: the accessibility of groundwater resources also
facilitated the expansion of agricultural production into formerly
rangeland-dominated ecosystems, along with the reactivation of
formerly abandoned agricultural land with marginal productivity.
Not only did this increase the exploitation of groundwater
resources, but it also caused a reduction of the area available for
grazing sheep and cattle. In combination with the legal restrictions
in accessing certain parts of rangelands this almost inevitably led
to increasing stocking rates in the remaining rangelands, where
widespread areas with declining productivity prevail.
A synoptic representation of changes in ecosystem services16
suggests that over the past 20 years the ‘agricultural production’

S u p p o rti n g
16

2013

More than 100 high-tech pivot irrigation systems
were installed within only 3 years (2010-2013).

Expanding pivot irrigation systems
as observed by satellite.
Source: Landsat series, NASA - USGS.

Pivot irrigation systems.
Source: Dany Sternfeld. Flickr.com

1987

2013

Successive retreat of lakes, ponds, bogs and wetlands accelerated from the mid 1990s onwards, after the impact
of the excessive use of groundwater for irrigation purposes became evident. In 2013, approximately 30 years after
the introduction of the new policies in the agricultural sector, important lakes have entirely disappeared and their
former area has been converted to intensely managed cropland.
Source: Images from the Landsat satellite series, NASA - USGS.
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Case study: When food security compromises land resources and biodiversity
Quantifying choices for the upper Okavango catchment, Angola
The Okavango River system
The Okavango River system in southern Africa is accompanied
by diverse and mainly traditional land uses. However, it is an area
that is affected by population growth, climate change and the
increasing and intensified use of natural resources, and is therefore
expected to become a global hot-spot of land-use change. Three
neighbouring countries share access to the Okavango system:
Angola in the north and Botswana and Namibia in the south.
Each of the countries relies on fresh-water provision by the
riverine system to different extents and for different purposes.
The headwaters of the Okavango River have their source in the
central highlands of Angola and can be separated into an eastern
(Cuito) and a western (Cubango) catchment. In the western part
several tributaries form the Cubango River, which forms the
border between Angola and Namibia and, after it is joined by
the Cuito River, flows southwards to Botswana as the Okavango
River to feed the Okavango Delta. The Okavango Delta is the
world’s largest intact inland delta; it is a biodiversity hub of global
relevance and provides important services to mankind. The delta
and the middle reaches rely on regular, seasonal pulses of fresh
water to retain provision of ecosystem functions and services. In
these areas, the predominant ecosystem services cover a wide
variety, such as fresh-water provision, water purification, crops,
fish, wildlife, fuel, timber, fibre and forage.

Dominant land use and land cover systems of the Okavango
basin based on MODIS time series parameters11 .
Source: Stellmes, M. et al., 201311 .

The Angolan Cubango catchment
In the area of the Cubango catchment, intact
forest systems occur along with steadily growing cities,
and recently paved roads border and cross the natural
woodlands.
The main vegetation unit of the study area is
Miombo forest, which is dominated by Brachystegia,
Julbernadia and Cryptosepalum species. Miombo
forests cover large areas in southern Africa and provide
essential products like timber, firewood and charcoal.
On the southern African subcontinent the Miombo
forests are regarded as one of the tipping points in
the Earth system1 , as summer rainfall and humidity
are transported from the Congo rainforest zone via the
Miombo belt towards the southern arid savannas. Floral
diversity is high, while faunal diversity is relatively
low, which may be due to the extensive dry season2 .
The wet and dry seasons are highly distinct, and the
majority of the rainfalls occur during the wet season
(November to April). The landscape of the study area
is characterised by large floodplains, mainly stretching
from north to south, and lateral valleys fragmenting
the woodlands that are situated on higher slopes and
hilltops. On the floodplains, thick peat layers occur due
to the constant interflow from the slopes. Two main
paved roads and several minor roads and earth tracks
cross the area, connecting the major cities (Menongue,
Chitembo and Cuchi) and several smaller villages, as
well as agricultural areas.
Cubango river basin (in cyan the Cubango Catchment).
Source: EOX IT Services GmbH13 , WWF14 , CIESIN - ITOS - University of Georgia. NASA15 .

The landscape of the study area is comprised of large areas covered by medium-dense to dense Miombo
forests, mainly on the hilltops and slopes, grasslands in the valleys and wetlands in the valley bottoms with
thick peat layers.
Source: Röder, A., Stellmes, M., Schneibel, A.
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The Angolan civil war

Land use in rural Angola

Rural Angola was severely
affected by the civil war, which
intermittently lasted for 27
years (1979-2002) and led to
the displacement of the rural
population and the breakdown of
the agricultural sector3 (Kibble,
2006). Ground data are almost
absent in the study area, as
are reliable statistics, due to
the conflicts and the resulting
massive population movements4 .
Basic provision of food, medicine
and education is still insufficient,
especially in rural areas5 . After the
end of the civil war people returned to their former homesteads, but
were confronted with heavily mined landscapes, the lack of basic
supplies and destroyed infrastructure. Repopulation of abandoned
areas after the ceasefire resulted in a fast and extensive expansion
of agricultural fields to meet rising food demand. But to this day
people rely on ineffective cultivation practices due to a lack of
fertilisation and poor agricultural practices. Yet the increase in crop
production at the expense of natural resources carries an inherent
potential for conflict, since the demand for timber and wood
extraction is also expected to rise.
The Angolan government spends large amounts on
reconstruction and the improvement of infrastructure, along with
agricultural development4 . Nevertheless, this support is slow and
insufficient, especially regarding future changes (e.g. climate
change, population growth, foreign investments in large-scale
agricultural projects). Politicies will be challenged to find adaptive
pathways to protect natural areas while supporting the provision
of sufficient food for a growing population.

Traditional smallholder agriculture in the region is largely
based on a shifting cultivation system with slash-and-burn
techniques for field clearing and, after a period of cultivation,
long-term fallows of several decades for the regeneration of soil
fertility6 . The main crop in the study area is maize, in addition to
secondary crops like beans and manioc and a variety of tertiary
crops, mainly vegetables and tubers6 .
Every 5 to 10 years (depending on soil fertility), these areas
are abandoned and the household moves deeper into the forest
to clear a new patch of forest for the establishment of its next
cultivation area. In contrast, in areas where land pressure is
increasing, it appears that semi-permanent and permanent
forms of smallholder agriculture are becoming or will become
increasingly important.
With limited access to markets, and thus mainly relying on
subsistence agriculture, the rural population in Angola is heavily
dependent on natural resources, which can also provide additional
household income (e.g. honey, charcoal or bushmeat)6, 7. Currently,
the rural population adopts a ‘modern’, consumption-driven
lifestyle that leads to rising aspirations for cash income. This in
turn results in rising levels of charcoal production, which is the
best available cash income source for many rural households6 .
However, this leads to deforestation and thus the erosion of the
traditional livelihood base8 . The predominant slash-and-burn
agriculture, honey and charcoal production already put a high
pressure on natural resources in the study area and challenge
land-use sustainability9 .

1,000,000

Agricultural production was severely affected during the civil war by open
hostilities and by the extensively spread landmines. Demining is still in progress.
Source: Röder, A., Stellmes, M., Schneibel, A.

Upstream–downstream perspectives
Besides the national perspective, the very nature of this
system poses potential conflicts, because any development in
upstream Angola may negatively affect downstream neighbours
and economic sectors. This includes deforestation for smallholder
agriculture or the creation of dams for energy provision, which
are expected to disrupt the flood pulse cycle. The increased
usage of fertilisers and pesticides is also expected to negatively
affect water quality.
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Low productivity and an increasing population cause a
significant yield gap and necessitate major food imports.
Source: Food and Agriculture Organisation of the United Nations (FAO).
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Forests are traditionally used for the extraction of timber and firewood,
charcoal production, slash-and-burn agriculture and honey production.
Source: Röder, A., Stellmes, M., Schneibel, A.

Roads are spatial drivers of deforestation
Deforestation patterns are clearly connected to the proximity
of settlements and the abundance and quality of roads. Almost
half of the new fields were established closer than 1 km to
existing roads (46 %). More than 70 % lie within a 2 km radius and
more than 90 % are within a distance of 5 km. This indicates that
new fields are mainly established within a short walking distance
of roads and tracks. Fields are more likely to be established along
tar roads than earth roads. These patterns can be explained by
better connectivity of agricultural areas and markets and the
connection of fields to larger settlements, which are mainly
located along tar roads.

Population growth and resettlement after the end of the civil
war has led to massive deforestation of intact Miombo forests.
Landsat false colour image RGB=4-2-1.
Source: United States Geological Survey (USGS).
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Case study: When food security compromises land resources and biodiversity (cont’d)
Quantifying choices for the upper Okavango catchment, Angola (cont’d)

Year of forest clearing for agricultural expansion from 1989-2014, with additional close-up looks at
the cities of Chitembo, Cuchi and Menongue. The results are based on time series segmentation with
LandTrendr on annual Landsat NBR images.
Source: Schneibel, A. et al., 201612 .

Historical legacy in agricultural dynamics
20 000

moving average (3 years)

18 000

Total area converted to cultivation (ha)

The rate of deforestation in the Cubango catchment has
been dynamic and has reflected the relative intensity of historic
conflicts. Deforestation for the establishment of fields decreased
by more than 70 % to 4 000 ha during the active conflict period
(1994-1998) and subsequently tripled to 12 000 ha per year
after the ceasefire in 2002. The rate of deforestation currently
remains at a high level of around 10 000 ha/year. Since under
rising land pressure people change to semi-permanent and
permanent agriculture, this means that less area returns to fallow,
thus providing fewer shrub and forest ecosystems. Regeneration
is generally slow, and many fallowed agricultural fields did not
reach the pre-disturbance state regarding biomass during the 25
years of observation.

annual time series

16 000
14 000
12 000
10 000
8 000
6 000
4 000
2 000

Total area of natural land converted to agriculture (in hectares) on an
annual basis (dotted line) and fitted with a moving average filter of 3 years.
Source: Data from: Schneibel, A. et al., 201612 .
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Quantifying the trade-off

The farming system and the rate of agricultural expansion are
closely connected to spatial and temporal drivers like the location
and severity of armed conflicts, the resettlement of people, the
reconstruction and location of infrastructure and the availability
of forested areas. Fields have turned from shifting to semipermanent farming systems during the last 25 years, especially
around cities that are well connected by infrastructure. For those
cities that were strongly affected by the civil war this trend is
quite recent, starting after the ceasefire in 2002. Cities that were
not located close the fighting front show higher land pressure
and earlier transition to semi-permanent systems, sometimes
since the early 1990s (graph below). However, land pressure is
rising, and those cities that were affected by the destruction of
fields, the mining of arable land and population movements also
show a high deforestation rate since the end of the civil war. This
rising land pressure is likely to affect biodiversity, the provision
of resources and rural livelihoods in a negative way, and is thus
a potential source of conflict, especially since the Miombo forests
of the region have been identified as being one of the next tipping
points10 .

Indicator values based on publications and on household
surveys can quantify on one hand the amount of maize grains
that can be harvested on the new fields, and on the other hand
the woody biomass that is lost due to slash-and-burn agriculture.
Depending on different soil types, farming techniques and damage
from insects or pests, the rate varies greatly between farmers.
While the cutting of forest is a once-only action, fields are used for
several years, providing a stable basis for food supply.
Thousands of tons of woody biomass

The farming system is changing due to land pressure
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Although agro-industrial production is emerging in rural Angola (top)
and supported by the government, the main agricultural system is still
smallholder rainfed agriculture.
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Loss of woody biomass (left) and potential yield of maize grains
in tons per year (right). The green line shows the mean, the purple
line is the trend line based on the mean values. The dotted black
lines show the first standard deviations.

years
Enhanced vegetation index from 2014 for fields that were established in
different periods. The index correlates with green biomass, thus it shows that
even fields that are fallow for more than 20 years do not fully recover12 .

Source: top: Stellmes, M.; bottom: Röder, A

Source: Data from: Schneibel, A. et al., 201612 .
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Converging evidence from global change issues:
Extensive land changes taking place in this area are driven by increasing population densities, expansion of low-input cultivation and tree loss. As
shown on the graphs, these are the main coinciding global change issues (see GCIs, page 144). Not many GCIs coincide, but their impact is notable. The
expansion of agriculture is mainly a slash-and-burn practice at the cost of the forest, so the GCIs in both these areas need to be looked at jointly (GCIs
in forest on the left and GCIs in agriculture areas in the middle). Being mainly smallholders, low density (mostly 10-50 % of the 1 km2 pixels is occupied
by cultivation) and low input agriculture (defined by nitrogen deficiency) is occurring over more than 50 % of the area; this combination is of concern
for soil-nutrient depletion. Coinciding with this are high population densities over nearly the same extent. Consequently, tree loss occurs in over 20 %
of the forest and over 35 % of the agricultural area. Slash-and-burn activity is confirmed by the occurrence of fire; this GCI occurs in over 90 % of the
agricultural area and just under 90 % of the rangeland area. Drought conditions affected over 20 % of the agricultural area and 35 % of the rangelands.
The coinciding GCIs mapped at the global scale are confirmed by local knowledge, which allows the correct interpretation of their interaction and impact.
Source: WAD3-JRC, 2018.
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Case study: Too many, too few or the wrong trees – a region-wide challenge
Southern Africa
Background
Deforestation and forest degradation is a major concern over
much of southern Africa, however it is actually an increase in tree
cover that is the major form of degradation in many areas. Invasive
alien plant species (IAPs) are displacing indigenous vegetation in
some areas, not only changing species composition but in some
cases totally altering the vegetation structure and function and
the flow of ecosystem services. Southern African savannas and
woodlands are also following the global trend of woody plant
densification (locally termed ‘bush encroachment’), where areas
that were historically relatively open woodlands or grassland are
becoming near-impenetrable woody thickets of predominantly
indigenous woody species. All three of these processes occur
throughout southern Africa and, although overlapping, the causes
and consequences are typically spatially separated in response
to differing sets of environmental and human drivers. This case
study considers each process in terms of where it occurs, our best
understanding of the drivers of the change and the implications
on the flow of ecosystem services.

The spread of invasive alien trees in South Africa
The spread of exotic invasive alien trees and shrubs (IAPs)
into the natural indigenous vegetation has been identified as one
of the most severe environmental problems in South Africa. Many
of these plants are species purposefully introduced in the country
in support of commercial forestry, sand dune stabilisation or the
provision of fuelwood, shade or garden ornamental trees. Some
arrived through accidental introduction as a consequence of
global trade. These species have now spread into the surrounding
vegetation, where they have become naturalised. Some are still
actively grown for their initial intended purpose, despite their
destructive nature as IAPs. Although IAPs are found through most
of the sub-region, there are areas where their rate and intensity of
spread is of particular concern. This includes much of the fynbos
biome, where a number of Australian species are particularly well
adapted, and grasslands where, in some locations, exotic tree
species have replaced the local vegetation with dense woody
jungles. Even arid areas are affected, with Prosopis species
displacing natural vegetation in desert riverbeds in the Northern
Cape (1 470 million ha impacted) and Namibia1, 2 . It is estimated
that about 20 million ha of South Africa are infested with IAPs.
Aliens impact on water resources, grazing and agricultural land,
natural biodiversity, and catchment stability and resilience. In
biomes such as the fynbos, where many plants are endemic and
have small ranges, this is a particular threat. In addition to the
plant species displaced, there are impacts on pollinators and
other species dependent on the original biodiversity. Furthermore,
the alien species promote different fire regimes, and in firedependent habitats (such as fynbos, savannas and grasslands)
this can have many secondary effects, including more intense
fires that destroy soils, changing water infiltration and promoting
erosion. It is estimated that aliens have reduced the value of
just the fynbos by US$ 11.5 billion (Higgins et al., 1997), with the
annual South African national reduction in the value of ecosystem
services estimated at US$ 464 million3 .

Proportion of area under invasive alien plants in South Africa,
Swaziland and Lesotho22 This map excludes the known invasion of
Prosopis species in the more arid areas.
Source: Kotzé, J. et al. 201022 .

In South Africa IAPs have long been recognised as having
significant impacts on the flow of ecosystem services. Areas of
high rainfall, the source areas of major river systems, tend to
be worst affected by IAPs. These invasives have been shown to
substantively reduce streamflow, in some cases turning perennial
streams into annual streams. It is estimated that South Africa
loses 2.95 % of its run-off as a direct consequence of plant
invasions. In a water-scarce country, where demand exceeds
available water in almost all catchments, this added stress is a
major concern4 .
To counter these impacts the South African government
has established an ambitious publics works programme, called
‘Working for water’. Since 1995 it has spent approximately
US$ 715 million and employed over 227 000 person-years of
labour, with the 2016 expenditure being approximately US$ 130
million. This high level of investment has helped contain the level
of invasions, yet the problem continues to grow. One necessary
shortcut is the introduction of biological controls, and here there
have been some marked successes.

Bush encroachment in southern Africa

Squared timber at the Okavango river crossing between
Namibia and Angola at Rundu (Namibia).
Source: Hill, J.
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Woody plant densification,
locally
known
as
‘bush
encroachment’, is a common
global phenomenon in savannas
and woodlands5 . This densification
is often dominated by shrublike vegetation, and the term
‘bush thickening’ would be more
appropriate as, unlike the problem
of IAPs, this increased woody plant
density is mostly of indigenous
species that are already in the
area6 . In some cases areas that
were historically open grassland
are becoming wooded thickets
dominated by indigenous woody
species (though IAPs may also be
present).
The
causes
of
bush
encroachment are multiple and
complex7. Overgrazing has generally
been seen as the main driver. Heavy
grazing not only removes the grass,
hence reducing competition for
woody species, but also reduces

Employed under the Working for Water (WfW) programme,
workers are ready for cutting invasive species to re-establish
stream flows.
Source: Montgomery Kay.

the fire load that historically would have destroyed trees, and
in particular young establishing trees8, 9 . Very obvious fence-line
contrasts observed between areas with differing grazing histories
provide strong support for this mechanism of bush encroachment.
Bush encroachment has, however, also been observed in areas
with light grazing. Research suggests that the global increase in
CO2 is an additional factor, and there is growing evidence that the
increasing CO2 levels and the different ways in which trees and
grasses respond to this change give trees a competitive advantage
over grasses10 . Furthermore, the increased global temperature is
potentially expanding the savanna biome into areas where cold
winter temperatures previously favoured grasslands11 .
In Namibia bush encroachment is seen as a relatively recent
phenomenon that has become more obvious since the early
1960s9 .
Bush encroachment has a profound impact on the flow of
ecosystem services. It can be devastating to cattle management,
reducing the carrying capacity by as much as 90 %12, 13 . Bush
encroachment in Namibia is estimated to occur over 260 000 km213
and has been estimated to have reduced the national cattle herd
by 50 %, with an annual economic cost of US$ 170 million14 . The
total economic value to be gained from the clearing of bush in
Namibia was estimated at US$ 4.7 billion over 45 years based on
a 67 % debushing14 .
Bush encroachment changes biodiversity. Tree species are
favoured over grass and forb species, and the structure of the
habitat is fundamentally altered. There is evidence that birds
that favour more open grasslands, such as secretary birds, have
shifted their range. In Namibia the endangered cheetah, which
favours open savanna, is being displaced, as are open grazers

such as zebra and wildebeest. The dense bush hinders both
human and animal movement, which makes animal management
difficult and reduces the tourism potential in conservation areas.
Bush encroachment changes the hydrology of the area,
leading to lowered groundwater tables15 . Bush encroachment
can also have devastating financial consequences from a cattle
or game farmer’s perspective. Past studies have shown that, in
arid areas with low livestock-carrying capacity, the costs involved
in clearing invasive bush cannot be justified through the revenue
gains from livestock production16, 17. However, changes in the
economics of beef production suggest that this situation may be
changing.

Alternative revenue streams have been developed based on
invasive bush, the principal one being charcoal production18, 19 ,
with Namibia estimated to produce between 85 000 and 100 000
tonnes of charcoal per year20 . Use of bush for electricity
production is also being considered, and a study found that
there would be more than enough biomass in the country to run
several biomass power stations, generating a total of 20 MW on
a sustainable basis21 . The increased carbon storage from bush is
also being proposed by Namibia as an offset to anthropogenic
carbon emissions, and Namibia now considers itself to be a
carbon-neutral country.

Bushes and trees are spreading into areas that were historically
grassland. This matched pair of photographs, the first taken in
1954 and repeated in 2010 near the Kei River in the Eastern Cape
Province, South Africa illustrates a wide-scale trend throughout
the region of areas once predominantly grassland and now
increasingly dominated by trees and shrubs. This has major
impacts on the potential of the land to provide grazing for cattle
and can drastically reduce the streamflow of rivers.
Source: Original: Denzil Edwards; Repeat: James Puttick and Timm Hoffman.

Changing CO2 levels have profound impacts on tree growth
Acacia karroo (sweet thorn) was subjected to differing levels of CO2 ranging from 150 ppm
(~ minimum ice-age levels) to 260 ppm (~ pre-industrial levels), 375 ppm (approximate
levels from 2010) and 450 ppm (estimates for the mid 2030s). Increased CO2 results
in huge increases in root growth, and root starch stores allow seedlings to grow rapidly,
escaping fire and browsing, to become established trees in areas they would have struggled
to colonise at low ambient CO2 levels10, 23 .
Source: Kgope, B.
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Case study: Too many, too few or the wrong trees – a region-wide challenge (cont’d)
Southern Africa (cont’d)
Deforestation and forest degradation
Deforestation and forest degradation are widespread across
southern Africa’s forest areas. There is a net reduction in forest
area in many locations23, 24, 25 , but even when forest areas are
not fully lost, they are being degraded resulting in a significant
net biomass losses26, 27. Deforestation and forest degradation
are largely driven by agricultural expansion, shifting cultivation
and woody resource extraction for both economic gains and for
charcoal production28, 29 . They reduce the extent and quality
of forest and woodland by changing forest structures. This
can impact on biodiversity, fire regimes and the availability of
natural resources and ecosystem services. Rural communities
are particularly at risk, as they rely on forests and woodlands
to provide ecosystem services and livelihood benefits30, 31 , with
forest resources estimated to support approximately 30 % of
rural incomes32 .

Forest cover loss between 2000 and 201423 . Although charcoal is only one of many
causes of deforestation its impact is growing in line with the growth in urban demand.
Source: Hansen/UMD/Google/USGS/NASA, Sources:Esri, ISGS, NOAA.

Country

Total forest 1990

Rate of loss 1990-2000 Rate of loss 2005-2015 Total forest 2015

(Thousand hectares)

(Thousand hectares)

Angola

60 836

0.20 %

0.21 %

57 731

Zambia

52 740

0.32 %

0.33 %

48 571

Zimbabwe

22 010

1.47 %

1.85 %

13 957

Namibia

8 762

0.83 %

1.00 %

6 919

Mozambique

43 340

0.50 %

0.55 %

37 856

Botswana

13 718

0.86 %

0.92 %

10 840

Malawi

3 764

1.05 %

1.25 %

2 728

South Africa

7 615

0.12 %

0.02 %

7 478

Annual rate of forest loss, In most countries the rate is high and increasing.
Source: Food and Agriculture Organization of the United Nations (FAO).

Large mature Mopani trees are cut and stacked
(photo 1) as the basis for a simple and inefficient
mud-covered kiln, smouldering near the completion
of the combustion phase (photo 2). The final
product, charcoal sacks of up to 90 kg, is ready
for pick-up (photo 3). A charcoal truck collects sacks
of charcoal from a village in the Mabalane district
of Mozambique for transport to the larger urban
centres of Maputo, where an estimated 80 % of
households are reliant on charcoal as their primary
energy source for the cooking of food (photo 4). Only
about 20 % of the final sales value of charcoal finds
its way back to the producers, and the trees used to
make the charcoal are in effect a free resource to
the charcoal makers, costing them only their labour
and a small charcoal-licensing fee. The high demand
for charcoal, coupled with loss of resources near
the town, means that charcoal for Maputo is being
imported from ever-increasing distances away from
the city centre, with reports of some production sites
now more than 300 km away.

1

2

4

3

Source: photo 1-3, Baumert, S., photo 4 Ryan, C.
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Charcoal case study: Mabalane district, Gaza province,
Mozambique
Charcoal production is a major economic activity in subSaharan Africa, with a value in most southern African countries
of around 2-3 % of GDP33 . Charcoal provides affordable energy
to 70-90 % of the urban population34 . In Mozambique wood
fuels account for 81 % of energy consumption35 , with charcoal
the dominant fuel in urban centres36 . Charcoal production in
Mozambique employs an estimated 214 000 people, supporting
1.2 million dependents — equivalent to 5 % of the country’s
population33 . Despite the importance of charcoal to rural
economies and the wide extent of participation, very little is
known of the impacts of charcoal production on other ecosystem
services, nor on rural livelihoods37. Charcoal production has the
potential to severely degrade, or even deforest, woodlands if
intensities are high29, 38 .
To address the need for studies on the impact of charcoal
production on other ecosystem services and on rural populations,
a large-scale interdisciplinary study (for example the ACES
project: https://miomboaces.wordpress.com) was conducted in
the Mabalane district of Gaza province, southern Mozambique,
collecting biophysical and social data in seven villages across a
charcoal ‘boom and bust’ frontier.

Bush invasion

Deforestation

Alien invasive trees

Approximate spatial distribution of areas where different
drivers of tree density are most pronounced.
Source: Maltitz, G.

Land

13
12
11
10
9
8
7
6
5
4
3
2
1
0

Dryland
Non dryland

If wood extraction for charcoal production were to become
less selective in future, further trade-offs with other ecosystem
services and greater losses of ecosystem services availability
can be expected. Therefore, charcoal production must remain
selective in nature, or risk further degradation or even loss of
woodlands and associated ecosystem services. However, avoiding
non-selective charcoal extraction is difficult if the demand for
charcoal remains high, with increasing prices and incentives
to make charcoal29 . It will require coordination of the charcoal
licensing regime at provincial level to ensure the frontier keeps
moving away from Maputo, rather than becoming more intensive.
Enforcement is still a major challenge.
The majority of the villages in the district are involved in
charcoal production, generating much-needed income for rural
households with few alternative income sources. However, the
study found that the majority of the charcoal-production income
did not remain with local communities40 . This is due to governance
challenges in the forestry sector and a lack of support for
community management initiatives. The real income is accrued
by large-scale migrant producers. Providing alternatives to
charcoal production and supporting local management initiatives
is therefore a key challenge in southern Mozambique.

BIO-PHYSICAL
Fires
Tree loss
Aridity
Decreasing land productivity
Climate-vegetation trends
Water stress
SOCIO-ECONOMIC
Population change
Population density
Low nitrogen balance
Income level (GNI/capita)
Livestock density
High nitrogen balance
Built-up area change
Irrigation

Conclusions
Major changes in tree density are being experienced across
southern Africa. The vast savannas and woodlands that dominate
much of the region are under strong threat from deforestation.
This results in a loss of many other ecosystem services that
are of importance to local livelihoods, though grazing may
be enhanced. Drivers of deforestation are largely linked to
agricultural expansion, but clearing of woodlands and forest for
charcoal production is a large and growing problem.
Ironically, whilst vast parts of the region are experiencing
deforestation, for some areas an increasing density of bush, shrubs
and trees has become the key driver of reduced productivity.
Some of this is the result of introduced exotic invasives, but, over
vast areas and especially in arid zones, it is indigenous species
that are invading grasslands and changing the tree density of
what were previously open grasslands or woodlands. The type of
degradation is largely related to the levels and types of human
intervention, for instance over-harvesting or over-grazing, but
climate and vegetation type also play a role. Increased levels of
global CO2 appear to be favouring woody species growth over
grasses.
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Southern Africa area with >40% tree covered
(0.846 million km2)

Convergence of evidence
The area with tree cover of more than 40 % reaches 0.846
million Km2 in Southern Africa and about 28 % of the forested
area is dryland. On about 32 % 1 to 3 Global Change Issues
(GCIs, see page 144) are at coincidently at play, while 4 to 7
GCIs accumulate over about 65 % od the forested area. On about
5% more than 7 GCIs exist simultaneously. Population change
is the most frequent GCI (72 %), followed by population density
(65 %), In about 60 % of the forest area, agro-forestry activities
are low-input land use (low nitrogen balances show over 60 %
of the area) and fire occurs over 50 %. Tree loss is reported in
about 38 % of this forested area. Decreasing land productivity is
mapped over 13 %, equally in dryland and non-drylands. In ‘tree
loss’ areas (see most right graph), fire occurs in nearly 50% and
land productivity decline reaches nearly 40 %. Drought was a
factor in about 20 % of the tree loss area.
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Gaza province is currently one of the major supply areas of
charcoal to the capital Maputo, and is at the edge of the expanding
charcoal frontier. Most of the charcoal from this area is produced
from the tree species Colophospermum mopane. High demand
for good-quality charcoal drives this selectivity, given the highdensity timber for the species.
Using biophysical data on woodland structures and species
composition, in combination with social data on ecosystem
services uses and preferences, the study found that charcoal
production was most likely to impact on firewood and woody
construction material availability, and to reduce the carbon stocks
and storage potential of the woodlands39 .
Villages with longer histories of charcoal production had
already experienced decreases in one or more of these services.
However, even under intense charcoal-production scenarios, all
of the ecosystem services assessed were still available to some
degree at the local scale. Villages where ecosystem services
availability and biodiversity were low will be more vulnerable
to further degradation of woodlands in future, and reducing the
impacts of further charcoal production or woodland degradation
is becoming a key challenge.

Source: Hill, J.
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Case study: Industrial cultivation takes over dryland forests
South American Chaco, Argentina and Paraguay
The Gran Chaco is located west of the Paraguay River and
east of the Andes, and is mostly an alluvial sedimentary plain
shared between Argentina, Bolivia and Paraguay. While the floral
characteristics of the Gran Chaco are variable, owing to the
large geographical span of the region, the dominant vegetative
structure is xerophytic deciduous forests with multiple layers of
trees, shrubs and herbs1 . Less famous than the iconic rainforests
of the Amazon some 1 000 km to the north, it has several
endemic species and high levels of biodiversity, including 3 400
plant species, 500 birds, 150 mammals and 220 reptiles and
amphibians. Its position at the heart of the continent makes it an
important refuge for migrating birds. Jaguars prowl its forests,
hunting tapir, peccary, giant armadillo, capybara and giant
anteaters. Much of the land in the sparsely populated Chaco is
the ancestral territory of various indigenous groups. The Chaco is
one of South America’s last agricultural frontiers. Very sparsely
populated and lacking sufficient all-weather roads and basic
infrastructure, it has long been too remote for crop planting.

Aerial view of the National Park El Impenetrable, Chaco, Argentina.
Source: Lucas8W8L. Wikimedia Commons.

Agricultural expansion in the South American Chaco

Source: © Greenpeace Argentina / Martín Katz (c/o Almut Therburg).

Located in the south of the Americas, Argentina has a total
area of 3 761 274 km2, including the Antarctic territory and
islands in the southern Atlantic Ocean. The continental part of
the country extends for 3 700 km from north to south, spanning
between 22° and 55° S and covering a total area of 2 791 810 km2.
This great expanse encompasses a wide climatic diversity, from
subtropical in the north to cold climates in the extreme south
and the mountainous areas, with a predominance of temperate
climates in the majority of the country. The drylands comprise
55 % of the country (see map below) and account for a great
proportion of the agricultural and livestock production.

The South American or Gran Chaco is the biggest continuous
dry forest in the world and it is the second largest forest ecosystem
in South America after the Amazon2 . During the last decade,
the Gran Chaco region in Argentina, Bolivia and Paraguay has
emerged as a global deforestation hotspot3 due to agricultural
expansion and intensification. Cattle ranching and soybean
cultivation expand into forests, and soybean cultivation replaces
grazing lands. Thus, between 1985 and 2013, more than 142 000
km2 of the Gran Chaco forests, equalling 20 % of its total area,
were replaced by croplands (38.9 %) or grazing lands (61.1 %)4 .
It appears that the Gran Chaco is one of the most threatened
ecoregions worldwide because of its agricultural potential and
the growing global demands for agricultural products. This is
aggravated by the fact that the Gran Chaco harbours a high level
of biodiversity, but only 9 % of the region is actually protected2, 5 .

The forest loss in the region results from the synergistic
convergence of climatic, technological and socioeconomic factors.
Three issues in particular accelerated the agricultural expansion
in the region:
1. the introduction of Roundup Ready soybean cultivars in
1997, which allowed the expansion of non-tillage systems6 ,
2. an increase in mean annual precipitation7, 8 ; and
3. economic factors, both at local (changes in currency exchange
rates) and global (commodities price increases) scales9 .

Source: © Greenpeace Argentina / Martín Katz (c/o Almut Therburg).

Dry and humid lands of Argentina (2010) and location
of the Argentine Dry Chaco.
Source: c/o Almut Therburg.
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Clearing forest in the Dry Chaco: an example of the
expansion of agriculture due to the advance of soybean
monoculture in Argentina
In Argentina the Chaco region is the most forested area,
and represents 70 % of the country’s forests (Red Agroforestal
Chaco Argentina, 2012). The Argentine Dry Chaco is among the
most dynamic deforestation frontiers in South America due to a
booming soybean economy oriented toward the global market10 .
Land clearing in the Argentine Dry Chaco is easily monitored
by Landsat satellite imagery owing to the strong contrast between
natural vegetation and the parcel structure in cleared areas11 . The
deforested area had reached more than 11 428 000 ha by 2015
(see bar chart below). This region has experienced particularly
high deforestation rates during the last two decades, especially
in the north Argentine Dry Chaco (see map below).

Source: © Greenpeace Argentina / Martín Katz (c/o Almut Therburg).

Figure 3: Deforestation area over a certain period (red) and
accumulated deforestation area (grey) in the Argentine Dry Chaco
(in thousands of hectares). Elaborated with data from Monitoreo
de Desmontes en el Chaco Seco.
Source: http://monitoreodesmonte.com.ar, 28 October 2017 (c/o Almut Therburg)

In 2007 the Argentine government passed the Law
of Minimum Standards of Environmental Protection for
Native Forests, which provides incentives for the sustainable
management of forests and conservation. Although this Native
Forest Law for controlling the clearing process has had a
measurable effect upon the deforestation rate, it does not ensure
the conservation and stability of the Chaco forests in Argentina
(see map below). Initially, deforestation occurred in areas with
the highest agriculture aptitudes in the region (high mean annual
precipitation, low mean slopes and good soil conditions), located
in the east and west of the Chaco area (see map on the left
page). Since the 1990s, agriculture has expanded to the central
(drier) area of the region, with substantial ecological and social
consequences12 .

Source: © Greenpeace Argentina / Martín Katz (c/o Almut Therburg).

Recent studies13 confirm that deforestation affects soil
organic carbon (SOC) stocks in the Dry Chaco region in different
ways:
1. SOC stocks decreased due to cropping after deforestation;
2. SOC loss was positively associated with the proportion of
soybean in the rotation;
3. forest-to-cropland
distributions; and

conversion

modified

SOC

vertical

4. SOC loss in deeper soil layers was high due to cropping after
deforestation.
The agricultural expansion and intensification in the
Chaco also results in significant carbon emissions4 , loss of
biodiversity2, 14, 15 and changes in water dynamics16 .
Social conflicts go hand in hand with the process of
landscape transformation and land ownership concentration in
the Dry Chaco. The traditional land use, food security and access
to resources of the Creole peasants and indigenous communities
are increasingly placed under risk17. In the region, about 95 % of
the land is subject to some kind of land tenure conflicts and 60 %
of the indigenous communities lack secure land tenure of their
ancestral lands18 .
During the first decade of the 21st century, land change in
Latin America and Caribbean included extensive deforestation,
but there was also an increase in > 360 000 km2 of woody
vegetation across the region; equivalent to approximately
66 % of the deforestation. The majority of deforestation in LAC
occurred in South America (92 %), particularly in Argentina, Brazil,
Bolivia, and Paraguay, where extensive areas were converted to
agricultural lands (e.g. soybeans) and cattle pastures, a response
attributed to the increasing global demand for meat19 .

Figure 2: Deforestation areas in the Argentine Dry Chaco from 1976 until 2015.
Elaborated with data from: Monitoreo de Desmontes en el Chaco Seco
Source: http://monitoreodesmonte.com.ar, 28 October 2017 (c/o Almut Therburg).
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Case study: Industrial cultivation takes over dryland forests (cont’d)
South American Chaco, Argentina and Paraguay (cont’d)
Soybean boom in Argentina and soil degradation

Charcoal for Europe and the United States

The increasing global demand for soybean (Glycine max (L.)
Merr.) as feedstuff for large-scale beef production has caused
the expansion and dominance of this legume in Argentina during
the past 50 years (Figure 4). Soybean production boomed after
the implementation of the soybean ‘technological package’, with
improved genetics, the use of purchased inputs and the adoption
of non-tillage or direct seeding practices. These developments
meant a complete change in the ecological, economic and political
parameters of agricultural production20 . It increased yields and
economic gains, and transformed the production model into
agribusiness20).

The agricultural sector has always been of fundamental
importance to the economy of Paraguay and its future growth.
During the mid 1990s it produced more than one quarter of
the country’s gross domestic product, employed almost half the
work force and generated 90 % of registered exports. More than
half of industry’s added value came from agro-industry, and
almost half of Paraguay’s population lived in the rural areas24 .
In the past two decades Paraguay has also experienced a radical
transformation of its landscape and economy. The country is
increasingly dominated by the large-scale industrial production
of soy and beef for export. With a population of just 6 million
people it is now the sixth-largest exporter of soy beans and ranks
eighth among the biggest exporters of beef.
The highest average annual rainfall (1 320 mm) is in the
east, and precipitation gradually decreases to about 750 mm in
the far west. Although the rainfall normally would be adequate
for agriculture, roughly a third to half of the total comes in the
hot summer. Evaporation losses give the Chaco an arid nature.
Great temperature contrasts exist, and the highest recorded
temperatures for the South American continent occur in the
Chaco (absolute maximums may reach 47 °C). But heat-resistant
soy strains are under development, and cattle ranching has
become an additional important economy and has replaced
traditional uses of forest resources in the Chaco (e.g. collection of
tannins from the Quebracho hardwood trees). As with soy, cattle
ranching is dominated by large farms controlled by agribusiness
companies.

Source: © Greenpeace Argentina/Martín Katz (c/o Almut Therburg).

Figure 4: Fifty-year changes in planted area (expressed in
thousands of hectares) and total production of wheat, maize and
soybean in Argentina. Elaborated with data from Faostat (Food and
Agriculture Organisation of the United Nations, 2017).
Source: c/o Almut Therburg.

These changes also resulted in marginal land cultivation,
physical soil degradation (through wind and water erosion and
soil compaction), soil organic matter (SOM) depletion, nutrient
losses and the presence of glyphosate and AMPA concentrations
in different environmental matrices21, 22 .
A study by Wingeyer et al. (2015) comparing soil-quality
indicators for pristine and agricultural soils shows a general
reduction in SOM content, aggregate stability and an increase in
bulk density with agricultural use. Thus, soils with 10-20 years of
continuous agriculture had 64 %, 48 % and 116 % of the pristine
values, respectively.

The maintenance of the shade-growing pastures is key to
prevent any unwanted bush encroachment, which constitutes the
greatest threat after forest patches are cleared by the commercial
livestock farming in the region, causing economic losses due to
the need to periodically clear the overgrowth of thorny woody
shrubs. In addition, controlling this invasion requires periodic
practices with heavy machinery, which promotes soil compaction
and subsequent productivity loss by the pastures and affects
the sustainability of the forest component within the productive
system, since each clearing hinders the regeneration of the
desirable tree and shrub species.
On the other hand, the pastures implanted on cleared
understory patches were found to have no negative impact on
the regeneration of the tree component; on the contrary, they
promoted an increase in the diversity of the stratum23 , which
would ensure the permanence of the forest mass and, with it, the
ecosystem services it provides.

Alternative land use for the Dry Chaco forest
Studies conducted by researchers from the National
University of Salta (Argentina) along with Creole cattle ranchers
of Chaco have led to the generation of an appropriate, alternative
technology to the dominant business model. This alternative land
use allows the forage supply to be improved while protecting
the many ecosystem services provided by the Chaco forest. The
technology consists of pasture implantation on deschampado
(cleared understory) patches and requires minimal intervention
on the shrub layer of the forest. There is a light pruning of the
low branches that hinder the circulation of the animals, the fallen
branches are removed, the non-forage sub-shrubs and the sick
trees are cleared, and afterwards shade species (sciophytes) are
sown23 .

Bricapar charcoal facility at Teniente Ochoa.
Source: Earthsight.

Source: Cristina Camardelli (c/o Almut Therburg).

Figure 5: Tree cover loss (in red) until 2013, overlaid on forested areas in 2000 (green).
Screenshot - Source: http://www.globalforestwatch.org/map/7/-22.97/-57.46/ALL/grayscale/loss,forestgain,forest2000
?tab=analysis-tab&begin=2001-01-01&end=2017-01-01&threshold=30&dont_analyze=true
Source: http://www.globalforestwatch.org
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The expansion of large-scale agricultural holdings into the
western Chaco of Paraguay has led to a tremendous increase in
deforestation in the Chaco. According to data published by Global
Forest Watch25 , the conversion rates coincide with the rise of
Paraguay’s beef exports. Deforestation in the three departments
that comprise the Paraguayan Chaco tripled between 2006 and
2007, and has remained dramatically high in the years since. By
2013, due in large part to the situation in western Paraguay, the
forests of the Chaco were disappearing at a rate faster than any
other tropical forests in the world.
The analysis, by the University of Maryland, covered the 12
years after 2000, a period in which the dominant story about
South America’s forests was the remarkable success in reducing
deforestation in the Brazilian Amazon. The rampant destruction
of the Chaco, which stretched up to the borders of Brazil’s
Amazon states, had gone under the radar. Yet by any measure the
extent of forest loss in this lesser-known corner of South America
merited global attention. Only four countries lost more tropical
forest during the 12 years than Paraguay: Brazil, Indonesia,
Congo and Malaysia. But these countries had a lot more left to
lose. Of all the countries with significant tracts of tropical forests,
only Malaysia had a higher rate of forest loss than Paraguay3 .

2017

Figures 6, 7 and 8: Progressing deforestation (2000-2017) around ‘Teniente Ochoa’
(Boquerón Province, Paraguay), depicted by Landsat Earth-observation imagery.
Source: United States Geological Survey/Image Processing J. Hill, Environmental Remote Sensing,
Trier University, Germany.
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Case study: Overuse of water for irrigation - an old concern revisited
Aral Sea, Kazakhstan and Uzbekistan
of large-scale irrigation systems in the early 1930s, traditional
and sustainable water-management systems within the region
were largely destroyed. Construction of the Karakum canal in
the early 1950s, part of massive Soviet industrialisation in the
1940s, rerouted most of the flow of the Amu Darya westwards
into the Karakum desert of Turkmenistan.
Under the ‘Great Plan for the Transformation of Nature’,
Stalin required the reduction of the sea’s surface area to close to
10 % of its former size, to foster the growth of a cotton industry
(‘white gold’)14 . Between 1960 and 1980 the cotton acreage in
central Asia expanded rapidly. In Uzbekistan alone, cultivated
lands increased from 1.3 million to 2.1 million hectares, with
increasing volumes of Amu Darya and Syr Darya river water
being used for irrigation4 .The continued expansion of irrigated
agriculture through the construction of huge irrigation systems
markedly reduced river discharge to the Aral Sea: in some years
no water at all passed through the Amu Darya and Syr Darya
deltas2, 3, 4 .
Since the 1960s the Aral Sea has undergone rapid
desiccation and salinisation, almost entirely as a consequence
of the unsustainable upstream diversion of stream flows to
support expansion of irrigation. By September 2011 the lake had
separated into four parts, with shrinkage in its total aggregate
area (85 %) and volume (92 %). It suffered a maximum level
drop in the most desiccated part (the Large Aral Sea) of nearly
26 m, while experiencing an increase in salinity levels in excess of
100 g/l, more than 10 times greater than in 19603 .
Relicts of the thriving fishing industry during the
soviet period. Moynaq, Aral Sea.
Source: Arian Zwegers, Flickr.com

The Aral Sea Basin
All rivers basins that flow into the Aral Sea are mapped in green.
Source: Adapted from FAO.
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than 4.5 m, and during the ﬁrst six
decades of the 20th century they were
less than 1 m2 . As a brackish lake with
salinity averaging near 10 g/l, the lake
was home to freshwater fish species,
supporting a major ﬁshery industry.
The deltas of the Syr Darya and
the Amu Darya sustained diverse
ﬂora and fauna. But they were also of
considerable economic importance,
supporting irrigated agriculture, animal
husbandry, hunting and trapping, ﬁshing
and the harvesting of reeds, which
served as both fodder for livestock and
building materials3 .
The lands that now constitute ﬁve
of the seven basin states (Kazakhstan,
Kyrgyzstan, Tajikistan, Turkmenistan
and Uzbekistan) were part of the
Russian Empire and its successor,
the Soviet Union, from the late 19th
century until the collapse of the USSR
in 1991. Irrigation was practised in the
Aral Sea basin for millennia without
substantially diminishing inflow to the
Aral Sea. However, with the introduction

!

The Aral Sea is a classic and prominent case of pollution
and environment degradation resulting from massive agricultural
development. An almost endless series of reports has raised public
awareness through pictures of children running past ruined ships
abandoned in the sand of the dry seabed, abandoned harbour
facilities now located on dry wasteland and satellite images
showing vast areas left dry following the rapid contraction of the
Aral Sea on the borders between Kazakhstan and Uzbekistan.
By 1997 the Intergovernmental Panel on Climate Change had
highlighted the importance of the Aral Sea as ‘a case study of
the multiplicative effects of resource overuse, which can lead to
local environmental and even climate change’, and in an effort to
identify archetypical schemes of human-environment interactions,
scientists have coined the term ‘Aral Sea Syndrome’1 . Today it
is used as a descriptor for similar patterns of environmental
degradation, socioeconomic problems and conflicts caused by
dams and irrigation schemes in other parts of the world, such as
the Tarim Basin of western China.
At around 67 500 km in 1960, the Aral Sea was the world’s
fourth-largest inland water body. It is a terminal lake, mainly
fed by two rivers, the Amu Darya and the Syr Darya, which
originate in the snowfields and glaciers of the Pamir and Tian
Shan mountains. Located in a region with primarily arid climates,
the extent of the Aral Sea depends on the equilibrium between
annual fresh-water inflow and evaporation. From the mid 17th
century until the 1960s, lake-level variations were likely less

INDIA

Cotton field in the Amu Darya region.

Cotton bolls.

Source: Hill, J.

Source: Hill, J.
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The consequences were dramatic. With the shrinkage of the
fourth-largest lake in the world, a huge saline desert emerged on
the former seabed, called the Aralkum5 . From an ecological point
of view it is considered the world’s largest area where primary
succession is taking place. The rich and diverse ecosystems of
the Amu Darya and Syr Darya deltas (Uzbekistan) have suffered
greatly due to reduced river ﬂows, the virtual elimination of spring
ﬂoods (owing to the construction of upstream storage reservoirs
and reduced river ﬂows) and the lowering of groundwater levels.
Unique tugay vegetation complexes stretched along all the main
rivers and distributary channels and covered 100 000 hectares in
the Amu Darya delta in 1950. Once forming important habitats
for mammals, birds and amphibians, they were reduced to only
20 000 to 30 000 hectares by 19997.
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in the Aral Sea.

The fishing industry that once employed 40 000 workers
and supplied one sixth of the Soviet catch was totally eradicated,
causing widespread economic distress, ultimately throwing tens
of thousands of people out of work. Navigation on the Aral also
ceased by the 1980s3, 4 . The ﬁshing ports of Maynak (in the delta
of the Amu Darya in Uzbekistan) and Aralsk (in the delta of the
Syr Darya in Kazakhstan) have literally perished, the former now
lying 60 km from the Aral Sea’s current shores.

The Aral Sea viewed from Sentinel-2.

Source: Pekel, J.F. 2016.

Source: Sentinel-2 cloudless by EOX IT Services GmbH1 ,
WWF Global lakes and wetlands database2 .

Aral’sk

Small Aral Sea
Lake Tshe-bas

Kok-Aral dam

Syr Darya

Large Aral Sea
East Basin
Shoreline ca. 1960
S

Amu Darya

Cotton featured in official Soviet seals of the Azerbaijan,
Kyrgyz, Tajik, Turkmen and Uzbek republics.
Sources: TheSign, 1998. Wikimedia Commons.
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Case study: Overuse of water for irrigation - an old concern revisited (cont’d)
Aral Sea, Kazakhstan and Uzbekistan (cont’d)
Traditional forms of irrigated agriculture in the deltas paid a
high price for the expansion and intensification of agriculture in the
upper reaches, as inﬂow into the deltas decreased owing to heavy
upstream consumptive use. The water that does reach the deltas
has elevated salinity from the leaching of salts deposited in fields
in the middle and upper courses of the rivers. The consequences
are reduced crop yields and, in conjunction with insufficient
drainage of irrigated ﬁelds, secondary soil salinisation4, 6 . Animal
husbandry, in both the deltas and the desert regions adjacent to
the Aral Sea, has been damaged by a reduction in the area and
declining productivity of pastures resulting from desertiﬁcation,
falling groundwater levels and the replacement of natural
vegetation suitable for grazing with inedible species3, 4, 6 . The
diminution of the Aral Sea water-surface area was also coupled
with increasing pollution of the remaining water bodies (primarily
from irrigation run-off containing salts, fertilisers, pesticides,
herbicides and cotton defoliants). Highly subsidised prices within
the context of a planned farm economy in the former Soviet
Union prior to 1990 provided no incentive for efficient use of
agro-chemicals (which were also more contaminating than those
now available on the world market)4 .

Secondary soil salinisation on irrigated cotton fields.
Source: Hill, J.

Russian postage stamp depicting the Aral Sea11 .
Source: By USSR Post. Wikimedia Commons.

Nowadays strong winds blow toxically charged sand, salt and dust
particles from the dried bottom of the Aral Sea onto the surrounding
lands, which limits plant growth and reduces yields9. These storms are
between 150 and 300 km wide and salt content in the dust reaches
30-40 % of the volume, and in extreme cases can be as high as 90 %.
Sometimes the Aralkum salts even reach intensively irrigated and
cultivated lands far from the Aral Sea region11 .
Health experts consider airborne salt and dust, as well as
the chemical pollution and excessively high salinity of drinking
water, to be major causes of high levels of respiratory illnesses
and cancerous diseases in the region. Substantial dioxin residues
have been found in mothers’ milk, and waterborne diseases
such as typhus, paratyphoid and viral hepatitis have increased
enormously over the past decades in the midstream and
downstream areas of the Amu Darya and Syr Darya4, 6, 7, 8 .
Hypersaline environments, such as the Aralkum, are also
sources for a multitude of volatile halogenated organohalogens
(VOX). These compounds can affect the ozone layer of the
stratosphere and play a key role in the production of aerosols10 .

Aral Sea
Dust

Dust raising from the Aral Sea.
Source: MODIS Acqua acquired 7 May 2007, NASA.
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VOX emissions are expected to increase in the future as long as
the area of salt-affected soils expands.
In the late 1980s, under Soviet governance, signiﬁcant efforts
were made to restore wetlands, improve habitat conditions
and reduce pollution. In 1993, after the collapse of the Soviet
Union, the new states of the region assumed responsibility for
dealing with the Aral situation and signed a formal agreement.
Together with international donors a number of restoration and
construction projects have improved the situation.
In 2012 the Aral Sea consisted of four residual water bodies.
While the flow of the Amu Darya, on the Uzbekistan side, does
not reach the Aral, the waters of the Syr Darya in Kazakhstan
still flow into the sea for part of the year. With help from the
World Bank, in 2005 Kazakhstan built the Kok-Aral dam to retain
water from the Syr Darya in the Small Aral Sea, once a bay of the
original lake in the north. The dam has raised the water level by
over 12 m from its 2003 low.
Ecological conditions have improved within this smaller part
of the Aral Sea, with positive changes in biodiversity and habitats,
and increasing numbers of migratory birds, waterfowl and ﬁsh.
By autumn 2011 the water salinity in the open part of the Small
Sea dropped to 8-12 g/l, and a recent increase in ﬁsh harvests
has been accompanied by an increase in employment (ﬁshermen)
and the return of the ﬁsh-processing industry. However, the other
three main water bodies, Tshe-bas Gulf and the East and West
basins of the Large Aral, represent hyperhaline (very high salinity)
conditions, too high to support any ﬁsh species3, 12 .
Would it be possible to restore the Aral to its former volume
and extent? Given current land-use practices in the basin, the only
realistic option to substantially increase inﬂow into the Aral is to

reduce the consumptive use of water upstream for irrigation (which
amounts to more than 90 % of withdrawals from the rivers)3, 6, 13 .
Modelling studies have shown that the impacts of water use will
surpass the impact of climate change in the region15 .
Improvements to irrigation infrastructure and technologies
have been initiated that aim to limit leakage and evaporative
losses (i.e. to increase efficiency). However, a substantial
and comprehensive approach will be extremely costly and is
obviously beyond the ability of basin states, even in combination
with international donors. Moreover, the technical condition of
the existing irrigation systems is steadily deteriorating6 . Finally
yet importantly, technical improvements must be coupled with
strong institutional changes in irrigation water and drainage
management that involve the more realistic participation of
water users. The present high level of state subsidies results in
differential support for specific crops yet discourages changes
and the efficient use of water resources.
A change in agricultural practices (agroforestry) and the
conversion of more of the irrigated area to less water-intensive

crops than cotton and rice (such as winter wheat, soybeans, fruits
and vegetables) led to a reduction in irrigation withdrawals during
the 1990s, although irrigated area increased by 10 % at the same
time. However, this effect will remain limited, primarily because
Uzbekistan and Turkmenistan (which account for 54 % and 22 % of
all irrigation withdrawals, respectively) seem intent on expanding
irrigation. The motive is to maintain cotton as a major export crop
to earn foreign currency, but also to increase food production to
meet the nutrition needs of a growing population2, 6 . Reductions
in the irrigated area are therefore unlikely in the near to mid-term
future, and the fact that Tajikistan has begun to build the world’s
tallest hydropower dam might introduce additional complications.
Maintaining the existing water bodies in their present condition
seems possible. However, a viable option to refill the Aral Sea is
not an option, given the strong dependence of 40 million people
(70 % of them rural) on irrigated agriculture in the basin. The Aral
Sea case is thus a striking example of the systematic couplings in
human-environment systems, such as reciprocal effects, feedback
loops, human-aided resilience and legacy effects16 .

The Kokaral dam at the North Aral Sea.
Source: OSCE/Aiman Smagulova, 2010.

Satellite overview of the Kokaral dam
The positive effect of the dam is resulting in the expansion of the small Aral Sea.
Source: NASAxy.

Small Aral Sea expatiation
In green areas that are newly covered by water after the construction of the Kokaral dam.
Source: Pekel, J.-F., WAD3-JRC, 2018.

Agriculture shrinking due to the salinisation
(in red the decrease of water occurrence).

Scan here to see the Aral Sea
time-series video.

Source: Pekel, J.-F., WAD3-JRC, 2018.

Agriculture expansion in the northern part of the Aral Sea.
(in green the increase of water occurrence).
Source: Pekel, J.-F., WAD3-JRC, 2018.
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Case study: Facing inherited degradation and restoration concepts
San Simon Valley, Arizona, USA
Background
The San Simon Valley on the border of south-eastern Arizona
and south-western New Mexico is one of the most dramatic
examples of historical land degradation and subsequent
restoration efforts in the drylands of the American south-west.
The ephemeral San Simon River is a tributary of the Gila River,
the major east–west river system of southern Arizona. Rising in
the Black Range of south-western New Mexico, the Gila flows
more than 1 000 km west across Arizona to join the Colorado
River just north of the US border with Mexico. It has served as
an oasis and corridor for wildlife and human settlement in an
arid and semi-arid region. The lands along the main stem of the
Gila have been occupied and cultivated by multiple cultures for
millennia. Today, the Gila is a primary source of water for one
of the most important farming areas of Arizona, the San Carlos
Irrigation District.
While the San Simon is a major tributary to the Gila in terms
of area — the watershed covers 580 000 ha — it contributes only
0.33 m3s-1 in annual streamflow to the natural discharge of the
Gila of ~ 54 m3s−1 (of which just 6.7 m3s−1 is actually discharged
due to diversion and flood control). The insignificant streamflow
is due to the arid climate of the watershed, with precipitation
ranging from 200 mm/year in the lowlands to a maximum of
760 mm/year in the uplands. In addition to being arid, most of
the watershed is flat and is composed of very fine lacustrine
sediments. Valley-floor sediments have been entrenched on
stretches of the river. Because of high soil erosion, the San
Simon has been a major source of suspended sediment entering
the Gila River, which has posed a threat to the Coolidge Dam
and San Carlos Irrigation District. Vegetation cover in the valley
consists of Chihuahuan-Sonoran desert shrublands in the lower
portion and Chihuahuan-Sonoran semi-desert grasslands in the
middle portion of the watershed1 . Mesquite is a dominant woody
species in the bottomlands and has encroached on grasslands in
adjacent uplands, as a result of interplay between human (land
use) and environmental factors (drought, geomorphology). This
non-equilibrium system is assumed to have crossed a threshold
as early as the turn of the 20th century from a grassland to a
shrubland, which has persisted despite variations in rainfall and
grazing pressure.

of the San Simon and irrigation has lowered the groundwater
table. In restricted areas, recreational activities (i.e. off-road
vehicles) have put additional stress on the ecosystem in general2 .
Multiple stakeholders are involved in the use and management
of the San Simon valley. Over 41 % of the valley is managed by
the US Department of Agriculture Bureau of Land Management,
a federal agency with the mission to manage public lands for a
variety of uses. Another 26 % of the valley is state trust land,
19 % is private land and 13 % is managed by the US Department
of Agriculture Forest Service. Land users include cattle ranchers,
owners of ranchettes (rural subdivisions), hunters, farmers and
urban populations, who derive different ecosystem services from
the valley. A multi-stakeholder platform, the Gila Watershed
Partnership, brings all key stakeholders together. The partnership
works across physical, political, social, economic and cultural
boundaries to address major issues affecting the watershed,
such as water quality and quantity, soil erosion, invasive weeds
and flooding.

Land Ownership

Mesquite dominance in the rangelands of the San Simon valley.
Source: Brandau, W.

Bureau of Land Management
Forest Service
Private
State Trust

0

50 km

Overview map of the San Simon Valley.
Source: Landsat 8 NASA.

Today, the major land use remains rangeland (98 % of the
watershed), albeit with relatively low stocking rates compared to
the cattle boom in the past. Croplands and forest are very restricted
(USDA, 2007). Carrying capacity for livestock is limited as a result
of historic vegetation changes and mesquite dominance. Gully
erosion is widespread despite management interventions. While
the pressure from livestock grazing on the land is light nowadays
compared to the past, channel downcutting along the main stem

Mesquite is a dominant woody species in the bottomlands and has encroached
on grasslands in adjacent uplands as a result of interplay between human (land
use) and environmental (drought, geomorphology) factors. This non-equilibrium
system is assumed to have crossed a threshold as early as the turn of the 20th
century from a grassland to a shrubland, which has persisted despite variations
in rainfall and grazing pressure.
The San Simon river near Safford after a rainfall event.
Source: Ocampo, A.

218

World Atlas of Desertification | PART V – CONVERGENCE OF EVIDENCE

History of land use
According to observations by early settlers from around
1880, vegetation conditions in the San Simon were well suited
for cattle, with lush meadows covered by nutritious grama
grasses3, 4 . In 1880 a transcontinental railroad pushed across the
southern tier of states in the United States and passed through
much of the southern part of the Gila watershed. With access to
markets to the east and west provided by the railroad, large-scale
cattle operations were quickly undertaken throughout the region.
By the early 1890s an estimated 50 000 cattle were grazing
in the San Simon valley4, 5 . The limited land initially granted to
settlers (65 ha through the Homestead Act of 1862, until the
Enlarged Homestead Act in 1909 allowed 130 ha allotments) was
inadequate for any sustainable use and discouraged settlement.
As a consequence, the ‘open ranges’ of the arid west encouraged
overgrazing.
Severe overstocking led to a degradation of the vegetation
cover from the 1880s onwards. Many tracts of land, often
already degraded, ended up being sold to large mining and
livestock companies, which also strived to obtain public lands6 .
A ‘tragedy of the commons’-type situation7, in which unregulated
resources are depleted by individuals acting in their own selfinterest, prevailed until more effective legal frameworks were
established in the 1930s.

Cowboys herding cattle, San Carlos Apache Indian Reservation Arizona, ~1850.

Rainfall anomolies, San Simon 1885 - 2014
Source: Arizona Historical Society.

3.5
3.0

Following the dramatic increase in stocking of the 1880s,
the 1890s were dominated by drought. This served to further
degrade vegetation and decimated the herds of livestock that
relied on these largely marginal rangelands. An unusually high
number of El Niño years (1887-1889, 1896-1897, 1899-1900,
1902, 1905, 1907) interrupted the droughts by bringing heavy
rains to the region8 . In a landscape largely stripped of grasses,
the consequent run-off resulted in catastrophic erosion which
caused the main channel of the San Simon to incise as much as
20 metres. Overall, most rainfall in this highly variable system
has little geomorphological impact, but occasional high-intensity
rainfall events have continued to drive gully erosion and arroyo
development and sediment pulses ever since the first incision at
the turn of the 20th century.
Run-off and the sediment it carried had disastrous effects on
the agricultural fields downstream at the confluence of the San
Simon and Gila Rivers. This sparked demand from farmers that
the run-off and sediment yield from the San Simon be controlled.
In 1928 the Coolidge Dam was completed 90 km downstream
of the Gila–San Simon confluence to impound water that would
irrigate 40 000 ha of Arizona farmland. As a consequence,
sediment from the periodic floods of the San Simon not only
had a direct impact on adjacent farmlands, but also threatened
the function and longevity of the Coolidge Dam and the vast
farmlands that it served.
.

2.5

Concrete goat well drop structure. This structure transports run-off
from the upper, undissected fan surface down to the current stream
course, effectively stopping headward erosion.
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Standardised anomolies

Drought cycles and floods

Standardised rainfall anomalies in the San Simon valley.
Source: WestWideDroughtTracker (http://www.wrcc.dri.edu/wwdt/time).

Erosion-control interventions

i.

The US federal government responded to the demands
for run-off and sediment control with intense intervention and
investment in the San Simon valley from the 1930s onwards.
Between 1935 and 1942 the Civilian Conservation Corps built
numerous small structures to slow slope run-off on the uplands
and improve vegetation cover, install small gully plugs, contour
furrows and low spreaders built of brush and loose rocks3 .
Beginning in the 1930s, the Bureau of Land Management also
invested in a variety of mechanisms aimed at stabilising soil and
slowing erosion. The range of interventions has included:

construction of 19 major detention dams to control the
movement of water and sediment;

ii. biological treatments (i.e. reseeding) to increase vegetation
cover on surrounding uplands to enhance infiltration and
reduce run-off; and
iii. management of grazing intensity to reduce pressure on
scant vegetation resources9 . The maintenance of all these
structures remains an ongoing budget challenge to the
Bureau of Land Management.
While the geomorphologic and vegetation changes in the
San Simon were initially attributed solely to the immigration of
European settlers and the openrange cattle production they
introduced, these changes are
now understood to result from
a combination of anthropogenic
(land use and management) and
climatic (drought cycles) factors
and positive feedback cycles
among those factors.

Concrete barrier dam in the lower San Simon valley.
Source: Brandau, W.

Source: Brandau, W.
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Case study: Facing inherited degradation and restoration concepts (cont’d)
San Simon Valley, Arizona, USA (cont’d)
Gully erosion and arroyo cutting
Loss of grass cover from a combination of excessive grazing
followed by subsequent drought exposed the soil to wind and
water erosion. Wagon and cattle trails further concentrated
flow and acted as catalysts for gully development that led to
the current situation. Gully formation and arroyo cutting have
remained concerns in the lower part of the valley where the
impacts were greatest but have been controlled through the
construction of large concrete water-control structures. The
incision of the main channel resulted in the conversion of the
once fertile, broad valley floor into a channel with steep banks.
In the process, riparian vegetation and wildlife habitat were
lost. However, these large structures have essentially stopped
further downcutting. In the more gentle-sloping upper parts of
the valley, comparatively modest earthen dikes have restored,
to some extent, riparian function and meadow-like vegetation.
For now, erosion is largely under control.

Erosion channels/arroyo cutting in the lower San Simon valley captured
by an unmanned aerial system (RQ-11a Raven, 2012).
Source: United States Bureau of Land Management.

Expected outcome or ecosystem service trade-offs;
solutions (or possible solutions)

Dried vegetation along the channels.
Source: Brandau, W.

Soil loss and sedimentation
Intense rainfall events have triggered soil loss on the slopes
and major sediment pulses in the San Simon. Annual sediment
yield in the San Simon is high, reaching approximately 140 m3 per
square kilometre3 . Soil accumulation behind the aging erosioncontrol structures poses a risk of their rupture and emphasises
the need for often costly maintenance. As budgets continue
to shrink for the federal agencies charged with managing and
maintaining those erosion-control structures, there are more
pointed questions about the ultimate value of large structures
and whether or not to continue the maintenance commitment.
During flood events, suspended sediments are released into
the Gila River, where they pose a threat to agricultural activities
downstream, including Native American agriculture and highvalue crops. The sediment load also threatens to silt up the San
Carlos reservoir behind the Coolidge Dam.

Shrub encroachment
The degradation of the grass cover and the proliferation of
mesquite beans fed to horses and cattle encouraged an increase
in shrub cover, notably Prosopis spp. (mesquite). Mesquite,
once established in a site, has superior drought tolerance and
the potential to out-compete the more vulnerable grama grass
cover. A positive feedback cycle of loss of grass cover, greater
run-off and erosion, and increased concentration of nutrients
and soil moisture leading to further loss of grass cover caused
a transition from a grass-dominated to a shrub-dominated state
of the ecosystem10, 11 . This transition is generally considered
undesirable for livestock because it reduces the carrying capacity
of a rangeland.
It is not only livestock grazing and drought that are held
responsible for this transition; fire suppression and higher than
usual winter precipitation might have played a role as well. The
changes in woody cover persisted even when livestock pressure
was reduced: The density of woody shrubs increased threefold in
a study area in the San Simon between the 1970s and 1990s,
even in sites excluded from grazing12 , illustrating the complexity
of the response of the ecosystem to both natural perturbations
and human activities.

The ongoing San Simon valley saga illustrates the enduring
challenges of managing arid lands. The story began with the
overstocking of very marginal grassland with livestock almost
130 years ago, which was terminated by an intense drought.
When rains returned, run-off — now largely unimpeded by
vegetation — was intense and the main stream channel was
quickly downcut. This essentially destroyed most of the modest
grazing potential in the lower part of the valley. For the next
three decades, infrequent rainfall events that generated runoff carried sediments into farmers’ fields at the confluence of
the San Simon and Gila Rivers, affecting a large area. Despite
the destruction that these events caused, significant action
on the part of the federal government had to wait until the
construction of a large dam to serve a 20 000 ha irrigation
district further downstream. This was more than 30 years after
initial entrenchment occurred. Over the next 50 years a few
large water-control structures were built along the main stem
of the stream, and many smaller structures were built on the
uplands throughout the valley. Sediment movement out of the
valley was halted, downcutting was arrested in the deeply incised
lower valley and erosion was largely reversed in the less-affected
upper part of the valley. While the substantial initial investment
in structures has already been made, there is the continuing issue
of maintenance. As budgets have contracted there is increasing
pressure to scale back maintenance. The trade-offs between the
costs of maintenance and the costs of addressing the outcomes
of failure are unknown but are an ongoing topic of debate.

Convergence of evidence
San Simon Valley is mostly covered by rangeland, here
intended as land dominated by shrub or grasses that supports
livestock. The whole is arid and suffers from severe to extreme
water stress. On 95 % of the rangeland area, these two GCIs
coincide with low nitrogen balance. On around 55 % of the
rangeland area, 4 to 7 GCIs coincide, adding decreasing or
stressed land productivity (45 %), population change (22 %),
irrigation (7 %), high population density (5 %), fires (4 %), climate
and vegetation trends (3 %) or high livestock density (1 %) to
omnipresent GCIs. Nowhere in the San Simon rangeland more
than 7 GCIs accumulate.

Beginning gully erosion following loss of grass cover.
Source: Brandau, W.
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Case study: Land and water conservation for sustainable agriculture expansion
Central India
A fundamental requirement of dynamically developing
societies is that food production keeps in equilibrium with the
demand imposed by the growing population, growing incomes
and fast-paced urbanisation. Boosting agricultural production
depends on a wide range of different measures, such as
• increasing yields on existing croplands (i.e. closing yield gaps
through improved crop varieties, fertiliser and pesticides,
surplus irrigation in drylands, etc.) and management
practices,
• expanding agricultural lands into natural ecosystems, often
at the loss of critical eco-systems and biodiversity hotspots,
• re-allocating current agricultural production to more
productive uses (e.g. shifting grains from animal feed to
human consumable food, with vast improvements in overall
system efﬁciency).
Each of these options has potential beneﬁts and
disadvantages, as well as signiﬁcant associated challenges. The
fundamental issue is whether the required gains in yields will be
possible without signiﬁcantly damaging other ecosystem goods
and services that society is dependent on1 . Observing trade-offs
between these services is crucial, especially with respect to the
risk that intensively managed agricultural lands may eventually
become degraded and less productive2 .
India accounts for only 2.4 % of world’s geographic area, yet
supports about 16.7 % of world’s human population. It has only
0.5 % of world’s grazing land but supports 18 % world’s cattle.
69 % of India’s geographic area falls under drylands. Population
growth and economic development has considerably increased
the pressure on land resources, leading in many regions to land
degradation and desertification.
It is estimated that approximately 32 % (105.4 million ha)
of the land is subject to various procesess of land degradation,
such as vegetation degradation, water and wind erosion, water
logging, salinisation, the impact of mining operations3 (see map
of desertification below).
Major causes of land degradation and desertification in
India are deforestation, overgrazing, unsustainable land use and
inadequate agricultural management practices, cultivation on
marginal lands and sloping terrain, dynamic industrialisation and
urbanisation and mining operations. Against the background of
natural factors, such as rugged topography, climate and weather
extremes, natural disasters and, last but not least, climate
change effects, most of the drivers of land degradation connect
to anthropogenic activities of a fast growing population.

Sustainable Land Management
Slightly more than half of India’s land area is used for
agriculture, of which only 35 % are under irrigation. The
dwindling groundwater resource of India has been of great
concern in recent years. Terrestrial observations of changes in
groundwater storage, together with the NASA Gravity Recovery
and Climate Experiment (GRACE) satellites4 , have shown that
ground-water over the Indian states of Rajasthan, Punjab and
Haryana (including Delhi) was being depleted at a mean rate of
4.0 ± 1.0 cm yr-1 between 2002 and 20085 (see maps on next
page and ‘Groundwater changes’ page 94). As part of watershed
development programs, sustainable land management practices
(SLM) have been implemented to combat land degradation,

desertification and drought (LDD). Such practices aim at
preserving and improving land and water resources, as well as to
upgrade the ecological and environmental conditions. Improving
the availability of water is a fundamental prerequisite to expand
agricultural productivity and to enhance food security. The
districts of Jhabua and Dhar in the state of Madhya Pradesh in
central India represent an outstanding example of the positive
impact of SLM implementation on combating desertification. (see
satellite image above)
The Jhabua and Dhar districts in the state of Madhya Pradesh
are located in central India. The districts have human population
of about 1.75 and 2.2 million (2011 census) respectively, of
which more than 60 % are organised in tribal structures. The main
livelihood of these tribal people stems from agriculture. The two
adjoining districts, with a total area of about 1.4 million ha, are
located in the dry sub-humid agro-climatic zone with an average
annual rainfall of about 850 mm. Both, Jhabua and Dhar districts
are prone to drought and thus covered by the “Drought Prone Area
Program” (DPAP) of the government. Land degradation processes
cause substantial problems which affect the life of the people.
Under DPAP the integrated watershed management approach
primarily features soil and moisture conservation measures.
In the frame of combating land degradation, desertification
and drought (LDD), a suite of appropriate sustainable land
management (SLM) practices have been implemented in these
districts over more than two decades. The actions focus on
different kinds of soil and moisture conservation strategies and
the construction of rainwater harvesting structures, with the aim
to increase soil moisture storage, reduce runoff and subsequent
erosion, improve ground water recharge and establish new water
reservoirs for domestic use and as backup for the expansion and
intensification of agriculture.

Desertification/Land Degradation status map of India.
Source: Ajai.
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Case study: Land and water conservation for sustainable agriculture expansion (cont’d)
Central India (cont’d)
SLM: the Space Component
India promotes the operational use of Earth Observation (EO)
satellite data for inventorying and monitoring the environment
and natural resources, as well as for mitigating natural disasters.
The country has launched a series of EO satellites, named
IRS (Indian Remote Sensing Satellites). Data from the IRS
series of satellites are routinely used for mapping, monitoring
and management of agriculture, forests, wastelands, water
resources, land use and land cover change, land degradation and
desertification monitoring, watershed development, coastal and
marine resources and more.
The Gravity Recovery and Climate Experiment (GRACE)
twin satellites launched in March 2002, are making detailed
measurements of Earth's gravity field which lead to discoveries
about gravity and, indirectly, ground water storage volumes.
Continued observations of groundwater trends across India
(2003–2014) using data from the GRACE satellites have revealed
surprising trends6 .

In contrary to the well-documented Indian groundwater
depletion due to rapid and unmanaged groundwater withdrawal,
regional-scale groundwater storage (GWS) replenishment is
reported for the first time. The analysis used long-term in situ
(1996–2014, using more than 19000 observation locations)
and decadal (2003–2014) satellite-based groundwater storage
measurements. In parts of western and southern India, in situ
ground water storage (GWS) has been decreasing at the rate of
−5.81 ± 0.38 km3 /year (in 1996–2001) and −0.92 ± 0.12 km3/
year (in 1996–2002), but reversed to replenish at the rate of
2.04 ± 0.20 km3/year (in 2002–2014) and 0.76 ± 0.08 km3/year
(in 2003–2014), respectively6 . It appears that the paradigm shift
in Indian groundwater withdrawal and management policies for
sustainable water utilisation has started replenishing the aquifers
in western and southern parts of India (see maps below).

Implementing SLM measures in the Jhabua and Dhar
districts has made it possible to extend the agricultural area from
13 370 ha (1998) to 15 700 ha in 2013. Within the same period,
the number of water ponds has been increased from 210 to 270.
The evolution shown on the two satellite images from
1998 and 2013 (top) demonstrate the positive effects of the
sustainable land management (SLM) practices (seen in 2013
image). Surface water bodies created through construction of
water harvesting structures (W), presence of water in the seasonal
river through construction of a series of back-to –back check
dams (D), are clearly seen on the satellite image of 2013 (see
zooms of the 2013 satellite images - on the right and bottom).
It is also evident that areas under agricultural use (A) could be
substantially expanded in the consequence of the successful
implementation of soil and moisture conservation measures (see
satellite image zooms (middle next page) sowing more detail on
agricultural expansion between 1998 and 2013).

Improved irrigation agriculture.
Maps of trends of (e) positive (blue), and (f) negative (red) satellite-derived ground
water storage anomalies, respectively (from 6).

New water reserve and cattle drinking pond.

Drainage line treatment.

Contour trenching and nalabunding.

Stop dam.

Sustainable land management practices include various kinds of soil and moisture
conservation measures and the construction of rainwater harvesting structures
to create surface water bodies for irrigation and domestic use. The soil and water
preserving measures include contour bunding and trenching, gully plugging/nala bunds,
farm bunds and others. Rainwater harvesting is supported by the construction of check/
stop dams, nala bunds, farm ponds etc.
Source: Ajai.

Farm pond.
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IRS LISS-III false color composites of the
Jhabua and Dhar districts from February
1998 (left) and February 2013 (right).
Source: IRS satellite imagery.

1998 - red colour indicates mostly agricultural fields.

Zoom-in on a check dam (D) that has created a water-harvesting body.

2013 - note the expansion of agricultural area (in red) as
compared to the 1998 situation (left).

Zoom-in on a check dam (D) that has created a water-harvesting body.
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PART VI
SOLUTIONS

Maintaining or improving the productive capacity of land
requires a move towards land degradation neutrality. This is a
matter of preserving or enhancing the ability of land resources
to support ecosystem functions and services. Sustainable
management of soil, water and biodiversity can help close
yield gaps, increase the resilience of land and thus support the
people who depend on it for their livelihoods. This will come
at a cost, but the cost of action or prevention is always lower
than the cost of inaction.

Source: Liniger, Hanspeter.
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Sustainable Land Management: Current State
A growing inventory of adapted land-use practices

Global change issues

The World Overview of Conservation Approaches and Technologies (WOCAT) is a global
network on sustainable land management (SLM). The network develops, archives, shares
and disseminates SLM knowledge to support adaptation, innovation and decision-making.
Methods and tools for documenting sustainable land management (SLM) practices are
available via a worldwide platform at https://qcat.wocat.net/en/wocat/

BIOPHYSICAL
Aridity
Water stress
Climate-vegetation trends
Tree loss
Decreasing land productivity
Fires
SOCIO-ECONOMIC
Population density
Population change
Livestock density
Income level (GNI/capita)
Low nitrogen balance
Built-up area change
High nitrogen balance
Irrigation
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Number of WOCAT case studies
(Total 540)
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WOCAT documented SLM measures per global change issue (GCI, see page 145 for table)
Most of the documented SLM interventions are in dryland areas (57 %). 25 % of cases are in areas with water
stress and 20 % in areas with climate-vegetation trends or drought-affected areas. Decreasing or stressed
productivity prevails in about one-sixth of the cases. Socio-economic variables such as population density,
population change as well as livestock density and income level are outstanding issues that are common to
74-90 % of the cases, (90 %, 82 %, 78 % and 74 %, respectively). Fertiliser deficiency is observed in more
cases (26 %) than overuse of fertilisers (18 %). Expansion of built-up areas and irrigation in water-stressed
areas occur in 20 % and 15 % of the cases, respectively. As per the convergence of evidence principle (see
page 144), no GCI by itself is sufficient to infer land degradation) but if multiple GCIs were to occur at any
location, this suggests the potential for land degradation (at least in some form) and further investigation
would be warranted.
Source: WOCAT database, 2017 and WAD3-JRC, 2018.

Human activities involving land use and land-use changes
are widespread across the globe and are a major driver of
land degradation1, 2 . While there are many land-use practices
associated with land degradation (over-cultivation, overgrazing,
etc.), the existence of any these practices alone does not constitute
land degradation. For example, based on simple cause-effect
logic, overgrazing and primitive farming techniques by peasants
and pastoralists were traditionally blamed for causing Sahelian
drought and land degradation3 . A new paradigm exposed the
overly simplistic nature of this view by documenting the complex
nature of non-equilibrium systems, such as abiotic versus biotic
controls, short- versus long-term dynamics, and the value of
local stakeholder knowledge in governing coupled human-socioeconomic systems3, 4 (see page 64 on smallholders). This led
to a more integrated approach in formulating the social and
institutional dimensions of land management, including the
development and implementation of the adaptive practices of
sustainable land management (SLM).
The World Overview of Conservation Approaches and
Technologies (WOCAT) is a network that develops, archives,
shares and disseminates SLM knowledge to improve human
livelihoods and the environment6 . As part of its mission, WOCAT
strives to support evidence-based decision-making and influence
policy making at various levels to promote wider implementation
and scaling up of identified good practices, thereby contributing
to global efforts to prevent, halt and reverse land degradation.
Potential locations of maladapted land use practices are
identified by mapping the co-occurrence of key issues related
to land degradation and framing them within local contexts and

WOCAT-documented SLM practices and their
measures implemented on various land uses.
Source: point data: WOCAT (2017); background map: GLC-Share
v1.07, Aridity Index (see page 72).

SLM measures

stakeholder knowledge (as per
Convergence of Evidence, page
144). Comparing the conditions
found in a potential problem area
with documented solutions from
similar regions in the WOCAT database
may yield a list of SLM options. These
SLM options can be examined within
the context of local economic, social and
environmental conditions. The availability
of such evidence-based information and
knowledge facilitates the uptake and widespread
implementation of SLM. The value of systematic collection
and cataloging of geographically based SLM knowledge is
gaining broad appreciation from research agencies, institutions
and the global community. SLM technologies and approaches are
not static but are continuously adapted in response to changing
environmental conditions and human needs. However, this
requires long-term monitoring of instances of implementation,
adaptation, and impact of SLM. These efforts are supported
and encouraged by significant advancements in information
technology (cloud computing, the Internet of Things, social
networking, etc.), which supports a wide array of social, economic
and environmental contexts.

Agronomic

Land Condition
Non-dryland

Agronomic Combined
Vegetative

Land Use/Cover

Vegetative Combined

Grassland

Structural

Trees

Structural Combined

Shrubs

Management

Rainfed cropland

Other

Irrigated cropland

Agronomic measures: measures that improve
soil cover (e.g. green cover, mulch); measures that
enhance organic matter/soil fertility (e.g. manuring);
soil-surface treatment (e.g. conservation tillage);
subsurface treatment (e.g. deep ripping).
Vegetative measures: plantation/reseeding of
tree and shrub species (e.g. live fences; tree rows),
grasses and perennial herbaceous plants (e.g.
grass strips).
Structural measures: terraces (bench, forward/
backward sloping); bunds, banks (level, graded);
dams, pans; ditches (level, graded); walls, barriers,
palisades.
Management measures: change of land use
type (e.g. area enclosure); change of management/
intensity level; (e.g. from grazing to cut-and-carry);
major change in timing of activities; control/change
of species composition.
+ combinations
Categories of WOCAT measures inventoried in the field
SLM technologies are made up of agronomic, vegetative,
structural or management measures, or most often a
combination of these.
Source: Liniger and Crichley, WOCAT, 20076 .
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Land users lead the way to sustainable solutions
for “making the land greener and the water bluer”.

WOCAT-documented SLM measures per
different land-use class and SLM measures
Most practices are documented for cropland
followed by grazing land and other land.
Agronomic and vegetative measures individually
and in combination make up over 69 % of all
measures in all land-uses types. These measures
are well suited for prevention or reduction of
land degradation. The proportion of structural
measures is highest on cropland, reflecting the
recognition that on cropland the benefits far
outweigh the investment costs and inputs.
Source: WOCAT database, 2017 and WAD3-JRC, 2018.
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WOCAT-documented SLM measures vs coincident global change issues.
WOCAT measures, which are well-suited to recording the prevention or reduction of land
degradation, mesh well with the various global change issues. Most WOCAT cases are
situated in areas where there are 4 to 7 coinciding GCIs. Most measures are agronomic,
followed by vegetative, structural and management. Note that local aspects, such as active
soil erosion, are not included as GCIs in the convergence of evidence example in this atlas.
Source: WOCAT database, 2017 and WAD3-JRC, 2018.

SLM practices and measures
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WOCAT measures

Land Productivity Dynamics
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WOCAT-documented measures per land
productivity dynamics (see page 114)
80 % of the interventions are in areas that
now show stable ‘not stressed’ and even
‘improving’ land productivity. This might be
proof of increasing efforts in investing in
SLM and a positive impact of investments
made in good land management. Only 5 %
of the SLM measures reported are in areas
with declining land productivity and suggest
that efforts are in the initial phase or not yet
wide-spread.
Source: WOCAT database, 2017 and WAD3-JRC, 2018.

SLM is defined as the use of land resources, including
soils, water, animals and plants, for the production of goods
to meet changing human needs, while ensuring the long-term
productive potential of the resources and the maintenance of
their environmental functions5 .
Sustainable land-management practice consists of an SLM
technology and SLM approach.
An SLM technology is a physical practice on the land that
controls land degradation, enhances productivity, and/or other
ecosystem services. A technology consists of one or several
measures, such as agronomic, vegetative,
structural, and management measures (WOCAT
2016). An SLM approach includes the ways and
means of support that help introduce, implement,
adapt and apply SLM technologies on the ground
to foster an enabling environment.
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Sustainable Land Management: Success Stories
Learning from each other

KYRGYZSTAN

TAJIKISTAN

UZBEKISTAN
AFGHANISTAN

Central Asia WOCAT case studies
SLM technology group
Agroforestry

Land Condition
Non-dryland

Conservation agriculture
Integrated soil fertility management

Land Use/Cover

Cross slope measures

Other

Water harvesting
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Irrigation management
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Integrated crop-livestock management

Shrubs

Forest management

Water bodies
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Others

Central Asia WOCAT case studies, SLM technology group
Land use and SLM technology groups for documented practices.

Central Asia (Kazakhstan, Kyrgyzstan, Tajikistan, Turkmenistan
and Uzbekistan) has undergone drastic political, economic and
social changes during the past decades1 . Soviet policies led to a
collapse and dismantling of collective irrigated networks, overuse
of water (with consequent drying of the Aral sea), land tenure
insecurities and insufficient market development. The resulting
land fragmentation and abandonment on marginal lands
made it very difficult for land users to adopt sustainable land
management (SLM) practices2 . Hence, unsustainable agricultural
practices, e.g. excessive irrigation without adequate drainage,
mono-cropping, tillage on steep slopes, inadequate replenishment
of soil fertility, overgrazing of pastures, and deforestation remain
problematic in the region to date. Combinations of these factors
contributed to severe impact on the land resources that is
expressed by different types of land degradation along the agroecological regions: widespread salinisation in irrigated areas2, 3 ,
soil erosion and nutrient depletion in rain-fed areas2, 4 , decline in
pasture quality in rangelands2, 5 and soil and vegetation erosion
in mountainous areas2 . The consequent reduction in overall
productivity threatens the livelihoods of millions of farmers and
pastoralists in this region.
Successful prevention of and solutions to existing land
degradation, including drought adaptation, require practical proven
and scientifically approved technologies and approaches for
sustainable land management that integrate ecological, economic,
and social dimensions of land use. Many efforts have been made
within the region of Central Asia to mitigate land degradation.
Success stories on implementation of SLM practices, along with
policy actions, have been documented. Taking into account the
local and transboundary use of natural resources, the need for
new arrangements and agreements emerges throughout the area.
Some of these include better market access, improved land tenure
for smallholders and livestock owners, and support for extension
and experience exchange which can positively stimulate the uptake
of SLM measures2 .
WOCAT monitored and inventoried a large number of cases
where SLM practices have been implemented successfully and
this database is a key knowledge base for expansion of SLM in
Central Asia6 , as access to extension plays an important role in
adopting SLM by rural farmers and herders2 .
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Source: point data: WOCAT database (2017); background map: Esri, USGS, NOAA.

"Where the land is greener"
The mountainous areas of Central Asia face enduring threats of land degradation due to the rugged topography,
exposure to heavy rains, the erodibility of the soils and high pressure on the land due to population increase. However,
green and productive areas emerge and show where sustainable land management is practiced.
Source: Liniger, H., WOCAT, 2007.

Many efforts have been made to mitigate land degradation in
Central Asia. Success stories on implementation of SLM practices, along
with policy actions, have been documented and are ready to be upscaled.
WOCAT technologies

Other

Land use types

Documented SLM practices by land-use type in central Asia (WOCAT Database 2017)
Case studies cover all major land uses, but most case study intervention areas are on grazing
land and cropland. These are some of the most important land uses in the area and illustrate
strong dependency on both crop and livestock production. The large number of practices on
mixed land illustrates the value of small-scale integrated systems producing various food,
fruits, fodder, and wood products close to settlements.
There are only limited areas of forests remaining in this region, and good management
practices and efforts in improved forest management are limited.
Source: WOCAT database, 2017 and WAD3-JRC, 2018.
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Documented SLM practices distribution in land-use types and coincident
issues. (WOCAT Database 2017)
WOCAT case studies cover the whole range of coincident issues (apart from 1 and 2).
Most practices coincide with areas that are impacted by 4 to 7 issues related to land
degradation. The share of cropland practices seems to increase with the number of
overlapping issues.
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Source: WOCAT database, 2017 and WAD3-JRC, 2018.
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Documented SLM practices in areas with different numbers of coincident issues
(WOCAT Database 2017)
Most of the practices coincide with areas affected by 4 to 7 issues related to land degradation. In
areas with 4 to 7 overlapping issues, agroforestry, water harvesting and irrigation management
are strongly representated. Of all pastoralism and grazing management practices, the highest
number occurs in areas affected by 7 coinciding issues. 8 to 9 coinciding issues are mostly found
in irrigation areas.
SLM practices documented in the WOCAT database are within areas with several coincident issues
related to land degradation. This suggests that there are valuable experiences to be promoted and
shared so that they can be implemented by other land users facing similar conditions.
Source: WOCAT database, 2017 and WAD3, 2018.
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Documented SLM practices per land-productivity dynamic and land-use type
Most cases are situated in areas that are “stable and not stressed”, meaning some
achievements have been made in that zone especially for the grazing land, the major
land use in Central Asia. For areas that are “stable but stressed”, the major SLM
activities reported are on cropland. For the areas with increasing land productivity,
there are examples for all land uses except forest. Very few forest practices are
documented and only in areas that are “stable, not stressed”.
Source: WOCAT database, 2017 and WAD3-JRC, 2018.
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Rangelands in the Tienshan Mountains of Kyrgystan.
Source: Liniger, H., 2018.

Degraded loess soil and agroforesty system around
a homestead in Faizabath, Tajikistan.
Source: Liniger, H., 2018.
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Sustainable Land Management: Examples
Good land management practices

10

6

Large-scale terracing in the Loess plateau of China has improved land productivity and
the livelihoods of millions of land users. Implementation was driven by requirements
for increased food production for a growing population and supported by downstream
interests in reducing catastrophic floods and reducing sedimentation of large dams.
Source: WOCAT case studies; photo: Liniger, H.

3
Stone walls and forward-sloping terraces help prevent soil erosion and improve
water retention on agricultural fields. However, in the hot drylands of Rajasthan,
India, this is not sufficient to maintain adequate soil moisture. Other agronomic
or vegetative measures that provide more permanent cover of the soils are still
needed to ensure sustainable land use.
Source: WOCAT case studies; photo: Liniger, H.

Wind farms in the Alicante area of Spain show a profitable alternative land use that taps the
potential for wind generation. This allows for reforestation of degraded land. To reduce increased
risk of the spread of forest fires in this wind-rich region, adaptive management is required.
Removing dead wood, selective cutting of mature trees and planting fire-resistant tree species
can limit the accumulation of fuels and reduce fire hazard. Also, grazing to reduce undergrowth,
and the establishment and maintenance of firebreaks are necessary management options. All
contribute to the success and sustainability of this complementary set of land uses.

8

Source: WOCAT case studies; photo: Liniger, H.
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Widespread implementation of small-scale water-harvesting systems make better use of precious rainfall
in drylands. Micro-basins as seen here near Mount Kenya are an effective way of maximizing rainwater
retention. However, the loss of soil moisture through evaporation can only be reduced when the soil is
covered. Leaving crop residues and weeds (applied as a mulch) between crop rotations is a good practice to
keep permanent soil cover and reduce moisture loss.
Source: WOCAT case studies; photo: Liniger, H.

7

9

In mountainous regions in Kyrgyzstan, Central Asia, hay harvesting provides a growing
economic opportunity for productive land use. Increasing numbers of livestock drive a
growing demand for hay and supplementary feed as rangelands are under pressure
from overuse and degradation. The shrinking availability of quality land for free ranging
and the economic advantages of landless livestock production systems (see page 58)
increase the attraction of and need for hay cultivation. This practice is sustainable as it
follows the natural vegetative cycle and keeps the land well covered and protected.
Source: WOCAT case studies; photo: Liniger, H.
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Maintaining soil fertility by applying manure while leaving crop
residues to cover the soil and maintaining traditional terraces.
These are good sustainable and productive land-management
practices implemented on both gentle and steep slopes in Nepal.
Source: WOCAT case studies; photo: Liniger, H.

2

Good land management in the humid lowlands along the Meta river, a main tributary
of the Orinoco, protects the riverbanks from cutting and washing away productive
land and increasing the sediment loads downstream. High streamflow during the
rainy season produces a large sediment load. Silt deposition can be either a blessing
in terms of providing fertility to fields adjacent to streams during floods or a threat
to safe navigation of river channels and storage capacity of water reservoirs along
the main stem of the stream. Upstream land uses are critical because of their very
large downstream effects.
Source: WOCAT case studies; photo: Liniger, H.

1

It is the goal of WOCAT to inventory and
document individual initiatives as showcases
for other land users. The few examples here
show successful sustainable land management
practices around the globe and their
environmental, ecological and societal benefits.

The straw-covered field in the mid-left of the picture is an ‘anomaly’ in this bird’s eye view. An innovative
agroforestry farmer in the Gulu region in North Uganda applied a simple, yet very productive, landmanagement practice by using crop residue to systematically cover the field after harvest. This provides soil
cover, reducing erosion potential, improving soil fertility, soil moisture retention and water use.
It is a promising way to promote sustainable land-use-management practices when intervention projects
engage innovative land users in training and extension activities.
Source: WOCAT case studies; photo: Liniger, H.
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LOWLAND
Downstream

5

In East Africa, semi-arid lowlands depend on water from adjacent
highlands. Widely variable stream flow is tempered by well-established
riparian forests. Protection of springs will continue to provide drinking
water not only for livestock that sustain pastoral livelihoods but also for
wildlife (Shaba Kenya rangeland, border of protected area is noticeable
as a green line on the picture).
Source: WOCAT case studies; photo: Liniger, H.

A plantation of a leguminous tree species (Caragana microphylla Lam) used as fodder, biomass
production and sand stabilisation, flourishes in the drylands of China.
The use of a special plough, known as the Vallerani System, helps create micro-catchments at
small regular intervals along the plough line. The plough breaks the surface crust and creates
depressions where rainwater and soil nutrients accumulate, also reducing runoff. In these
micro-basins, grasses and shrubs, even trees, have a better chance of thriving. Degraded fields,
catchments or larger managed areas can recover with a minimum of further input.
Similar large-scale mechanised rehabilitation of degraded land has been achieved in China. In
Inner Mongolia, the plough has been used for plantations of Jojoba (Simmondsia chinensis) for oil
production - as well as in the Sahel and the Middle East countries. (http://www.vallerani.com).
Source: WOCAT case studies; photo: Liniger, H.
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Sustainable Land Management: Examples (cont'd)
Good land-management practices (cont'd)

15
12

Sustainable land management also encompasses the safeguarding and protection of
the fauna and flora of unique environments and ecosystems.
Biodiversity is the intrinsic ecologic value that spurs the maintenance of protected
forests that are home to the gorillas in the volcano region of Northern Rwanda.

Multi-story agroforestry in the Popayan region of the Colombian Andes, provides adequate coverage and soil
protection to regulate water flows to downstream lowlands, while preventing local erosion and soil fertility loss.
Mountain areas are crucial water sources in nearly all climates. Land-use change in tropical and subtropical
mountain areas can provide productive systems. However, loss of vegetative cover may rapidly lead to erosion
and soil loss, leaving these areas vulnerable. In many mountain regions of the world, multi-story agroforestry has
proven to be a sustainable practice, preserving and ensuring essential ecosystem functions.

Source: WOCAT case studies; photo: Liniger, H.

Source: WOCAT case studies; photo: Liniger, H.

14

11

Cyclones and heavy rainfall have a worsening impact on already
severely degraded slopes in Haiti. Yet, around these homesteads,
degraded slopes were restored by afforestation, productive agroforestry
systems and home gardens. These were not destroyed during recent
catastrophic storms.
The green area visible at the top of the hill up the valley illustrates the
potential to restore badly degraded and heavily exposed slopes in less
than 10 years.
These sustainable land-management practices reduce the risk for
disasters such as landslides and floods further downstream. Community
mechanisms must be established to ensure investments in productive
and protective land-use practices upstream.

In mountainous semi-arid environments of Tajikistan, the protection of land reduces water loss
and erosion by runoff, thus reducing degradation. Implementing adaptive management practices to
increase soil cover and land productivity is both protective and economically productive.
Protective land management in the upstream areas reduces risks of flooding and erosion downstream.
Source: WOCAT case studies; photo: Liniger, H.

Source: WOCAT case studies; photo: Liniger, H.
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Terracing and irrigation in this very dry environment in Morocco is challenging
and requires well-adapted sustainable land-management technologies. To ensure
availability of water in fields and equitable societal, sharing of this common resource,
well-established and ethically functioning water users’ associations are essential.
Source: WOCAT case studies; photo: Providoli I.
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Promoting Solutions for Local Land Degradation
Successful partnership across political, scientific and technological sectors in Argentina
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Building further on experiences gained from the Land
Degradation Assessment in Drylands in Argentina2 and from the
earlier system of integrated assessment of desertification3 as
well as many other projects, e.g. Patagonia4 , the participatory
monitoring approach considers local, regional and national levels.
The scheme highlights the importance of pilot sites in generating
local contextual evidence that is needed for
correct interpretation of higher-level information.
Currently, fifteen pilot sites, representing almost
all of Argentina’s ecosystems, are networked
and gather biophysical and socio-economic
data. Criteria have been defined through a
participatory process to ensure comparability.
Issues on which local data is gathered include:
• human (e.g. education completion rates,
illiteracy rates, local rates of principal
illnesses),

• financial (household income, access to
government subsidies or credits).
Other topics covered include:
• State of water
• Erosion
Active dunes advancing up the mountains by wind
erosion, Catamarca Province

• Soil characteristics

Source: Maggi, A.

• Vegetation cover and composition
• Local-specific degradation processes
• Societal impact of changing conditions
Trends on biophysical data are monitored
and linked with satellite data. Regular reports
are compiled by members of the steering
committee and advisory council and made
available on the website.

Structure of the Observatory
of Land Degradation and
Desertification.

They are providers of local-level field
data with the capacity to extrapolate
results to the regional level.

Across scale monitoring methodology

• physical (housing quality, forms of land
ownership, household access to water), and

The principle objective is to establish and maintain a
national network for permanent bio-physical and socio-economic
monitoring and assessment of land degradation in order to
better inform decision-making and policy development on landuse planning and management1 . Results of the ONDTyD are
presented with general information, interactive maps, and an
open-source server for sharing geospatial data on a website
(www.desertificacion.gob.ar).
The activities and user-oriented output of the National
Observatory:
• Implementation of the Argentine System for Monitoring and
Assessing Land Degradation and Desertification at local and
national levels

Key individuals and representatives
from institutions. As the advisory
organ on technical/scientific matters,
it supports the functioning of the
ONDTyD and provides data.

Pilot Sites

• social (e.g. participation of herders and
farmers in civil organisations, social
programmes),

The objective of the National Observatory

Advisory Council
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Prevention and mitigation measures are proposed and
promoted based on information on the status and risk of land
degradation and desertification. In Argentina, the National
Observatory of Land Degradation and Desertification (ONDTyD,
as per its acronym in Spanish) was established in 2011 to provide
such services. The observatory is a national system for land
monitoring and assessing land degradation and desertification
at different scales (national, regional and local). The adopted
approach is holistic, interdisciplinary and participative. A network
of scientific, technological and political organisations both uses
and supports the observatory with data and knowledge. The
observatory advises public and private decision-makers and
organises awareness and education programmes.
The ONDTyD is an example of a successful partnership built
across political, scientific, and technological sectors in Argentina.
Currently, more than 30 institutions and 150 professionals
from all over Argentina are part of the ONDTyD. Monitoring
and assessment activities are executed with close links among
all partners and sectors. Hence, multi-sectoral knowledge feeds
directly into the policy process.
Several national workshops were launched to create
networks linking the political, scientific, and technological sectors
at regional and national levels, as well as non-governmental
organisations working in the area. The Secretariat of Environment
and Sustainable Development (SAyDS), the National Scientific and
Technical Research Council (CONICET), the Argentine Institute for
Arid Zone Research (IADIZA), the National Institute of Agricultural
Technology (INTA), and two national universities (Center for
Surveying and Assessment of Agricultural and Natural Resources,
University of Córdoba and School of Agriculture, University of
Buenos Aires) were all founding institutions of ONDTyD. Together,
they established its organisation and internal regulation. These
institutions are all part of the steering committee and work
together with other agencies on the advisory council. They are in
charge of compiling and reporting data at the national level and
directing work on specific topics.

Pol
itic
al

The National Observatory of Land Degradation and
Desertification

Source: Abraham, E., 20155 .

On 14 July 2015, the Observatory of Land
Degradation and Desertification and its
work were declared a matter of national
interest by the Argentine Congress.

Earlier knowledge on land degradation
in Argentina

Monitoring approach based on knowledge of:
• Specific problems related to land degradation
• Causes and consequences in various regions
• Adaptive cycle of objectives

National Observatory for Monitoring and Assessment of Land Degradation and Desertification

Local / Regional

Identification of
biophysical and
socio-economic issues
to monitor

National

Identification of pilot
sites.
Development of
monitoring protocols.

Identification of biophysical and
socio-economic issues to monitor
at national level

Local-level monitoring
Pilot sites

National-level monitoring

Participatory approach to set criteria for monitoring and
assessing land degradation
• Identification of stakeholders and of
land-degradation-related problems
• Setting local objectives
• Identification of issues
• Adoption of sites compatible and comparable criteria
• Biophysical and societal field survey
• Establishing baseline situation
• Monitoring of selected issues
• Linking to regional levels
• Inventory of sustainable land management.

Steering Committee and Advisory Council set criteria
for monitoring and assessing land degradation
• Identification of issues
• Inventory of data availability and gaps
• Elaboration of data on issues (including statistics,
remote sensing, studies, expert knowledge, etc.)
• Establishing a baseline situation
• Stakeholder interaction on evaluating pressures and
potential land degradation
• Interaction with pilot sites
• Organisation of further investigation, monitoring
through projects, training, etc.

Integration of results and planning of sustainable land management.
Identification of solutions and strategies for assessing land degradation situations.
Promotion and extension of sustainable land-management practices.
Identification of priority areas and activities for reducing risks of land degradation.

Steering Committee, Advisory Council and pilot sites’ feedback on the monitoring and evaluation schemes.
Links and follow-up with public policies, programmes and projects.

Implementation of monitoring and assessment of
land degradation and desertification in Argentina.
Source: Adapted after Abraham, 20155 .

• Monitoring of a set of biophysical and socio-economic issues
in 17 Pilot Sites
• Repository for geospatial data
• Operation of interinstitutional projects
• Compiling scientific publications and science communication
• Providing science outreach and technical training
• Proposing and promoting Sustainable Land Management
proposals

The website of the National Observatory of Land Degradation
and Desertification (www.desertificacion.gob.ar).
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Cost of Land Degradation
Understanding economics increases awareness and prompts sustainable land management

Annually, the loss of ecosystem services
due to land degradation represents a
reduction of 10-17 % of global GDP1 .

Oslo

London
Intensive cultivation of olives.
To reduce competition for water, optimise
fertiliser use and facilitate management, olive
trees are cultivated without undergrowth. This
potentially increases risk of degradation.
Source: Cherlet, M.
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In rangelands of southern
Botswana, ecosystem services
provide local inhabitants with
food, fuel, construction material,
groundwater,
genetic
diversity,
climate regulation, recreation and
spiritual inspiration. In a report
prepared by the ELD Initiative, four
land uses – communal grazing, private
cattle ranching, private game ranching
and protected areas (WMAs, Wildlife
Management Areas) – were ranked
according to their abilities to deliver these
ecosystem services.

Rio de Janeiro

% loss

Case study: Ecosystem
services and economics in
Botswana rangelands11

Ar
g

Historically, a reduction in productivity (usually plant yield) and
its subsequent economic cost, was the main criterion used to define
the severity of land degradation2 . A more robust criterion now exists
that places land degradation into the context of issues that matter
the most to humans – estimating the monetary value associated
with a “persistent reduction of ecosystem goods and services”3 .
For example, in absolute terms the monetary value of total global
ecosystem goods and services – the terrestrial ecosystem services
value (ESV) which includes food, feed, water availability, timber,
air and water purification, soil formation, storage of carbon, flood
mitigation and pollination – was recently estimated to be $125-145
trillion US$/year while losses due to land degradation ranged from
$4.3–20.2 trillion US$/year4 . The Economics of Land Degradation
(ELD) Initiative, which is a global initiative that promotes an
awareness of the economic consequences of land degradation,
and the value of sustainable land management (SLM), estimates
that the value of ecosystem services lost due to land degradation is
equivalent to 10-17 % of global GDP1 .
Monetary valuations of ecosystem goods and services such as
these should nonetheless be considered as rough approximations.
There are numerous reasons for this, including: (i) the lack of a
universally accepted pricing system5; (ii) the lack of cost–benefit
economic analyses at local scales and in data-poor areas6 ; (iii)
many physical or environmental linkages that support or maintain
ecosystem functions are difficult to quantify and thus remain
‘hidden’7 ; and (iv) most ecosystem services are interdependent,
interactive, and function on long time scales, which makes their
economic valuation extremely challenging8 . In spite of these
shortcomings, the monetary valuation of ecosystem services has
many benefits, from raising awareness to supporting decisionmakers who are considering the economic benefits of SLM9,10 .
Econometric data at the local scale has the potential to impart
insights into the cost-benefits of alternative strategies (and their
trade-offs) as well as the monetary value of adopting a specific
land-management practice6 .

Quinoa field in Bolivia.
Source: Reynolds, J.

Communal
livestock grazing was found to deliver the
loss of agricultural GDP by land degradation (as % of total agricultural GDP)
widest loss
range
of
ecosystem services, mainly via commercial
of terrestrial ecosystem services value (ESV) by land degradation (in % of total estimated ESV)
food production, wild food production, fuel, construction
material, climate regulation and spiritual values; WMAs
delivered the next widest range of ecosystem services, followed
by private cattle ranches and private game ranches.
While cattle production provides the largest financial returns
to private cattle ranchers, its negative consequences in terms
of land degradation affect all users of communal rangelands.
Hence, costs and benefits are not distributed fairly and policy
incentives that support the livestock sector – especially those
linked to fencing and borehole drilling – result in an overemphasis
on commercial food production, at the expense of other services.
Veld products, construction material and fuel wood remain
undervalued due to a lack of markets, while access to these
ecosystem services is negatively affected by policy support for
fencing and borehole drilling. The ELD report concludes that
there is a need for policy reform that can support livelihood
diversification – and hence SLM – and highlights the need for
investment to explore new and potential market opportunities for
veld products and carbon trading.

Harvested quinoa in South America.
Source: Reynolds, J.
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Calculating the economics of land degradation
International organisations, such as the Organisation for Economic Cooperation and Development (OECD) and the United Nations Convention
to Combat Desertification (UNCCD), initiated programmes to investigate
and test different pragmatic approaches to estimate the costs of land
degradation. In 2005, the OECD highlighted the cost of inaction as a key
consideration for decision-making and resource allocation in combating
desertification and land degradation. In April 2013, the UNCCD held the
second Scientific Conference to analyse, discuss and build on experiences,
research and methodologies used in different contexts and places
worldwide. More recently, the Economics of Land Degradation (ELD)1
developed an holistic framework for the consideration of the economic
values of land in political decision-making processes and the benefits
derived from the sustainable management of land and soil on a global
and local scale.
Currently applied methods to estimate the cost of land degradation
illustrate the diversity of views and approaches:
i

Replacement cost method, which counts the value of nutrients
needed to add to the land, in order to recover the lost fertility.

ii

Methods based on the loss of net erosion and other associated
losses related to water and biodiversity.

iii Econometrical models, where the cost of land degradation is obtained
by calculating the difference in cultivation output between affected
and non-affected lands. These models calculate production and yield
functions of the most important crops in affected and non-affected
lands, as well as data from affected areas compared with optimal
economic frontiers of production. Value differences in crop produce
between non-degraded and degraded land drive the estimation of
economic loss of degradation.
iv Methods that consider the Total Economic Value (TEV) of land
estimate the economic loss by comparing the economic benefits
derived from adopting sustainable land-management practices with
the costs of these practices.
v

The ecological economics approach2 , based on the estimated Total
Terrestrial Ecosystem Services value at global level and its degraded
fraction with results for all countries.

All methods depend heavily on the way degradation is approached and
measured, which explains the large range of estimates in economic
costs. As shown in WAD3, this should be viewed and estimated following
stakeholders’ interests which will likely yield a wide variety of spatial and
numerical results which are all valid and complementary, relecting very
different and local situations.

Hay stacks.
Well managed terraced fields on the Chinese Loess
plateau minimise the risk of degradation.
Source: Cherlet, M.
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Land Degradation Neutrality
A scientific conceptual framework

The objectives of LDN are to:
•
•
•
•
•

Maintain or improve ecosystem services;
Maintain or improve productivity, in order to enhance food security;
Increase resilience of the land and populations dependent on the land;
Seek synergies with other environmental objectives;
Reinforce responsible governance of land tenure.

Oslo

London
Paris
Chicago
Lisbon

New York

Introduction
Achieving Land Degradation Neutrality (LDN) is the new
paradigm, introduced to halt the ongoing loss of healthy land as a
result of unsustainable management and land conversion. Defined
as “a state whereby the amount and quality of land resources
necessary to support ecosystem functions and services and enhance
food security remain stable or increase within specified temporal
and spatial scales and ecosystems”1 , the goal of LDN is to maintain
the land resource base so that it can continue to supply ecosystem
services while enhancing the resilience of the communities that
depend on the land.
While the scope of the United Nations Convention to Combat
Desertification (UNCCD) is limited to drylands, the LDN conceptual
framework is intended to be applicable across all land types, so it
can be used by countries according to their individual circumstances.
The LDN conceptual framework is designed to apply to all land uses
(i.e. land managed for production – e.g. agriculture, forestry, for
conservation – e.g. protected areas and also land occupied by human
settlements and infrastructure) and all types of land degradation.
To achieve LDN countries will need to assess the cumulative
effect of land use decisions and then undertake measures to restore
degraded land so as to compensate anticipated losses – what
the policy refers to as a counterbalance. Linking LDN objectives
with existing land-use planning mechanisms will facilitate the
implementation of LDN. Countries should consider the social,
economic as well as environmental outcomes of alternative
options when planning LDN measures and should engage relevant
stakeholders.
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Overview of the conceptual framework
The Scientific Conceptual Framework for Land Degradation
Neutrality2 provides a scientific foundation for planning,
implementing and monitoring LDN. It was developed by a group
of experts led by the Science-Policy Interface (SPI) of the UNCCD
and has been reviewed by technical experts and policymakers. By
defining the LDN concept in operational terms, the framework is
designed to create a bridge between the vision and its practical
implementation. It articulates the scientific basis for the vision
and logic of LDN and, based on this, presents a strategy for
achieving LDN, an approach to monitoring LDN status and
guidance on interpreting the results of monitoring.

Like-for-like
Counterbalancing ideally should not occur between different land types, to
ensure “like for like”, when assessing and managing the counterbalancing
between losses and gains. In other words, a gain in one land type cannot
counterbalance a loss in a different land type. Counterbalancing losses in
land types managed for conservation with gains in land types managed
for production should be avoided.
LDN activities should seek to deliver ‘win-win’ outcomes, whereby land
restoration and rehabilitation contribute to broader environmental goals
and more sustainable livelihoods.
Maximise conservation of natural capital

Integrated land use planning and the counterbalancing
mechanism
Achieving LDN will require monitoring land use where
degradation is anticipated (so that cumulative negative impacts
can be estimated), followed by interventions designed to
avoid, reduce or reverse land degradation, with the intent of
achieving neutrality at national scales. Therefore, the conceptual
framework introduces a new approach in which land-degradation
management is coupled with land-use planning. Decision-makers
are encouraged to consider the cumulative effects on the health
and productivity of a nation’s land resources caused by the
collective impact of their individual decisions. LDN thus promotes
integrated land use planning, with a long-term planning horizon
including consideration of the likely impacts of climate change.
The counterbalancing mechanism requires implementation of
interventions that will deliver gains in land-based natural capital
equal to or greater than anticipated losses due to degradation
elsewhere.

Schematic of the scientific conceptual framework for land
degradation neutrality. Envisaged new land degradation needs to be
counterbalanced by restoring already degraded land so that on balance
the area degraded remains the same or decreases. This is done per
land type on a like-for-like basis.
Source: Orr B., 20172 .
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Madrid

Avoid:

Avoid

Land degradation can be avoided by addressing
drivers of degradation and through proactive
measures to prevent adverse change in land
quality of non-degraded land and confer
resilience, via appropriate regulation, planning
and management practices.

1
Reduce

2
Reverse

3

Reduce:

Land degradation can be reduced or mitigated on
agricultural and forest land through application
of sustainable management practices
(sustainable land management, sustainable
forest management).

Reverse:

Where feasible, some (but rarely all) of the
productive potential and ecological services of
degraded land can be restored or rehabilitated
through actively assisting the recovery of
ecosystem functions.

The LDN response hierarchy encourages broad adoption of measures
to avoid and reduce land degradation, combined with localised action
to reverse degradation, to achieve LDN across each land type. It
acknowledges that preventing degradation is typically easier and more
cost effective than reversing degradation.
Source: Orr B., 20172 .

The principles for governing LDN:
1. Maintain or enhance land-based natural capital.
2. Protect the rights of land users.
3. Respect national sovereignty.
4. For neutrality, the LDN target equals (is the same as) the baseline.
5. Neutrality is the minimum objective: countries may elect to set a
more ambitious target.
Stockholm

6. Integrate planning and implementation of LDN into existing landuse planning processes.

Moscow

7. Counterbalance anticipated losses in land-based natural capital
with interventions to reverse degradation, to achieve neutrality.

Berlin

8. Manage counterbalancing at the same scale as land-use planning.
9. Counterbalance “like for like” (within the same land type).
Rome

Istanbul

10. Balance economic, social and environmental sustainability.

Beijing
Seoul
Tehran

11. Base land-use decisions on multi-variable assessments,
considering land potential, land condition, resilience, social, cultural
and economic factors.

Tokyo

Lahore

Cairo

12. Apply the response hierarchy in devising interventions for LDN:
Avoid > Reduce > Reverse land degradation.

Shanghai
Delhi

Karachi

13. Apply a participatory process: include stakeholders, especially land
users, in designing, implementing and monitoring interventions to
achieve LDN.

Dhaka
Kolkata

Mumbai

Hyderabad

Hong Kong
Bangkok

14. Reinforce responsible governance: protect human rights,
including tenure rights; develop a review mechanism; and ensure
accountability and transparency.

Manila

Bangaluru

15. Monitor using the three UNCCD land-based global indicators: land
cover, land productivity and carbon stocks.
Kuala Lumpur

16. Use additional national and sub-national indicators to aid
interpretation and to fill gaps for ecosystem services not covered
by the three global indicators.

Nairobi
Kinshasa

17. Use the “one-out, all-out” approach to interpret the result of these
three global indicators.

Jakarta

18. Apply local knowledge and data to validate and interpret monitoring data.
19. Apply a continuous learning approach: anticipate, plan, track,
interpret, review, adjust, create the next plan.

Johannesburg
Perth

Cape
Town

UNCCD Parties
Participating countries to the LDN process

Melbourne

Auckland

As of March 2018, 116 countries have committed to setting LDN targets.
Source: www2.UNCCD.int
Disclaimer: Country names or borders shown on the map do not necessarily represent the
UNCCD's official position. The map show is simply for display purposes. It does not work to imply
views or opinion of the UNCCD, regarding the legal status of any territory or country.

LDN can help achieve multiple global development and
environmental goals

Monitoring LDN
Land
Degradation
Neutrality
Suite of
measured
values
Derived
Indicators
(metrics)
Land-based
Ecosystem
Services (ES)
Land-based
supporting
process

LDN

Derived from
NDVI/EVI

Derived from
RS and ground
measures

% Area
(per land cover
class)

As relevant to
indicator

As relevant

Land
Productivity
(NPP)

Carbon
Stocks (SOC)

Land Cover
(Land Cover
Change)

As
appropriate

Relevant
indicators/
metrics

Cultural
heritage

... all other ESs

and other relevant
indicators/ metrics

Food supply

and other relevant
indicators/ metrics

Nutrient
cycling

and other relevant
indicators/ metrics

Water
regulation

from other SDGs or
national indicators

Monitoring LDN achievement of neutrality
will quantify the balance between the area
of gains (significant positive changes in
LDN indicators=improvements) and area
of losses (significant negative changes
in LDN indicators=degradation), within
each land type across the landscape. The
LDN indicators specify what to measure,
while the metrics state how each of the
indicators is assessed. Indicators for
LDN were selected to reflect the landbased ecosystem services the LDN seeks
to support. The relationship between
ecosystem services, indicators and metrics
is illustrated in the figure adjacent.

Achieving LDN can have major benefits for both society and
the environment. The Sustainable Development Goal 15 (SDG
15) "Protect, restore and promote sustainable use of terrestrial
ecosystems, sustainably manage forests, combat desertification,
and halt and reverse land degradation and halt biodiversity loss"
includes the specific target (15.3) to "combat desertification,
restore degraded land and soil, including land affected by
desertification, drought and floods and strive to achieve a land
degradation-neutral world”. Achieving this goal will be a catalyst
to many other SDG goals relating to poverty, hunger, water, fuel
and climate. LDN, however, also cuts across all three of the Rio
conventions, as in addition to its obvious links to the Convention
to Combat Desertification, it will also help maintain biodiversity as
well as reduce the rate of climate change through the sequestering
of carbon3 .

Selection of indicators based on ecosystem
services to be monitored.
Source: Orr B., 20172 .
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Appendices
The European Commission
Directorate for Sustainable Resources
The Directorate for Sustainable Resources (Directorate D)
aims to play a central role in creating, managing and making
sense of scientific knowledge for EU policies related to the
sustainable use of resources, encompassing environmental,
economic and social dimensions.

The Joint Research Centre
The Joint Research Centre (JRC) is the European Commission's
science and knowledge service which employs scientists to carry
out research in order to provide independent scientific advice
and support to EU policy. As the Commission’s in-house science
service, the Joint Research Centre’s mission is to provide EU
policies with independent, evidence-based scientific and technical
support throughout the whole policy cycle. Its work has a direct
impact on the lives of citizens by contributing with its research
outcomes to a healthy and safe environment, secure energy
supplies, sustainable mobility and consumer health and safety.
The JRC draws on over 50 years of scientific work experience
and continually builds its expertise based on its seven scientific
Directorates, which host specialist laboratories and unique
research facilities. They are located in Belgium (Brussels and
Geel), Germany, Italy, the Netherlands and Spain.
While most of our scientific work serves the policy
Directorates-General of the European Commission, we address
key societal challenges while stimulating innovation and
developing new methods, tools and standards. We share knowhow with the Member States, the scientific community and
international partners. The JRC collaborates with over a thousand
organisations worldwide whose scientists have access to many
JRC facilities through various collaboration agreements.
https://ec.europa.eu/jrc/en/about

The Directorate:
• focuses on land, soil, forests, water, marine resources, raw
materials, biodiversity and related ecosystem services, and
supports the development of a sustainable bioeconomy;
• monitors and analyses agriculture and food production,
consumption and trade, including the macro- and microeconomic aspects, their impact on food security, public goods
and the environment;
• highlights the threats to our existing resources and explores
alternatives and future perspectives using advanced
biophysical and economic analyses, including geospatial
technologies, modelling and supply-chain analyses.
https://ec.europa.eu/jrc/en

JRC mission statement
JRC in brief
Independent scientific evidence for EU policies
• As the European Commission's science and knowledge service, the
Joint Research Centre (JRC) supports EU policies with independent
scientific evidence throughout the whole policy cycle.
• We create, manage and make sense of knowledge and develop
innovative tools and make them available to policy makers
• We anticipate emerging issues that need to be addressed at EU level
and understand policy environments
• We collaborate with over a thousand organisations worldwide
whose scientists have access to many JRC facilities through various
collaboration agreements.
• Our work has a direct impact on the lives of citizens by contributing
with its research outcomes to a healthy and safe environment, secure
energy supplies, sustainable mobility and consumer health and safety.
• We draw on over 50 years of scientific experience and continually build
our expertise in knowledge production and knowledge management.
• We host specialist laboratories and unique research facilities and is
home to thousands of scientists.

The European Union

JRC value statement

The European Union (EU) is an economic and political association of
European countries with a combined population of over 500 million
inhabitants (7.3 % of the world population) and an economy representing
approximately 20 % of global Gross Domestic Product (GDP). The EU has
evolved from the original six countries of the European Coal and Steel
Community (1951) and the European Economic Community (1958), to
28 Member States. The term ‘European Union’ was established under the
1993 Maastricht Treaty. The EU is represented at the United Nations, the
WTO, the G8 and the G20.

"The JRC aims to operate to the highest standards of quality, efficiency
and integrity with respect to the society as a whole, to its customers
and to its own staff." Our work ranges from detecting and measuring
genetically modified organisms (GMO) in food and feed to developing
nuclear forensics technology for combating illicit trafficking of nuclear
material and to using satellite technologies for monitoring land use
and emergency situations such as forest fires and floods. Our activities
also involve the definition of food safety standards, research into new
energy technologies and evaluating policy options, for instance related
to climate change.

The EU operates through a system of supranational independent
institutions and intergovernmental negotiated decisions adopted by the
Member States. Important institutions of the EU include the European
Commission, the Council of the European Union, the Court of Justice of
the European Union, and the European Central Bank. The members of the
European Parliament are elected every five years by EU citisens.
http://ec.europa.eu/

The European Commission
The European Commission is the executive body of the European Union
(EU) responsible for proposing legislation, verifying the implementation
of the decisions, upholding the Union's treaties and the day-to-day
running of the EU.
The Directorate for Sustainable Resources is located in Ispra, a
small town on the shore of Lake Maggiore in northern Italy. (JRC)

The Commission acts as a cabinet government, with 28 Commission
members - one representative per Member State. The Commission is
composed of thirty-four Directorates-General.

Publications Office of the European Union
The EU Bookshop website (http://bookshop.europa.eu/) is
your single access point to publications from the European Union
institutions, agencies and other bodies, published by the Publications
Office. The EU Bookshop provides an overview of the publications’
contents through comprehensive bibliographic notices. You may
download publications in PDF format free of charge. If a publication
you are looking for is not available, you can use the ‘PDF on request’
function to be informed by e-mail as soon as the PDF is added to
the website.
You can also order a single copy of any free-of-charge
publication, provided it is in stock. As for priced publications, you
can place an order with the EU Bookshop through one of our sales
agents, or download the PDF file free of charge. Publications are
usually shipped within 48 hours of receipt of the order.
You can find publications through simple and advanced search
functions, browsing by thematic area or by author (e.g. European
Union institution). Furthermore, you may choose to sign up to ‘My
EU Bookshop’ and access personalised functions, for example, save
search queries for regular use, or be notified by e-mail about new
releases that interest you.
The Publications Office aims to make the EU Bookshop the
common entry point for European Union publications. Currently, the
website is available in 22 languages.
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Location of the directorates and headquarters of the JRC.
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