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Introduction

Land degradation and carbon sequestration

Human activities have profoundly affected many
global biogeochemical cycles. The global carbon
cycle has received the most attention in recent
years as it has become clear that increased levels
of CO2 and other greenhouse gases in the
atmosphere, primarily due to human activities,
are causing changes to our climate at an increas-
ingly rapid rate (IPCC, 1996, 2001). Land-use
change, such as deforestation and agricultural
expansion, has reduced terrestrial carbon stocks
and has made major contributions to increases in
atmospheric greenhouse gases. While CO2
emissions from fossil fuel consumption now
account for 75% of CO2 annual emissions (Malhi
et al., 2002), the overall contribution derived
from fossil fuel combustion only surpassed the
proportion contributed from land-use change in
1970 (Houghton, 1999; Houghton et al., 1983).
Indeed, land clearing for all forms of agriculture
has made a huge contribution to global climate
change through release of CO2 from biomass
and soils. This process continues, and currently
annual net release of C from agricultural activi-

ties, particularly tropical deforestation, is esti-
mated to be about 1.7 Pg/year or about 25% of
fossil fuel emissions (Malhi et al., 2002). Loss of
soil carbon is an important contributor to this
source, highlighting the important role that soils
play within the terrestrial carbon cycle. Since
major agricultural expansion began in about
1860, losses in soil carbon stocks due to land-use
change are estimated to be between 22 and 39
Pg of carbon, representing 25 to 29% of all
carbon released due to land-use change (Lal et
al., 1997). Recent evidence also indicates a
negative feedback with respect to soil carbon loss
and climate change, in that climate change has
been linked with unexpected carbon losses
observed in soils across England and Wales
under all land-use types (Bellamy et al., 2005).
Land degradation was previously considered a
biodiversity conservation issue as habitat was
lost, and a local food production problem as soils
become less productive as a consequence of
reduced biomass and soil carbon. It is now also
understood to have global ecosystem-level
dimensions and ramifications. 

Many factors play into the complex problem
of the impact of greenhouse gas emissions on
the concentration of gases in the atmosphere,
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such as buffering by the world’s oceans. While
one obvious solution to these problems is to
reduce emissions, another is to re-fix the atmos-
pheric CO2 in ecosystems through photo-
synthesis. Partial solutions can therefore be
found in reversing land degradation and
increasing the sequestration of carbon into
terrestrial ecosystems (Brown et al., 2002).
Forests are important in this regard because
they store large quantities of carbon in vege-
tation and soils. Forests can be both sources of
atmospheric CO2, when disturbed by natural or
human causes, and sinks, when vegetation and
soil carbon accumulate after disturbance. When
this carbon fixation is semi-permanent, such as
in undisturbed forests or recalcitrant soil organic
matter, it is called ‘carbon sequestration’.
Recently, this strategy for mitigating atmos-
pheric CO2 increases has been incorporated
into international conventions related to climate
change. Specifically afforestation and reforest-
ation projects have been included in the
Kyoto Protocol Clean Development Mechanism
Framework.

Water supply and carbon sequestration

Water supply and scarcity has also received
increasing attention over the last decade, primar-
ily driven by alarming figures (WHO, 2006)
reporting that 1.2 billion people lack access to
safe and affordable water for their domestic use.
Many of these are the rural poor, who lack water
not only for domestic purposes but also to sustain
agricultural livelihoods (Rijsberman et al., 2005).
Numerous projections with regard to water
supply and scarcity focus on the growing global
population and their needs for domestic and agri-
cultural water. It is estimated, for example, that
water diversions for agriculture must rise between
12 and 27% by 2025 to meet growing food
needs (Shiklomanov, 1998; IWMI, 2000; FAO,
2003). Many estimates agree that up to two-thirds
of the world population will be affected by water
scarcity over the next few decades (Alcamo et al.,
1997, 2000; Raskin et al. 1997; Seckler et al.
1998; Vorosmarty et al. 2000; Wallace 2000). 

These discussions, however, have rarely
considered the relationship between increased
freshwater use and global climate change
mitigation. This is partly because water account-

ing generally has only considered surface runoff
and groundwater as the available water supply.
This prevailing paradigm in water use and
supply accounting has lately been revisited,
most notably through ecosystem evapotrans-
piration studies (L’vovitch and White, 1990;
Gordon et al., 2005), the introduction of the
concepts of green and blue water management
in agriculture (Falkenmark, 1995; Rockström et
al., 1999), and in the forestry sector (Calder,
2000). In addition, that carbon fixation through
biomass production requires water consumption
is an underappreciated fact. Terrestrial carbon
fixation (with the exception of the precipitation
of calcium carbonate) is the result of plant
growth and photosynthesis. This process requires
water from the ecosystem, which, if an increase
in carbon baselines is achieved, almost certainly
means an increase in on-site evapotranspiration
or local water use. Water allocations to Clean
Development Mechanism (Afforestation and
Reforestation) (CDM-AR) may therefore in some
cases mean direct diversions of water from other
uses, with implications for food security, eco-
system functioning and environmental services.
Only recently have a few studies highlighted the
implications of global climate change mitigation
strategies on water use (cf. Berndes, 2002;
Heuvelmans et al., 2005). One analysis of bioen-
ergy production concluded that large-scale
expansion of energy crop production would
require water consumption equal to that which is
currently used for all crop production (Berndes,
2002) and brought the implications of this new
demand for water into sharp focus.

In this chapter, we focus on two environmen-
tal issues on which the Kyoto Protocol treaty, and
CDM-AR projects in particular, may have direct
impacts: ongoing human-induced land degra-
dation and the water-use implications of carbon
sequestration projects. We briefly present an
overview of afforestation/reforestation and terres-
trial carbon fixation as a climate change mitiga-
tion measure, and evaluate its importance and
potential contribution, within the Kyoto Protocol
framework. We examine the extent, location,
productivity, current land use and population of
land suitable for CDM-AR, and evaluate the area
of this land that will be required to satisfy carbon
emission offset limits. In particular, we address the
potential scope for CDM-AR to address land
degradation, and, with a simple water balance
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model, evaluate potential water-use impacts.
Results are derived from a global geospatial
analysis that estimates the impacts on land and
water resources, allowing us to explore these
questions at a regional to global level.

Background

International conventions

With the adoption of the Kyoto Protocol in
1997, for the first time an international treaty
now provides an opportunity for environmental
service payments relevant to the problem of
ongoing land degradation. In 1992, the United
Nations Framework Convention on Climate
Change (UNFCCC) was the first international
convention to recognize the problem of climate
change. The UNFCCC set the political goal to
stabilize atmospheric CO2 concentrations at a
level that avoids dangerous climate change. The
risks to food production and the importance of
adaptation were particularly highlighted. In
1997, specific, legally binding targets and
timetables for cutting emissions were developed
and adopted as part of the Kyoto Protocol to the
UNFCCC. The Kyoto Protocol allows various
mechanisms for developed countries (Annex 1)
to achieve these targets: joint implementation
projects and Clean Development Mechanism
(CDM) projects. Joint implementation projects
offer ‘emissions reduction units’ for financing
projects in other developed countries. CDM
projects provide credit for financing emissions-
reducing or emissions-avoiding projects in
developing countries (Non-Annex 1).

The CDM is expected to be an important new
avenue through which governments and private
corporations can promote sustainable develop-
ment and the transfer of clean technologies.
Owing to the role of forests in regulating carbon
cycles, i.e. their ability to be both source and sink
of carbon, and that these processes can be
controlled by human activities, forest and land-
use-change activities were included in the Kyoto
Protocol and the CDM (Brown et al., 2002). The
inclusion of afforestation and reforestation, and
the rules governing eligibility of these carbon
offsets credits, were and are, however, controver-
sial, generating ample debate during the various
rounds of negotiations (cf. Kolshus, 2001; Noble

and Scholes, 2001; Torvanger et al., 2001;
Forner and Jotzo, 2002). Controversial issues
include a basic questioning of the actual
emissions reduction efficacy of carbon seques-
tration (‘sink’ projects) and/or whether this mech-
anism actually allows developed countries to
avoid their obligations by essentially ‘buying their
way out’ too inexpensively. Other issues include
the lack of ‘permanency’ in this approach, i.e. the
fact that a forest fire or harvesting will quickly
release any sequestered carbon. There is, in addi-
tion, an uneasiness expressed concerning the
essentially different nature of carbon releases
derived from fossil fuel, and whether or not these
latter emissions can be realistically offset by
carbon sequestered in living biomass as a means
to mitigate increasing atmospheric CO2. These
concerns might be somewhat misplaced, how-
ever, considering that approximately 25% of the
extra atmospheric CO2 has come from land-use
change, and release of carbon from living
biomass and soils. In 2001, the Subsidiary Body
for Scientific and Technological Advice (SBSTA)
commissioned a report to explore a series of
issues associated with sink projects, including
how carbon sequestration should be measured
and verified, leakage, land conflict, and environ-
mental considerations, as well as various techni-
cal and scientific aspects of carbon sequestration
in agriculture and forestry. Although the Kyoto
Protocol has only just recently entered into force,
and the first commitment period is from 2008 to
2012, much effort has already gone into develop-
ing CDM projects, with recent achievements
surpassing the milestone of 1 billion t of CO2
equivalents in projected emission reductions.
Funds have been set up to support CDM 
projects around the world, such as the World
Bank Prototype Carbon Fund (PCF), and the
BioCarbon Fund, targeted specifically towards
carbon sequestration projects. In addition, there
have been various capacity-building activities for
recipient countries, and significant private sector
activity has developed (Huq, 2002).

The clean development mechanism 

One of the main purposes of the CDM is to assist
developing countries to achieve sustainable
development, with the multiple goals of poverty
reduction, environmental benefits and cost-
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effective emissions reductions. The CDM is
intended to provide a market vehicle through
which countries with high rates of CO2 emissions
(developed countries) can offset their emissions
by purchasing carbon credits in developing coun-
tries, where it is assumed the costs of the carbon
offsets will be lower than in the emitting country.
Bioenergy production is one CDM strategy, in
which biomass is grown (and CO2 is fixed) and
then used for energy production (and CO2
released), and thus substituting CO2-neutral
energy for fossil fuel energy. CDM sink projects,
unlike bioenergy or clean technology transfer
projects, require that carbon be sequestered into
semi-permanent ‘sinks’, primarily by growing
trees, thus through afforestation and reforestation
(CDM-AR) projects. Certain types of activities,
such as new tree planting, are currently eligible for
CDM-AR consideration, while others, such as
conservation of existing forest, are specifically not
allowed (Table 6.1). There is considerable opti-
mism in developing countries and the develop-
ment community that the potential investments in
CDM-AR sink projects can be a boon for rural
development and environmental protection
if properly directed and monitored. Many
countries, and many NGOs, are already heavily
involved in planning or implementing pilot
projects, with numerous research programmes
underway to understand how best to implement
viable projects with the desired results.

The market for CDM-AR projects is estimated
to be up to 1.5 billion dollars, and is limited by the
cap on sink credits agreed upon in Marrakech
(UNFCCC, 2002). The cap is estimated to allow
between 32.6 mt (Kolshus, 2001) and 37.4 mt
(Mollicone et al., 2003) of carbon to be traded

through CDM-AR projects, representing between
119.6 and 137.0 mt CO2 equivalents. Based on
this range of carbon equivalents and the current
range of Certified Emission Reductions (CER)
values of US$3 to 15/mt CO2 equivalent, this
represents between 100 and 500 million dollars
of investment per year for development projects
that sequester carbon in biomass and soils over
the first commitment period of 5 years. This is
significantly lower than initial projections, owing
to lowered estimates for CER prices. Recent CER
price estimates reflect relatively low demand,
partly resulting from the non-participation by the
United States (Forner and Jotzo, 2002), and the
exclusion of these credits from the EU Emissions
Trading Scheme. Nevertheless, this still represents
significant investment in sustainable develop-
ment. On the project level, the actual amount of
income from the carbon credits is likely to be very
small compared with revenue returns generated
by wood harvest (if this is planned). Thus, the
income from carbon credits is more likely to be an
incentive allowing investors, and particularly
small farmers, to overcome barriers to entry
related to the length of initial return to investment.
This incentive will be available to land-use
decision makers, and, at least in some cases, may
be sufficient to make choices which include
afforestation over other competing land uses,
such as agriculture.

For CDM-AR projects, the devil is in the detail

Carbon fixation projects continue to be con-
troversial, and developing the rules governing
their inclusion into global climate change treaties
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Table 6.1. CDM-AR eligible and ineligible activities.

CDM-AR eligible CDM-AR ineligible

New, large-scale industrial plantations Forest conservation
Introduction of trees into existing agricultural systems (agroforestry) Improved forest management
Small-scale plantations by landowners Reduced-impact logging
Establishment of woodlots on communal lands Enrichment planting
Rehabilitation of degraded areas through tree planting or assisted Avoided deforestation

natural regeneration
Reforestation of marginal areas with native species (e.g. riverine 

areas, steep slopes, around and between existing forest fragments 
through planting and natural regeneration)

Establishment of biomass plantations for energy production and the 
substitution of fossil fuels



has been long and arduous. Reforestation and/or
afforestation is land-use change, requiring the
cessation of current land-use activities with a shift
to forestry. This implies a fundamental but
complex change in livelihood strategies, and
biophysical and biogeochemical processes on
site. This gives rise to several unique challenges
in both carbon accounting and project imple-
mentation:

● Perverse incentives: there is significant
concern that the CDM could set up perverse
incentives which could exacerbate ongoing
deforestation or reward countries for recent
deforestation. Thus, only lands that were
deforested before 1989 are currently eligible.
This definition has been challenged for use
in CDM activities because official records in
Non-Annex I Parties are imperfect and may
not be available for that date (31 December
1989).

● Defining ‘forest’: this is a difficulty because
of the large number of definitions of forest
currently in use (Lund, 2002). The choice of
a threshold value to be used in the definition
of forest (ranging from 10 to 30% of tree
canopy cover) has significant implications
for the amount of land available within
countries for CDM-AR (Verchot et al., 2006).

● Setting carbon baselines: to ensure that the C
fixation which is credited as sequestered is
additional to the C sequestration that is
already likely to have occurred on a parcel of
land under existing land-use practices, it is
necessary to establish a baseline for the C
accounting.

● Leakage: the unanticipated loss of net
greenhouse gas reductions as a result of
project activities is referred to as ‘leakage’. If
the conversion of a parcel of land to forest
causes deforestation in an adjacent area, this
will have a significant negative impact on a
carbon sink’s effectiveness.

● Non-permanence: since carbon is stored in
the above-ground biomass, there is a contin-
uous risk of re-emission of carbon stored in
forest sinks through fire, pests and human
activity. This makes the CDM-AR sink
project essentially temporary in nature.

● Environmental issues: reforestation and/or
afforestation can have unintended con-

sequences and contribute to ecosystem
degradation. Loss of biodiversity or other
ecosystem services can result from establish-
ment of extensive, fast-growing plantation
forests. Additionally, some forestry activities
may increase erosion, such as planting and
establishment, and access roads, which can
cause major disturbances (Bosch and
Hewlett, 1982). The water balance in down-
stream communities may be negatively
affected as a consequence. On-site hydro-
logical effects of afforestation are mainly
positive, including reduced runoff and
erosion, improved microclimate and in-
creased control over nutrient fluxes. The off-
site effects may be mainly negative, such as
lower baseflow, but in many cases the off-
site effects of increased water use may be
beneficial for downstream users.

● Social issues: projects can potentially affect
the local society and economy, with, for
instance, the local population losing access
to land. This can be especially relevant to
local land-tenure issues such as indigenous
land claims, if treaties and agreements are
signed at the national level without regard for
local concerns or the equitable sharing of
benefits. Changes in local economic activity
can also affect key factors in sustainable
development, such as gender workloads (for
example, increasing women’s workload by
requiring them to go farther for firewood and
water). This implies that effective carbon sink
projects must be integrated into local sustain-
able development, and involve far more than
simply planting trees (Smith and Scherr,
2002).

To make CDM-AR a positive development
vehicle, rules have been agreed upon that
attempt to reduce the risk of ‘perverse incentives’
that may result in social or environmental harm,
and that adequately verify carbon sequestration,
and local environmental and sustainable devel-
opment benefits. Methodologies are being devel-
oped for baseline determination and for
monitoring carbon stocks. The following analysis
aims to contribute to this understanding to
ensure that resultant types of global treaties are
designed and implemented in a way that results
in the greatest possible benefit. 
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Analysis and Discussion

CDM-AR suitable land and its characteristics

A global analysis identified the location of suit-
able land at the global, regional and national
scales, and further investigated the ancillary
characteristics of these areas in terms of 
their socio-ecological characteristics, pro-
ductivity levels, hydrological impact and land
degradation status. It was based on global-scale
land-suitability modelling that used a spatially
explicit approach, and higher global data reso-
lution than previous studies (30 arc-seconds), to
estimate the land area that is biophysically suit-
able for CDM-AR projects while meeting
UNFCCC eligibility guidelines. The details of
this geospatial global modelling approach are
described in Zomer et al. (2006). Briefly, a
diverse set of global environmental geospatial
datasets (Table 6.2) was used to derive the set

of parameters required to model and map suit-
able lands. A spatial modelling procedure was
developed and implemented in ArcGIS (ESRI,
Inc.) using AML programming. The land-suit-
ability analysis was mapped and tabulated
globally, regionally and nationally, for all eligi-
ble countries. Results of the national analyses
are interactively available online for each coun-
try using the ENCOFOR CDM-AR Online
Analysis Tool, available at http://csi.cgiar.org/
encofor/.

The global analysis (Zomer et al., 2006)
identified all land surface areas that meet a
minimal set of eligibility criteria (Table 6.3), in
both biophysical and regulatory terms, as suit-
able for CDM-AR (Fig. 6.1). Global totals are
reported as the sum of five regions (Table 6.4),
which cover most of the developing countries
with significant CDM-AR potential. Approxi-
mately 725 Mha of land was initially identified
as biophysically suitable. Large tracts of suitable
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Table 6.2. Environmental and other global geospatial datasets used to derive parameters for the 
global analysis of CDM-AR Land Suitability (Zomer et al., 2006). Spatial resolution: 0.5–1.0 km 
(15–30 arc-seconds).

Database Source

VMAP 1 – Country Boundaries National Imagery and NIMA, 1997
Mapping Agency

Global Ecosystem Land Cover Characterization Database v. 2.0 USGS, 1993
MODIS Vegetation Continuous Field – Tree Cover Hansen et al., 2003
Topography – SRTM DEM USGS, 2004
World Database of Protected Areas IUCN/UNEP – WDPA Consortium, 

2004
WorldClim Hijmans et al., 2004
Maximum Available Soil Water Digital Soil Map of the World – 

FAO, 1995
Climate Station Dataset FAOCLIM – FAO, 2001
Gridded Population of the World 2000 GPW3 – CIESIN and CIAT, 2005
Global Map of Ecosystem Rooting Depth ISLSCP – Schenk and Jackson, 2002
MOD17A3 – MODIS Net Annual Primary Production Running et al., 2000

Table 6.3. Eligibility criteria for lands excluded a priori from land-suitability analysis.

Factors Exclusion criteria

Arid and semi-arid lands Aridity index < 0.65
(mean annual precipitation/mean annual evapotranspiration)

Elevation Above 3500 m and/or timberline
Cover type Water bodies

Urban
Tundra
Intensive agriculture
Forest cover > 30%

http://csi.cgiar.org/encofor/
http://csi.cgiar.org/encofor/
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Fig. 6.1. Global map of CDM-AR suitable land within Non-Annex 1 countries, as delineated by the land suitability analysis (Zomer et al., 2006). A 30% crown
cover density threshold was used to define forest, with protected areas not included.



land are found in South America (46% of all
suitable areas globally) and sub-Saharan Africa
(27%), reflecting the greater land mass of these
regions and, to a certain extent, lower popu-
lation densities. Much smaller amounts of land
are available in Asia, the three Asian regions
together offering about 200 Mha, compared
with more that 330 Mha in South America and
almost 200 Mha in Africa. Within respective
regions, the range of available land extended
from only 8% of the total land surface area in
South-east Asia, to more than 19% of South
America.

These figures compare well with earlier stud-
ies that have explored aspects of the question of
land availability, first by asking how much land
is available for reforestation (Nilsson and
Schopfhauser, 1995; Trexler and Haugen,
1995; Winjum et al., 1998) and what the poten-
tial is for carbon sequestration (Noble and
Scholes, 2001; Yamagata and Alexandrov,
2001; see Jung, 2005 for an extensive listing by
country). The area available for tree plantations
was variably estimated at 345 Mha (Nilsson
and Schopfhauser, 1995), 465 Mha (Sedjo and
Solomon, 1989), and 510 Mha (Nordhaus,
1991). Nilsson and Schopfhauser’s (1995) and
Trexler and Haugen’s (1995) studies together
suggest that 700 Mha of land could be available
for carbon sequestration and conservation
globally, including 138 Mha for slowed tropical
deforestation, 217 Mha for regeneration of
tropical forests, and 345 Mha for plantations
and agroforestry. 

Land use

A few land-use types constitute the majority of
suitable lands: primarily agricultural land use,
savannah and, to a lesser extent, shrub and
grasslands (Fig. 6.2a). Across the five regions,
more than 50% of all the eligible area is classi-
fied as within non-intensive or subsistence, agri-
cultural land-use type, constituting more than
364 Mha (Table 6.4). This is not surprising, and
in line with many of the assumptions in the
literature about available land (Smith and
Scherr, 2002). Since the criteria specify that
forested areas are not eligible, and since much
deforestation has occurred to make room for
agriculture, by elimination, agricultural lands
are the most likely to be available. Most agri-
cultural areas, even after intensive production
sites have been excluded from the analysis, are
ideal for tree growth, with deeper soils, better
climate and adequate moisture, and also meet
the CDM-AR criteria, i.e. are not currently
forested.

Much attention has been given to the potential
of small farmers and communities to participate
in CDM-AR through agroforestry-type practices.
This may constitute an option for significantly
increasing the carbon sequestration within rural
and agricultural landscapes. This is shown to be
increasingly important, since currently in all
regions except Africa, a majority of the identified
suitable land is under agricultural land use, and
this can be expected to increase with current land
conversion rates. This is particularly relevant to
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Table 6.4. CDM-AR suitable land by existing land-use type, by total area (Mha) and percentage of the
total suitable land, regionally and globally.

Existing land-use type

Mixed Barren/
shrubland/ sparsely 

Cropland grassland Savannah vegetated Total

Region Mha % Mha % Mha % Mha % Mha

East Asia 59 63 20 21 14 15 0 0.1 93
Sub-Saharan Africa 54 28 8 4 132 68 1 0.4 195
South America 172 52 29 9 132 40 1 0.2 333
South Asia 48 76 3 5 12 18 0 0.1 63
South-east Asia 31 76 3 8 6 16 0 0.2 41
Global 364 50 63 9 296 41 2 0.2 725
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(a) Land Suitable for CDM–AR by Existing Land-use Type (b) Land Suitable for CDM–AR by Population Density

(c) Land Suitable for CDM–AR by Net Primary Productivity (d) Land Suitable for CDM–AR by Severity of Land Degradation

(e) Land Suitable for CDM–AR by Decrease in Runoff (%) (f) Land Suitable for CDM–AR by Decrease in Runof (mm)
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Fig. 6.2. Area distribution of socio-ecological characteristics within CDM-AR suitable areas: (a) existing
land use; (b) population density (people/km2); (c) net primary productivity (NPP) (tC/ha/yr.); (d) degree of
land degradation; (e) decrease in runoff (%) with land-use change to CDM-AR; (f.) decrease in runoff (mm)
with land-use change to CDM-AR.

the evaluation of food security concerns associ-
ated with large-scale conversion to tree plan-
tations. Both South Asia and South-east Asia
have a very high percentage of the suitable land
(76%) under agricultural land-use types, with
much smaller areas of shrubland and savannah,
reflecting the high population densities and
pervasive agricultural production found in these
regions. It is interesting to note that much of the
hilly land in South Asia and the Himalayan
foothill areas has canopy cover percentages
above the threshold for forest, and is therefore

not eligible, although many of these areas are
under various forms of intensive agricultural
production.

About 50% of all globally available land for
CDM-AR is shrubland and savannah. Suitable
areas in sub-Saharan Africa and South America
(Fig. 6.3a) included large tracts of savannah
(132 Mha, 68% of suitable savannah) and
mixed shrubland/grassland (29 Mha, 52%
of suitable shrubland/grassland), respectively,
where it is likely that substantial pastoralist,
other forms of livestock production activities
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(a) Land Use

(b) Population Density
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(c) NPP

(d) Land Degradation

Fig. 6.3. Socio-ecological characteristics maps of CDM-AR suitable areas for South America (left), South and east Asia (centre) and Africa (right): (a) existing land use;
(b) population density (people/km2); (c) net primary productivity (NPP) (tC/ha/yr.); (d) severity of land degradation. Severity of land degradation is a specific variable,
designed by GLASOD authors to map the overall seriousness of soil degradation by taking into account both the degree and extent of soil degradation to provide a
unique variable. Land degradation severity should not be confused with soil degradation degree, which was used for the area calculation of soil degradation.



and other subsistence livelihoods are evident,
even in less populated areas. Since the criteria
used in the model generally exclude areas prone
to water stress (aridity index > 0.65), the
included savannah areas can be considered as
fairly productive. In sub-Saharan Africa, how-
ever, it is likely that much of this savannah,
although identified as biophysically suitable for
tree growth, has a very low probability of being
converted to CDM-AR. Even so, these savan-
nahs do have agroforestry potential, along with
other restoration activities with significant carbon
sequestration benefits, and could play a more
pronounced role in global carbon-fixation
strategies. Restoration of dry forest types, for
example, in the highlands of Ethiopia (Aerts et
al., 2004), the dry zones of Madagascar, or on
the pastures of Central America, could have
significant carbon sequestration potential over
the long term, despite slow growth.

Population

Patterns of rural population density on these
lands vary widely between regions (Fig. 6.3b).
Population density is here considered a measure
of utilization, and it is assumed that at high densi-
ties, less land is likely to be converted to tree plan-
tations. In addition, it is assumed that in areas of
high rural population densities, competition for
food production, and food security issues, will
inhibit the adoption of CDM-AR projects.
Globally, more than 50% of all identified areas
have population densities of fewer than 25
people/km2, i.e. have relatively low densities;
more than 35% have densities of fewer than 5
people/km2. In east and South Asia, however,
population densities may represent a real limi-
tation on suitable land (Table 6.5). In India for
example, 83% of all suitable areas have a popula-
tion density greater than 100 people/km2, with
54% having greater than 200/km2 and almost
23% with a population density greater than 500
people/km2. Otherwise, population densities on
suitable lands are relatively low. For example,
suitable areas in South America have the lowest
population levels, with 95% of all identified areas
having population densities of fewer than 100
people/km2, and almost 70% with a population
of fewer than five people. Sub-Saharan Africa
(Fig. 6.2b) has less empty lands, but still has

relatively low population densities associated with
these identified areas. Much of the low popu-
lation density classes in South America and sub-
Saharan Africa comprise savannah, although,
particularly in South America, substantial areas of
very low population density are classified as agri-
cultural land-use types. In South-east Asia,
degraded forest areas account for much of the
low-population density areas.

Productivity of suitable areas 

Results from the analysis (Zomer et al., 2006) of
the NASA MODIS MOD-17A3 NPP product
(Running et al., 2000) show that land suitable
for CDM-AR generally falls into moderately low
to moderate productivity categories (Fig. 6.2c),
indicating that higher productivity lands, mainly
intensive and irrigated cropping and forested
areas, were eliminated by the CDM-AR guide-
lines, thus leaving proportionally large amounts
of less productive land and borderline marginal
areas for afforestation/reforestation. Likewise,
many of the most marginal areas were also
eliminated due to aridity, thus giving a generally
normal distribution of productivity classes,
centred on a moderately productive mean.
Globally, 88% of all available land had an
actual NPP below 10 t C/ha/year (Table 6.6).
About 75% of available land in Africa and
South-east Asia (Fig. 6.3c), and almost all avail-
able land in South America (92%), South Asia
(96%) and east Asia (98%), indicated an actual
NPP less than 10 t C/ha/yr. These results indi-
cate productivity levels consistent with global
values (Esser et al., 2000; Scurlock and Olson
2002), and reflect the abundant inclusion of
marginal and subsistence cropping areas and
lower-productivity grassland.

Land area required to meet the CDM-AR cap

The Marrakech accords negotiated a framework
for the first commitment period of the Kyoto
Protocol (2008 to 2012), where developed coun-
tries may claim credit for carbon sequestration in
developing countries. In response to widespread
concerns that CDM sink projects would nega-
tively affect CO2 emission reduction aims (e.g.
Greenpeace 2003), a cap on CDM-AR emission
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Table 6.5. CDM-AR suitable land by population density class given by area (Mha) (percentage of the total CDM-AR suitable land regionally and globally in
parentheses).

Population density class (people/km2)

≤ 10 11–25 26–50 51–100 101–200 201–300 301–400 401–500 > 500 Total

Region CDMR-AR suitable land area (Mha)

East Asia 4 (4) 4 (4) 7 (8) 14 (15) 23 (25) 13 (14) 8 (8) 6 (7)1 14 (15) 93
Sub-Saharan Africa 63 (32) 40 (21) 30 (15) 26 (13) 21 (11) 5 (3) 3 (2) 2 (1)1 4 (2) 195
South America 260 (78) 31 (9) 15 (5) 10 (3) 5 (2) 4 (1) 2 (1) 2 (0)1 4 (1) 333
South Asia 1 (2) 0 (1) 2 (3) 7 (12) 18 (29) 10 (15) 5 (7) 4 (7)1 16 (25) 63
South-east Asia 5 (11) 4 (10) 5 (13) 7 (18) 9 (21) 3 (8) 2 (4) 1 (33) 5 (11) 41
Global 332 (46) 80 (11) 59 (8) 65 (9) 76 (11) 35 (5) 20 (3) 16 (2)11 43 (6) 725

Table 6.6. CDM-AR suitable land by NPP productivity class given by area (Mha) (percentage of the total suitable land regionally and globally in parentheses).

NPP productivity class (t C/ha/yr)

0–2.5 2.5–5.0 5.0–7.5 7.5–10.0 10.0–12.5 12.5–15.0 > 15.0 Total

Region CDMR-AR suitable land area (Mha)

East Asia 6.1 (7) 62.2 (67) 19.3 (21) 4.3 (5) 1.0 (1) 0.4 (0) 0.0 (0) 93
Sub-Saharan Africa 1.5 (7) 9.2 (5) 58.9 (30) 78.9 (41) 36.7 (19) 4.0 (2) 5.3 (3) 195
South America 2.7 (1) 45.5 (14) 193.9 (58) 63.9 (19) 14.7 (4) 7.2 (2) 5.3 (2) 333
South Asia 3.9 (6) 29.7 (47) 23.3 (337) 4.1 (7) 1.3 (2) 0.6 (1) 0.3 (1) 63
South-east Asia 0.2 (0) 2.7 (7) 18.1 (44) 9.5 (23) 5.6 (14) 3.6 (9) 1.2 (3) 41
Global 14    (2) 149    (21) 314    (43) 161    (22) 59    (8) 16    (2) 12    (2) 725



reduction offsets was set at 1% (per annum) of
the total global emission reduction target. In
order to estimate the amount of land required to
fully meet this cap on emission credits (CERs), a
conservative range of carbon sequestration rates
(4 to 8 t C/ha/year) was used. This estimate was
based on a literature survey of tropical tree plan-
tation growth rates and IPCC (2000) estimates,
and assumptions including accounting for base-
line and the lower productivity of marginal or
degraded areas. It is assumed that many of these
projects, which are likely to have goals beyond
maximizing profitability, are likely to be less
productive than typical intensively managed
commercial tree plantations as they are found in
the tropics. This conservative estimate indicates
that from 4 to 8 Mha of land planted with fast-
growing tree species will easily satisfy the total
allowable supply of CERs. This is a small figure
globally, representing less that 2% of the area we
have identified as suitable.

Potential of CDM-AR to improve 
degraded lands

To explore the potential of the CDM mechan-
isms to contribute meaningfully to sustainable
development and more specifically to the large-
scale problem of ongoing land degradation, the
CDM-AR land-suitability analysis (Zomer et al.,
2006) was overlaid on the Global Assessment of
Human-Induced Soil Degradation, (GLASOD)
spatial dataset. GLASOD is based primarily on
expert judgment (Oldeman, 1991), and is
currently the only available global assessment of

soil degradation. It is at a very coarse resolution
(1:10M), makes broad generalizations spatially
and tends to highlight very apparent degra-
dation, such as erosion or desertification, but
may not have captured other degradation
processes such as nutrient depletion or acidifi-
cation. The authors plainly state the drawbacks
of this study, and warn that the resulting global
database is not appropriate for national break-
downs. Many global interpretations are, how-
ever, based on GLASOD or derived products, as
no other database is currently available at the
global scale. Given that proviso, to analyse the
area affected by soil degradation for CDM-AR
suitable areas, the GLASOD was translated
from polygon coverages to raster grids, which
were then masked using the CDM-AR suitability
grids to calculate areas for each degradation
type and degree, and aggregated for the four
different degradation degrees at global and
subcontinent scale. As per GLASOD instructions
(Oldeman et al., 1991), the units of degradation
severity (low, medium, high and very high) are
used for mapping purposes (Fig. 6.3d), where
the units represent both the degree of degra-
dation and the extent of that degradation within
the mapping unit. Area estimations (Fig. 6.2d
and Table 6.7) are made of degradation degree
(light, moderate, strong and extreme), by
initially calculating the area for each combi-
nation of degradation type and degradation
degree, and summing over the area of interest.
This defined the general overview of the overlap
of land with potential for CDM-AR within
areas delineated as in the various GLASOD soil
degradation severity classes.
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Table 6.7. CDM-AR suitable land by GLASOD (Oldeman et al., 1991) land degradation severity class,
given by area (Mha) (percentages of total CDM-AR suitable land regionally and globally in parentheses).

Soil degradation severity

Regional
total

None Light Moderate Strong Extreme (Mha)

Region Total CDM-AR suitable land area (Mha)

East Asia 51 (55) 13 (14) 25 (26) 4 (4) 0 93
Sub-Saharan Africa 150 (77) 8 (4) 15 (8) 21 (11) 1 195
South America 266 (80) 29 (9) 35 (10) 4 (1) 0 334
South Asia 52 (83) 1 (1) 6 (10) 3 (5) 0 62
South-east Asia 32 (77) 1 (4) 4 (11) 4 (9) 0 41
Global 551 (76) 52 (7) 85 (12) 36 (5) 1 725
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Globally, GLASOD estimates that human-
induced degradation of soil has occurred on
15% of the world’s total land area (13% light
and moderate, 2% severe and very severe),
mainly resulting from erosion, nutrient decline,
salinization and physical compaction. Based on
GLASOD, Wood et al. (2000) estimate that
40% of agricultural land in the world is moder-
ately degraded and a further 9% strongly
degraded. Overlay of the GLASOD assessment
with the Zomer et al. (2006) analysis classifies
approximately 25% of the identified CDM-AR
potential areas as affected by some degree of
degradation (Fig. 6.2d and Table 6.7). More
than 20% of all the land identified in east Asia,
South Asia and South-east Asia combined falls
into the moderate and strong degradation sever-
ity categories (Fig. 6.2d). Moderately degraded
lands have greatly reduced productivity, requir-
ing major improvements that are often beyond
the ability of local farmers in developing
countries. Severely degraded lands are those
considered essentially beyond remediation with-
out major engineering work (Oldeman et al.,
1991). In east Asia, 45% of the suitable lands
may have some degree of degradation. In Africa
particularly, but South America as well, much of
the land in degraded categories is savannah and
grasslands, reflecting the role of livestock and
grazing in land degradation processes.

The large amount of land identified as suit-
able for CDM-AR within GLASOD degraded
land classes is troubling. It is likely that afforest-
ation, agroforestry and conservation techniques
using trees could contribute significantly towards
improving the quality of these lands. The
question remains, however, whether CDM-AR
provides the needed targeting or level of inter-
national assistance to reclaim degraded land. In
fact, CDM-AR projects designed to rehabilitate
degraded lands are at a disadvantage financially
due to slower growth on poorer soils and
marginal sites. Many tree plantations worldwide
are found on relatively fertile land, where higher
growth rates can provide higher rates of returns
for investors. More likely scenarios are ap-
proaches that seek to improve and mitigate
ongoing light degradation, although these lands
are also considered to have reduced produc-
tivity. They therefore also suffer from the disad-
vantage of finding it harder to provide returns to
investors, if incentives are not adequate.

Agroforestry initiatives that offer significant
opportunities for projects to provide benefits to
smallholder farmers can also help address land
degradation through community-based efforts
in more marginal areas. Since intensively culti-
vated agricultural land and all irrigated systems
were excluded from our analysis, much of the
land identified as suitable is likely to be these
more marginal areas and/or smallholder and
subsistence farming systems, as represented in
the mixed rainfed farming category, and exhibit
ongoing degradation. The potential of CDM-AR
projects to contribute to development through
community-based, or small-farmer-oriented, ap-
proaches has been enthusiastically embraced by
many aid and development organizations, as
well as national governments. As an example,
the World Bank-sponsored BioCarbon Fund
specifically seeks to promote community-based
CDM-AR. In Mexico and Uganda, community-
based efforts are attempting to design CDM-AR
that includes hundreds to thousands of small
farmers adopting agroforestry, and increasing
carbon stock within the larger mixed farming
landscape (http://www.planvivo.org). Likewise,
ongoing GEF-funded work in western Kenya
attempts to quantify the potential carbon
sequestration benefits of improved farming and
increased soil organic matter on smallholder
farms, in addition to the inclusion of trees in the
farming system and the landscape.

Another opportunity to address land degra-
dation that is not possible under existing CDM-
AR rules includes rehabilitation of significant
quantities of degraded forestland (230 Mha)
identified as having been deforested since 1992
(Zomer et al., 2006). These lands are currently
excluded as ineligible. Changes in CDM-AR
rules to reflect the opportunities for forest land-
scape restoration, and to substantively address
and reverse negative land-use trends, should be
considered, and are currently being put forward
and debated by various parties. Likewise, it is
postulated that prevention is better than re-
habilitation, so the most significant impact for
CDM to address land degradation might be to
encourage ecosystem (i.e. forest) preservation
during the second commitment period. This
approach, of providing credit for not cutting
existing forests and/or improving degraded
forest, has significant potential to impact
positively ongoing land degradation trends. It

http://www.planvivo.org
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does not, however, necessarily offset or curtail
emissions, and needs to be tailored to provide
mitigation benefits, if it is to be approved. The
opportunities for global forest landscape
restoration are significant and can have a large
impact not only on land degradation, sedimen-
tation and water cycles but can also provide
many benefits for biodiversity conservation.
The potential of these benefits is not currently
included in CDM-AR, and it is very much
dependent on the details and the final shape of
political negotiations whether this will be
allowed in the second commitment period,
starting in 2012. Expanding the CDM-AR
provisions to contribute to a slowing of defor-
estation rates, and to actively encourage forest
landscape restoration, offers opportunities for
addressing both land degradation and biodiver-
sity simultaneously in a holistic approach to
conservation and climate change mitigation.

Water-use impacts of CDM-AR

The land-suitability analysis provided the basis
for an investigation of the potential hydrologic
impacts of widespread adoption of CDM-AR.
Zomer et al. (2006) used a simple water balance
model (Thornthwaite, 1948; Thornthwaite and
Mather, 1955) to examine and predict changes
in water balance, vapour flows (includes both
evapotranspiration and interception losses of
water) and runoff resulting from the conversion
of existing land-use systems to forestry on the
land deemed suitable for CDM-AR. This model
(described in detail in Zomer et al. 2006) uses
spatially distributed climate average values
(1950–2000) of monthly precipitation and
monthly potential evapotranspiration, land-use
classes, land-use-specific vegetation coefficients
(crop coefficient, interception coefficient and
rooting depth), soil depth and soil water-holding
capacity, and returns monthly spatially distrib-
uted climate average raster data (1950–2000)
representing actual evapotranspiration, surface
runoff and soil water content. Results are calcu-
lated on a monthly basis for existing land use
and proposed CDM-AR scenarios, and the
results are aggregated into yearly totals.

Significant variation in increased vapour flow
and impact on runoff were evident (Table 6.8)
across suitable areas. Both relative impact on

water cycles and absolute change in the quantity
of water moving away from the site, either as
vapour or runoff, were quantified in the analy-
sis. Together they indicate that large areas
deemed suitable for CDM-AR would exhibit
significant increases in vapour flows (Fig. 6.4)
and therefore substantial decreases in runoff
(Fig. 6.5), i.e. decrease in water potentially
available off-site for other uses. This is particu-
larly evident in drier areas, the semi-arid tropics,
and in conversion from grasslands and sub-
sistence agriculture. Fifty per cent of all suitable
land had a more than 60% decrease in runoff
(Fig. 6.2e). About 27% (200 Mha) is in the
highest impact class, exhibiting a 80–100%
decrease in runoff. Approximately 60% of the
area showed a decrease of less than 200 mm,
with slightly more than 13% showing a decrease
of more than 300 mm (Fig. 6.2f).

The cap on CDM-AR is currently set at 1% of
emission offsets. We thus estimate that just 2–3%
of CDM-AR suitable land is eligible for con-
version. Hence, direct impacts of CDM-AR on
water use at the global and regional scales are
unlikely. Local impacts can, however, be very
large, and significant changes in CDM rules
affecting the amount of land which will eventually
be under CDM-AR should take into account these
potential impacts in order to optimize the po-
tential benefits of expanded CDM-AR limits.
Since there are large amounts of land where
water resources will not be negatively affected, or
where increased water use would be positive,
guidelines can facilitate a spatial optimization of
landscapes and land-use change, and promote
the establishment of CDM-AR projects within
biomes and ecozones where the potential
negative hydrologic affects are minimized.

These results are in agreement with the many
studies that have shown that runoff from forested
and reforested areas is generally lower compared
with bare land and grassland (Bosch and
Hewlett, 1982; Zhou et al., 2002). As a conse-
quence of afforestation projects using fast-grow-
ing conifers, decreased stream-flow levels are
commonly observed, both over the entire year
(Swank and Douglass, 1974) and during the dry
season (Vincent, 1995). Transpiration from trees
can potentially be higher than from shorter vege-
tation because the tree root system may be able
to exploit deep soil water (Maidment, 1992) and
guarantee higher water availability during
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Fig. 6.4. Increases in vapour flow due to changes from existing land use to CDM-AR are shown for South
America (above) and Africa (below), in both percentage (left) and absolute values (right).



Carbon Sequestration and Water 101

Runoff
decrease (%)

Runoff
decrease (mm)

Runoff
decrease (%)

Runoff
decrease (mm)

0–50
51–100
101–150
151–200
201–250
251–300
> 300

0–20
21–40
41–60
61–80
81–100

0–20
21–40
41–60
61–80
81–100

0–50
51–100
101–150
151–200
201–250
251–300
> 300

Fig. 6.5. Decreases in runoff due to changes from existing land use to CDM-AR are shown for South
America (above) and Africa (below), in both percentage (left) and absolute values (right).
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prolonged dry seasons (IPCC, 2000). The ongo-
ing debate on forests and water has lately,
however, been the subject of much interest and
research (CIFOR and FAO, 2005), and cautions
against simple interpretations based on extra-
polation of local evapotranspiration to larger-
scale hydrologic cycle implications. Ryszkowski
and Kędziora (Chapter 11, this volume) and
Gedney et al. (2006) support the thesis that
afforestation is not necessarily a burden for
regional and global hydrological cycles.

Conclusion

It is evident that the scale of implementation of
the CDM-AR is insufficient to address the sever-
ity and scale of ongoing global land degrada-
tion processes, given the relatively small
amount of land which eventually could come
under the CDM-AR in its current configuration.
Globally, the supply of land for CDM-AR, and
consequently the potential supply of carbon
that can be sequestered in terrestrial eco-
systems, is far greater than the current cap on
CDM-AR credits. It is likely, however, that
CDM-AR will play a larger, and increasingly
more important, role in climate change mitiga-
tion, most probably starting in the second
commitment period. Current negotiations also
bring the prospect of innovative approaches,
which could include avoided deforestation and
the restoration of degraded forests, so that
credits available from sink projects will increase.
More importantly, CDM-AR is the first sub-
stantive example of a global and internationally
supported ecosystem service payment mechan-
ism, and demonstrates the feasibility of this
approach to address significant environmental
concerns. 

The potential for afforestation and reforest-
ation to address land degradation and provide
carbon sequestration benefits in smallholder
farming systems is large. Even if, however, the
emissions cap is increased for CDM-AR in the
second commitment period, allowing more land
area to be incorporated into CDM-AR projects,
there will still be significant barriers to overcome
before it can become a significant land degra-
dation reversing mechanism: high transaction
costs when large numbers of smallholder
farmers are involved and soil degradation that

make projects less competitive. Monitoring and
validation costs already significantly affect the
viability of smaller or less profitable projects. 

Human impacts on the global water cycle,
especially in relation to land degradation, are
getting increasing attention and are likely to get
more in the near future as population continues
to rapidly expand. The impact of global redistri-
butions of water use driven by agriculture and
land-use change is a major component of
ongoing global change (L’vovich and White,
1990), and probably also highly significant
climate change processes as well. When taking
into account the need for increased food
production, and the increased use of water for
food, it is unlikely that CDM-AR will signifi-
cantly affect these resources at the global scale.
Locally, however, it is essential that these
aspects of food and environmental security be
specifically addressed in the project design and
implementation stages. In this chapter, we have
highlighted that there are potentially significant
impacts on the hydrologic cycle resulting from
climate change mitigation measures adopted
on a global scale. A simple analysis of bio-
energy and implications for water use and
supply by Berndes (2002) demonstrates that to
supply CO2-neutral energy through bioenergy
would require a doubling of water use in agri-
culture over that currently used on global crop-
land. The global CDM-AR analysis shows that if
the cap on CDM-AR were raised to compensate
for a substantially greater offset of carbon
emissions through sink projects, there could be
significant impacts on local and regional hydro-
logic cycles. This important dimension of CDM-
AR should be formally articulated and taken
into account within the CDM-AR rules, espe-
cially when addressing issues of sustainability,
local communities and food security.

It is important to stress the need to promote
positive impacts where CDM-AR is implemented,
and highlight the potential to address a variety of
land issues in a meaningful way, including land
degradation. In particular, the sequestration
potential of increasing soil carbon is immense,
and this could be promoted through afforesta-
tion/reforestation or agroforestry approaches, as
well as through improved farming techniques
such as conservation tillage, which Lal et al.
(1997) estimate could sequester 3 Pg C/year on
degraded soils. Loss of soil organic matter goes
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hand in hand with loss of above-ground biomass.
The most significant losses in global soil carbon
stocks occur when native forest and grassland
vegetation is cleared for agricultural production.
Many soils (particularly high-organic matter soils
in temperate climates, e.g. mollisols in the great
plains of the USA) maintain very high levels of
productivity for long periods of time, despite
these losses. Other soils, especially after years of
annual cropping in tropical climates, suffer from
degradation processes such as losses in soil
carbon, nutrient depletion and reduced water-
holding capacity, which can occur quickly and be
difficult to reverse (Stocking, 2003). Making
provision for both improved soil management in
agricultural systems and avoided deforestation in
the CDM-AR could extend the provision of

ecosystem service payments directly towards
addressing the enormous issue of ongoing and
increasing land degradation in developing and
tropical countries.
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