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Abstract 

The pan-tropical component of the Functional Value of Biodiversity (FVOB) study is predicated 

on the existence of significant tracts of tropical forest that simultaneously provide havens of 

biodiversity richness and socially beneficial watershed services. The goal is to identify the 

location and extent of such tracts within the tropics globally, to generate evidence of the nature 

and scale of the biodiversity and hydrological services they deliver, and to provide some sense of 

the importance of those services to the human populations they help support. The central 

approach taken is to demonstrate what shifts in hydrological regime, what loss of habitat and 

biodiversity, and what likely scale of negative human impacts could be avoided by maintaining 

the integrity of those remaining areas of tropical forest that appear to offer the highest “win-win” 

potential. This new knowledge will help to target and prioritize watershed conservation efforts 

that, by design, avoid serious loss of both biodiversity and hydrological function. From a 

political economy perspective, the strategy recognizes and seeks to capitalize upon the potential 

for “free-riding” biodiversity protection given the (relative) ease of mobilizing policy concern 

with regard to maintaining hydrological regimes. 

 

The FVOB study is built around, and seeks to test, a number of key hypotheses and assumptions. 

Micro and meso level data and models are being used to characterize relationships between 

climatology and streamflow response. By juxtaposing various spatial and temporal scales of 

climatology with various spatial scales and patterns of land cover change, this work is 

establishing “rules of thumb” for predicting local hydrological responses to land cover change 

that can be applied across the tropics. This paper describes a set of land use change scenarios 

designed to generate information of relevance to addressing the central questions of the pan-

tropic study: Where are remaining tracts of tropical forest? To what extent have biodiversity and 

hydrological function already been impacted by deforestation? Where are the most important and 

most threatened areas of biodiversity in remaining forest tracts? What would be the benefit, and 

to whom, of maintaining the existing hydrological function in such areas? 

 

Three scenarios are described. The first scenario attempts to reconstruct the change in land cover 

that has taken place since before humans significantly altered the natural landscapes.  This is 
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called the ‘original’ landcover. The second lays the basis for assessing the potential magnitude of 

the hydrological consequences of conserving currently threatened forest areas. The third scenario 

attempts to calibrate the most likely rate and location of actual land cover change on the basis of 

current projections of agricultural expansion over the next 15-30 years.  This ‘business as usual’ 

scenario will be modified and assessed in terms of its hydrological and biodiversity 

consequences in a subsequent phase of this project but the guidelines and limitations to its 

development are discussed in the section 3.3.5 (Scenario 4: Business as Usual) of this report. 

 

We quantified the impact of forest conversion on biodiversity and hydrology for the first two 

scenarios: historical forest conversion and the potential future conversion of the most threatened 

remaining tropical forests. In aggregate across the pan-Tropical domain, approximately 6.1 

million km2 (23%) of moist forests and 4.4 million km2 (50%) of dry forests were lost by the 

mid-1990s, while at the same time, agricultural land (rainfed and irrigated cropland and pasture) 

increased by 21 million km2 (cropland = 6.6 million km2, pastureland = 14.6 million km2).  More 

than 80% of converted forests resided in areas that possess globally or regionally significant 

biological distinctiveness. Conversion of the most threatened of the remaining 12 million km2 

tropical forests would mean the loss of another 3 million km2 (25%) of tropical forests and would 

have a more focused impact on biodiversity and human vulnerability than has been true 

historically.   Increased annual yield from the conversion of threatened tropical forests would be 

less than 5% of contemporary Q but would impact about 100 million people living directly 

within and nearly 82 million living downstream of the highest impacted areas.  Our analyses 

indicate that the costs of the hydrologic impacts would out weigh the potential hydrologic benefit 

that might be gained by conversion of threatened forests to agriculture.  We conclude by 

highlighting areas in Southeast Asia, southern China, and Latin America that warrant further 

study and future protection efforts. 
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1. Report and Project Overview 

This technical report describes, in part, the conceptual approach and implementation of Activity 

I, Pan-Tropic Scale Analysis and Synthesis, of the collaborative research project on the 

“Functional Value of Biodiversity (FVOB)”. The principal goals of the study are to provide an 

assessment of the hydrological significance of biodiversity-rich areas of the humid tropics, as 

well as of the potential socio-economic benefits bestowed by those hydrological functions.  

 
The Activity 1 team was made up of personnel from IFPRI and UNH who worked in close 

collaboration with ICRAF and the World Bank on meeting the project objectives.  The objectives 

of Activity I were two fold.  Activity 1A was to provide an improved spatial characterization of 

the focus area at the pantropic scale.  This involved the following sub-activities: 

 
• Assemble more detailed information on biodiversity-rich tropical habitats 
• Integrate improved data on human population distribution 
• Develop scenarios for areas of rapid land cover change 
• Undertake synoptic modeling of hydrological impacts of land cover change (lead by 

UNH) 
•  

Activity 1B was to perform a pantropical assessment of areas of hydrological disturbance and 

impact.  This involved the following sub-activities: 

 
• Characterization of areas vulnerable to changes in hydrological function 
• Identification of  ‘hydrological hotspots’ areas of disturbance 
• Mapping of hydrological hotspot areas in terms of biodiversity and population 
 

 

Sections 2 and 3 of the report focus on the choices, data and methods involved in transforming 

the project goals into a set of land cover change scenarios used to assess the potential effects on 

biodiversity and hydrology in response to land cover change.   Section 3 also describes in detail 

the evaluation of those land cover scenarios using a basin-scale, water balance model and reports 

on a range of indicators describing shifts in hydrological regime associated with each scenario.  
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In section 4, the results are discussed and then expressed in terms of the nature, magnitude and 

distribution of simultaneous biodiversity, hydrological, and human welfare losses that could be 

avoided by judicious conservation of tropical forest areas identified as target areas by the study.  

Section 5 provides a summary and overview of the study findings. 

 

2. Introduction 

Efforts aimed at articulating the value of biodiversity have been frustrated by a lack of 

scientifically based assessments of the functional contributions that biodiversity makes to rural 

livelihoods and economic development.  This has been particularly so in the wet humid tropics 

(Chomitz and Thomas 2002, Schneider et al. 2002). While there are many such functional 

contributions, one of the most frequently discussed is that conveyed by biodiversity on 

maintaining hydrological integrity. By “hydrological integrity” we refer to attributes such as the 

provision of sustainable water yields, reduction of flood hazard, and erosion control. 

Conservation and integrated watershed management are intimately tied to the water cycle of 

humid tropical ecosystems.  

 

Oyebande (1988) estimated that half of the world’s tropical forests were cut down since 1950 

and that if current (at the time) trends continued, two-thirds of the remaining forests would be 

lost by the year 2000.  Wet tropical ecosystems support important biodiversity resources. 

Structure and function of these forests are similar across the tropics, but there is spectacular 

variation in species composition, even across small distances. In a class by themselves as the 

richest terrestrial vegetation by far, conversion of these forests leads to the greatest species loss 

per unit area of any land cover change. Estimates are controversial, but these ecosystems may be 

home to two thirds of the world’s plant species and 90% of insect species (Gentry and Dodson 

1987; Myers 1980; Osborne 2000). Less clear is the nature of their role and significance in 

providing reliable water supplies to humans and agroecosystems.  Present knowledge of  the 

interaction between tropical forest cover and hydrology lags far behind that of other climate 

zones (Oyebande, 1988).  From a sustainable development perspective, it is supposed – plausibly 

but without much evidence – that changes in upland land use practices could help poor hill-
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dwellers, conserve biodiversity, and provide tangible hydrological benefits for downslope urban-

dwellers. However, domestic benefits of forest preservation vary greatly with location and with 

scale and the prospects of significant hydrological benefits from forest preservation may be 

much smaller than is popularly believed (Chomitz and Kumari, 1998). Basic science is still 

needed to address these issues, for the role of biodiversity spans an enormous array of 

phenomenon, from land productivity, soil physics, hydrology, nutrient biogeochemistry, and 

possibly weather and climate dynamics. The socioeconomics of land cover change, population 

dynamics, agricultural policy and sustainable development are all embedded in this dialogue as 

well.  

 

The focus of this work is on articulating the hydrological and biodiversity importance of tropical 

forests, both managed and natural. While most studies are limited to a single ecoregion, 

watershed or region, our study spans the pan-Tropical domain, combining biogeophysical data 

sets, models, and policy-relevant scenarios through the unique prism of river network topology 

(i.e. hierarchical organization of river systems that channel spatially-distributed runoff into 

regional water supplies). A drainage basin perspective is essential for understanding the 

upstream-downstream connectivity of water supplies, water demands, and emerging water 

problems. 

 

The overall framework of the Pan-Tropic study is depicted in Figure 1. There were four key 

phases – preparatory work in defining the overall geographic scope and physical analytical units 

for the study, formulation of land cover change scenarios, assessment of the hydrological and 

biodiversity implications of those scenarios and, finally, the interpretation and synthesis of 

findings, particularly from a potential human welfare and policy perspective.  



    Outcomes/
    Impacts

    Scenarios Formulate land cover change scenarios
for the pan-tropics (0.5 degree
resolution):

  * Change within tropical forest biomes only
  * Four scenarios

 Define geographic and ecological scope
 of pan-tropical assessment:

1. Tropical forest biomes (tfb’s)
2. Basins containing tfb’s
3. Terrestrial biodiversity (at least initially)

Global
Hydrological

Model
(WBM UNH)

Changes in hydrological response in watersheds/
basins containing tropical forest biome extents:
  * Mean and T year annual flows
  * Mean and T year highest monthly flow
  * Mean and T year lowest monthly flows
  * High/Low flow ratios

Changes in biodiversity and conservation status:
   * extent, contiguity and fragmentation of
      remaining forest cover
   * biodiversity distinctiveness (mammal, bird and
      plant species counts for richness/endemism)
      of areas lost/remaining
   * loss of rare/unique “phenomena”

Ecoregion and
Biodiversity
Databases

(WWF 2000-03)

Develop
Analytical
Scenarios

Model
Parameter-

ization &
Calibration

Species,
Conservation,

& Threat
Data (WWF)

Mapped and tabular summary of potential impacts

* By scenario
* By forest biome & ecoregion
* By river stretch
* By downstream population served/threatened
* By extent and population of flood plain
* By major city in flood plain
* By basin
(* By major inland water body/estuary/coastal zone)

Population,
Biodiversity,
Flood Plain,

City Data

Threats to hydological function:

  * Disruption of domestic, agricultural and
            industrial water supply
  * Increased flooding, erosion, landslide risks
  * Decreased effluent dilution capacity at low flows
  * …….

Threats to habitat and biodiversity:

  * Loss and fragmentation of habitat
  * Loss of endemic species/species diversity
  * Disruption of ecosystem function
       (e.g. loss of water purification/de-toxification
               capacity, fish migration)
  * …….

Climatology
  * Long term av. monthly(1950-90)
  * Monthly time series (1950-95)

Figure 1: Overview of the Pan-Tropic Assessment 
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2.1 The tropical forest-hydrology link: evidence and misconception 

The paucity of research on the link between tropical forests and hydrology has led to 

unsubstantiated claims and the generation of myths concerning the hydrologic impacts of tropical 

forest conversion (Bonell and Balek, 1993).  For example, two of the most common 

misperceptions are: 1) that forests act as “sponges”, hence the cutting of forests results in 

increased flooding and 2) that tropical forests generate or attract rainfall when in fact, it is 

geographic and topographic patterns of high rainfall that drive the location of tropical forests.  

Table 1 summarizes common misconceptions of the forest-hydrology linkages (Kiersch and 

Tognetti 2002). Such misconceptions can and do affect public policy as well as public opinion. 

For instance, despite scientific evidence that suggests otherwise, the deforestation-hazard linkage 

in Himachal Pradesh, India, used for more than a century by the Indian Forestry Department as a 

basis for policy decisions, assumes that destruction of forest and other land covers has resulted in 

negative downstream consequences such as increased runoff, erosion, land instability and stream 

flashiness and that these hazardous events are occurring in more places and more frequently 

(Gardner, 2002).  Gardner found that, in reality, the extent of forest cover has changed little over 

the last 150 years and that hazardous processes recur in similar locations at similar frequencies 

and magnitude, except where development has increased human exposure to such processes.  

Bruijnzeel (in press) offers a history of the movement away from the “traditional stance” (that 

forests act like sponges, soaking up rain during wet periods and releasing it slowly during dry 

periods, and that deforestation dramatically influences rainfall and flooding) towards a more 

scientific (and more complex) view of the links between tropical forests and hydrology.   

 

Oyebande (1988) found that average annual yield increases about 5 mm for each percentage of 

tropical forest cover lost.  According to Bruijnzeel (1996) removal of 33% or more forest cover 

will result in initial increased annual water yields and that the increases are roughly proportional 

to the fraction of biomass removed.  There appears to be no evidence of changes in annual yield 

when change in forest cover is less than  20% of the total catchment area (Bonell, 1993). Initial 

increases from complete forest removal has been observed to range from 125 to 840 mm/year.  

While increased water yields due to deforestation can be temporary, depending on the type of 

replacement vegetation (i.e., secondary forest versus cultivated crops) Bruijnzeel (in press) 

reports that permanent increases in water yield of 140 to 410 mm/yr have been observed when 
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native tropical forest in Africa was converted to annual crops.  Forest conversion to grassland 

and plantations can result in permanent increased water yields on the order of 150 to 300 mm/yr.  

However, water yields can be expected to return to the original state upon closure of the 

secondary forest or plantation canopy. 

 

Table 1: Comparison of general understanding and scientific evidence presented by 
Kiersch and Tognetti (2002). 

Misconception Scientific evidence 

Forests increase 
rainfall 

Overwhelming evidence indicates that the effects of forests on rainfall is 
small, but further research is needed to determine the magnitude of the 
effects, especially at a regional scale. 

Forests increase 
runoff 

With the exception of cloud forests and very old forests, runoff is generally 
less from forests than from shorter vegetation types. 

Forests increase 
dry season flows 

Competing forest process may either increase or decrease dry season flows. 
Detailed, site-specific models are required to predict impacts. 

Forests reduce 
erosion 

Forest cover as such does not guarantee low rates of erosion.  Forest quality 
may be a more important factor. 

Forests reduce 
floods 

Land cover change can be shown to have direct effects on flood flows in 
small water sheds, but little evidence exists that this is true for large basins 
or extreme flood events.  Management strategies (i.e., cultivation, drainage, 
road construction, soil compaction) are more likely to influence flood 
response. 

 

The effect of forest removal and conversion on dry season flow is much less predictable due to 

the counteracting effects of changes in evapotranspiration and infiltration.  Bruijnzeel (1996) 

cites evidence that reduced infiltration leads to decreased baseflow when converted forest soils 

have been compacted by heavy machinery and overgrazing, whereas reduced evapotranspiration 

leads to increased baseflow in areas where forest clearing techniques have minimized soil 

compaction. In the Amazon, only 1% of incident rainfall became runoff from forests cleared 

manually, whereas 6.5 and 12% of incident rainfall became runoff from forests cleared using a 

crawler tractor with a shear blade and with a pusher/root rake, respectively.  Changes in soil 

properties (which impact erosion rates) were negligible from traditional slash and burn clearing, 

but were considerable after clearing with bulldozers, due both to soil compaction and removal of 
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top soil (Bruijnzeel, 1996).  Clearly, land husbandry and technology play a major role in 

determining the link between tropical forest conversion and hydrologic change. 

 

Many of the recent broadly spatial studies of tropical forests have been related either to the 

economics of forest alteration or its impact on carbon storage or greenhouse gas emissions (i.e., 

Barbier and Burgess, 2001; Maestad, 2001; Bazzaz, 1998; Tinker et al., 1996).  Studies linking 

tropical forest conversion and hydrologic impacts are typically limited in spatial extent with a 

few notable exceptions (Giambelluca, 2002; Bonell, 1998; Bruijnzeel,1991).  The effects of 

forest conversion observed in small catchments (<1 km2) may be difficult to detect in large 

basins (>1,000 km2) due to the confounding effect of differing land cover types and spatial and 

temporal variability of rainfall patterns within these basins.  In this study, we evaluate the 

impacts of landcover change (in particular, forest conversion to agriculture) across the pan-

Tropical domain.  Our analysis is done at a relatively coarse scale (30-min or 0.5 decimal 

degrees) but in a consistent manner so that cross-regional comparisons can be made. 

2.2 Biodiversity 

The project focuses on the nexus between hydrology, biodiversity and populations.  In order to 

better understand these relationships it is imperative that we clearly define what is meant by 

biodiversity.  Biodiversity is a broad overarching concept that in simple terms refers to the 

variety of life forms on earth.  Its scope ranges from landscapes, through ecosystems and 

communities, to species and populations and their genetic variability (Putz et al. 2000).  

Biodiversity is a characteristic of all living organisms and not just the pristine habitats that are 

often associated with high levels of biological diversity.  It is thus relevant to both the 

undisturbed heart of the Amazon forests and the patchwork agricultural-forest mosaics of 

northern Thailand.  This is particularly true in the tropical forest regions of the world which are 

known for their biological richness and species diversity but have also been heavily influenced 

by human populations.   

 

Recent studies have begun to examine biodiversity as a service to human populations and to 

recognize that there are benefits beyond aesthetics to conserving biodiversity.  Many of these 

studies have taken a global approach allowing the distinction between biological diversity at 
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multiple scales (WCMC 1992; WRI 2000; PAGE studies 2000; McNeely and Scherr 2003; MA 

forthcoming).  Their message has been a resounding affirmation that biodiversity and human 

populations are integrally linked and that humans can and will benefit from biological 

conservation.  As stated in WRI’s report, People and Ecosystems: The Fraying Web of Life 

(2002), species diversity is a key component to ecosystem stability.  Diversity supports many of 

the ecosystem services essential to humans, such as the provision of clean water, and it boosts 

the ecosystems ability to respond to change.  Additionally genetic diversity within ecosystems is 

an important factor to humans who rely on these ecosystems for food and fiber in that it helps 

ensure the systems productivity and helps fend off pests and disease (WRI 2000).   

 

There are many human pressures on biodiversity, including conversion, over-exploitation, 

degradation, introduction of invasive species, fragmentation, and habitat loss and the threat from 

these is growing (Reid and Miller 1989).  The pressure around the world to meet the growing 

food demand (and in particular the growing demand for meat) has left many of the remaining 

tracts of forest under continuous threat of conversion.  But policies focused on decreasing these 

pressures on ecosystems are slow in being adopted particularly when the benefits do not 

seemingly stem beyond maintenance of biological function. 

2.3 Focus of the study 

The approach of this study is thus to look for target areas of watershed conservation that 

simultaneously avoid the loss of key biologically diverse areas.  The study is predicated on the 

existence of significant tracts of tropical forest that provide both havens of biodiversity richness 

and socially beneficial watershed services.  The goal is to identify the location and extent of such 

tracts within the tropics globally and to generate evidence of the nature and scale of the 

biodiversity and hydrological services they deliver, and to provide some sense of the importance 

of those services to the human populations they help support.  The central approach taken is to 

demonstrate what shifts in hydrological regime, what loss of habitat and biodiversity, and what 

likely scale of negative human impacts could be avoided by maintaining the integrity of those 

remaining areas of tropical forest that appear to offer the highest ‘win-win” potential.  This new 

knowledge will help to target and prioritize watershed conservation efforts that, by design, avoid 

serious loss of both biodiversity and hydrological function.  From a political economy 
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perspective, the strategy recognizes and seeks to capitalize upon the potential for “free-riding” 

biodiversity protection given the (relative) ease of mobilizing policy concern with regard to 

maintaining hydrological regimes. 

 

3.  The Pan-Tropical Assessment 

3.1  Delineating the Pan-Tropics 

The basic issue in defining the scope of the study was the geographic context within which the 

search for synergy between biodiversity and hydrological function would be made. The project 

terms of reference variously set out the focus area as being – pan-tropical, forest, and humid-

tropics. The humid-tropic focus was born out of a comfort level with the state of evidence-based 

knowledge on the hydrology of the humid tropics, the specific expertise and knowledge-base of 

the participating institutions in humid-tropic environments and, last but not least, the greater 

known incidence of biodiversity-richness in the humid tropics. Reflections over the policy utility 

of the analyses to be performed however, suggested that while the focus of attention on 

conservation of biodiversity within forested lands of the humid tropics should be maintained, it 

was also of value to examine potential synergies in non-humid tropical forest zones. At an early 

stage, therefore, it was decided to retain non-humid tropical forest areas within the scope of the 

study, recognizing that the primary concern would be to report results for the humid zones.  

 

In this study, the pan-tropical modeling domain includes basins that contain tropical or sub-

tropical moist, dry and coniferous forests (Biomes 1, 2 and 3, respectively) as delineated by the 

World Wildlife Fund (WWF) Terrestrial Ecoregions of the World potential landcover map 

(Olson et al, 2001), a global map of ecoregions containing more that 800 ecosystems which are 

classified into bio-geographical realms and biomes.  WWF defines ecoregions as ‘relatively large 

units of land containing a distinct assemblage of natural communities and species, with 

boundaries that approximate the original extent of natural communities prior to major land-use 

change. The area encompassed within the extent of the pan-Tropical study area encompasses 

approximately 55 million km2.  Moist forests make up 33% of this area and dry forests only 

16%. The tropical and subtropical coniferous forests (Biome 3) represent less than 4% of the 
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total pan-Tropical area. Since the study is designed to assess potential hydrological impacts, the 

overall geographic scope of the study must encompass those river basins containing tropical 

forest areas.  Thus, the pan-Tropical boundary was established by overlaying ecoregion polygons 

within the three WWF tropical forest biomes (converted to 2-minute resolution gridded fields) on 

to basins delineated from the 30-minute (0.5 decimal degree) simulated topological network 

(STN-30, Fekete et al., 2001).  For this reason, the pan-tropical domain incorporates many of the 

other tropical and sub-tropical biomes as well (see Appendix D, Figure 1).  Figure 2 shows the 

extent of Biomes 1, 2, and 3 along with the extent of pan-tropical basins. At the pan-Tropical 

scale, there are 1,443 basins ranging in size from 5.9 million km2 (Amazon) to 2,600 km2 (single 

grid cell basins).   

 

The initial examination of such basins suggested the need for specific criteria to be developed by 

the study to guide the basin selection and categorization. The first issue was simply the number 

and size range of potentially relevant basins. Many of the world’s major river basins, the 

Amazon, the Congo, the Ganges, fall within the general purview of the study, but so too do many 

less obvious ones, such as the Nile,  by virtue of a relatively small area of tropical forest (when 

expressed as a share of total basin area) in their headwaters. There are also many small coastal 

and island watersheds. These present particular problems from an analytical perspective because 

of constraints on the spatial resolution of underlying datasets, and the tractable resolution of the 

spatial units for the pan-tropic hydrological analysis. Underlying land cover, population and 

related spatial datasets available to the study ranged from 1-400 km2, while the minimum 

resolution of the hydrological model was set at approximately 2,500 km2. The minimum area 

unit of the hydrological model was determined by the availability of a validated and coherent 

grid of water/river flowpaths for the pan-tropics (STN-30, Fekete et al., 2001).  Only 148 of 

these basins are greater than 30,000 km2 which is considered the lower limit for simulating basin 

response at this resolution (Fekete et al., 2001). From these, we selected 108 focus basins which 

were both greater than 30,000 km2 in size and had > 10% of precipitation generated within the 

tropical biomes2 (see Appendix D, Figures 2a-2c).  For reporting purposes the biodiversity and 

 
2 It is important to note that by this construct, many coastal basins fall out of the WBM analysis.   

 



landscape change results are reported for the entire pantropic study region while the results of the 

hydrological study are often reported solely for the 108 focus basins.   

 

 

Figure 2: Extent of tropical forest biomes and pan-tropical modeling domain. 

3.2 Representing Pan-Tropical Biodiversity 

Our initial review of globally available sources of information on ecoregions and related 

biodiversity revealed that the approach and databases developed by the WWF were most 

consistent with the needs of this project.  An ecosystem or ‘ecoregion’ is defined as a spatial unit 

made up of ‘complex plant, animal, and microorganism communities and the nonliving 

environment within which these communities function (CBD 2002).’  WWF (Olson et al. 2001) 

developed a detail map of global terrestrial ecosystems based on collaboration with over 1000 

scientists from around the world and in the process defined a hierarchical system of ecoregions, 

biomes and biogeographical realms.  These ecoregions were delineated using only natural 

attributes and thus represent a mosaic of ecosystems void of human influence (Ricketts and 

Wood 2003).  Olson et al. (2001) argue that some of the other global vegetation maps, which rely 
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heavily on modeling of specific biophysical features (e.g. rainfall and temperature (Holdridge 

1967; Bailey 1998), vegetation structure (UNESCO 1969) and remotely sensed data (Defries et 

al. 1995), do not reflect the distribution of species and communities as well as an ecoregion 

approach.  Also many of these other global classifications are defined at such a broad scale that 

they better reflect biomes than ecoregions (Mace 2003).  WWF’s map includes over 800 

ecoregions with an average size of approximately 150,000 km2 a marked improvement over the 

Udvardy’s previous classification of biogeographical regions of the world which has an average 

unit size of  740,000 km2 (Olson et al. 2001; Udvardy 1975).  WWF used many of these coarser 

datasets to establish the first tier of their hierarchical classification system, the realms and 

biomes, and then based the ecoregion delineation on expert opinion and ‘widely recognized 

biogeographic maps’ (Olson et al. 2001; p934).  The incorporation of regional knowledge and 

expertise enhanced the use of the map as a tool for biodiversity assessments and conservation 

efforts.   

 

Ecosystems provide units of analysis based on natural, not politically-defined, boundaries.  

However, most ecosystem variables are geographically continuous and so distinct boundaries are 

hard to define. But patterns suitable for delineation do arise in biological communities, often 

relating to patterns in underlying abiotic conditions.  Ecoregions are therefore well suited for 

identifying areas of outstanding biodiversity.  The hierarchical nature of the WWF classification 

scheme is beneficial from a policy perspective.  Ecoregions are usually quite small and based on 

unique characteristics whereas biomes and realms form larger more contiguous areas that are 

better units for both assessments and decision making.  For example, Olson et al. (2001) divide 

the globe into 6 biogeographic regions which provide a continental basis for assessment (Mace 

2003).  We benefited greatly from the globally consistent approach taken by WWF and most of 

our reporting is done by biome and realm and we were able to use the attribute data associated 

with the ecosystems as part of our overall analysis.  The two indicators that were of most value 

to the pantropical assessment and are available for each of the WWF ecoregions are the 

biodiversity distinctiveness index (BDI) and the conservation status.   

 

 



3.2.1 Biological Distinctiveness Index (BDI) 

The BDI is a scale-dependent attribute of biological richness that was determined based on 5 

criteria: species richness; endemism; complexity of species distributions; uniqueness and rarity; 

geographic uniqueness (e.g. areas that exemplify global rarity of their habitat type) (see Figure 

3).  Biodiversity measurements are often based solely on species richness (i.e. the number of 

species) but the BDI broadens the definition of biological distinctiveness by incorporating 

ecosystem diversity and the ecological processes that sustain that diversity at varying 

biogeographic scales (Wikramanayake et al. 2002; Dinerstein et al. 1995).  The BDI is premised 

on the assumption that, while all ecoregions are biologically distinct to some degree, some are 

exceptionally rich, complex or unusual.  Ecoregions were ranked as Globally Outstanding, 

Regionally Outstanding, Bioregionally Outstanding, and Locally Important (Figure 4).  

Ecoregions are considered outstanding if they exemplify extraordinary levels of the first 4 

criteria or if they meet the criteria for geographic uniqueness3 (Dinerstein et al. 1995).  It is 

important to note that the BDI was derived independent of threat and is thus a ‘pure’ (ie. no 

human element) indicator of biodiversity.  In other words the biological distinctiveness of a 

region is not higher if that ecoregion is under a greater threat of human exploitation. 
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3 For more specific information on the classification of the Biological Distinctiveness Index (BDI) or the 
Conservation Status please refer to the specific assessments by biogeographical realm: Dinerstein et al. (1995); 
Wikramanayake et al. (2002); Ricketts et al. (1999). 



 

Figure 4 Biological Distinctiveness Index for the Tropical Forest Biomes (WWF’s BDI) 

3.2.2 Global Conservation Status 

The human ‘element’ influencing biodiversity is embodied in WWF’s conservation status.  The 

conservation status is specifically designed to ‘estimate the present and future capability of an 

ecoregion to meet three goals of biodiversity conservation: to maintain viable species 

populations and communities, sustain ecological processes, and respond effectively to short-and 

long-term environmental change (Wikramanayake et al. 2002 p.41).’  The conservation status is 

determined at the landscape level and is based on: loss of original habitat; number and size of 

habitat blocks; fragmentation/degradation; conversion rate and degree of protection.  The 

classification of the conservation status was based on a quantitative assessment using available 

maps and current land cover data in conjunction with expert opinion on the region.  Each of the 

criteria was given a weighting with habitat loss carrying the most weight and degree of 

protection the least (Table 2).   

Table 2  Conservation Status Criteria and Weighting 

Criteria Weighting 

Habitat loss  40% 

Size and number of habitat blocks 20-25% 

Fragmentation/degradation 20% 

Degree of protection 10-15% 

Conversion rate 0-10% 

 Adapted from Dinerstein et al. 1995; Ricketts et al. 1999 and Wikramanayake et al. 2002. 
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The categories of conservation status employed in the tropics are (Dinerstein et al. 1995):  

 
• Critical – The remaining intact habitat is restricted to isolated small fragments with low 

probabilities of persistence over the next 5-10 years without immediate or continuing 
protection and restoration.   

• Endangered – The remaining intact habitat is restricted to isolated fragments of varying 
size (a few large blocks may be present) with medium to low probabilities of persistence 
over the next 10-15 years without immediate or continuing protection or restoration. 

• Vulnerable – The remaining intact habitat occurs in habitat blocks ranging from large to 
small; many intact clusters will likely persist over the next 15-20 years, especially if 
given adequate protection and moderate restoration. 

• Relatively stable – Natural communities have been altered in certain areas, causing local 
declines in exploited populations and disruption of ecosystem processes.   

• Relatively intact – Natural communities within an ecoregion are largely intact with 
species, populations, and ecosystem processes occurring within their natural ranges of 
variation. 

          
The dataset includes a 'snapshot' conservation status and a 'final' conservation status with the 

'final' adjusting the snapshot conservation status to account for threat of conversion, degradation, 

and, in some regions, wildlife exploitation (Ricketts et al. 1999; Dinerstein et al. 1995; 

Wikramanayake et al. 2002). The global conservation status, which we used for this study, 

provides a ’30 year prediction of future conservation status given current conservation status 

trajectories (WWF 2001)’ (see Figure 5).   This variable is therefore appropriate as an indicator 

of an ecoregion’s vulnerability to change. 

 

Figure 5 Global Conservation Status for the Tropical Forest Biomes  
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3.2.3 Pan-Tropic Overview 

An assessment of the pan-Tropics was undertaken based on the Biological Distinctiveness Index 

(BDI), the Global Conservation Status, protected areas and improved data on the distribution of 

populations.  Figure 6 shows the share for each basin of the total tropical forest biomes area 

classified as globally or regionally outstanding in terms of biological distinctiveness.  As would 

be expected the Amazon and Congo basins are home to most of the biologically diverse areas of 

the tropical forest biomes.  Figure 7 looks at the region from a slightly different perspective by 

showing the share of each basin with globally or regionally high BDI within the tropical forest 

biomes.  This gives an indication of 1) how much area of each basin falls within the forest 

biomes and 2) what share of that area is considered biologically rich.  It is immediately evident 

that the Indo-Malay realm has the highest concentration of biologically rich tropical forests and 

that very few of the basins in Africa, outside of the Congo basin, have forests within the tropical 

forest biomes that are characterized as globally or regionally outstanding in terms of biodiversity.  

It is also interesting to note that many of the basins with high shares of biologically rich tropical 

forest are the small basins that fall along the coast.   

 
Figure 6 Basin share of total globally or regionally high BDI areas within tropical forest 
biomes 
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Figure 7 Share by basin of globally or regionally high BDI within the tropical forest biomes 
 

Figures 8 and 9 are similar representations based on the critical and endangered areas within the 

tropical forest biomes.  Figure 8 shows the share per basin of the total critical and endangered 

areas within the tropical forest biomes.  Again the basins of Asia stand out as those with the 

highest share of the vulnerable areas within the tropical forest areas.  The Amazon and Parana 

basins of South America stand out as well but this is due more to their overall size than to the 

fact that they have a large share of critical or endangered forests.  This becomes more evident in 

Figure 9 which presents the share per basin of area that falls within the critical and endangered 

tropical forest biomes.  Again much of Asia stands out along with some of the smaller coastal 

basins as having the highest shares of area vulnerable to change. 
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Figure 8 Basin share of total critical and endangered areas within the tropical forest 
biomes 

 
Figure 9 Share by basin of critical or endangered areas within the tropical forest biomes 

 
Table 3 provides a summary of the study area by realm and biome and gives a basic idea of what 

regions are most likely subject to further conversion.   The moist broadleaf forest biome 

comprises 36% of the extended pantropic region (i.e. the area within all basins that have a share 

in the tropical forest biomes) and 82% of the three tropical forest biomes.  This biome has a high 

area share of globally and regionally outstanding biological distinctiveness (83% compared to 

only 56% of the dry broadleaf forest) (Figure 10).  The share of the moist broadleaf forest 

classified as critical or endangered (44%) is low in comparison to the shares for the dry and 

coniferous biomes (64% and 78%, respectively) (Figure 11).  This could be due in part to the 
 18



higher level of protection seen in the biologically rich moist broadleaf forests (18% versus 12-

14% for the dry and coniferous forest biomes).    This could be due in part to the higher level of 

protection seen in the biologically rich moist broadleaf forests (18% versus 12-14% for the dry 

and coniferous forest biomes).  Laurance et al. (2002) found that drier deciduous forests in the 

Amazon were more vulnerable to agricultural conversion than moist forests; our analysis 

suggests that this holds true over the pan-Tropics as a whole. 

 

One concern in using the WWF BDI and conservation status as measures of biodiversity and 

threat was that these variables may be co-dependent and that regions that are classified as 

globally or regionally outstanding from a biological distinctiveness perspective may in parallel 

be classified as critical or endangered in terms of conservation status.  Table 3 indicates that 

although there are parallels at some level between the two variables they are independently 

calculated and do not necessarily go hand in hand.  This is particularly evident when looking at 

the moist broadleaf forest.  Over 80% of these forests are classified as globally or regionally 

outstanding in terms of biological distinctiveness while less than half are under a serious threat 

of conversion. 
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Figure 10 Biological Distinctiveness Index 
(BDI) for the tropical forest biomes (Olson et 
al. 2001; WWF 2003).  GO: Globally 
Outstanding; RO: Regionally Outstanding; 
BO: Bioregionally Outstanding; LI: Local 
Interest; NR: No Ranking 

 Figure 11 Global Conservation Status for the 
tropical forest biomes (Olson et al. 2001; WWF 
2003).  C/E: Critical / Endangered; Vuln: 
Vlunerable; I/S: Relatively Intact / Relatively 
Stable; NR: No Ranking 
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Table 3 also highlights the distribution between realms of land cover, protected areas, 

conservation and biological distinctiveness indicators, and population.  The majority of the study 

area (34%) is located in the Afrotropical realm but this realm is primarily comprised of non-

forest regions that fall within basins fed by the tropical forest areas upstream.  If the areas outside 

of the three tropical forest biomes are eliminated the shares by realm change to 47% for the 

Neotropical realm, 15% for the Afrotropical realm and 29% for the Indo-Malay realm.  Thus 

although the downstream effect of land use change in the tropics could potentially affect a larger 

area in Sub-Saharan Africa, the target area for policy initiatives that focus on land use change in 

the tropics is smaller in Africa than the equivalent tropical areas in Latin America and Asia.   

 

Scenario 2 of this study is predicated on the assumption that if an area is protected then it will 

not be converted.  Although this is a generous assumption it helps highlight the regions that may 

have increased vulnerability due to a lack of protection.  Approximately 16% of the total study 

area is protected (this share is the same on average for the tropical forest biomes and those areas 

outside of these biomes) with most of the protected area falling in the Neotropical realm (43%).  

This is not surprising since a large portion of the Amazon basin is protected through both 

international and national initiatives.  Indo-Malay which has the highest share of the population 

for the study area (53% - over 60% of whom reside in the moist broadleaf forest biome) also has 

the lowest area share under protection (9%).  Approximately 68% is classified as critical or 

endangered and the region shows the highest level of globally or regionally biological 

distinctiveness (74% compared to a study area average of 58%).  Without even measuring the 

responses of biological or hydrological regimes to forest conversion, this region appears to be the 

most vulnerable to change in terms of level of threat and lack of protected area.  Southeast Asia 

also has the most at stake in terms of populations and biological factors.   

 

 

 

 

 

 



Table 3: Total and threatened forested areas and human populations summarized for each WWF biome and realm. 

Area
Share by 

Realm
Share of 

total Area

Share of 
biome 
total Area

Share of 
biome 
total

Share 
under 

protection Area

Share of 
biome 
total

Share 
under 

protection Persons
Share of 

total
(000 sq km) (000 sq km) (percent) (000 sq km) (percent) (percent) (000 sq km) (percent) (percent) (m persons) (percent)

Realms & Biomes

Neotropical
  Moist Broadleaf Forest 9,178 54.2 16.7 2,261 24.6 2,543 27.7 15.2 7,105 77.4 25.2 196 5.3
  Dry Broadleaf Forest 1,771 10.5 3.2 294 16.6 887 50.1 22.7 783 44.2 23.7 58 1.6
  Coniferous Forest 329 1.9 0.6 38 11.4 285 86.7 9.9 250 75.9 11.9 44 1.2
   Other (non-forest) biomes 5,646 33.4 10.3 1,087 19.3 1,234 21.9 24.7 3,195 56.6 28.2 135 3.7
             Total 16,923 100.0 30.8 3,679 21.7 4,949 29.2 18.6 11,332 67.0 25.7 433 11.8

Share of total 100.0 21.7 29.2 67.0 2.6

Afrotropical
  Moist Broadleaf Forest 3,454 18.4 6.3 521 15.1 1,605 46.5 15.8 3,026 87.6 16.5 172 4.7
  Dry Broadleaf Forest 195 1.0 0.4 15 7.8 154 78.9 3.6 164 84.1 5.7 2 0.1
  Coniferous Forest 0.0 0.0   0.0
   Other (non-forest) biomes 15,132 80.6 27.5 2,327 15.4 5,114 33.8 17.0 7,716 51.0 21.3 450 12.2
             Total 18,781 100.0 34.2 2,863 15.2 6,873 36.6 16.5 10,906 58.1 19.7 625 17.0

Share of total 100.0 15.2 36.6 58.1 3.3

Indo-Malay
  Moist Broadleaf Forest 5,348 64.0 9.7 510 9.5 3,524 65.9 8.9 4,843 90.6 10.3 1,255 34.1
  Dry Broadleaf Forest 1,500 17.9 2.7 105 7.0 1,124 74.9 6.5 939 62.6 9.2 338 9.2
  Coniferous Forest 83 1.0 0.2 4 5.3 29 34.6 14.4 79 95.3 5.6 16 0.4
   Other (non-forest) biomes 1,425 17.1 2.6 151 10.6 966 67.8 6.6 319 22.4 16.4 353 9.6
             Total 8,356 100.0 15.2 770 9.2 5,643 67.5 8.0 6,180 74.0 10.4 1,962 53.3

Share of total 100.0 9.2 67.5 74.0 23.5

Australasia
  Moist Broadleaf Forest 1,073 61.1 2.0 175 16.3 423 39.4 17.4 1,064 99.1 16.3 18 0.5
  Dry Broadleaf Forest 85 4.8 0.2 7 8.2 85 100.0 8.2 79 92.8 8.7 6 0.2
  Coniferous Forest 0.0 0.0   0.0
   Other (non-forest) biomes 598 34.0 1.1 36 6.0 270 45.1 5.1 58 9.7 23.8 1 0.0
             Total 1,756 100.0 3.2 217 12.4 777 44.3 12.1 1,201 68.4 16.2 25 0.7

Share of total 100.0 12.4 44.3 68.4 1.4

Other Realms (within study area)
  Moist Broadleaf Forest 534 5.9 1.0 16 2.9 528 99.0 3.0 255 47.8 4.1 96 2.6
  Dry Broadleaf Forest 68 0.8 0.1 0 0.6 64 93.5 0.7 67 97.7 0.6 1 0.0
  Coniferous Forest 291 3.2 0.5 56 19.3 235 81.0 20.1 270 93.1 20.4 5 0.1
   Other (non-forest) biomes 8,216 90.2 15.0 1,015 12.4 2,332 28.4 7.8 1,827 22.2 30.5 535 14.5
             Total 9,109 100.0 16.6 1,087 11.9 3,160 34.7 7.8 2,420 26.6 25.7 637 17.3

Share of total 100.0 11.9 34.7 26.6 7.0

Total
  Moist Broadleaf Forest 19,587 35.7 3,482 17.8 8,623 44.0 12.1 16,292 83.2 18.3 1,736 47.2
  Dry Broadleaf Forest 3,619 6.6 422 11.7 2,313 63.9 12.4 2,031 56.1 14.2 406 11.0
  Coniferous Forest 703 1.3 98 14.0 550 78.2 14.5 600 85.3 14.9 65 1.8
   Other (non-forest) biomes 31,016 56.5 4,615 14.9 9,917 32.0 14.5 13,116 42.3 24.1 1,474 40.0
             Total 54,925 100.0 8,617 15.7 21,403 39.0 13.3 32,039 58.3 20.3 3,682 100.0

Share of total 100.0 15.7 39.0 58.3

Population (2002)Total Study Area

(percent)

Protected Area
Area with Critical/Endangered 
Global Conservation Status

Area with Globally/regionally 
outstanding Biological 

Distinctiveness Index (BDI)
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The final overlay by basin of the preliminary analysis was done with the LandScan 2002 
population data.  Figure 12 shows the distribution of populations across the pan-Tropic study 
area.   And Figure 13 shows the share of total population for the study area by basin.  Again 
southeast Asia, where over half of the populations in the pan-Tropic study area reside, stands out 
with a majority of the most heavily populated basins of the pan-Tropics.   

 
Figure 12 Population Density within the pan-Tropic basins 

 

 

 
Figure 13 Share by basin of total population within the pan-Tropic basins 
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3.3 Evaluating Pan-Tropical Land Use/Land Cover Change  

Three land cover scenarios were developed to investigate: 

1. To what extent habitat and hydrological regimes have already been impacted by past 
tropical deforestation?  And, 

2. What potential loss of habitat/biodiversity and changes in hydrological regime could 
be avoided by conserving the most vulnerable forest areas? 

3. What is the most likely pattern of tropical forest conversion in the foreseeable future 
(15-30 years)?   

4. Within the likely conversion areas, where are the areas for which conservation 
advocacy would most help minimize both habitat/biodiversity loss as well as disruption to 
hydrological regime? 

 

The assessment of land cover and land cover change focused on three different time periods: 

original (“potential” i.e. before significant effects of humans), contemporary, and two modeled 

futures, one based on the conversion of the most vulnerable remaining tracts of tropical forest 

and the second based on the most likely pattern of tropical forest conversion.  This assessment 

required the generation of separate land cover maps for each of the specified ‘points’ in time, as 

well as reconciling the land cover classes in the pantropic land cover datasets with the land cover 

classes represented in the hydrological model, WBM (described in Section 3.4).   

 

Reconciliation involved expanding the land cover classes in WBM to accommodate agricultural 

(post conversion) land uses, as well as aggregating land cover classes used in available global 

datasets to match the range of classes embedded in the WBM (describe in more detail in Sections 

3.3.2 & 3.3.3).  For more details on the land cover classes and how they ‘mapped’ from each 

scenario into the WBM land cover classes, see Appendix A.   

 

The available land cover/land use data ranged in spatial resolution from 30 arc-seconds to 5 arc 

minutes (approx 1 – 400 km2).  Combining these data in a consistent manner and aggregating to 

the 0.5 decimal degree (approx 2,500 km2) analysis resolution proved to be much more difficult 

than originally envisioned.  One of the biggest challenges of this project was how to maintain the 

integrity of the finer resolution land cover data while creating a 0.5 decimal degree land cover 
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surface for input into the WBM.  To solve this problem, each of the 18,678 grid cells was first 

assigned a unique ID. Next, the shares occupied by each land cover class within a half degree 

cell was quantified from the finer resolution land cover surfaces and linked to the cell ID.  In this 

way, land cover heterogeneity is maintained by area share and the integrity of the finer resolution 

data is not completely lost.  What is lost in the aggregation process is the location of specific 

land cover classes within each individual cell.   

 

Measuring land cover/land use change at a global scale immediately brings up one of the most 

glaring issues in research on global vegetation change – that of inconsistencies across time and 

between classification schemes.  There currently do not exist any consistently gathered and 

classified datasets that reflect global land cover over multiple periods in time.  The lack of 

consistency in classification makes comparing land cover for different periods extremely 

difficult.  When attempting these comparisons, it is imperative that care is taken to ensure that 

the measured change reflects a ‘true’ change and not just a change due to variations in the 

classification systems.  Working with different land cover surfaces to perform these comparisons 

highlights the need for more systematic, consistent global land cover datasets.  This challenge is 

not unique to our study; it has been an issue with other studies aiming to better understand land 

use and land cover change over time (e.g. Wood et al. 2000; MA 2004). Improvements in the 

availability and consistency of land cover data are necessary if we are to better predict the effects 

of land cover change on environmental processes such as hydrological function and global 

climate change. 

 

3.3.1 Agriculture Conversion and Scenario Development 

For this study, the primary focus in looking at historic and potential changes in land cover/use 

was to gain a better understanding of the relationship between loss of biodiversity (as a result of 

land cover change) and changes in hydrological function.  The types of changes in which we are 

most interested are human induced changes, which are reflected primarily in conversion of land 

for agricultural and urban use.  Agricultural conversion is customarily grouped into 2 sub-sets: 

extensification (expanding the extent of agricultural lands) and intensification (farming the 

existing agricultural lands in a more intensified manner, e.g. irrigation, mechanization).  To 



examine historic and potential change we proposed 4 scenarios to look at change over time and 

to measure the effects that these changes have on biodiversity and hydrological function (see 

Figure 14).  The first proposed scenario looked at historical change in order to assess what 

damage we have already done. The second scenario focused on identifying vulnerable tracts of 

forest and projecting the potential effects of future extensification to determine what we might 

lose.  The third scenario was a proposed subset of Scenario 2 that sought to isolate the most 

vulnerable tracts from both a biodiversity and hydrology perspective.  We were able to deduce 

from the results of Scenario 2 what areas could be identified as having ‘win-win’ potential based 

on the intersection of hydrology, biodiversity and human populations so we opted not to create a 

separate third scenario.  The fourth scenario attempted to predict expansion based on realistic 

projections of food demand.  This scenario was intended to be the closest to business as usual of 

the three forward looking scenarios.  It is recognized that none of these scenarios are expected to 

come true but their results help bound the space of real world outcomes. 
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Figure14: Overview of the Pan-Tropic Assessment Scenarios 
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3.3.2  Scenario 1: Historical changes in land cover – What damage have we done? 

The first scenario was an examination of historic change and the consequences of biodiversity 

and hydrologic responses.  Two land cover datasets were created: one, which we call “original” 

that is based on the WWF ecoregions map and represents our best estimation of land cover prior 

to substantial human exploitation and a second, which we call “contemporary” that incorporates 

recent data on the current state of land cover.  The objective of Scenario 1 was to provide a 

baseline for the analysis of potential future changes in land use.  It also provided a means of 

testing the methodology from the hydrological perspective since the hydrologic model results 

from the contemporary dataset could be verified against observed flows. 

 

3.3.2.1 Original land cover 

The original land cover was derived from the WWF Terrestrial Ecoregions of the World (WWF 

2003).  One of the benefits of using these data is that the ecoregions reflect ‘potential’ or original 

land cover and do not take into account land cover conversions.  Approximately 500 terrestrial 

ecoregions fall within the full basin extent of the pantropic study area (see Figure 15) and had to 

be reclassified into TEMVeg land cover classes developed by Mellilo et al (1993) based on the 

location, vegetation and phenology of the individual ecoregions. In many cases, there was an 

obvious correspondence between ecoregion biome class or name and the appropriate TEMVeg 

class.  For instance, most of the forests in biome 1 (tropical and sub-tropical moist forests) were 

named rain forests and hence were classified as tropical evergreen forests unless the name 

specifically stated deciduous.  Most of the forests in biome 2 (tropical and sub-tropical dry 

forests) were named dry forest and hence were classified as tropical deciduous forests unless the 

name specifically stated evergreen.  However, when this information alone was not sufficient, 

on-line ecoregion descriptions were accessed at http://www.nationalgeographic.com 

/wildworld/terrestrial.html.  A description of individual regions could be accessed at this website 

by entering the ecoregion id.  After the reclassification process was complete, ecoregions were 

“spot checked” to make sure that the reclassification rules developed during this exercise were 

reasonably accurate.  The conversion of the WWF ecoregions into TEMVEG classes was done at 

a 30 second resolution (approximately 1km2).  The final 30’ resolution dataset includes the 

majority value along with the shares by land cover class within each individual cell.  Figures 16 

http://www.nationalgeographic.com/wildworld/terrestrial.html
http://www.nationalgeographic.com/wildworld/terrestrial.html


& 17 show the predominant land cover class and the forest share for the derived ‘original’ land 

cover surface.  Appendix B.1 lists the TEMVEG classes used to define this surface. 

 

Figure 15 WWF Ecoregions within the pan-Tropic basin area 

 

 

Figure 16 Original land cover (dominant class) based on a reinterpretation of the WWF 
ecoregions 
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Figure 17 Original land cover -  forest share 

3.3.2.2  Contemporary land cover   

The contemporary land cover is based on a variety of datasets representing different aspects of 

land cover including natural vegetation, cropland and crop mosaic areas, pasture, irrigated areas 

and human settlements (see Appendix D, Figures 3a-3d for maps of the input datasets).  The 

most frequently employed spatial reference for contemporary global land cover is the 1992/93 

one-kilometer (1-km) resolution Global Land Cover Characteristics Database (GLCCD 2000; 

Loveland et al. 2000) interpreted using the International Geosphere-Biosphere Programme 

(IGBP) land cover classification scheme (IGBP 1998).  The IGBP classification is best suited for 

the WBM since it maps easily into the model’s input land cover classes (see Appendix A) but it 

does not appropriately recognize the mosaic or ‘mixed-use’ components of landscapes and does 

not consistently or reliably reflect pasture or irrigated areas.  In order to better understand the 

mosaic nature of land use in the tropics we needed to identify these areas.  The cropland and 

cropland mosaic classes were derived based on a reinterpretation of the GLCCD v2.0 dataset.  

This exercise identified areas, at a 1km resolution, that contain 30 percent or more agricultural 

activity.  The classification scheme focuses primarily on identifying mosaic areas – the other 

vegetated areas are represented by aggregated forest, grassland and other classes (for details on 

the disaggregation process and creation of the IFPRI Agricultural Extent (IFPRI 2002) see Wood 

et al. 2000).  In order to maintain the detailed natural vegetation classes from IGBP but also 

identify the cropland and cropland mosaic areas for input in the WBM we created a new 

classification scheme that is a combination of IGBP and IFPRI’s agricultural extent.  This 
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surface combines an extract of the mosaic areas from the agricultural extent (classes 10-40) with 

the remaining area identified based on IGBP (see Appendix D, Figure 4). 

 

The WBM does not have parameters for mosaic classes so it was necessary to break out these 

classes from the combined land cover surface into shares for unique land cover classes for each 

half degree cell.  The original routine used to disaggregate the mosaic land cover shares was 

biasing conversion away from forested areas (and hence, reducing the average hydrological 

signal associated with conversion).  An analysis was performed using the highest resolution 

(1km) land cover data available in order to derive regional ‘rules of thumb’ for the relative 

contribution of natural vegetation classes to agricultural land at the scale required by the WBM.  

These rules were established based on a random sampling of sites approximately 400 km2 in size.  

Thirteen to fourteen sites were chosen per region.  The focus regions were Latin America, Sub-

Saharan Africa and southeast Asia.  The distribution of the individual land cover classes within 

the mosaic areas was determined based on an overlay of the IFPRI mosaic classes and the 

original IGBP classes.  The cropland portion of each mosaic class was predetermined based on 

the descriptive properties of the mosaic classes (see Wood et al. 2000).  .  The mosaic classes 

were then allocated to unique land cover classes based on these regional ‘rules of thumb’.  (See 

Appendix C.1, C.2 & C.3 for the allocation shares per class by region and Appendix D, Figures 

5a-5c for maps of the sample sites used to determine the regional rules of thumb).  

 

Urban or Built-up areas were identified as areas from the CityLights database with values of 

greater than or equal to 50% (ORNL 2000)4.  This threshold was chosen in order to eliminate the 

‘bleeding’ factor of lighted areas and because of the coarse resolution of this model.  A 50% 

threshold identifies as urban all 1km cells with at least 50% of the cell area lighted.  A new 

landcover surface was created based on an overlay of the 50% threshold lighted area mask and 

the combined land cover.  The settled areas took precedence over the land cover classification in 

the IGBP/IFPRI combined land cover surface. 

 

 
4 We had hoped to use the soon-to-be-released ‘Urban mask’ (CIESIN 2004) but this was not available in time for us 
to incorporate it into our analyses.   
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One of the known limitations of the GLCCD is the lack of proper classification of grazing lands.  

It is very difficult to detect differences in reflectance between grazing lands and undisturbed 

savannas or grasslands.  The Center for Sustainability and the Global Environment (SAGE) at 

the University of Wisconsin has developed a global pasture surface at a resolution of 6 arc 

minutes  (approximately 10x10 km) based also on a reinterpretation of the GLCCD v2.0 data.  

The pasture surface represents non-forest areas that are used for grazing (Ramunkutty 2003).  

The pasture share for each half degree cell was calculated and the vegetated land cover shares 

within each cells were adjusted to accommodate the portion of the cell classified as pasture.  

 

Another land cover type that is difficult to detect using coarse resolution satellites is irrigated 

areas.  The University of Kassel has developed a detailed global map of areas equipped for 

irrigation based on regional studies and expert opinions. The map depicts the spatial percentage 

of each 10x10 kilometer cell that was equipped for irrigation (Kassel/FAO 2002). It has been 

derived by combining information from ‘maps with outlines of irrigated areas, FAO data on total 

irrigated area per country around 1995, national data on total irrigated area per county, district, 

federal state or drainage basin, the CORINE land cover map (Europe) and point information on 

irrigation projects (Latin America)’ (http://www.usf.uni-kassel.de/usf/mitarbeit/homepages/doell 

/research9a.htm; Döll and Siebert 2000; 1999).  To incorporate irrigated areas into the combined 

dataset the irrigated share was applied to each half degree cell.  Ideally this calculation would be 

done at the resolution of the irrigated area data (0.08333dd or approx 10x10km) but this would 

be time and space intensive and did not seem justified due to the coarse resolution of WBM 

model.   The approach used does not compromise the integrity of the irrigated share within each 

0.5dd cell since it just aggregates the share to a coarser resolution but some of the spatial 

understanding of where within each cell irrigation is taking place is lost.   Since we do not know 

what spatial area within the 0.5dd cell is irrigated, we first assumed that the irrigation is taking 

place in the areas classified as agricultural; if there is remaining irrigated area then it is 

distributed across the remaining vegetated or sparsely vegetated land cover classes.  No 

weighting is used based on specific class types but they are weighted based on class area shares 

within each cell.   

 

http://www.usf.uni-kassel.de/usf/mitarbeit/homepages/doell /research9a.htm
http://www.usf.uni-kassel.de/usf/mitarbeit/homepages/doell /research9a.htm


The final step was to calibrate the cropland and pasture totals per country to the FAO totals for 

1993 for arable and permanent crops and total pasture (FAOSTAT 2003).  Each cell was 

adjusted by the difference between the pre-calibrated total and the FAO total for each country 

times the share of the total country area for each cell.   The agricultural adjustment was made to 

the cropland and irrigated classes based on the pre-calibration area shares of these classes.  The 

pasture adjustment was made to the pasture class.  The adjustment to the agriculture classes was 

offset in the remaining vegetated land cover classes using a weighting based on the pre-

calibration area share of each vegetated land cover class.   

 

The resulting database includes by cell the majority land cover class and the share of each class 

within the cell (see Figures 18-21 for maps of the dominant land cover class, the forest share & 

the agriculture share and Appendix B.2 for a list of the classes).  These classes subsequently are 

translated into the 20 TEMVEG classes and the WBM is run in layers by land cover class based 

on the applicable shares.  Although derived at a coarse resolution this database is the first attempt 

to incorporate these integrated land cover datasets into one comprehensive database.  With 

further testing and fine tuning this dataset could have potential value to other coarse resolution 

modeling efforts that rely on land cover as an input layer. 

 

 
Figure 18 Contemporary land cover (dominant class) 
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Figure 19 Contemporary land cover – forest share 

 

Figure 20 Contemporary land cover – agriculture share (includes rainfed and irrigated 
cropland and pasture) 

 

3.3.1.3 Synthetic land cover 

To minimize the problems of reconciling natural land cover classes between the original and 

contemporary land cover surfaces, which were each based on a different data and classification 

system, a subset of the contemporary land cover surface (which we call ‘synthetic’) was derived 

by superimposing contemporary agricultural classes (irrigated and rainfed cropland and pasture) 

onto the original land cover surface.  In this way, the hydrologic response of agricultural 
 32



conversion could be isolated and modeled without being confounded by errors due to 

classification differences.  The hydrologic response of forest conversion to agriculture was 

further isolated by analyzing only synthetic land cover grid cells that were tropical forest in the 

original land cover surface.  Figure 21 shows the dominant land cover class for the synthetic land 

cover surface. 

 
Figure 21 Synthetic land cover (dominant class) – based on an overlay of the agricultural 
classes from the Contemporary land cover and the natural vegetation classes from the 
Original land cover 
 

3.3.3 Developing scenarios for projecting from current to modeled future land cover 
conditions 
Assessing the likely nature and rate of land cover change across the entire pan tropics is a major 

exercise in speculation. Even if the processes were well understood in each location, we have 

very incomplete information on the status – let alone the future evolution – of the drivers of land 

cover change. The objective, therefore, was to design a set of land cover experiments that 

explore the potential future domains of land cover change.   

 

In designing the land cover change scenarios the question arose as to the geographic scope 

within which land cover change should be modeled for this study.  The ceteris paribus 
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perspective holds that the study should focus on examining changes in hydrological function that 

arise within river basins solely as a consequence of projected land use change within the tropical 

forest biome portions of those basins, e.g., holding constant current land use in all remaining 

portions of the basin. The inclusionist perspective holds that given the existence of non-

linearities and thresholds in the potential threats from changes in hydrological function, it is 

important to project land cover change across each basin in its entirety in order to assess the true 

net effects of change, and hence potential threat, at key points along the river network. While, 

conceptually, the inclusionist perspective is preferable it does present some implementation 

problems. First, the data and analytical work involved in formulating “wall to wall” land cover 

change scenarios has significant resource implications – especially since many of the study’s 

river basins contain only a minor share of (intact) tropical forests (e.g., most work needs to be 

done in assessing land cover change in areas that are (likely) not as biodiversity-rich as the 

tropical forest biomes). Secondly, the datasets and models being used are likely inadequate to 

capture or predict the non-linear and threshold processes that this perspective seeks to include. 

Thus we proceeded with the ceteris paribus approach which makes it easier to isolate the 

hydrological effects attributable to land cover change in the tropical forest biomes. 

 

The measure of change for the forward looking scenarios was based on the contemporary land 

cover map in its entirety. Thus, there is an acknowledged disjoint between the backward looking 

(‘original’ versus ‘synthetic’) and forward looking (‘contemporary’ versus ‘future’) scenarios.  

This will be discussed in detail in section 4: Results and Discussion.   

 

3.3.4  Scenario 2: Projected deforestation of tropical forest areas vulnerable to change – 
What might we lose? 

 

The focus in the second scenario was to gain a better understanding of the potential impacts of 

future tropical forest conversion.  The objective, albeit hypothetical, was to design a land cover 

change experiment that explored deforestation in the most vulnerable tracts of remaining forest, 

and to measure what effect this conversion could potentially have on biodiversity and 

hydrological function.  This was intended to be a polar case of land use change, and was 

designed to shed light on the “bottom line” impact of land cover change on hydrological function 
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and biodiversity conservation.  Our a priori belief was that the “far field” effect of this radical 

scenario would be rather modest in large basins and for large flood events. Local hazard impacts, 

however, were expected to be much more significant. Some of the subtleties of this draconian 

scenario involved assigning appropriate post-conversion land cover classes, and determining 

how the scenario would be applied differently to each of the 3 tropical forest biomes.  In reality 

the deforestation in this scenario was not as extreme as we had anticipated as we limited 

conversion to the most threatened areas, meaning those that were critical or endangered in terms 

of conservation, and those areas that were not currently under protection.  But this scenario did 

help highlight the downstream affects of land use change, the potential loss of large tracts of 

highly biodiverse areas and the value to hydrology and biodiversity of tropical forest protection.  

The results of this scenario are discussed in detail in section 4.   

 

The baseline for this scenario was the derived contemporary land cover surface described above.  

Only forest area within the tropical forest biomes was targeted for conversion; land cover in all 

remaining portions of the basin was held constant.   Forest conversion was limited to areas that 

were deemed the most vulnerable to change.  Areas currently under protection, as identified by 

The World Conservation Monitoring Centre’s (UNEP-WCMC) protected areas database, were 

therefore not subject to conversion.   The UNEP-WCMC database contains information on the 

location, size and year of establishment of over 30,000 sites that are under national or 

international protection as of the year 2000 (UNEP-WCMC 2003).  These data were made 

available through the Millennium Ecosystem Assessment.   

 

The global conservation status from the WWF terrestrial ecoregions database was used to 

identify the areas most vulnerable to change within the tropical forest biomes.  As discussed 

above in Section 3.2, the conservation status is an indicator of the degree and threat of change for 

each individual ecosystem.  The key factors defining the conservation status are the degree of 

habitat loss, the level of fragmentation, remaining block size and level of conversion.  The areas 

classified as critical or endangered were designated as those most threatened in terms of potential 

deforestation.  Appendix D, Figures 6a-6c shows the various input datasets and the resulting 

target areas for conversion. 
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The resolution at which the potentially convertible areas were calculated played a large role in 

the amount of threatened forest that was converted.  The WBM operates globally at a resolution 

of 30 arc minutes which is the resolution required for the input land cover datasets.  The data on 

protected areas and degree of threat are both available as vector files and can be converted to 

raster files at whatever resolution complements the analysis although the coarser the resolution 

the more detail is lost from the input data.  If the analysis is performed at 30 arc seconds then 

each cell would be flagged as either convertible or not convertible in its entirety thus we would 

vaporize or protect all of the forest within that cell.  This could grossly over or underestimate the 

true convertible area within a cell.  We therefore determined the conversion potential at a finer 

resolution (30 arc seconds to 5 arc minutes – approximately 1-100 km2) based on an overlay of 

the global conversion status, the protected areas database and the original 1 km2 combined land 

cover surface.  This provided an indication of what share of each forest type (moist, dry and 

conifer) was protected or vulnerable within each cell.  The share of each half degree cell that is 

vulnerable to conversion was then adjusted based on the estimated protected/vulnerable forest 

area within that cell.  The result was a convertible forest area share by type for each half degree 

cell.  If the convertible forest share exceeded the total forest share in the cell then the entire 

forest area of that cell was converted to agricultural use.  If the convertible area was less than the 

total forest area then the area converted equaled only that amount deemed convertible and the 

conversion of the forest was prioritized by class.  Since dry forest have historical been more 

vulnerable to human exploitation these were converted before the moist or coniferous forests.  

Figures 22 and 23 show the forest share and the agriculture share for the land cover change 

dataset derived for Scenario 2. 

 



 

Figure 22 Scenario 2 post-conversion land cover – forest share  

 

 
Figure 23 Scenario 2 post-converstion land cover – agriculture share (includes rainfed and irrigated 
cropland and pasture) 

 

3.3.5  Scenario 4: Business as Usual 

 

In this scenario we assume that future increases in production to meet growing food demand 

would be met by expanding the agricultural frontier. An implicit assumption is that there will be 

no net progress in improved crop and livestock productivity (a reality in some parts of the 

world). Projections about increased output by region came from examination of IFPRI’s 2020 

(Rosegrant et al 2002) and FAO’s 2015/30 (Bruinsma 2003) global food perspective studies. 
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Additional production would be allocated amongst three post-conversion land cover types: 

irrigated cultivation, rainfed cultivation and pasture.  The current mosaic classes are the first 

slotted for expansion followed by the cells that are adjacent to agricultural or agricultural-mosaic 

cells in the contemporary land cover.  Each cell across the pan-Tropic region is given an index 

based on proximity to cells containing agriculture.  These cells are converted from all of the 

remaining vegetation classes in rank order until the projected agricultural area has been satisfied.  

The order by which to convert each land cover type within a cell will be determined by region 

based on rules from literature (e.g. Lambin and Geist (2003); Geist and Lambin (2001)) and an 

analysis of change in land cover over time based on LandSat scenes from the Forest Resource 

Assessment 2000 (FRA 2000; Chomitz 2003 personal communication).  Due to the coarse 

resolution and time constraints of this study these rules would be established at a regional level 

and many of the sub-regional characteristics of land use and land cover change are thus not 

recognized in the predictions.  It is important to note that the sampling sites used for the FRA 

study are limited and should be used only as a compliment to other information on deforestation 

and rates of land cover conversion.  As noted by Matthews (2001; p.6) ‘deforestation is not a 

randomly distributed phenomenon, [thus] a 10 percent sampling rate is not sufficient to identify 

with acceptable accuracy how much forest survives intact and how much has been lost.’  But 

these comparisons over time can help us determine what land cover is more than likely to be 

converted for agricultural purposes in specific regions of the tropics.   

 

This scenario was by far the most complicated and challenging to develop.  Because we were 

trying to realistically forecast land cover change we needed not only to understand the expected 

growth in food demand but also where that growth was going to take place.  There are many 

economic and trade issues related to meeting food demands but the scope of this study was too 

limited in time and broad in space for us to take these into consideration.  We thus opted to 

simplify the process and model land cover change based on predicted growth by country. The 

idea was to model land cover change based on the FAO and IFPRI food perspective studies.  We 

did not use the IFPRI study since it predicts only growth in harvested area which is difficult to 

convert to crop area due to the paucity of data on cropping intensities.  The FAO study predicts 

growth in arable land by country but only for a select number of countries (many of which are 
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not located in the tropics).  This left us with no established mechanism for predicting growth in 

the remaining countries that fall within the pan-Tropical domain.   

 

Another problem that we encountered was the lack of data on expected pasture growth.  Grazing 

lands are expected to increase significantly over the next several decades in response to growing 

demand for meat products (Delgado et al. 1999).  It was thus imperative that we incorporate this 

growth into our ‘business as usual’ scenario which aimed to predict the agricultural expansion 

needed to meet food demands over the next 15 to 30 years.  There are no comprehensive global 

estimates of predicted pasture growth.  There are some estimates of the cattle numbers per 

country and also of the amount of pasture required per head from which we could estimate the 

growth in pasture land but this is an involved process that we were unable to pursue within the 

time frame of this project.  We have been in contact with the International Livestock Research 

Institute (ILRI) who has agreed to help us with these predictions in the next phase of this project. 

Due to the aforementioned challenges and the unknowns that arose during the modeling process 

we were unable to complete this scenario with an acceptable degree of confidence.  Our intent is 

to further explore the creation of a ‘business as usual’ future scenario in subsequent phases of 

this study.  We feel confident that our analysis of the biodiversity and hydrologic responses to 

land cover change modeled in scenario 2 is a stand alone product that allowed us to better 

understand the integral linkages that exist between these functions and land cover change in the 

tropics.    

 

3.4 Modeling the Hydrologic Effects of Land Use/Land Cover Change 

Hydrological modeling was performed using the Water Balance Model (WBM) at a 30’ (lat x 

long) spatial resolution (Vörösmarty et al. 1998, Fekete et al. 2001, Federer et al., in press). The 

WBM simulates monthly soil moisture variations, evapotranspiration, and runoff on single grid 

cells using biophysical data sets that include climatic drivers, vegetation, and soil properties.  

The state variables are determined by interactions among time-varying precipitation, potential 

evaporation, and soil water content.  The original model has been described in detail in 

Vörösmarty et al. (1989; 1998) and Vörösmarty and Moore (1991).  Potential evapotranspiration 

(PET) was computed using a modification of the well-known Penman-Monteith surface 
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dependent method (Monteith, 1965; Shuttleworth and Wallace, 1985; Federer et al., 1996) which 

was found to perform best for global-scale land cover and climate modeling studies (Federer et 

al., 1996; Vörösmarty et al., 1998).  This function requires temperature, net radiation, humidity, 

wind speed and cover type as inputs. Climate variables were developed by New et al. (1998).  In 

order to reduce temporal aggregation bias arising from the use of monthly climatic drivers, PET 

is computed at a quazi-daily timestep based on the scaling procedure developed by Rastetter et 

al. (1992) and the probability that a day has a wetting event (deGuenni, 2003). The results are 

then aggregated to a monthly time step.  Simulated ‘actual’ evapotranspiration is distinguished 

from PET through limitations imposed by soil water deficit.  Cover type inputs were developed 

specifically for this study and are described in the next section.  Dominant soil type and texture 

were taken from the FAO/UNESCO (1995;Global Soil Data Task, 2000) soils data bank.   When 

rainfall exceeds the soil moisture deficit computed by the model, the excess is used to augment a 

rainfall-derived detention pool and to generate runoff.  The soil infiltration rate is assumed to 

equal the rainfall rate, therefore overland flow is not explicitly simulated.  The expected monthly 

changes in the pools are calculated as the average daily change multiplied by the number of days 

in each month.  Likewise, the associated fluxes computed by the WBM are initially expressed as 

a daily average for the duration of each month.  These are aggregated to monthly values in the 

same manner. 

 

The major influence of vegetation type in WBM is in the computation of evapotranspiration.  

Broad vegetation classes are distinguished using parameter values that have been taken from the 

literature and “tuned” through the varying applications of the model (see Federer et al., in press 

for details). Two important parameters are leaf conductance and rooting depth.  Maximum leaf 

conductance (GLMAX) values in WBM are consistent with maximum leaf conductance 

observations for tropical forests and crops presented in Schulze et al. (1994). A sensitivity 

showed that a 20% change in GLMAX resulted in a change in runoff of 1.5% or less over the 

pan-Tropics.   

 

The current list of land cover classes used in the WBM is available in Appendix A.  This file also 

lists the classes for which information on root depth types is available.  TEMVeg is a land cover 

dataset based on a distillation of the NASA/IGBP 1-km Local Area Coverage (LAC) AVHRR 
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dataset.  For application to global-scale modeling, the TEMVeg classes are typically grouped 

into eight classes used by the WBM (for example, TEMVeg classes 4, 10,16, and 18 would be 

reclassified as WBM class 2, broadleaf forest).  Each WBM landcover class has the associated 

model parameters (i.e. rooting depth, leaf conductance, leaf width, roughness height, etc..) 

assigned based on literature values and modeling exercises.  The TEMVeg and WBM 

classification schemes originally had only one class for land under agricultural use (Cultivation – 

TEMVeg class 32, WBM class 6).  This restricted the modeling of hydrological responses to 

different farming methods, so the model was adjusted to provide greater flexibility in the 

definition of agricultural land use types.  For application to the pan-Tropics, WBM classes were 

expanded to distinguish deciduous from evergreen forests and to accommodate cultivated rainfed 

and irrigated areas and pasture.   

 

Methods for determining appropriate rooting depths for global models can vary quite 

substantially (Kiedon and Heimann, 1998; Zeng, 2001; Schenk and Jackson, 2002).  Federer et al 

(in press) recommended that rooting depths in WBM be changed to reflect those presented in 

Jackson et al. (1996). This recommendation was followed for forest rooting depths, but during 

model validation it was found that using the original rooting depths for the other vegetation types 

resulted in a better match between observed and simulated annual river flows. Also during the 

validation process, it was found that pastures were best modeled with the same parameters as 

savannahs. Closed canopy woodlands and savannahs were included in the dry forest class. Mixed 

forests were split equally between the moist and dry forest classes.  Both dry and moist tropical 

forests were modeled using the same broadleaf forest parameters; soil moisture availability was 

therefore the major limiting factor in evapotranspiration and hence runoff generation in dry 

forests. To represent forest canopy interception (which is not explicitly modeled) effective 

monthly rainfall was computed off-line as 80% of observed monthly precipitation and used for 

simulating runoff from forests.  A value of 20% interception was selected because it was within 

the range of published values and because it resulted in an average grid cell increase in runoff 

due the conversion of forest to agricultural land use similar to field observations. Average rates 

of wet canopy evaporation from forests can exceed those of shorter vegetation by two to five 

times (Calder, 1990), hence interception for other vegetation types was not modeled. Irrigated 

croplands were simulated as having saturated soils, meaning that all precipitation went to runoff; 
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however irrigation withdrawals are not simulated in the current version of WBM, meaning that 

runoff from irrigated lands is likely overestimated.  

 

WBM does not model forest canopy interception explicitly, which for this application resulted in 

an underestimation of total evapotranspiration and a consequent overestimation of runoff from 

forests, especially in the very humid regions such as Indonesia.  Wet canopy evaporation can 

greatly exceed the PET predicted by the Penman-Monteith method (Calder, 1986; Schellekens et 

al., 1999) and is typically much higher for forests than for other tropical vegetation (Bruijnzeel, 

1996). Even conventional interception models such as the Rutter model, while adequate for 

temperature forests, have been found to underestimate interception losses in tropical forests 

(Calder, 2001). Measurements of interception losses can vary dramatically with location (<5% to 

>50%) and can be excessive due to inadequate sampling techniques (Urbana, 1996).  

Empirically-derived relationships for predicting interception losses have been developed by 

some (Chappell et al. 2001; Loescher et al., 2002; Giambelluca et al., 2003) but are generally 

very location specific. An interception algorithm in WBM is under development but has not yet 

been perfected.  To counteract the underestimation of evapotranspiration, effective monthly 

rainfall was computed off-line as 80% of observed monthly precipitation and used for simulating 

runoff from forests.  A value of 20% interception was selected because it was within the range of 

published values and because it resulted in an average grid cell increase in runoff due the 

conversion of forest to agricultural land use similar to field observations. Canopy interception for 

other vegetation types was not modeled. 

 

WBM does not model seasonal variations in forest phenology, which are more pronounced in 

dry forests due to a number of factors.  Dry forests in Costa Rica shed their leaves at the onset of 

the dry season and remain leafless for many months (Brodribb and Holbrook, 2003).  Rainfall, 

day length and temperature have been found to be significantly correlated with flower, fruit and 

leaf production in seasonal forests in Brazil (Morellato et al, 2000). Other responses to 

seasonally dry conditions, such as reduced girth size, have also been observed (Baker et al., 

2002).  In WBM, both dry and moist tropical forests were modeled using the same broadleaf 

forest parameters; soil moisture availability was therefore the major limiting factor in 

evapotranspiration and hence runoff generation in dry forests.  



 

Runoff for land cover mosaics was computed by generating seperate runoff surfaces for all land 

cover types and then apportioning the runoff for each cover type within a grid cell according to 

the share (or fraction) of area occupied by that cover type.  Table 4 presents the average annual 

change in runoff due to land cover conversion.  Runoff increases from forest to agricultural 

conversions are within the range of values observed from field studies (Oyebande, 1988; 

Bruijnzeel, 1996; in press).  In some cases, such as a change from savannah to grassland, runoff 

actually decreases.  This is due to the higher maximum leaf conductance for grasslands, which 

similar to that of crops.  Irrigated croplands were simulated as having saturated soils, meaning 

that all precipitation went to runoff; however irrigation withdrawals are not simulated in the 

current version of WBM.   This no doubt has resulted in an overestimation of runoff from 

irrigated croplands and therefore is not presented in Table 4.  

Table 4: Change in modeled average annual basin runoff5 by landcover conversion type. 

                  Average change in basin runoff (mm/yr)
LC Type Forest Savannah Grassland Cropland Pasture
Forest 0 311 227 227 311
Savannah -- 0 -84 -84 0
Grassland -- 0 0 -0.5 84  

 

Figure 24 shows that the model performed well in matching long-term average annual flows in 

rivers across the pan-Tropics.  This comparison and the associated model errors were quantified 

in log space because the range of modeled flows spans three orders of magnitude.  Some of the 

variability around the 1:1 line (which would indicate perfect agreement) is no doubt due to the 

simplified interception method and the fact that the current version of WBM does not model 

irrigation withdrawals.  For example, annual interception in the Amazon has been measured at 

13% (Calder, 1993) rather than 20%; adding 7% of the total average annual rainfall over the 

basin (to correct for this overestimation) to the modeled discharge increases the Amazon 

discharge by nearly 900 km3/yr, bringing the modeled Q for the Amazon much closer to the 

observed Q (illustrated by the open red symbol). For several other rivers where irrigation 
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estimates were readily available, annual irrigation withdrawals were subtracted from modeled Q.  

In the cases of the Chao Phraya in Thailand, the Godavari and the Ganges in India and the Sao 

Francisco in Brazil, this adjustment brought modeled Q closer to observed.  For others, such as 

the Irrawaddy and the Mekong, it made little difference. 
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Figure 24: Comparison of average annual observed and modeled river discharge or Q 
(solid symbols) using the contemporary land cover (describe in Section 2.3).  Open symbols 
represent adjustments made to account for model limitations as discussed in the text.  
GEMS Glori stands for Global Environmental Monitoring System Global River Inputs to 
the Ocean (Meybeck and Ragu,1997). 

 

3.5 The Influence of Geophysical Characteristics in the Pan-Tropics 

A common perception in the forest-hydrology link is that deforestion increases human 

vulnerability to extreme events such as floods.  However, the hydrologic effects of land use 

change are often short-lived, and have only been shown to affect smaller magnitude, higher 

frequency events (Bruijnzeel, 1996).  For this reason, we restrict our hydrologic analysis to 

modeling changes in the mean annual runoff and river flows (discharge) as a first step in 

understanding the impacts of land use change on these events.  Two important and somewhat 

related factors that influence human vulnerability to hydrologic events are basin terrain and basin 
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efficiency.  Basin efficiency here is defined as the ratio of the annual discharge to annual 

precipitation for a basin.  In a very simple way, basin efficiency can be viewed as a runoff 

coefficient; the higher the number, the more precipitation becomes runoff and is tranmitted 

through the channel network.  Figure 25 shows a range of runoff efficiencies for the focus basins 

within the pan-Tropic domain using average annual Contemporary Q.  Included as an inset is a 

frequency distribution annual rainfall totals. 

Figure 25: Ratio of annual discharge to annual precipitation, which indicates the 
effectiveness of a basin at transmitting water.  The higher the ratio, the higher the 
proportion of rainfall that is transmitted downstream along the channel network. Inset 
shows a histogram of the spatial distribution of average annual precipitation. 
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The median rainfall for the entire area is 1145 mm/yr.  The highest rainfall (>2000 mm/yr) 

occurs over much of the Amazon River basin in South America, over the entire Indonesian 

Islands and over the lower Ganges river basin in Bangeladesh.  But the most humid basins are 

not necessarily the same ones with the highest basin efficiency. It is the combination of 

precipitation and terrain (along with other factors such as soil and geology) that impacts runoff 

generation and transmission. Figure 26 shows the distribution of relief classes as defined by 

Meybeck et al. (2001).  The continents of South America and Africa are dominated by low relief 

terrains such as plain and plateaus.  In contrast, the vast majority of Central America and the 

northern portion of Southeast Asia are dominated by mountainous relief.  A very humid basin 
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that is relatively flat, such as the Amazon, will show a low basin efficiency because rain has 

more of a tendency to infiltrate and ultimately be evapotranspired or become subsurface flow.  A 

basin with even moderate annual precipitation, but with high relief, such as the Ganges, can 

transmit a higher proportion of precipitation to the mouth of the basin.  One would expect that 

people living on floodplains in basins that demonstrate higher basin efficiency would be 

potentially more vulnerable to the hydrologic impacts of these changes.  Figure 27 illustrates 

 

 

Figure 26: Relief categories generalized from Meybeck et al. (2001) as: Flat (low to high 
altitude plains, lowlands and plateaus) and Hills/mountains (rugged lowlands, hills, low to 
high altitude mountains). 

 

floodplains with high population density in southeast Asia, and therefore, high inferred human 

vulnerability. Simulated floodplains were identified as 0.1 degree grid cells with minimum slope 

< 0.5 m/km and that were within 15 km of a river.  Simulated floodplains align well with large 

scale floodplains and deltas such in along the Nile and the Ganges rivers.  The Ganghettic delta 

in Bangaladesh is one area where the intersection of high population density with expansive 

floodplains in a relatively efficient basin has lead to disastrous results.  In this study we 

attempted to identify “hotspots” that could show similarly vulnerable areas from changes in 

forest cover. 
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Figure 27: Density of populations living on simulated floodplains in Southeast Asia.  
Simulated floodplains were defined by identifying 0.1 degree grid cells with slope <0.5 
m/km that were within 15 km of a river.   
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4.  Results and Discussion 

4.1 Pan-Tropical Overview of Changes in Landcover & Hydrology 

Table 5 summarizes the proportions of land cover types aggregated across the entire pan-Tropics 

and illustrates our best estimate of historical land use change.  Closed canopy woodlands and 

savannahs were included in the dry forest class. Mixed forests were split equally between the 

moist and dry forest classes.  To reiterate, the original surface represents the state of land cover 

prior to substantial human alteration.  This is based on the WWF potential ecoregions map and is 

essentially a hypothetical land cover surface.  The contemporary, on the other hand, represents 

the current land cover state and is based largely on AVHRR satellite data from 1992/93.  The 

differences between the original and contemporary land cover surfaces include errors due to 

different data sources and classification systems.  These differences confounded our attempts at 

modeling the hydrologic impacts due to tropical forest conversion.  To counteract this, we 

derived the synthetic landcover by overlaying contemporary human land use classes (rainfed and 

irrigated agriculture and pastureland) onto the original land cover surface.  In this way we could 

better estimate the amount of forest lost to agricultural conversion and the consequent impact on 

basin hydrology.   

 

Forests accounted for 53% of the pan-Tropical area prior to substantial human intervention. Of 

the forested area, about 60% was moist forest, 30% was dry forest and 10% was coniferous 

forests.  Approximately 50% of the forested area was lost between the original and contemporary 

states, with 32% of the forests converted to agriculture. The remaining 18% of forest area may 

simply be due to a the difference between the hypothetical and real surfaces.  Although the 

change in moist and dry forest areas were nearly identical in Scenario 1, the percent change in 

dry forest (~50%) was more than twice that of moist forest (22.5%).  This finding enhances our 

current knowledge from field studies such as Laurance et al. (2002) who found that drier 

deciduous forests in the Amazon were more vulnerable to agricultural conversion than moist 

forests; our analysis suggests that this holds true over the pan-Tropics as a whole. 



Table 5:  Comparison of the aggregate areas of land cover types and land use changes in Scenario 1.  
Original represents land cover prior to substantial exploitation from humans while contemporary 
represents the state of current land cover.  The synthetic landcover was derived by overlaying 
shares of contemporary agricultural classes (rainfed and irrigated cropland and pastureland) onto 
the original surface.  This intermediate land cover surface was used for isolating the hydrologic 
signal resulting from the historical conversion of tropical forest to agricultural land uses. 
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Area
Share of 
total area Area

Share of 
total area Area

Share of 
total area Area %

(000 sq km) (percent) (000 sq km) (percent) (000 sq km) (percent) (000 sq km) (percent)
Coniferous forest 2,066 3.8 1132 2.1 350 0.6 -935 -45.2
Moist forest 18,299 33.3 14179 25.8 12,449 22.7 -4,121 -22.5
Dry forest 8,949 16.3 4485 8.2 2,107 3.8 -4,464 -49.9
     Total Forest2 29,315 53.4 19,795 36.0 14,906 27.1 -9,519 -32.5
Savanna 15,078 27.5 15078 27.5 10,490 19.1 0 0
Grassland 1,456 2.7 1456 2.7 1,927 3.5 0 0
Other 9,076 16.5 9076 16.5 5,884 10.7 0 0
Agriculture / Urban 0 0.0 9519 17.3 21,719 39.5 9,519
             Total land cover 54,925 100.0 54,925 100.0 54,925 100.0

3Scenario 1 change is computed as the difference between the synthetic and original landcover areas.

Scenario 1 Change3

2The Forest total includes all forest within the pantropic study area and is not limited to the forests within the 
tropical forest biomes.

1 Synthetic contemporary is the agricultural classes from the Contemporary surface overlaid onto the Original landcover surface.  
The agriculture total includes both cropland and pasture.

Original Synthetic1 Contemporary

 

 

Table 6 breaks down the converted area from original to contemporary (scenario 1) and 

contemporary to modeled future (scenario 2) by tropical forest biomes and by realm.  Overall 

approximately one third of the forests in the tropical forest biomes have been converted to date.  

With further deforestation of the most threatened areas (modeled in scenario 2) another 12% of 

the area in these biomes will be converted.  In total the moist broadleaf forest accounts for over 

80% of the tropical forest area.  This biome also accounts for most of the converted area (71%) 

but actually has the lowest share of conversion within the biome with 63% of the forest area still 

intact.  Almost twice as much of the dry and coniferous biomes have been converted (63% and 

69%, respectively).  These biomes have much less undisturbed forest remaining and are therefore 

at a greater risk of biodiversity loss than the moist broadleaf forests.   

 

When assessing change by realms Indo-Malay is clearly the area that is subject to the most 

conversion accounting for 41% of the overall conversion while only occupying 29% of the total 

area.  The Neotropics adversely account for almost half of the tropical forest area but only one 



third of the area converted for agricultural and urban use.  Figures 28 & 29 show the geographic 

distribution of conversion for both scenarios 1 and 2. 

 

Table 6: Forest conversions for Scenario 1 (historical) and 2 (projected future) summarized by 
Biome and Realm. 

Realms & Tropical Forest Biomes Area
Share of 

total Area
Share of 
total area Area

Share of 
total area Area

Share of 
total area

(000 sq km) (percent) (000 sq km) (percent) (000 sq km) (percent) (000 sq km) (percent)

Area by tropical forest biome
   Moist Broadleaf Forest 19,587 81.9 4,830 68.5 2,409 81.4 7,240 72.3

Share of total 100.0 24.7 12.3 37.0

   Dry Broadleaf Forest 3,619 15.1 1,931 27.4 352 11.9 2,283 22.8
Share of total 100.0 53.4 9.7 63.1

   Coniferous Forest 703 2.9 288 4.1 199 6.7 486 4.9
Share of total 100.0 40.9 28.3 69.2

Total 23,909 100.0 7,049 100.0 2,960 100.0 10,009 100.0
Share of total 100.0 29.5 12.4 41.9

Area by Realm
   Neotropical 11,278 47.2 2,389 33.9 989 33.4 3,379 33.8

100.0 21.2 8.8 30.0

   Afrotropical 3,649 15.3 1,057 15.0 270 9.1 1,327 13.3
100.0 29.0 7.4 36.4

   Indo-Malay 6,931 29.0 3,086 43.8 1,071 36.2 4,157 41.5
100.0 44.5 15.5 60.0

   Australasia 1,158 4.8 220 3.1 300 10.1 520 5.2
100.0 19.0 25.9 44.9

   Other 893 3.7 297 4.2 330 11.1 627 6.3
100.0 33.2 36.9 70.2

Total 23,909 100.0 7,049 100.0 2,960 100.0 10,009 100.0
Share of total 100.0 29.5 12.4 41.9

Total land cover within 
the forest biomes

Converted area
Original to 

Contemporary
Contemporary to 

Scenario 2 Scenario 2: Ag + Urban
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Figure 28  Share of Original land cover converted by 1992/93 (Contemporary) for the 
tropical forest biomes 
 

 
Figure 29  Share of Contemporary land cover converted in Scenario 2 for the tropical 

forest biomes 

Table 7 summarizes the changes in average annual basin yield (or discharge) that coincide with 

the land cover changes summarized in Table 5. Over the entire pan-Tropics, the 33% conversion 

of forests to agriculture has yielded a 10% increase in annual yield (a ratio of about 1% yield 

increase for every 3% forest change). ). This is a noteworthy change at the global scale, insofar 

as pan-Tropical runoff exceed 20,000 km3/yr and represents more than half of the global 

continental runoff (Fekete et al. 2002). The largest proportion of both forest conversion and 

increased yield has occurred within the Indo-Malay realm, where a 44% forest conversion has 
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yielded a 23% increase in annual yield.  The higher annual yield to forest conversion ratio 

(approximately 1:2) is due to several factors: first, much of this realm receives greater than 1000 

mm/yr of rainfall and the Malaysian peninsula and Indonesia receive greater than 2000 mm/yr; 

secondly, with the exception of one or two small basins, discharge efficiencies (ratio of discharge 

to precipitation) within this realm are 0.3 or greater, meaning that hydrologic effects are more 

readily transmitted to the mouth of the basin; thirdly, this realm has by far the highest population 

density within the pan-Tropics resulting in spatially intensive and coherent land cover 

conversion.  

 

Table 7: Changes in Annual Basin Yield for Scenario 1 (historical) and Scenario 2 (projected 
future), summarized by biome and realm. 
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14378 927 6.4
   Tropical and Subtropical Dry Broadleaf Forest 613 322 948 63 6.6
   Tropical and Subtropical Coniferous Forest 280 19 300 19 6.2
   Other Biomes 5876 196 6059 0 0.0

Total 19638 2,014 21686 1,008 4.6

Original to 
Contemporary

Contemporary to 
Scenario 2

Original: 
Annual Q

Contemp: 
Annual Q

Realms & Biomes km3/yr km3/yr % km3/yr km3/yr %

Neotropical
   Tropical and Subtropical Moist Broadleaf Forest 6611 379 5.7 6999 255 3.6
   Tropical and Subtropical Dry Broadleaf Forest 170 67 39.5 238 26 11.0
   Tropical and Subtropical Coniferous Forest 214 13 6.3 227 12 5.5
   Other Biomes 2074 14 0.7 2062 0 0.0

Total 9070 473 5.2 9526 294 3.1

Afrotropical
   Tropical and Subtropical Moist Broadleaf Forest 1236 186 15.1 1435 71 4.9
   Tropical and Subtropical Dry Broadleaf Forest 62 23 36.9 84 2 2.2
   Tropical and Subtropical Coniferous Forest 0 0 0.0 0 0 0.0
   Other Biomes 2625 184 7.0 2785 0 0.0

Total 3922 393 10.0 4305 73 1.7

Indo-Malay
   Tropical and Subtropical Moist Broadleaf Forest 3722 771 20.7 4503 377 8.4
   Tropical and Subtropical Dry Broadleaf Forest 357 227 63.4 597 29 4.9
   Tropical and Subtropical Coniferous Forest 50 4 0.0 54 4 7.8
   Other Biomes 299 16 5.2 345 0 0.0

Total 4428 1,017 23.0 5499 411 7.5

Australasia
   Tropical and Subtropical Moist Broadleaf Forest 1181 111 9.4 1292 177 13.7
   Tropical and Subtropical Dry Broadleaf Forest 23 4 19.7 27 4 16.2
   Tropical and Subtropical Coniferous Forest 0 0 0.0 0 0 0.0
   Other Biomes 68 3 3.9 73 0 0.0

Total 1271 118 9.3 1392 182 13.0

Other Realms (within study area)
   Tropical and Subtropical Moist Broadleaf Forest 118 31 26.4 150 46 31.0
   Tropical and Subtropical Dry Broadleaf Forest 2 0 18.6 2 1 48.5
   Tropical and Subtropical Coniferous Forest 17 2 0.0 19 2 10.6
   Other Biomes 810 -20 -2.5 793 0 0.0

Total 947 13 1.4 963 49 5.1

Total
   Tropical and Subtropical Moist Broadleaf Forest 12868 1,478 11.5

52.4
0.0
3.3

10.3  



When viewed from the perspective of the pan-Tropical focus basins, the ratio of annual 

yield:forest conversion is between 1 and 2 as illustrated in Figure 30.  The average increase in 

annual yield for all focus basins is about 24% (median value of 13%), indicating that historical 

forest to agricultural conversion has increased available water resources at the basin level by 

nearly one-quarter.  To get an idea of how this additional water has been utilized, total irrigation 

withdrawals by basin were computed for 1995 (around the time of the contemporary land cover 

dataset) for 56 of the 108 focus basins (basins for which this data were available).    
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Figure 30: Percent increase in annual yield as percent of forest conversion by basin (limited to the 
108 focus basins).  Open symbols represent total total change between the contemporary and 
original landcovers.  The filled symbols represent changes between the synthetic and original 
landcovers, which isolates the hydrologic signal resulting from forest to agricultural conversion. 

 

For this subset of pan-Tropical basins, the average yield increased by 26% of the contemporary 

Q, while the average irrigation withdrawal for the same basins was 28% of the contemporary Q.  

The correlation between the increased supply and demand is certainly not conclusive, but does 

suggest that much of the water made available by converting natural forest to agriculture can be 

accounted for through water use by these agricultural systems.  The issue of whether these are 

actually supported requires further study. 
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4.2 Intersection of landcover change with BDI and terrain

This part of the study sought to determine the effects of land cover change on biodiversity, 

hydrology and populations in the pantropics.  The overall findings suggest that knowledge of 

biodiversity and hydrological responses can be gained even when examining the processes of 

change at a coarse level.  Table 8 describes the study area by scenario in terms of tropical forest 

area within the most biologically distinct areas6.   

 

As previously stated, an astonishing 50% of the originally forested area (based on WWF 

estimates) were lost by 1992/93 (the timeframe of the contemporary landcover), with 60% of 

these forests having been converted to agricultural or urban land uses.  Approximately 12 million 

km2 of tropical forests remained at that time.  With approximately 80% of the tropics classified 

as globally or regionally outstanding in terms of biological distinctiveness the loss of these 

forests represents a serious threat to biodiversity.  Of the area converted in scenario 1 (an 

estimate of conversion to date) 72% was classified as either globally or regionally outstanding 

and 82% of the area converted in the projected future scenario was classified as such.  This 

indicates that many of the threatened areas are also biologically rich and that these areas are not 

currently under protection.  These findings stress the need to find the means to protect 

biologically rich areas whether solely for the sake of preserving biodiversity or as an offshoot of 

other conservation programs such as those aimed at maintaining hydrological function.   

 

Currently 39% of the total study area is under agricultural or urban use with 13% falling within 

the tropics and 26% falling in the nontropical regions of the pantropic study area.  This compares 

directly to global estimates of agricultural land cover of approximately 38% of total land area 

(Wood et al. 2000).  The low share within the tropics indicates that agriculture is currently more 

predominant in the temperate or subtropical regions.  This share increases to 18% with the 

conversion estimated in Scenario 2.  Although this scenario was not predicated on expansion to  

 
6 There is a slight discrepancy in total forest area between tables 6 & 8.  This is due to a difference in reporting units 
between the two tables.  Table 6 reports total area within the tropical forest biomes.  These biomes were defined 
based on ‘original’ or ‘potential’ land cover and although most of the ecoregions within these biomes were forests  a 
small portion (4.5%) was classified as other natural land cover types.  Table 8 reports only the forest area within the 
tropical forest biomes.  



Table 8: Forest areas classified by the Biological Distinctiveness Index (BDI) for Scenario 1 
(historical change) and Scenario 2 (projected future change). 

 ** Other includes grassland, savanna and wetlands.  Agriculture includes rainfed and irrigated cropland & pasture.

* The Biological Distinctiveness Index (BDI) represents the biological importance of an ecoregions based on species richness, endemism, 
relative scarcity of the biome, and rarity of ecological phenomena.  The data are available are part of the WWF Terrestrial Ecoregions 
database (WWF 2003).  The classes are: Highest - globally outstanding; High - regionally outstanding; Medium - bioregionally outstanding; 
Low - locally important).

Tropical Forest classified by Biological Area
Share of 
total area Area

Share of 
total area Area

Share of 
converted area

  Distinctiveness Index (BDI)* (000 sq km) (percent) (000 sq km) (percent) (000 sq km) (percent)

Tropical Forests
    Globally outstanding tropical forests 13,114 23.9 9,698 17.7 3,417 48.5

Share of baseline 100.0 73.9 26.1

    Regionally outstanding tropical forests 5,042 9.2 3,381 6.2 1,661 23.6
Share of baseline 100.0 67.1 32.9

    Other tropical forests 4,686 8.5 2,715 4.9 1,971 28.0
Share of baseline 100.0 57.9 42.1

Total tropical forests 22,843 41.6 15,794 28.8 7,049 100.0
Share of baseline 100.0 69.1 30.9

Tropical nonforest**
      Agriculture / Urban 0 7,049 12.8
      Other 1,066 1.9 1,066 1.9

Total tropical nonforest 1,066 1.9 8,115 14.8
TOTAL TROPICS 23,909 43.5 23,909 43.5

  Nontropical areas in associated basins
    Agriculture / Urban 0 0.0 14,670 26.7
    Other 31,016 56.5 16,346 29.8

TOTAL NON-TROPICS 31,016 56.5 31,016 56.5

Total area 54,925 100.0 54,925 100.0

Scenario 1:
Baseline:         Synthetic Area converted

Tropical Forest classified by Biological Area
Share of 
total area Area

Share of 
total area Area

Share of 
converted area

  Distinctiveness Index (BDI)* (000 sq km) (percent) (000 sq km) (percent) (000 sq km) (percent)

Tropical Forests
    Globally outstanding tropical forests 7,483 13.6 5,601 10.2 1,881 63.5

Share of baseline 100.0 74.9 25.1

    Regionally outstanding tropical forests 2,696 4.9 2,098 3.8 598 20.2
Share of baseline 100.0 77.8 22.2

    Other tropical forests 1,792 3.3 1,310 2.4 481 16.3
Share of baseline 100.0 73.1 26.9

Total tropical forests 11,970 21.8 9,010 16.4 2,961 100.0
Share of baseline 100.0 75.3 24.7

Tropical nonforest**
      Agriculture / Urban 7,049 12.8 10,010 18.2
      Other 4,889 8.9 4,889 8.9

Total tropical nonforest 11,939 21.7 14,899 27.1
TOTAL TROPICS 23,909 43.5 23,909 43.5

  Nontropical areas in associated basins
    Agriculture / Urban 14,670 26.7 14,670 26.7
    Other 16,347 29.8 16,347 29.8

TOTAL NON-TROPICS 31,016 56.5 31,016 56.5

Total area 54,925 100.0 54,925 100.0

Scenario 2:
Baseline Post conversion Area converted
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meet actual food demand but instead focuses on changes in biodiversity and hydrological 

function as a result of deforestation the estimated growth of approximately 5% is in line with the 

predicted contribution of land expansion of less than 10% needed to meet the growth in food 

demands over the next few decades (Bruinsma 2003).   

 

The fact that most of the converted area falls within the globally and regionally outstanding areas 

is due primarily to the prevalence of these areas within the tropics.  When looking at the 

conversion within the forest BDI classes historically there is actually more of a bias towards 

conversion outside of the more outstanding areas.  In Scenario 2 there is a more equal 

distribution of change within the different forest BDI classes with each losing 20-25% of the 

forest to conversion.  Conversion therefore does not appear to be driven by biological 

distinctiveness.  As humans settled over time and began converting lands their choice of location 

was and is driven by other factors.   But there is a high degree of biological distinctiveness on the 

most threatened areas so as these areas are converted we stand to erode the currently high levels 

of biological richness in the tropical forests. 

 

Another way of better understanding conversion and its effects on the loss of biodiversity is to 

look at the type of landscape that characterizes the area.  As introduced in section 2.5, Meybeck 

et al. (2001) developed a relief roughness measure which is useful for characterizing regional 

variations in terrain such as hills, plateaus, and mountains and may be useful in discriminating 

between “upland” (high, steep) and “lowland” (low, flat) areas when trying to understand the 

impacts of natural or human induced change (Wood et al. 2003).  Table 9 categorizes converted 

area by terrain class and by BDI.  What is interesting to note is the breakdown between the lower 

and upper elevation terrains.  Twice as much of the converted area is in the lower altitude terrain 

classes; this accounts for two-thirds of the total converted vulnerable area compared to one-third 

in the upper (higher altitude) terrain. This is not surprising since the population density in the 

lower altitude terrains is nearly double (94 people/ km2) that of the higher altitude terrains (54 

people/km2) and the dominant factor in forest conversion is proximity to human settlements.  

This also indicates that a larger share of the population will be affected by the effects of local 

forest conversion and management practices that are concentrated at lower elevations.  Terrain 

classes were also aggregated using a slope threshold rather than altitude, as shown at the bottom 



of Table 9.  Two-thirds of the converted area falls in hilly or mountainous areas whereas only 

one-third occurs in flat areas.  This could impact human vulnerability as discussed further in 

Section 4.4.  It is interesting to note that a large percentage (88%) of the converted area in the 

hills and mountains is classified as globally or regionally outstanding from a biological 

distinctiveness perspective.  This implies that in addition to potential increases in human 

vulnerability to the downstream and local effects of land use change there is also an increased 

risk of biodiversity loss in these regions.  

 

Table 9: Converted vulnerable tropical forest area by terrain type for Scenario 2. Terrain 
classes are from Meybeck et al. (2001).  

Globally 
outstanding

Regionally 
outstanding Other Area Share

Average 
population 

density

(000 sqkm) (percent)
(persons 

per sq km)
  Lower terrain
(f) Plains 261 115 131 506 17.1 122
(f) Mid-altitude plains 19 1 8 28 1.0 31
(f) High-altitude plains 5 0 2 7 0.2 14
(f) Lowlands and platforms 260 136 112 508 17.1 67
(f) Low / mid plateaus 27 5 6 37 1.3 39
(h) Hills / Rugged lowlands 597 200 99 896 30.3 99

Total lower 1,168 457 357 1,982 67.0 73
Share 58.9 23.0 18.0 100.0

  Upper terrain
(h) Low-mid mountains 588 131 116 835 28.2 57
(f) High plateaus 3 1 0 5 0.2 23
(h) High mountains 118 10 11 138 4.7 37

Total upper 709 142 127 978 33.0 51
Share 72.4 14.5 13.0 100.0

Total area 1,876 599 485 2,960 100.0 81
Share 63.4 20.2 16.4 100.0

(f) Flat1 574 258 259 1,091 36.9 90
Share 52.6 23.7 23.7 100.0

(h) Hills / Mountains1 1,302 341 226 1,869 63.1 76
Share 69.7 18.2 12.1 100.0

1Average population densities are weighted by the area of each component terrain class.

Biological Distinctiveness         Total

(area 000 sq km)
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4.3 Intersection of landcover change with BDI and population 

Tropical forest biomes are a major foci of settlement for human populations.  Approximately 2.1 

billion people – 1/3 of the world total - reside within the extent of the tropical forest biomes with 

1.7 billion (or 70%) in areas classified as having globally or regionally outstanding biological 

distinctiveness (Table 10).   Of these 1.7 billion people, 1.2 billion are located in areas that have 

been converted as of 1992/93 (the date of our contemporary land cover surface) and an 

additional 200 million are located in the vulnerable forest areas converted in scenario 2.  And of 

the 1.7 billion people who live in the original highly biodiverse forested areas, only 500 million 

or 28% are still living in the areas characterized by high levels of biodiversity, down from the 

42% of the original area that was classified as globally or regionally outstanding forest.  At first 

glance, one would think that this signals a potential decrease in human pressure since the 

population density is much lower now than before.  In reality, however, it shows that these once 

highly diverse areas have already been lost due to excessive amounts of conversion resulting 

from human settlements within these areas.   

Table 10: Distribution of human populations within the major BDI classes. 

Population Share Population Share Population Share Population Share
Tropical Forest classified by Biological (m people) (percent) (m people) (percent) (m people) (percent) (m people) (percent)
  Distinctiveness Index (BDI)*

  Globally outstanding tropical forests 1,218 57.4 1,012 76.0 157 62.7 359 63.5

  Regionally outstanding tropical forests 468 22.1 170 12.7 55 22.0 114 20.2

  Other tropical forests 435 20.5 149 11.2 38 15.2 92 16.3

Total tropical forests 2,122 100.0 1,330 100.0 250 100.0 564 100.0
Share of total 100.0 62.7 11.8 26.6

Total in area that 
was originally forest

Population in converted areas: Population in 
floodplains of Scenario 1 Scenario 2

 

 

One of the key factors in examining the effects on populations in terms of land use change and 

loss of biodiversity and hydrological function is the recognition that the populations affected by 

these changes are topologically linked to disturbance through river networks.  Thus affected 

populations could be living both in the areas where the land use change takes place and in areas 

far downstream.  The hydrological response can be propagated far downstream of the actual 

point of disturbance (Figure 31) and become both intensified and/or diluted depending on the 
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character of the influent tributaries.  Forest conversion in the upper half of the basin creates an 

accumulation of hydrologic response (in this case, increase in annual Q), which is diluted 

downstream as the mainstream joins with other less disturbed tributaries.  In the case of the 

Mekong (Figure 31b), hydrologic effects are relatively low until the confluence with the Mun 

River sub-basin, approximately 750 km from the mouth.  This basin is the most impacted sub-

basin within the Mekong basin (Richey, J., University of Washington, personal communication, 

December 2003) and the hydrologic response can be seen propagating from this point to the 

mouth. 
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Figure 31: Propagation of hydrologic response to 
a) the Ganges and b) the Mekong river.   
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be gleaned from Table 10 is based on the number of people living downstream of Scenario 2 

converted areas (>560 million).  This downstream population that presumably would be more 

vulnerable to far field effects from forest conversion, is much greater than the number of people 

living WITHIN the converted areas, who would be more prone to local effects of land 

conversion.  In other words, the impact (hydrologic or otherwise) on human populations of 

tropical forest conversion in these targeted areas is greatly increased when one accounts for those 

directly affected (within the converted areas) and those indirectly affected (those downstream of 

converted areas). 

4.4  Intersection of landcover change, hydrology and human vulnerability 

A common perception in the forest-hydrology link is that deforestion increases human 

vulnerability to extreme events such as floods.  However, the hydrologic effects of land use 

change are often short-lived, and have only been shown to affect smaller magnitude, higher 

frequency events (Bruijnzeel, 1996).  For this reason, we restrict our hydrologic analysis to 

modeling changes in the mean annual runoff and river flows (discharge) as a first step in 

understanding the impacts of land use change on these events.  We have already discussed some 

of the hydrology impacts of Scenario 1 (see Section 4.1) therefore, we will focus the rest of our 

discussion on Scenario 2. The baseline for this scenario was the derived contemporary land cover 

surface described in Section 3.2.  Only forest area within the tropical forest biomes was targeted 

for conversion; land cover in all remaining portions of the basin was held constant.   Forest 

conversion was limited to areas that were deemed the most vulnerable to change.  Areas targeted 

for conversion in this scenario represent about 3 million km2 (about 25% of contemporary 

tropical forests).  

 

Figure 28 (Section 4.1) shows where this forest conversion occurred and Figure 32 shows the 

resulting increase in average yield (in km3/yr). Table 7 summarizes changes in annual Q by 

realm and biome. Like Scenario 1(historical conversion), the largest impact is in the Indo-Malay 

realm, which has an increase of 411 km3/yr or 7.1% of contemporary Q.  But unlike in Scenario 

1, the neo-Tropical realm takes a close second, showing an increase of 294 km3/yr or 2.9% of 

contemporary Q.  As shown in Figure 32, the highest of these increases (>100% increase in Q) 

are focused in southern China, western Mexico and the Yucatan peninsula, with more localized 
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areas in Paraguay and Bolivia, and also in Kenya. However, the overall hydrologic impact of 

Scenario 2 was less than 5% of contemporary Q.  Expanding on the analysis presented in 

Vörösmarty et al. (2000c), we found that the increased annual yield would reduce the number of 

people exposed to water stress (defined as the ratio of human demand to renewable supply 

greater than 0.4) within the pan-Tropical domain by only about 0.25% of the total population. 

Therefore, conversion of the targeted forests would not likely yield substantial amounts of 

utilizable water resources, as may have occurred as a result of Scenario 1.  However, because the 

converted areas tend to be more spatially focused than in Scenario 1, the impact of these changes 

on human vulnerability is potentially greater.    

 

In a preliminary assessment of how the additional water yield may impact water stressed regions 

within the pan-Tropical domain, we performed a provisional analysis of people exposed to water 

stress following Vörösmarty et al. (2000c).  Water stress was defined as a ratio of human water 

demand (domestic + industrial + agricultural) to renewable water resources (Q) equal to or 

greater than 0.4, (i.e., a 40% utilization of renewable water resources by humans).  Human water 

demand, in general, is dominated by agricultural withdrawals. Under contemporary conditions, 

we found that approximately 440 million people are exposed to water stress on an average 

annual basis across the pan-Tropics.  Half of these people (218 million) live in India, primarily 

on the Gangettic plain in Northern India. India has the second largest population in the world and 

greater than 90% of its water demand is for irrigated agriculture.  The increased annual yield 

from Scenario 2 forest conversion would reduce the number of people exposed to water stress 

across the pan-Tropics by about 9.6 million people (2.2%), with one-third of these people living 

in India. Therefore, conversion of the targeted forests would not yield substantial benefit, from a 

water resources perspective, across the pan-Tropics, especially when balanced against the much 

larger cost remaining tropical forests and the rich biodiversity that they hold. 
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Figure 32: Change in annual discharge (Q) as a fraction of contemporary Q for Scenario 2 
(projected future forest conversions). Insert compares the changes in basin-average runoff 
between the two scenarios. 
 

Table 11 summarizes the potential exposure of populations within and downstream of forest 

areas converted in Scenario 2 to increasing levels of hydrologic disturbance (in the form of 

increased annual Q).  Of the 3.6 billion people living in the pan-Tropics, about 1.6 billion (44%) 

would not be affected by the targeted forest conversion at all and another 1.5 billion (42%) 

would be exposed to an increased Q of 10% or less.  Using a somewhat arbitrary threshold of a 

25% increase in average annual Q as a threshold for potential threat (called hydrologic hotspots 

for the purposes of this analysis), about 104 million (3%) of the pan-Tropical population is living 

directly within areas potentially threatened by the targeted forest conversions.   
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Table 11: Number of people (total and on floodplains) exposed to increasing levels of 
hydrologic disturbance (in the form of increase annual discharge, Q) from Scenario 2.  
Change in Q Total Percent Population Percent 
relative to Population of total on floodplains of total
Contemporary Q (millions) (%) (millions) (%)
No change 1583.95 43.8 224.87 27.4
0 to 0.1 1527.16 42.2 375.42 45.7
0.10 to 0.25 408.13 11.3 142.07 17.3
0.25 to 0.50 75.26 2.1 55.62 6.8
0.50 to 1 17.75 0.5 8.69 1.1
>1 8.04 0.2 14.14 1.7
Total 3620.30 100.0 820.81 100.0  

However, if we focus on people living on floodplains downstream of the targeted areas, the 

potential impact is higher.  Downstream floodplain populations were estimated by computing a 

runoff-weighted population that would be impacted by the runoff generated in each of the 

converted grid cell. The total number of people living on floodplains downstream of a grid cell is 

weighted by the magnitude of the increase within that grid cell relative to the increase as it is 

accumulated along the flow network.   So for two grid cells with the same number of people 

living on floodplains downstream, the grid cell with the higher increase relative to the total 

increase along the network, (∆Q/accumulated ∆Q) would potentially impact a larger number of 

people downstream.  Figure 33 shows the floodplain population downstream of Scenario 2 

changes in Southeast Asia.  In this region, the grid cells that impact the greatest number of 

downstream people are those where forest conversion occurs within the Himalayan uplands of 

the Ganges and Indus River basins.  

 
Within the pan-Tropics, there are approximately 800 million people living on floodplains within 

the pan-Tropical domain (as defined in Section 3.5).  Of these, nearly 82 million, or about 10%, 

live on floodplains downstream of the areas of potential threat (areas where increased Q is 

greater than 25% of contemporary Q).  As was discussed in Section 4.2, potential threat can be 

further assessed by evaluating the terrain in which these changes occur. Following the analysis 

shown in Table 9, the relief classes (Meybeck et al., 2001) were aggregated into two general 

categories: flat (lowlands, low to high altitude plains, plateaus and platforms) or hills/mountains 

(rugged lowlands, hills, low to high altitude mountains).   Table 12 subdivides the potentially 

threatened floodplain population into those downstream of hydrologic hotspots (as defined 

previously) in flat and hilly/mountainous terrains.  About 62% of the hydrologic hotspots occur 
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in hills/mountains as opposed to 38% in flat terrain; these percentages are nearly identical to the 

percentages of converted area shown in Table 9. However, 75% of the threatened floodplain 

population (nearly 62 million people) lives downstream of converted forests in hilly or 

mountainous terrain as opposed to 25% of the threatened floodplain population (20 million) that 

live downstream of flat converted areas.  Although this analysis does not account for travel 

distance or attenuation, it does imply that the majority of people are potentially threatened by far-

field rather than local hydrologic disturbance.  

Figure 33:  Example of downstream floodplain population exposed to Scenario 2 changes in 
annual basin Q in Southeast Asia. The total number of people living on floodplains 
downstream of a grid cell is weighted by the magnitude of the increase within that grid cell 
relative to the increase as it is accumulated along the flow network.  In other words, if two 
grid cells had the same number of downstream population, the one with the greater 
increase in Q would be shown to affect a higher number of people.  
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Table 12:  Area and number of people affected by hydrologic hotspots from Scenario 2, 
summarized by high and low relief.  

High relief Low relief
Hotspot area (000 km2) 907.8 614.5
Population affected by hydrologic hotspots (m) 26.1 52.4  

 

4.5 Central America Sensitivity Analysis 

In order to assess the sensitivity of this analysis to scale, we recomputed Scenario 2 results and 

analysis at the finer 6-min (0.1 decimal degree) resolution.  To do this, contemporary Q and 

Scenario 2 runoff changes for Central America were resampled from their original 30-minute to 

a 6-minute resolution and then accumulated along the simulated topological derived that the 

same resolution. Additionally, the roughness relief classes were derived at the 6-minute 

resolution as well.  Figure 34 shows the spatial distribution of the hotspots at both scales and 

Figure 35 compares the terrain classes at the original 30-min resolution (from Meybeck et al., 

2001) and the newly derived terrain classes as 6-min for Central America.  The spatial pattern of 

the hotspots (reddish areas in Figure 34) are similar except around the edges where the finer 

resolution allows for a better distinction of the threat boundary.  This is particularly true along 

the western coastline of Mexico where Figure 35 shows that the finer resolution analysis has also 

allowed for a better distinction of the boundary between the low and high relief in this area.  The 

seemingly subtle difference in this area, as well as the finer resolution of relief in the Magdelena 

basin in Venezuela, has a rather pronounced effect on the number of people who are effected by 

hydrologic disturbance occurring in either low or high relief terrain.  Table 13 shows that the 

results from the coarser analysis would indicate a higher proportion of people affected by 

changes in high relief areas, whereas a the 6-min resolution, just the opposite is true.  Such 

sensitivity to scale is in part due to the extreme terrain variability in Central America and also to 

the fact that these changes occurred in basins that were at or below the lower bound of 30,000 

km2 for analysis at the 30-min resolution.  It is quite likely that a similar comparison of scale in 

the larger basins of Southeast Asia, would not show such a dramatic sensitivity.   
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Figure 34: Spatial distribution of hydrologic hotspots in Central America at two scales. 

 

 

Table 13: Comparison of hydrologic hotspot areas and number of people affected at two 
differerent analysis resolutions for Central America 

6-min 30-min
Hotspot area (000 km2) 392.8 329.1
Population affected by high relief hotspots (m) 5.5 10.7
Population affected by low relief hotspots (m) 8.5 6.3

Total (m) 14.0 17.0
Difference 22%

Resolution
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Figure 35: Comparison of terrain classes at two scales: original 30-minute resolution 
(Meybeck et al., 2001) and newly derived (for Central America only) 6-minute. 
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4.6 Biodiversity-Population-Hydrologic Hotspots  

From a policy and intervention perspective it is important to ask if these data and results can be 

linked together to identify biodiversity-population-hydrology hotspots or areas of focus.  The 

pantropic assessment at 30’ resolution, while limited in articulating the full dimension of 

hydrologic change and human vulnerability (see Table 13), is nonetheless useful in expressing 

broad patterns of such indicators.   The results of this analysis can be combined to identify 

‘target’ areas that appear to offer the highest ‘win-win’ potential and thus warrant examination at 

a finer scale.  The four indicators used to identify these target areas were the biological 

distinctiveness index (BDI), the Global Conservation Status, land cover, and areas where the 

change in river flow over contemporary flow (dQ/Q) exceeded a certain threshold (0.25).  The 

analysis was done on a cell by cell basis over the entire pantropic study area.  The ranking of the 

target areas was determined based on the potential number of people that could be affected by 

land use change.  The criteria for each of these variables were: 

 

Variable Criteria 

Biological Distinctiveness Index (BDI) Globally or regionally outstanding 

Global Conservation Status  Critical or Endangered 

Land cover Forest areas within the tropical forest biomes 

Change in river flow over baseline river flow 
(dQ/Q) 

>= 0.25 (i.e. if the changes predicted in Scenario 2 
occur, river flow will be 25% or more higher than 
contemporary river flow) 

Downstream population Downstream population as a percentage of the total 
population for the basin  

           1: 30-70%; 2: 15-30%; 3: 0-15% 

 

Many of the areas highlighted are those that were targeted for conversion in Scenario 2 stressing 

even more the importance of their being identified as ‘target’ areas for further research and with 

the greatest potential gain from a hydrological, biodiversity and human perspective if these areas 

are protected from further conversion.  Figure 36 highlights the target areas by region.  Again 

Southeast Asia, and in particular the Zhujiang, Menjiang, Chang Jang, Fuchun Jiang, Hanjiang, 

Menjiang and Hong basins of southern China, are identified as areas with the greatest risk of loss 
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due to changes in hydrological function and biological distinctiveness.  The downstream 

population that would be affected by upstream land use conversion is around 10% of the total 

population for the specific basin within which the cell falls but these 7 basins are home to nearly 

600 million people, or one sixth of the 3.6 billion people living within the Pantropic study area 

so this 10% average translates into a large number of people that could be exposed to the 

negative impacts of land use change. 

 

Another region that is highlighted is western Mexico where there are a series of very small 

watersheds along the Pacific coast that were highlighted as having increased vulnerability in 

terms of hydrology, biodiversity and populations.  In South America, the Parana basin which 

covers parts of Argentina, Paraguay and southern Brazil contains several target sites as well.  

This basin received much of the projected deforestation in scenario 2 primarily due to the lack of 

protection and its vulnerability to future change.   

 

There are very few target spots in Africa.  This does not imply that there are no areas vulnerable 

to change in Africa but perhaps highlights a flaw in the methodology used to identify these target 

areas.  The ratio of the change in river flow as a result of land use change to current river flow is 

lower in this region since there was less conversion of forest in this zone.  To highlight the target 

areas in Africa it may be necessary to set a regionally derived dQ/Q threshold. 

 

 

 

 

 

 

 

 

 



 

Figure 36:  Locations of areas targeted for further study based on the intersection of high 
biodiversity, hydrologic impact and human vulnerability. 

 

4.7 Data and modeling limitations 

Several issues, some unresolved, have surfaced during the course of this study. First, many 

incompatibilities exist between the vegetation classification schema of global datasets on 

ecoregions (“potential” or climax vegetation) and land cover (actual vegetation) that limit 

analytical options in defining the first (pre-industrial to current) scenario. Second, the qualitative 

and often subjective steps involved in generating globally applicable indicators of biodiversity 

and conservation status make it difficult to assess their relevance and reliability for further 

analyses, such as those undertaken in this study. Third, use of any specific hydrological model 

brings its own set of opportunities and constraints.  It is non-trivial to triangulate and arbitrate 

amongst the limits imposed by the spatial and temporal resolution of available data, the limits 

imposed by the spatial and temporal intervals over which the hydrological and hydraulic 

analytical routines are valid, and the need for impact-relevant information that resonates with 

policymakers. Finally, projections about likely expansion of the agricultural frontier are 

speculative at best and only available for select countries.  These also will be influenced by 

factors such as the impact of WTO negotiations on regional patterns of comparative advantage, 

the role of technology and improved practices in raising land productivity, and the potentially 
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rapid expansion of innovative crop production opportunities such as biofuels and bio-engineered 

industrial crops. 

5. Summary and Conclusions 

The approach of this study was to look for target areas where both watershed function and key 

biological diversity could be simultaneously preserved.  This study was predicated on the 

existence of significant tracts of tropical forest that provide both havens of biodiversity richness 

and socially beneficial watershed services.  The goal was to identify the location and extent of 

such tracts within the tropics globally and to generate evidence of the nature and scale of the 

biodiversity and hydrological services they deliver, and to provide some sense of the importance 

of those services to the human populations they help support.  The central approach taken was to 

demonstrate what shifts in hydrological regime, what loss of habitat and biodiversity, and what 

likely scale of negative human impacts could be avoided by maintaining the integrity of those 

remaining areas of tropical forest that appear to offer the highest ‘win-win” potential.  This new 

knowledge will help to target and prioritize watershed conservation efforts that, by design, avoid 

serious loss of both biodiversity and hydrological function.  From a political economy 

perspective, the strategy recognizes and seeks to capitalize upon the potential for “free-riding” 

biodiversity protection given the (relative) ease of mobilizing policy concern with regard to 

maintaining hydrological regimes. Some our key findings are as follows. 

 

• Moist broadleaf forest comprises 36% of the extended pantropic region (i.e. the area 

within all basins that have a share in the tropical forest biomes) and 82% of the three 

tropical forest biomes.  This biome has a high area share of globally and regionally 

outstanding biological distinctiveness (83% compared to only 56% of the dry broadleaf 

forest).  The share of the moist broadleaf forest classified as critical or endangered (44%) 

is low in comparison to the shares for the dry and coniferous biomes (64% and 78% 

respectively).  This could be due in part to the higher level of protection seen in the 

biologically rich moist broadleaf forests (18% versus 12-14% for the dry and coniferous 

forest biomes). Laurance et al. (2002) found that drier deciduous forests in the Amazon 

were more vulnerable to agricultural conversion than moist forests; our analysis suggests 

that this holds true over the pan-Tropics as a whole. 
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• Over the entire pan-Tropics, the 30% conversion of forests to agriculture has yielded a 

10% increase in annual yield (a ratio of 1% yield increase for every 3% forest change). 

The largest proportion of both forest conversion and increased yield has occurred within 

the Indo-Malay realm, where a 44% forest conversion has yielded a 23% increase in 

annual yield.  The higher annual yield:forest conversion ratio (approximately 1:2) is due 

to high rainfall amounts, relatively efficient water transmission and the highest 

population density within the pan-Tropics.  At the basin level, the average increase in 

annual yield for all focus basins is about 24%, indicating that historical forest to 

agricultural conversion has increased available water resources within the pan-Tropics.  

We found a correspondence between increased supply and irrigation water demand 

suggesting that much of the water made available by converting natural forest to 

agriculture can be accounted for through water use by these agricultural systems. 

Whether or not this is actually true requires further study. 

 

• About 820 million people in total live along floodplains within the pan-Tropics; of these, 

more than 560 million people live along  floodplains downstream of the converted 

vulnerable tropical forests targeted in Scenario 2. The number of people living 

downstream of Scenario 2 converted areas (>560 million), people that presumably would 

be more vulnerable to far field effects from forest conversion, is much greater than the 

number of people living WITHIN the converted areas, who would be more prone to local 

effects of land conversion.  In other words, the impact (hydrologic or otherwise) on 

human populations of tropical forest conversion in these targeted areas is greatly 

increased when one accounts for those directly affected (within the converted areas) and 

those indirectly affected (those downstream of converted areas). 

 

• The overall hydrologic impact of Scenario 2 was less than 5% of contemporary Q, 

therefore, conversion of the targeted forests would not likely yield substantial amounts of 

utilizable water resources, as may have occurred as a result of Scenario 1.  However, 

because the converted areas tend to be more spatially focussed than in Scenario 1, the 

impact of these changes on human vulnerability is potentially greater.  Using a somewhat 

arbitrary threshold of a 25% increase in average annual Q as a threshold for potential 
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threat (called hydrologic hotspots for the purposes of this analysis), about 104 million 

(3%) of the pan-Tropical population is living directly within areas potentially threatened 

by the targeted forest conversions.  However, if we focus on people living on floodplains 

downstream of the targeted areas, the potential impact is higher.  Nearly 82 million, or 

about 10% of the pan-Tropical floodplain population, live downstream of the areas of 

potential threat.  75% of the threatened floodplain population (nearly 62 million people) 

lives downstream of converted forests in hilly or mountainous terrain as opposed to 25% 

of the threatened floodplain population (20 million) that live downstream of flat 

converted areas. 

 

• A comparison of human vulnerability to the hydrologic impacts of forest conversion at 

two different scales in Central America indicates a sensitivity to the scale of the analysis.  

Results from the coarser 30-min analysis would indicate a higher proportion of people 

affected by changes in high relief areas, whereas the 6-min resolution, shows just the 

opposite.  Such sensitivity to scale is in part due to the extreme terrain variability in 

Central America and also to the fact that these changes occurred in basins that were at or 

below the lower bound of 30,000 km2 for analysis at the 30-min resolution.  It is quite 

likely that a similar comparison of scale in the larger basins of Southeast Asia, would not 

show such a dramatic sensitivity.   

 

• Based on the intersection of the four major variables evaluated in this study (biological 

distinctiveness and global conservation status, land cover type, hydrologic impact 

thresholds, and vulnerable populations) target areas for future study and protection were 

highlighted. Southeast Asia, and in particular the Zhujiang, Menjiang, Chang Jang, 

Fuchun Jiang, Hanjiang, Menjiang and Hong basins of southern China, are identified as 

areas with the greatest risk of loss due to changes in hydrological function and biological 

distinctiveness.  Nearly 360 million people could be exposed to the negative impacts of 

land use change in these basins. Small watersheds along the western coast of Mexico 

were also highlighted as having increased vulnerability in terms of hydrology, 

biodiversity and populations.  In South America, the Parana basin which covers parts of 

Argentina, Paraguay and southern Brazil contains several target sites as well.  This basin 
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received much of the projected deforestation in scenario 2 primarily due to the lack of 

protection and its vulnerability to future change. 

 

• The ability to perform analyses at a coarse scale over a large geographic area is severely 

limited by data availability and incongruities between datasets.  Without consistently 

classified land cover data for various periods of time it is difficult, if not impossible, to 

assess the true change in land cover over time and in turn to determine the effects that 

these changes have on ecosystem function.  In order to understand historical change we 

were able to work around this by creating a synthetic land cover which isolated change 

from forest to agriculture.  This permitted us to assess the hydrological effects of 

deforestation.  We subsequently created a derived land cover dataset representing 

contemporary times and used this as a baseline of our future predictions.  These were 

appropriate methods for analyzing the available data but efforts must be made to 

standardize the classification systems used in land cover data so that temporal 

comparisons can be made with more confidence and with less reliance on data 

manipulation and modeling. 

 



 75

 

6. References 

Bailey, R. G. 1998.  Ecoregions: The ecosystem geography of oceans and continents, Springer-Verlag, 
New York. 

Baker, T. R., K. Affum-Baffoe, D.F.R.P. Burslem, and M.D. Swaine. 2002. Phenological differences in 
tree water use and the timing of tropical forest inventories: conclusions from patterns of dry season 
diameter change, Forest Ecology and Management, 171: 261-274. 

Barbier, E. B. and J. C. Burgess. 2001. The economics of tropical deforestation.  J. Econ. Surv., 15 (3): 
413-433. 

Bazzaz, F. A. 1998. Tropical forests in the future climate: changes in biological diversity and impact on 
the global carbon cycle., Climatic Change, 39 (2-3): 317-336. 

Bonell, M. 1998. Possible impacts of climate variability and change on tropical forest hydrology. 
Climatic Change, 39 (2-3): 215-272. 

Bonell, M., and J. Balek. 1993 Recent scientific developments and research needs in hydrological 
processes, in Hydrology and Water Management in the Humid Tropics, M. Bonell, M Hufschmidt 
and J. Gladwell, eds., Cambridge University Press, Cambridge, UK. 

Brodribb, T. J. and N. M. Holbrook. 2003. Changes in leaf hydraulic conductance during leaf shedding in 
seasonally dry tropical forest, New Phytologist, 158: 295-303. 

Bruijnzeel, L. A. 1991. Hydrological impacts of tropical forest conversion. Nature & Resources, 27 (2): 
36-46. 

Bruijnzeel, L. A. 1996.  Chapter 2-Predicting the hydrological impacts of land cover transformation in the 
humid tropics: the need for more research, in Amazonian Deforestation and Climate, J.H.C. Gash and 
C. A. Nobre, eds., John Wiley & Sons. 

Bruijnzeel, L. A. in press.  A review of tropical forests and environmental services: not seeing the soil for 
the trees? In Agriculture, Ecosystems and the Environment. 

Bruinsma, J. (ed). 2003. World Agriculture towards 2015/2030.  Rome: Food and Agriculture 
Organization. 

Calder, I.R. 1990. Evaporation in the Uplands. Wiley, New York, 148 p. 
Calder, I.R. 1993. Hydrologic effects of land use change, Chapter 13 in Handbook of Hydrology, D. R. 

Maidment, ed., McGraw Hill Professional, 1424 p. 
Calder, I.R. 2001. Canopy processes: implication for transpiration, interception and splash induced 

erosion, ultimately for forest management and water resources, Plant Ecology, 153: 203-214. 
Chappell, N.A., K. Bidin and W. Tych. 2001. Modelling rainfall and canopy controls on net-precipitation 

beneath selectively-logged tropical forest, Plant Ecology, 153: 215-229. 
Chomitz, K.M., and T.S. Thomas. 2001. Geographic Patterns of Land Research Use and Land Intensity in 

the Brazilian Amazon. Policy Research Working Paper Series 2687. World Bank, Washington, D.C. 
http://www.econ.worldbank.org/. 

Chomitz, K. M. and K. Kumari. 1998. The domestic benefits of tropical forests: a critical review, The 
World Bank Research Observer, 13 (1): 13-35. 

Convention on Biological Diversity. 2002.  Text of Convention on Biological Diversity: Article 2 (1992).  
Available at www.biodiv.org. 

Defries, R, Hansen, M., Townshend, J. 1995. Global discrimination of land cover types from metrics 
derived from AVHRR Pathfinder data.  Remote Sensing of the Environment 5-4:209-222. 

Delgado, C., M.Rosegrant, H. Steinfeld, S. Ehui, C. Courbois. 1999. “Livestock to 2020: The Next Food 
Revolution.” Food, Agriculture, and the Environment Division Discussion Paper No. 28. Washington, 
D.C.: IFPRI. 

http://www.econ.worldbank.org/
http://www.biodiv.org/


 76

Dinerstein, E., D.M. Olson, D.J. Graham, A.L. Webster, S.A. Primm, M.P. Bookbinder and G. Ledec. 
1995. A Conservation Assessment of the Terrestrial Ecoregions of Latin America nad the Caribbean. 
Washington, D.C.: World 

Döll, P., Siebert, S. (2000): A digital global map of irrigated areas. ICID Journal, 49(2), 55-66  

Döll, P., Siebert, S.(1999): A digital global map of irrigated areas. Kassel World Water Series 1, 
Center for Environmental Systems Research, University of Kassel, Germany, 23 pp + 
Appendix 

FAOSTAT. 2003. Food and Agriculture Organization of the United Nations, Statistical Databases.  
Online at: http://apps.fao.org. 

Food and Agriculture Organization of the United Nations (FAO). 1995. Digital Soil Map of the World, 
Version 3.5. FAO, Rome, Italy. 

Federer, C. A., Vörösmarty, C. J., and B. Fekete. 1996. Intercomparison of methods for potential 
evapotranspiration in regional or global water balance models, Water Resources Research, 32: 2315-
2321. 

Federer, C. A., C. Vörösmarty, and B. Fekete. In press. Sensitivity of annual evaporation to soil and root 
properties in two models of contrasting complexity, J. Hydrometeorology. 

Fekete, B.M., C.J. Vörösmarty, and R.B. Lammers. 2001. Scaling gridded river networks for macroscale 
hydrology:  Development, analysis, and control of error.  Water Resources Research, 3(77), pp: 1955-
1967. 

Gardner, J. S. 2002. Natural hazards risk in the Kullu district, Himachal Pradesh, India. Geographical 
Review, 92 (2): 282-306. 

Geist, H.J. and E.F. Lambin. 2001. “What Drives Tropical Deforestation?” LUCC Report Series No. 4. 
Louvain-la-Neuve: LUCC International Project Office. 

Gentry A.H. and Dodson, C. 1987.  Contributions of nontrees to species richness of a tropical forest.  
Biotropica 19, 149-156. 

Giambelluca, T. W. 2002. Hydrology of altered tropical forest, Hydrological Processes, 16 (8): 1665-
1669. 

Giambelluca, T. W., A. D. Ziegler, M. A. Nullet, D. M. Truong, and L. T. Tran. 2003. Transpiration in a 
small tropical forest patch, Agricultural and Forest Meteorology, 117: 1-22. 

[GLCCD] Global Land Cover Characteristics Database. Version 2.0. 2001.  Available online at: 
http://edcdaac.usgs.gov/glcc/glcc.html. 

Global Soil Data Task. 2000. Global Soil Data Products CD-ROM (IGBP-DIS). CD-ROM. International 
Geosphere-Biosphere Programme, Data and Information System, Potsdam, Germany. Available from 
Oak Ridge National Laboratory Distributed Active Archive Center, Oak Ridge, Tennessee, U.S.A. 
[http://www.daac.ornl.gov]. 

Holdridge, L.R. 1967. Life Zone Ecology. San Jose (Costa Rica): Tropical Science Center. 
[IFPRI] International Food Policy Research Institute. 2002. Global Agricultural Extent v2.0.  Available 

online at: http://www.asb.cgiar.org/BNPP/phase2/bnpp phase2 datasets.htm
[IGBP] International Geosphere Biosphere Programme. 1998. Data and Information Systems, IGBP-DIS 

Global Land Cover Set DISCover. 
Kassel/FAO. 2002. A digital global map of irrigated areas.  University of Kassel. 
Kiedon, A. and M. Heimann. 1998. A method of determining rooting depth from a terrestrial biosphere 

model and its impacts on the global water and carbon cycles, Global Change Biology, 4 (3): 275-286. 
Kiersch, B., and S. Tognetti. 2002. Land-water linkages in rural watersheds: Results from the FAO 

electronic workshop, Land Use and Water Resouces Research, 2:1.1-1.6. 
Lambin, E.F. and H.J. Geist. 2003. Regional Differences in Tropical Deforestation. In Environment. 

July/August: 24-36. 
LandScan, 2002. LandScan Global Population Database, Oak Ridge National Laboratory, Oak Ridge, TN. 

Available at http://www.ornl.gov.gist/

http://apps.fao.org/
http://edcdaac.usgs.gov/glcc/glcc.html
http://www.asb.cgiar.org/BNPP/phase2/bnpp phase2 datasets.htm
http://www.ornl.gov.gist/


 77

Loescher, H.W., J. S. Powers, and S. F. Oberbauer. 2002. Spatial variation of throughfall volume in an 
old-growth tropical wet forest, Costa Rica, Journal of Tropical Ecology, 18: 397-407. 

Loveland, T.R., B.C. Reed, J.F. Brown, D.O. Ohlen, Z. Zhu, L. Yang, and J.W. Merchant. 2000. 
“Development of a Global Land Cover Characteristics Database and IGBP DISCover from 1 km 
AVHRR Data.” International Journal of Remote Sensing 21 (6/7): 1303-1330). 

Mace, G. 2003. Personal Communication related to work on the Millennium Ecosystem Assessment. 
Matthews, E. 2001. “Understanding the FRA 2000.” Forest Briefing No. 1. Washington, D.C.: World 

Resources Institute. 
Maestad, O. 2001. Timber trade restrictions and tropical deforestation: a forest mining approach. Resour. 

Energy Econ., 23 (2): 111-132. 
McNeely, J.A. and S.J. Scherr. 2003. Ecoagriculture: Strategies to Feed the World and Save Biodiversity.  

Washington, D.C. Island Press. 
Meybeck, M., Ragu, A., 1996.  GEMS/Water Contribution to the Global Register of River Inputs.  

GEMS/Water Programme (UNEP/WHO/UNESCO).  World Health Organization, Geneva, 
Switzerland. 

Melillo, J. M., A.D. McGuire, D. W. Kickligher, B. Moore, C. J. Vörösmarty and A. L. Schloss. 1993. 
Global climate change and terrestrial net primary production, Nature, 363: 234-240. 

[MA] Millenium Ecosystem Assessment. 2004.  Synthesis of Rapid Land Cover Change: An assessment 
for the Millennium Ecosystem Assessment – draft version.  Full report forthcoming. 

Monteith, J. L. 1965. Evaporation and environment. In: The State and Movement of Water in Living 
Organisms. Proc. 19th Symposium of the Society of Experimental Biology. Cambridge University 
Press, Cambridge, UK, pp. 205-233. 

Morellato, L. P. C., D. C. Talora, A. Takahasi, C. C. bencke, E. C. Romera and V. B. Zipparo. 2000. 
Phenology of Atlantic rain forest trees: a comparative study, Biotropica, 32 (4b): 811-823. 

Myers, N. 1980. Conversion of Tropical Moist Forests.  National Research Council, Washington, DC. 
New, M., M. Hulme, and P. Jones. 1998. Representing twentieth century space-time climate variability, 

Part II: Development of 1901-1996 monthly grids, Journal of Climate, 13: 2217-2238. 
Olson, D.M., E. Dinerstein, E.D. Wikramanayake, N.D. Burgess, G.V.N. Powell, E.C. Underwood, J.A. 

D’Amico, I.Itoua, H.E. Strand, J.C. Morrison, C.J. Loucks, T.F. Allnutt, T.H. Ricketts, Y.Kura, J.F. 
Lamoreux, W.W. Wettengel, P.Hedao, and K.R. Kassem. 2001. “Terrestrial Ecoregions of the World: 
A New Map of Life on Earth” in BioScience. 51(11): 935-938. 

Osborne, P.L. 2000.  Tropical Ecosystems and Ecological Concepts. Cambridge U.P., Cambridge, UK, 
and New York, USA. 

Oyebande, L. 1988. Effects of tropical forest on water yield, in Forest, Climate, and Hydrology: Regional 
Impacts, E. Reynolds and F. Thompson, eds., The United Nations University, Kefford Press, 
Singapore. 

[PAGE] Pilot Analysis of Global Ecosystems. 2000. Series of ecosystem reports:  Wood et al. 2000.  
Agroecosystems;  White et al. 2000. Grasslands; Matthews et al. 2000. Forest; Revenga et al. 2000. 
Freshwater.  Washington, D.C.: World Resources Institute. 

Putz, F.E., K.H. Redford, J.G. Robinson, R. Fimbel and G.M. Blate. 2000. Biodiversity conservation in 
the context of tropical forest management.  Environment Department Working Paper: Biodiversity 
Series.  No. 75.  Washington, D.C.: World Bank. 

Ramankutty, N. 2003. Global Grazing Lands Dataset.  Center for Sustainability and the Global 
Environment (SAGE). University of Wisconsin, Madison.  Data made available through personal 
communication. 

Reid, W.V. and K.R. Miller. 1989. Keeping Options Alive: the Scientific Basis for Conserving 
Biodiversity. Washington, D.C.: World Resources Institute. 

Ricketts, T.H., E. Dinerstein, D.M. Olson, C. J. Loucks, and W. Eichbaum. 1999. Terrestrial Ecoregions 
of North America: A Conservation Assessment, Washington, D.C. Island Press. 

Ricketts, T., and S. Wood. 2003. Unpublished white paper on Geographic Units of Analysis prepared for 
the Millennium Ecosystem Assessment. 



 78

Schellekens, J. F. N. Scalena, L. A. Bruijnzeel, and A. J. Wickel. 1999. Modelling rainfall interception by 
a lowland tropical rainforest in northern Puerto Rico, J. Hydrology, 225: 168-184. 

Schenk, H. J. and R. B. Jackson. 2002. The global biogeography of roots. Ecological Monographs, 72: 
311-328. 

Schneider, R.R., Arima, E., Verissimo, A., Souza Jr., C., and Barreto, P. 2002. Sustainable Amazon: 
Limitations and Opportunities for Rural Development. World Bank Technical Paper no. 515. World 
Bank, Washington, DC. 

Schulze, E.D., F. M. Kelliher, C. Korner, J. Lloyd, and R. Leuning. 1994. Relationships among maximum 
stomatal conductance, ecosystem surface conductance, and carbon assimilation rate and plant 
nitrogen nutrition: A global ecology scaling exercise, Annu. Rev. Ecol. Syst., 25: 629-660. 

Shuttleworth, J. W., and J. S. Wallace. 1985. Evaporation from sparse crops: an energy combination 
theory, Quarterly J. R. Meteorol. Soc., 111: 839-855. 

Tinker, P. B., J. S. I. Ingram, and S. Struwe. 1996. Effects of slash-and-burn agriculture and deforestation 
on climate change, Agr. Ecosyst. Environ., 58 (1): 13-22. 

Udvardy, M.D.E. 1975. A classification of the biogeographical provinces of the world. Morges 
(Switzerland): International Union of Conservation of Nature and Natural Resources. IUCN 
Occasional Paper no. 18. 

[UNESCO] United Nations Educational, Scientific and Cultural Organization. 1969. A Framework for a 
Classification of World Vegetation.  Paris: UNESCO. 

UNEP-WCMC. 2003.  Prototypes of National and International Designated Protected Areas.  Description 
available at http://www.unep-wcmc.org/protected_areas/.  Data made available through the 
Millennium Ecosystem Assessment Intranet (2003). 

Urbana, V. N. 1996. Observations and modeling of rainfall interception at two experimental sites in 
Amazonia, in Amazonian deforestation and climate, JH.C. Gash, C.A. Nobre, J.M. Roberts and R. L. 
Victoria, eds., Institute of Hydrology. 

Vörösmarty, C. J. and B. Moore. 1991. Modeling basin-scale hydrology in support of physical climate 
and global biogeochemical studies: an example using the Zambezi River, Stud. Geophys., 12: 271-
311. 

Vörösmarty, C. J., Moore, B. Gildea, M. P. Peterson, B., Melillo, J., Kickligher, D., Raich, J. Rastetter, E. 
and Steudler, P.1989. A continental-scale model of water balance and fluvial transport: application to 
South America, Global Biogeochemical Cycles, 3: 241-265. 

Vörösmarty, C. J., C. A. Federer, A. L. Schloss. 1998. Potential evaporation functions compared on US 
watersheds: Possible implications for global-scale water balance and terrestrial ecosystem modeling, 
Journal of Hydrology, 207: 147-169. 

Vörösmarty, C.J., B. M. Fekete, M. Meybeck, and R. Lammers.  2000a. Geomorphometric attributes of 
the global system of rivers at 30-minute spatial resolution (STN-30). Journal of Hydrology 237: 17-
39.  

Vörösmarty, C.J., B.M. Fekete, M. Meybeck, and R. Lammers.  2000b.  The global system of rivers: Its 
role in organizing continental land mass and defining land-to-ocean linkagesGlobal Biogeochemical 
Cycles 14: 599-621. 

Vörösmarty, C. J., P. Green, J. Salisbury and R. B. Lammers. 2000. Global water resources: Vulnerability 
from climate change and population growth, Science, 289, 284-288. 

Wikramanayake, E. E. Dinerstein, C. J. Loucks, D. M. Olson, J. Morrison, J. Lamoreaux, et al.  
Terrestrial Ecoregions of the Indo-Pacific: A Conservation Assessment. Washington, DC: Island 
Press, 2000. 643 pp. 

Wood, S., K. Sebastian and S.J. Scherr. 2000. Pilot Analysis of Global Ecosystems: 
Agroecosystems. Technical Report. Washington, D.C. International Food Policy Research 
Institute and the World Resources Institute. 

Wood, S., K. Sebastian and J. Chamberlin. 2003. "Land Quality, Agricultural Productivity, and Food 
Security: A Spatial Perspective" (chapter 4) pp: 47-110 in Land Quality, Agricultural Productivity, 
and Food Security: Biophysical Processes and Economic Choices at Local, Regional, and Global 
Level. K. Wiebe (ed). Northampton. 

http://www.unep-wcmc.org/protected_areas/


 79

[WCMC]World Conservation Monitoring Centre. 1992. Global Biodiversity: Status of the 
Earth’s Living Resources. London: Chapman and Hall. 

[WRI] World Resources Institute. 2000. World Resources 2000-2001. People and Ecosystems: 
The Fraying Web of Life. Washington, D.C. World Resources Institute. 

[WWF] World Widelife Fund. 2003. Terrestrial Ecosystems of the World Database.  Database 
made available through personal communication. Project description available at 
http://www.worldwildlife.org/ecoregions/ . 

Zeng, X. B. 2001. Global vegetation root distribution for land modeling, Journal of Hydrometeorology, 2 
(5): 525-530. 

http://www.worldwildlife.org/ecoregions/

	FUNCTIONAL VALUE OF BIODIVERSITY – PHASE II
	Activity 1: Pantropic/meso-scale analysis and synthesis
	Searching for Synergy in Tropical Forest Ecosystem Services:
	Historic and Projected Land Cover Scenarios for Exploring Bi
	Figures
	Tables
	Abstract
	1. Report and Project Overview
	2. Introduction
	2.1 The tropical forest-hydrology link: evidence and misconc
	Misconception
	Scientific evidence
	2.2 Biodiversity
	2.3 Focus of the study

	3.  The Pan-Tropical Assessment
	3.1  Delineating the Pan-Tropics
	3.2 Representing Pan-Tropical Biodiversity
	3.3 Evaluating Pan-Tropical Land Use/Land Cover Change
	3.3.1 Agriculture Conversion and Scenario Development
	3.3.2  Scenario 1: Historical changes in land cover – What d
	Scenario 2: Projected deforestation of tropical forest areas
	3.3.5  Scenario 4: Business as Usual

	3.4 Modeling the Hydrologic Effects of Land Use/Land Cover C
	3.5 The Influence of Geophysical Characteristics in the Pan-

	4.  Results and Discussion
	4.1 Pan-Tropical Overview of Changes in Landcover & Hydrolog
	4.3 Intersection of landcover change with BDI and population
	Intersection of landcover change, hydrology and human vulner
	4.5 Central America Sensitivity Analysis

	Biodiversity-Population-Hydrologic Hotspots

	5. Summary and Conclusions
	6. References

