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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

76

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 .
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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

78

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.

Lagos
Population (millions)

Types of drylands

0.3 - 2

Non-drylands

>2–5

Sub humid

> 5 – 12

Semiarid

Bogota

Arid

> 12 – 38

Hyper arid

Lima
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 .

Buenos Aires

Coastal

80%

Mountain

Rio de Janeiro

67 %

Coastal Low elevation

60%
40%

1 106

2025

20%

2000

0%

1990

Inland
Water

Cultivated

No. of cities

100%

São Paulo

33 %
198
11 %
Humid

Forested

Dryland

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

80

World Atlas of Desertification | PART IV – LIMITS TO SUSTAINABILITY

251
15%

108

Dry
Semi-arid
Subhumid

29

6%

2%

Arid

Hyper-arid

Climate types
Climate zone locations of Big Cities
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 .
Stockholm
Moscow
Berlin

Rome

Istanbul

Beijing
Seoul
Tehran

Tokyo

Lahore

Cairo

Shanghai
Karachi

Delhi

Dhaka
Kolkata

Mumbai

Hyderabad

Hong Kong
Manila

Bangkok

Bangaluru

Kuala Lumpur
Nairobi
Kinshasa

Jakarta

Johannesburg
Perth

Cape
Town

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.

Melbourne

Auckland

5 000
41 cities
63 cities

4 000
28 cities

Population (millions)

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

43 cities

558 cities

3 000

Large cities of 5 - 10 million
417 cities
10 cities

2 000

Megacities of 10 million or more

21 cities

731 cities

525 cities

Medium-sized cities of 1 - 5 million
Cities of 500 000 - 1 million

239 cities

Urban areas smaller than 500 000

294 cities

1 000

0
1990

2014

Years

2030
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?

Imminent
Future

Increasing aridity

500

2011-2040

Increasing wetness
RCP 4.5 Non-dryland

Number of cities

400

RCP 8.5 Non-dryland
RCP 4.5 Dryland

300

RCP 8.5 Dryland

∆ Aridity Index
> -20%

200

> -15 – -20%
> -10 – -15%

100

> -5 – -10%
0%
>2
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> -2 – -5%

>1

5
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%
to
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%
0
>1
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5%
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>2
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5%
No
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5

2
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%
to
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%
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15
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20

20

%

%

0

No change (-2 – +2%)
> 2 – 5%
> 5 – 10%
> 10 – 15%
> 15 – 20%
> 20%
Big Cities

Near
Future
2041-2070

Increasing aridity

500

Increasing wetness
RCP 4.5 Non-dryland
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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
0

(-) becoming drier

Potential consequences

Number of cities

600

300
600
900

Change in Aridity Index (AI)

1 692 cities,
population >300K

(+) 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.

1200

Imminent Future
2011-2040

Near Future
2041-2070

Far Future
2071-2100

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

30%
RCP 4.5
20%

24% 24%

RCP 8.5

10%

0%
-3%
-10%
-12% -12%
-20%

None

-9%

Low

-2%
-7%

Mid

-9% -8%

High

Very High

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 .

Total number of Big Cities in each segment
of the Water Stress Index (%)

Very High

28

29

16
High

None

13

21

Low

Mid
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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Dryland Cities (AI <0.65; 563 Big Cities; No data for 20 cities)
Non-dryland Cities (AI ≥0.65; 1,101 Big Cities; No data for 1 city)
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38%
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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

59%

300

200

17%

17%

16%
12%

100

15%
11%

10%
6%

0

None

Low

Mid

High

Very High

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,

86

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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Rainclouds over Lago Maggiore, Italy.
Source: Cherlet, M.

Relative and absolute proportion of water transition classes for
non-dryland and dryland areas.
Source: WAD3-JRC, 2018, based on Pekel, J.-F. et al, 20161 .
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The map was created by analysing more than three million
satellite scenes from the USGS/NASA Landsat satellite
programme archive (1984 through 2015). This is more than
1 823 Terabytes of data (equivalent to 546 million MP3 songs).
From these data, global maps of surface water occurrence and
change with a 30 m resolution were created by the EC-JRC.
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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.
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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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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 .
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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 .

20
15
10
5

18

2014

2012

156 km2 per year
0.77
<0.001

Water loss:
Correlation:
P-value:

20

2010

2008

2006

2004

2002

2000

1998

1996

1994

1992

1990

1988

1986

1984

0

Area (103 km2)

16
14
12
10
8
6

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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Surface water body transitions over the period 1982-2016
(see legend at foot of opposite page).
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Natural colour composites from Landsat and Copernicus Sentinel-2.

Source: Arian Zwegers. Flickr.com

Source: USGS/NASA Landsat 4-8, Copernicus Sentinel-2 MSI data [2018].

Source: Pekel, J.-F., 20167.
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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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Water supply in Madagascar.
Source: Luc Legay. Flickr.com

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
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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.
Hydrologic or Natural emission (g.m-2.yr-1)
0

1

10

100

1 000

Non-hydrologic or Anthropogenic emission (g.m-2.yr-1)
0

1

10

100

1 000

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.
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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
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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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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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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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* '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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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
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PART IV – LIMITS TO SUSTAINABILITY | World Atlas of Desertification

117

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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Spatial extent of LPD classes in
Europe under selected LC/LU categories
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'persistent moderate decline in productivity'.
LPD: Land Productivity Dynamics
LC:
Land Cores
LU: Land Use

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
Africa under selected LC/LU categories
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Distribution of LPD classes for
four major LC/LU categories in Africa
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* 'Declining' groups the 'persistent severe decline in productivity' and
'persistent moderate decline in productivity'.
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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

-1 - -0.6

0.3 - 0.6
0.6 - 1
Strongly negative

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

122

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.

Number of fires in 10 years
0
1
2
2–4
4–6
6–8
8 – 10
10 – 12
100 %
Invalid data
0%

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
75
100

Forest-cover change
%
5
10
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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319 ± 64 W/m

LW ↓

LE

H+G

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.

6 Mha
0

LW ↑

SW ↑ : Shortwave upwelling radiation reflected by the surface

Longwave emitted

−100

SW ↑

SW ↓ : Shortwave downwelling radiation reaching the surface

7 Mha

Shortwave reflected

2

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
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0
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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 .
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Source: Duveiller, G. et al., 20186 .
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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
Antimony; Molybdenum; Niobium;
Tantalum; Tungsten; Vanadium

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

Chromium

Source: Copernicus Sentinel-2, 2016.

Coal
Cobalt; Nickel
Copper
Diamonds
Ferrochrome; Ferromanganese; Ferronickel;
Ferrotungsten; Ferrovanadium; Manganese
Gold
Graphite
Heavy Mineral Sands
Titanium
Lead; Zinc; Indium

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.

134

World Atlas of Desertification | PART IV – LIMITS TO SUSTAINABILITY

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 .

World Atlas of Desertification | PART IV – LIMITS TO SUSTAINABILITY

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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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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