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Abstract

The implicit hydrologic dimensions of international efforts to mitigate climate change, specifically potential impacts of the Clean

Development Mechanism-Afforestation/Reforestation (CDM-AR) provisions of the Kyoto Protocol (KP) on global, regional and local water

cycles, are examined. The global impact of the redistribution of water use driven by agriculture and land use change, of which CDM-AR can

be a contributing factor, is a major component of ongoing global change and climate change processes. If converted to forest, large areas

deemed suitable for CDM-AR would exhibit increases in actual evapotranspiration (AET) and/or decreases in runoff. Almost 20% (144 Mha)

of all suitable land showed little or no impact on runoff and another 28% (210 Mha) showed only moderate impact. About 27% (200 Mha) was

in the highest impact class, exhibiting an 80–100% decrease in runoff, and prevalent in drier areas (based on Aridity Index (AI)), the semi-arid

tropics, and in conversion from grasslands and subsistence agriculture. Significant impacts on local hydrologic cycles were evident, however

large impacts were not predicted at regional or global scale due primarily to the current limit on carbon offset projects under the Kyoto

Protocol. Predicted decreases in runoff ranged from 54% in drier areas to less than 15% in more humid areas, based on four case studies

located across a range of biophysical conditions and project scenarios in Ecuador and Bolivia. Factors other than climate, e.g. upstream/

downstream position, were shown to be important in evaluating off-site impacts. This study demonstrates that it will become increasingly

important to consider implications on local to regional water resources, and how the hydrologic dimension of CDM-AR impacts on issues of

sustainability, local communities, and food security.
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1. Introduction

While much attention is being given internationally to the

opportunities for carbon sequestration to mitigate climate

change, little attention is being paid to the environmental

tradeoffs that are associated with these types of schemes. This

study seeks to articulate the implicit hydrologic dimensions of

international efforts to mitigate climate change, specifically

investigating potential impacts of the Clean Development

Mechanism-Afforestation/Reforestation (CDM-AR) provi-

sions of the Kyoto Protocol (KP) on global, regional and local

water cycles. CDM-AR allows for carbon sequestration

offsets to meet emission reduction obligations for the

developed countries, through the purchase of ‘carbon credits’

from afforestation or reforestation projects in developing

countries. Land use changes resulting from the adoption of

CDM-AR involve alterations of the hydrological cycle, both

on flows of water and sediment, and levels of actual

evapotranspiration (AET) or vapor flows.

Water supply and scarcity has received increasing

attention over the last decade, primarily driven by alarming
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WHO figures (2006) that 1.1 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., 2006). Numerous projections with regard

to water supply and scarcity focus on the rising population

and their needs for domestic and agricultural water. It is

estimated, for example, that water demand for agriculture

must rise between 12 and 27% by 2025 to meet growing food

needs (IWMI, 2000; FAO, 2001b, 2003a,b; Shiklomanov,

1998). Many estimates agree that up to two-thirds of the

world population will be affected by water scarcity over the

next several decades (Shiklomanov, 1991; Raskin et al.,

1997; Seckler et al., 1998; Alcamo et al., 1997, 2000;

Vorosmarty et al., 2000; Wallace, 2000; Wallace and

Gregory, 2002).

Increasing demands for water to meet direct human needs

will be felt most strongly where aquatic and terrestrial

ecosystems already suffer from diversions of water for food

production. There will be increasing conflicts between the

need for water diversions to agriculture and water needs for

maintaining aquatic ecosystems. Environmental flow

requirements (Smakhtin et al., 2004) are increasingly being

taken into account to manage water allocations, to allow for

the ecosystem requirements of natural areas, wildlife and

endangered species habitats, and environmentally sensitive

wetlands. Links are now also being made between water for

agricultural food production and water for terrestrial

ecosystem services (Rockstrom et al., 1999).

Other ecosystem service demands for water, e.g.

increased on-site vapor flows associated with global

climate change mitigation strategies, are as yet rarely

considered in these discussions. This is partly due to an

under-appreciation that carbon fixation through biomass

production increases vapor flows, and requires consump-

tion of water that may not then be available for other uses.

A historical hydrological bias (Andréassian, 2004) in

water accounting considered only surface runoff and

groundwater as available water supply and viewed

terrestrial ecosystems and forests as water-provisioning

rather than water consumptive (Falkenmark and Lanner-

stad, 2004). The ongoing debate on forests and water has

been the subject of much interest and research (Andréas-

sian, 2004; Bruijnzeel, 2004; CIFOR and FAO, 2005),

most recently through ecosystem evapotranspiration

studies (L’vovich and White, 1990; Gordon et al.,

2005), the introduction of the concepts of green and blue

water management in agriculture by Falkenmark (1995)

and Rockstrom et al. (1999), and in the forestry sector by

Calder (2000). Green water is defined as that portion of

precipitation that is not available for either surface water

flows or groundwater recharge, namely soil moisture that

potentially will either evaporate from the soil or transpire

to the atmosphere through plants fixing carbon (i.e.

evapotranspiration). Only recently have a few studies

highlighted the implications of global climate change

mitigation strategies on water use and vapor flows

(Aylward et al., 1998; Calder, 2000; Berndes, 2002;

Heuvelmans et al., 2005). An analysis of bioenergy

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

‘green water’ vapor flow demand into sharp focus.

We know that tree removal by logging, forest fire, or

wind damage increases runoff (Bosch and Hewlett, 1982;

Bormann and Likens, 1995; Andréassian, 2004). Jackson

et al. (2005) found that plantations decreased stream flow

by 227 millimeters per year globally (52%), with 13% of

streams drying completely for at least 1 year. The

magnitude of this water flow decrease is proportional to

the percentage of vegetation cover and is due to an increase

in AET, an increase in the net additions to evaporation from

interception losses, and an increase in the volume of the

root zone from which water is extracted under trees

(Dingman, 1993). A review of catchment experiments

(Bosch and Hewlett, 1982) found that, on the average, pine

and eucalypt plantations cause a 40 mm decrease in runoff

for any 10% increase of forest cover with respect to

grassland. The equivalent response of deciduous hardwood

and shrubs is 25 and 10 mm decrease in runoff,

respectively. Transpiration from trees can be higher than

from shorter vegetation because tree root systems exploit

deep soil water (Maidment, 1992) available during

prolonged dry seasons (IPCC, 2000). However, recent

references (Gedney et al., 2006; Matthews, 2006) support

the thesis that afforestation is not to be necessarily looked at

as a burden for the global hydrological cycle. On-site

hydrological effects of afforestation are mainly positive

(reduced runoff and erosion, improved microclimate,

increased control over nutrient fluxes, decreased sediment

loads, increased water quality); the off-site effects may be

mainly negative (lower base flow), but in many cases these

off-site effects of increased in situ vapor flows may be

beneficial for downstream users, e.g. through flow

regulation and decrease of flood risk.

In this study, we analyze the water use implications of

CDM-AR at two scales: global and local. The potential

hydrologic impacts of these carbon offset (or ‘‘carbon sink’’)

mitigation approaches, are modeled and estimates of water

balance and vapor flow response to a land use change to

forestry activities is reported. A simple water balance

approach, combined with the results of the land suitability

analysis (Zomer et al., 2008) is used to estimate impacts on

hydrological cycles resulting from a change to forestry

activities.

Specific objectives:

(1) To estimate potential impacts of adoption of CDM-AR

on global to regional hydrologic cycles.

(2) To estimate potential impacts of adoption of CDM-AR

on local hydrologic cycles based on four case studies of

proposed CDM-AR projects.

A. Trabucco et al. / Agriculture, Ecosystems and Environment 126 (2008) 81–9782
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2. Methods

2.1. Hydrologic analysis

The suitability of CDM-AR within a particular setting, is

constrained by the current UNFCCC guidelines (UNFCCC,

2002a,b) for CDM-AR projects within the first commitment

period (2007–2012), notably forest definition (Verchot et al.,

2007), and a complex of biophysical and socio-economic

factors necessary for a sustainable, socially equitable, and

economically viable tree growing enterprise. In this study,

we use the result of a global analysis of land suitability for

CDM-AR (Zomer et al., 2008) as the basis to articulate

potential hydrologic impacts. This analysis identified large

amounts of land (749 Mha) that satisfy the UNFCCC CDM-

AR eligibility criteria, and are biophysically suitable for

afforestation or reforestation based on climatic and land use

factors. The water balance model was applied to a high

resolution global dataset, on a per pixel basis, using a spatial

modeling procedure developed and implemented in ArcGIS

(ESRI Inc.) using ArcAML programming language. The

model is applied on a per pixel basis to estimate spatially

disaggregated biophysical conditions within areas found

suitable for CDM-AR, and to predict hydrologic changes

with conversion of these suitable areas to afforestation or

reforestation. Environmental and other global geospatial

datasets used within the global analysis (spatial resolution:

500 m to 1 km, 15–30 arc-s) include:

� VMAP 1—Country boundaries (NIMA, 1997)

� WorldClim (Hijmans et al., 2004)

� Maximum available soil water (Digital Soil Map of the

World—FAO, 1995)

� Climate station dataset (FAOCLIM—FAO, 2001a)

� Global map of ecosystem

rooting depth

(ISLSCP—Schenk and

Jackson, 2002)

All datasets used for the analyses have been re-

projected and processed in two coordinate systems,

sinusoidal and geographic. The geographic coordinate

system preserves landform shapes with a perspective that

is generally easily recognizable to human perception and

is therefore used for map presentation. The dataset in

sinusoidal projection, which accurately represents area

across latitudes (equal-area projection), was used to

calculate zonal statistics and carry out areal computations.

The cell size for analyses in geographic projection is equal

to 0.0044978 (15 arc-s, �1 km at equator and 500 m at 608
latitude), while the cell size for analyses in sinusoidal

projection is 500 m.

2.2. Water balance model

A spatially distributed Thornthwaite–Mather water

balance modeling approach (Thornthwaite, 1948;

Thornthwaite and Mather, 1955) was used to examine

hydrological differences in actual evapotranspiration, soil

water content (SWC) and runoff. This model uses the

average spatially distributed values of monthly precipitation

and monthly potential evapotranspiration (PET), land use

classes, soil depth and soil water holding capacity, and

returns monthly spatially distributed raster data representing

actual evapotranspiration (AET), surface runoff (R) and soil

water content. All the results are computed on a monthly

basis throughout a year for existing land use and proposed

CDM-AR scenarios, and the results are aggregated into

yearly figures.

A soil water balance budget is computed as height of

water in mm for each month (m), as:

DSWCm ¼ Eprec þ Irrm � AETm � Rm mm=month (1)

where DSWCm is the change in soil water content, Eprecm is

the effective precipitation, AETm is the actual evapotran-

spiration, and Rm is the runoff component, which includes

both surface runoff and subsurface drainage. SWC can never

exceed a maximum value, SWCmax, which is the total SWC

available for evapotranspiration (ET).

Therefore, the SWC at the end of the month, SWCf
m is

equal to:

where SWCb
m is the soil water content at the beginning of

the month. The SWC at the end of the month, SWCf
m, is set

as the SWC at the beginning of the following month,

SWCb
mþ1. All the water exceeding SWCmax is accounted as

runoff:

Method of calculation for the component terms in these

formulas are explained in the following sections.

A. Trabucco et al. / Agriculture, Ecosystems and Environment 126 (2008) 81–97 83

SWCf
m ¼

SWCb
m þ Eprecm þ AETm � Rm if SWCf

m < SWCmax

SWCmax if SWCf
m� SWCmax

(2)

Rm ¼ SWCb
m þ Eprecm � AETm � SWCmax if SWCb

m þ Eprecm � AETm > SWCmax

0 if SWCb
m þ Eprecm � AETm � SWCmax

(3)
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2.3. Monthly potential evapotranspiration

Potential evapotranspiration was estimated on a global

scale to calculate the Aridity Index (AI) for the land

suitability analysis and later used to explore hydrologic

impact. PET is a measure of the ability of the atmosphere to

remove water through ET processes. The FAO introduced a

definition of PET as the ET of a reference crop in optimal

conditions having the following characteristics: well

watered grass with an assumed height of 12 cm, a fixed

surface resistance of 70 s/m and an albedo of 0.23 (Allen

et al., 1998). Five different methods of calculating PET were

tested to determine which equation performed the best for

the objectives of this analysis: Thornthwaite (1948),

Thornthwaite modified by Holland (1978), Hargreaves

et al. (1985), Hargreaves modified by Droogers and Allen

(2002), and the FAO Penman–Monteith global dataset

(Allen et al., 1998) at 20 km resolution (available online).

Values for PET calculated using each of the above five

methods were compared to PET values for specific climate

stations calculated using climate station data (n = 2288).

These PET values are calculated using the more complex

Penman–Monteith model applied on direct observations of

the various climatic parameters, and were obtained from the

FAOCLIM climate station dataset (Allen et al., 1998),

available online from FAO. Based on the results of the

comparative validation (Table 1), for South America (Fig. 1)

and Africa (Fig. 2), the Hargreaves model was chosen to

model PET globally for this study. This method performed

almost as well as the FAO Penman–Monteith method, but

required less parameterization, and had significantly lower

sensitivity to error in climatic inputs (Hargreaves and Allen,

2003). This allowed for its application at a finer resolution

(at 1 km; resolution of the FAO Penman–Monteith dataset is

20 km). Hargreaves (1994) uses mean monthly temperature

(Tmean), mean monthly temperature range (TD) and

extraterrestrial radiation (RA, radiation on top of atmo-

sphere) to calculate PET, as shown below:

PET ¼ 0:0023 � RA � ðTmean þ 17:8Þ � TD0:5 ðmm=dÞ
(4)

2.4. Actual evapotranspiration and green water

vapor flows

Actual evapotranspiration is the quantity of water that is

removed from the soil due to evaporation and transpiration

processes (Maidment, 1992). AET is dependent on

vegetation characteristics, quantity of water available in

the soil and soil hydrological properties (mainly soil water

retention curves) (Allen et al., 1998):

AETm ¼ Kveg � Ksoil � PETm mm=month (5)

where Kveg = vegetation coefficient dependent on vegetation

characteristics (0.3–1.3); Ksoil = reduction factor dependent

on volumetric soil moisture content (0–1).

The vegetation coefficient (Kveg) is used to calibrate the

reference PET for different crops or vegetation types. Kveg

A. Trabucco et al. / Agriculture, Ecosystems and Environment 126 (2008) 81–9784

Table 1

Five different methods for calculating PET were compared and tested to determine which performed best to meet the objectives of a global spatial analysis at a

high resolution (i.e. 1 km): Thornthwaite (1948), Thornthwaite modified by Holland (1978), Hargreaves et al. (1985), Hargreaves Modified by Droogers and

Allen (2002), and the FAO Global Penman–Monteith Spatial Dataset (Allen et al., 1998) with a resolution of 20 km

Region Month Comparison of five methods used to estimate PET

Holland

(Thornthwaite)

Thornthwaite Hargreaves Modified

Hargreaves

Penman–Montieth

FAO

Mean diff. S.D. Mean diff. S.D. Mean diff. S.D. Mean diff. S.D. Mean diff. S.D.

Africa Jan 71.8 40.2 41.6 33.3 22.3 16.1 24.8 20.1 11.1 12.6

July 84.4 41.7 32.1 23.7 20.0 19.3 21.1 19.3 12.7 16.0

South America Jan 69.9 43.6 50.5 32.9 38.2 19.2 41.6 26.0 34.9 26.7

July 67.3 35.9 37.2 24.7 27.2 14.0 30.4 20.1 24.3 15.1

Resolution 1 km 1 km 1 km 1 km 20 km

Data requirements Average

temperature

Average

temperature

Average

temperature

Average

temperature Available online

from FAO

Average

extraterrestrial

radiation

Average

extraterrestrial

radiation

Average

temperature range

Average

temperature range

Average

precipitation

Results are given as the mean difference (Mean diff.) (mm) between observed and predicted estimates, and their standard deviations (S.D., (mm)).
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values for the various land use types were modeled by

combining Kveg coefficients for vegetation types taken from

the literature, and their estimated occurrence within each

land use type. Kveg values are available from literature for

agronomic crops (Allen et al., 1998) and for other vegetation

types from various sources (Allen et al., 1998; Costello and

Jones, 2000; U.S. Bureau of Reclamation, 2005).

The maximum amount of soil water available for ET

processes within the plant rooting depth zone, here defined as

SWCmax, is equal to the SWC at field capacity (SWCfc) minus

the SWC at wilting point (SWCwp) times the rooting depth.

SWCmax ¼ RD� ðSWCfc � SWCwpÞ (6)

where SWCmax = maximum soil water content available for

ET (mm); RD = rooting depth (mm); SWCwp = soil water

content at wilting point (mm/mm); SWCfc = soil water

content at field capacity (mm/mm).

A. Trabucco et al. / Agriculture, Ecosystems and Environment 126 (2008) 81–97 85

Fig. 1. Results from five different methods of calculating PET for South America during two seasons.
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Soil water content at field capacity and wilting point are

available from literature for the various soil texture

typologies (Jensen et al., 1990). Rooting depth values for

the various land use types were modeled by combining the

rooting depth of six specific vegetation classes, namely

Trees, Shrubs, Pasture, Grass, Crop and Bare Land, under

non-water stress conditions, based upon their estimated

occurrence within specific land use types. Rooting depth of

vegetation is likely to be deeper under water stressed

conditions, as water is stored more at depth in the soil during

dry seasons. Rooting depths values for vegetation types

under non-water stress conditions are available from the

literature (Allen et al., 1998). A global dataset of ecosystem

rooting depth (Schenk and Jackson, 2002) was used to scale

rooting depth of the various vegetation types to more

realistic water stressed conditions.

The soil stress coefficient (Ksoil) represents the ET

reduction factor resulting from the limit imposed by the

A. Trabucco et al. / Agriculture, Ecosystems and Environment 126 (2008) 81–9786

Fig. 2. Results from five different methods of calculating PET for Africa during two seasons.
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absolute volumetric soil water content. The model uses a

simple linear soil moisture stress function that is considered

appropriate for monthly computation (Dyck, 1983):

Ksoilm ¼ SWCm=SWCmax (7)

SWCm = soil water content averaged over the month.

2.5. Effective precipitation

Effective precipitation, that part of precipitation that

adds water to the soil, is calculated as the gross

precipitation (Gprec) minus the precipitation intercepted

by canopy cover and litter (Int). The quantity of rain

intercepted is proportional to the interception coefficient

Kint, specific for different types of land use, calculated as a

fraction of Gprec. Rain interception is the process by

which precipitation is intercepted by the vegetation

canopy (canopy interception losses) and litter (litter

interception losses), where it is subject to evaporation.

Interception (Int) has an important role in the water

budget, as it reduces the amount of precipitation available

for SWC. The losses due to interception depend on

vegetation type, vegetation cover and the intensity,

duration, frequency and form of precipitation (Dingman,

1993). Observations derived from several experiments

demonstrate that vegetation interception is a mechanical

function of the storage space of vegetation structure

(Wilm, 1957). Forests with dense crowns and large leaf

areas have higher interception losses (IPCC, 2000), cloud

forests being the exception. Interception losses are greater

for evergreen forest compared to seasonally leaf-shedding

(Schulze, 1982; Tate, 1996) and for fast-growing trees

compared to slow-growing trees (IPCC, 2000). Thin or

sparse vegetation shows low values of interception (Wilm,

1957). Interception values for the various land use types

were modeled by combining interception coefficients,

widely available in the literature for the six vegetation

classes, namely Tree, Shrubs, Pasture, Grass, Crop and

Bare Land (Hamilton and Rowe, 1949; Young et al., 1984;

Thurow et al., 1987; Farrington and Bartle, 1991; Calder,

1992; Tate, 1996; Le Maitre et al., 1999; Schroth et al.,

1999), with the estimated occurrence of that vegetation

class within a land use type.

For each month Eprecm is calculated as:

Eprecm ¼ Gprec� Int (8)

where Int is equal to:

Int ¼ ðGprec� K intÞ (9)

Therefore:

Eprecm ¼ Gprec� ðGprec� K intÞ ¼ Gprec� ð1� K intÞ
(10)

The AET and Int components of the model are combined to

quantify ‘green water’ vapor flows, i.e. that portion of

precipitation that evaporates into the atmosphere, and is

not available as runoff (or ‘blue water’).

2.6. Local water use impact

In order to investigate local and project level water use, a

similar water balance approach was applied in four case

study sites proposed for CDM-AR (Zomer et al., 2006).

These four sites, two sites in Ecuador and two in Bolivia,

represent a range of biophysical conditions and project

scenarios (Table 2), including production of eucalyptus,

pine, restoration of native Polylepis besserli woodland, and a

mixed agroforestry of native tropical timber species.

Changes in water cycles were modeled as a consequence

of a projected land use change to a specific proposed CDM-

AR scenario for that site. Using both global and locally

available data, the proposed CDM-AR project scenario for

each site was compared with the current existing land use, at

a resolution of 30 m. Current and historical tree canopy

cover was estimated from Landsat TM imagery, and

elevation was derived from SRTM 90 m DEM data

(downloaded from CGIAR-CSI STRM 90m Database:

http://srtm.cgiar.csi.org). Growth characteristics for specific

species, used to optimize the spatial distribution of CDM-

AR species were obtained from literature and expert

knowledge, where available.

3. Results and discussion

3.1. Global water use impact of CDM-AR

Land use changes resulting from the adoption of CDM-

AR involve alterations of the hydrological cycle, both on

flows of water within the landscape (surface and subsurface)

and in situ vapor flow. Both, the relative impact on water

cycles and absolute change in the quantity of water moving

away from the site either as vapor or runoff, were quantified

A. Trabucco et al. / Agriculture, Ecosystems and Environment 126 (2008) 81–97 87

Table 2

Socio-ecological characteristics and project scenarios for the four case study sites (ENCOFOR 2004)

CDM-AR case study site Ecological

zone

Elevation

(m)

Precipitation

(mm/yr)

Temperature

(8C)

Population Project scheme

Tunari National Park, Bolivia Sierra 2,800–5,100 900 7–18 22,000 Ecological restoration

Chapare, Bolivia Amazon 200–1,000 3,000 23–26 9,000 Small farm agroforestry

Guamote, Ecuador Sierra 2,900–3,700 700 7–12 5,300 Community plantations

Coastal Ecuador Tropical coastal 0–500 1,300 23–25 8,900 Mixed species agroforestry
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and mapped in this analysis. Together they indicate that large

areas deemed suitable for CDM-AR would exhibit

significant increases in vapor flow (Fig. 3) and/or substantial

decreases in runoff (Fig. 4). This is particularly evident in

drier areas, the semi-arid tropics, and in conversion to trees

from grasslands and subsistence agriculture. In these semi-

arid areas, river flows may account for only a small

percentage of rainfall (5–10%), therefore conversion to

forestry can have a big difference on river flow.

Significant variation amongst biomes and bioclimatic

zones is evident. In particular, AI proved to be a good

indicator of the percent decrease in runoff the can be

expected with afforestation (Fig. 5). Almost 20% (144 Mha)

of all suitable land showed little or no impact on runoff with

another 28% (210 Mha) showing only moderate impact

(Table 3). Taken together 50% of all suitable land showed a

decrease in runoff of less than 60% (Fig. 6). About 27% of

the available area (200 Mha) is in the highest impact class

exhibiting an 80–100% decrease in runoff. Altogether,

almost 60% showed a decrease of less than 200 mm and only

slightly more than 13% showed a decrease of more than

300 mm (Table 4).

Since it is reasonable to assume that only a small

proportion of these lands would be converted to forestry land

use types, it is unlikely that global scale or even major

regional impacts would be evident in the aggregated

statistics. Further, as only 2% of the available land would

be needed to satisfy the 1% cap on CDM-AR (Zomer et al.,

2008), direct impacts of CDM-AR at the global and

regional scales are unlikely. However, significant changes in

CDM rules affecting the number of carbon sink projects, or

amount of land which will eventually be under CDM-AR,

could have potential impacts on the regional hydrological

cycle.

3.2. Local scale water use impact of CDM-AR

Land use change to CDM-AR in all of the four study

sites showed strong spatial variations of runoff and

changes in SWC. While reduced runoff is clearly linked

to reduced downstream water supply, variation in SWC is

also important because it implies a likely associated

variation in groundwater tables. It is usually assumed that

most, if not all, base flow is supplied by groundwater

A. Trabucco et al. / Agriculture, Ecosystems and Environment 126 (2008) 81–9788

Fig. 3. Increases in vapor flow resulting from land use change to CDM-AR, are given both in absolute terms (mm), and as the percentage increase (%) from

existing land use. Vapor flow includes both the AET and Int components of the water balance model.
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Fig. 4. Decreases in runoff resulting from land use change to CDM-AR, are given both as the percentage decrease (%) from existing land use, and in absolute

terms (mm).

Fig. 5. The percent reduction in runoff by Aridity Index (AI).
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circulation, and initially by downward flows associated

with SWC above field capacity. Streams that receive large

proportions of their flow as groundwater base flow tend to

have relatively low temporal flow variability and hence

provide a more reliable source of water (Dingman, 1993).

All four sites showed a marked reduction in runoff, with

both on-site and off-site implications (Table 5). On the

humid lowland tropical Amazon site in Chapare, Bolivia

(Fig. 7), the impact of the reduction was minimal, since

precipitation is high and not a limiting factor. By contrast,

the drier high elevation Tunari site in Bolivia (Fig. 8)

showed significant decrease (28%) in runoff. There was

relatively little impact on soil water content since these

denuded slopes already have a very low water holding

capacity under the existing land use. At this site, recurrent
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Table 3

Percent decrease in runoff (%) with land use change to CDM-AR on suitable

land, regionally and globally

Percent decrease in runoff (%)

0–20 20–40 40–60 60–80 80–100

Region (Mha)

East Asia 6 10 25 21 22

Sub-Sahara Africa 0 13 11 3 2

South America 3 12 22 19 9

South Asia 7 33 58 53 48

South-east Asia 11 48 94 87 119

Global 28 116 210 183 200

Fig. 6. (a) Relative percentage decrease in runoff (%), by regions, with land use change to CDM-AR; (b) absolute decrease in runoff (mm), by regions, with land

use change to CDM-AR.

Table 4

Decrease in runoff (mm) with land use change to CDM-AR on suitable land, regionally and globally

Decrease in runoff (mm)

0–50 50–100 100–150 150–200 200–250 250–300 300–350 350–400 >400

Region (Mha)

East Asia 16 14 10 16 18 7 2 0 1

Sub-Sahara Africa 15 19 45 67 30 12 6 3 2

South America 38 42 57 81 72 38 19 8 5

South Asia 0 1 2 8 9 12 17 10 6

South-east Asia 0 1 2 3 3 3 4 4 11

Global 69 76 116 175 132 73 48 24 25

Table 5

Results of water balance model at local scale for four case studies

CDM-AR case study site Project

area (ha)

CDM-AR

area (ha)

Precipitation

(mm/yr)

Aridity Index

(mean AI)

Vapor flow

(% increase)

Runoff (%

decrease)

SWC

(% decrease)

Tunari National Park, Bolivia 32,142 9,873 900 0.8 7.1 27.7 7.3

Chapare, Bolivia 40,604 11,077 3,000 1.8 15.1 12.4 1.1

Guamote, Ecuador 15,104 13,327 700 0.6 4.7 54.0 32.0

Coastal Ecuador 41,878 26,564 1,300 0.9 23.4 47.4 13.4

Vapor flow is given here as the sum of AET and Int, in order to represent total ET, and is presented as the percent increase resulting from land use change to

CDM-AR. Runoff and SWC are given as the percent decrease resulting from land use change to CDM-AR.
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flooding due to excessive runoff from eroded slopes

during the rainy season is a major problem for the

adjacent city of Cochabamba, thus decreased runoff and

lowered water tables, which this study suggests are the

likely outcomes of reforestation efforts are considered

positive. Thus, tree planting for the Tunari site is shown to

be an effective means to provide multiple benefits such as

conservation and flood mitigation. In the Guamote case

study, in the highland Sierras of Ecuador (Fig. 9), the

water implication of afforestation with pine trees is a

controversial issue (Farley et al., 2004). However, this

project is designed to restore and stabilize the sandy soils
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Fig. 7. Chapare case study: (a) CDM-AR suitable land; (b) increase in vapor flow with land use change to CDM-AR; (c) decrease in SWC with land use change

to CDM-AR; (d) decrease in runoff with land use change to CDM-AR; (e) representative view of the site.
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of this region which have degraded in many areas into

sand dunes. In addition to a decrease in runoff (54%),

there also appears to be a significant impact on soil water

content (decrease of 32%), indicating a likelihood of

decreasing water table levels over time. However, there is

likely to be a decrease in sediment loss by water and wind

erosion. Increases in AET and total vapor flows are

relatively small, since this system is already water limited

under the current land use. The modeling results in this

case, predict the commonly expected consequences of

afforestation projects using fast-growing conifers:

decreased levels of stream flow, both over the entire year

(Swank and Douglass, 1974) and during the dry season

(Vincent, 1995). Likewise, the reduction in runoff

associated with conversion of pasture to mixed tropical

indigenous agroforestry in coastal Ecuador (Fig. 10) was
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Fig. 8. Tunari case study: (a) CDM-AR suitable land; (b) increase in vapor flow with land use change to CDM-AR; (c) decrease in SWC with land use change to

CDM-AR; (d) decrease in runoff with land use change to CDM-AR; (e) representative view of the site.
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relatively large (47%). However, the generally higher

level of precipitation and the site’s downstream location

within the catchment minimized the importance of the

decrease in runoff.

In general, the results indicate that, although significant

impacts may not be discernable at the global or regional

level, CDM-AR projects can have large and significant local

impacts on water use, with both on-site and downstream

implications. These four case studies illustrate that both

local effects, and desired outcomes, are highly site specific.

The importance of considering the impacts of land use

change on local and regional hydrologic cycles, when

evaluating, planning and implementing CDM-AR, is high-

lighted.
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Fig. 9. Guamote case study: (a) CDM-AR suitable land; (b) increase in vapor flow with land use change to CDM-AR; (c) decrease in SWC with land use change

to CDM-AR; (d) decrease in runoff with land use change to CDM-AR; (e) representative view of the site.



Author's personal copy

4. Conclusion

The supply of potentially available land, and conse-

quently the potential supply of carbon which can be

sequestered, is far greater than the current cap on CDM-AR

credits. It is likely that CDM-AR, and possibly other carbon

sink approaches, will play a larger, increasingly more

important role in the future, most probably starting in the

second KP commitment period. In this analysis we

highlighted the ‘hidden’ water dimension associated with

climate change mitigation efforts based on afforestation/

reforestation, and we speculate that this dimension can be
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Fig. 10. Coastal Ecuador case study: (a) CDM-AR suitable land; (b) increase in vapor flow with land use change to CDM-AR; (c) decrease in SWC with land

use change to CDM-AR; (d) decrease in runoff with land use change to CDM-AR; (e) representative view of the site.
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found in many of the other global treaties and conventions

addressing the various contemporary environmental and

global issues. Articulating these ‘secondary effects’ on the

hydrologic cycle is essential if we are to address these global

concerns in a holistic fashion.

Impacts of CDM-AR on the hydrological cycle are not

evident at regional or global scale under current rules

because the land area that is potentially affected is not

significant. If the cap on CDM-AR were raised to allow for a

substantially greater offset of carbon emission through sink

projects, it will become increasingly important to consider

implications on regional water resources. This important

hydrologic dimension of CDM-AR should be formally

articulated and taken into account environmental impact

studies required by the CDM-AR guidelines, especially

when addressing issues of sustainability, local communities,

and food security.

We already know that afforestation of upland catch-

ments with fast growing plantations can have significant

impact on in situ water use, with consequent impacts on

water availability downstream, and this was confirmed in

one of our case studies. Generally, AR results in an increase

of AET, or ‘green water’ vapor flows, increased on-site

water use, and decreased movement of water and sediments

off-site. However, whether this is a positive or negative

impact on water resources, water management, soil and

land conservation, biodiversity, and/or downstream food

security, is highly site specific, and dependent upon

climate, soil types, topography, land uses, population

densities, existing infrastructures, and tradeoffs with

coexisting demands for water. Whereas trees use more

water than many other vegetation forms and most crops,

this analysis has shown that the variability in response is

highly dependent on the specific ecological characteristics

of the site, and that globally, there are large areas of land

where impacts of CDM-AR on water resources and food

security will be minimal. However, in this analysis these

effects were not compared with the various climate change

scenarios, which predict significant future changes in

precipitation and variability of rainfall across the globe.

This points to even more basic and functional changes in the

hydrological cycle already underway from climate change.

For example, Gedney et al. (2006) speculate that increases

over the last several decades in total discharge of the

world’s river systems is a consequence of increased CO2 in

the atmosphere, which makes plants more water use

efficient.

Our hydrological analysis shows the potential for

significant impacts on local hydrologic cycles through

CDM-AR activities. The variation in the case studies also

points to the possibility of positive impacts, and thus the

potential for synergies in environmental management and

climate change mitigation. On a national and local basis, the

selection of CDM-AR sites can take into consideration the

specific hydrologic and socio-ecological aspects of projects,

in order to evaluate increased green water vapor flows and

associated decreases in runoff, and to identify optimal

conditions and locations which minimize negative aspects.

Projects can even capitalize on the positive aspects of these

potential impacts, for instance, in reducing recurrent

flooding, or sediment transfer.
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