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ABSTRACT

Aim To analyse the conservation status of tropical dry forests at the global scale,

by combining a newly developed global distribution map with spatial data

describing different threats, and to identify the relative exposure of different forest

areas to such threats.

Location Global assessment.

Methods We present a new global distribution map of tropical dry forest

derived from the recently developed MODIS Vegetation Continuous Fields (VCF)

product, which depicts percentage tree cover at a resolution of 500 m, combined

with previously defined maps of biomes. This distribution map was overlaid with

spatial data to estimate the exposure of tropical dry forests to a number of

different threats: climate change, habitat fragmentation, fire, human population

density and conversion to cropland. The extent of tropical dry forest currently

protected was estimated by overlaying the forest map with a global data set of the

distribution of protected areas.

Results It is estimated that 1,048,700 km2 of tropical dry forest remains,

distributed throughout the three tropical regions. More than half of the forest

area (54.2%) is located within South America, the remaining area being almost

equally divided between North and Central America, Africa and Eurasia, with a

relatively small proportion (3.8%) occurring within Australasia and Southeast

Asia. Overall, c. 97% of the remaining area of tropical dry forest is at risk from

one or more of the threats considered, with highest percentages recorded for

Eurasia. The relative exposure to different threats differed between regions: while

climate change is relatively significant in the Americas, habitat fragmentation and

fire affect a higher proportion of African forests, whereas agricultural conversion

and human population density are most influential in Eurasia. Evidence suggests

that c. 300,000 km2 of tropical dry forest now coincide with some form of

protected area, with 71.8% of this total being located within South America.

Main conclusions Virtually all of the tropical dry forests that remain are currently

exposed to a variety of different threats, largely resulting from human activity.

Taking their high biodiversity value into consideration, this indicates that tropical

dry forests should be accorded high conservation priority. The results presented

here could be used to identify which forest areas should be accorded highest priority

for conservation action. In particular, the expansion of the global protected area

network, particularly in Mesoamerica, should be given urgent consideration.
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INTRODUCTION

In 1988, Janzen (1988) stated that tropical dry forests are the

most threatened of all major tropical forest types. This

statement was largely based on the observation that less than

2% of the tropical dry forest (TDF) in the Mesoamerican

region was sufficiently intact to be considered worthy of

conservation, having declined from an original area of

550,000 km2. At that time, only 0.09% of the forests in the

Mesoamerican region were accorded some degree of official

protection. Janzen’s statement should be seen as part of a

general plea for greater conservation effort to be devoted to

TDFs, written at a time when the loss of tropical rain forests

was receiving greater international attention. Given that high

rates of forest loss and degradation continue to be recorded in

many tropical countries where dry forests are present (FAO,

2001), the issue remains acutely relevant today.

However, statements regarding the relative threats to

different habitat or ecosystem types are difficult to make with

precision. In recent years, substantial progress has been made

in developing systematic methods for assessing the threat of

extinction of individual species, most notably in support of the

IUCN Red List (Mace & Lande, 1991; Reynolds & Mace, 1999;

Akcakaya et al., 2000; IUCN, 2001, 2003). Much less progress

has been made in developing objective methods for assessing

threats to ecosystems. The most widely applied approach is

that developed by the World Wildlife Fund-US (WWF), which

has been employed in a series of regional assessments

(Dinerstein et al., 1995; Ricketts et al., 1999; Wikramanayake

et al., 2002), and to provide a global overview of the

conservation status and distribution of ecoregions (Olson &

Dinerstein, 1998; Olson et al., 2000).

In the global assessment undertaken by WWF, 14 Major

Habitat Types were differentiated, of which Tropical and

Subtropical Dry Forests were one. Ten principal areas of this

forest type were identified, and all were considered to be

Critical/Endangered, the most threatened of the three broad

categories considered (Olson et al., 2000). In the regional

assessments, a larger number of categories were defined, in a

similar approach to the IUCN Red List categories for species,

ranging from ‘Extinct’ to ‘Relatively intact’. Four variables

were used as the basis of these assessments: habitat loss, size

and number of larger habitat blocks, degree of habitat

fragmentation and degree of protection. Of these, the greatest

weight was given to habitat loss, followed by size and number

of large habitat blocks. The conservation status assessments

were then modified by consideration of the possible future

impact of two threats: habitat degradation and conversion.

Degradation was assessed as a function of human population

density, and the presence of large-scale logging concessions was

used as a proxy for assessing the threat of habitat conversion

(Wikramanayake et al., 2002).

Other global environmental assessments provide little

information specifically relating to TDF conservation status.

For example, the ‘hotspot’ approach developed and imple-

mented by Conservation International (Myers et al., 2000)

focuses on identifying areas of particular importance for

biodiversity conservation on the basis of plant species ende-

mism, and the extent of habitat loss. Although TDF areas (such

as those in New Caledonia and the Caribbean) fall within the

definition of ‘biodiversity hotspots’, the approach does not

provide a comprehensive assessment of the conservation status

of this forest type. The Forest Resources Assessment produced

by the FAO (2001) provides statistics on the area of forest

remaining in each country, as well as overall estimates of

deforestation rate, but does not assess the conservation status

of individual forest types. The Conservation Atlas of Tropical

Forest series offers maps for the early 1980s–1990s, but whilst

dry forests such as monsoon areas are described and some-

times mapped, there is no consistent overview of TDF (Collins

et al., 1991; Sayer et al., 1992; Harcourt & Sayer, 1996).

The WWF assessments therefore offer one of the most

comprehensive assessments of global biodiversity achieved to

date, and provide support to Janzen’s contention that TDFs are

severely threatened in all regions where they occur. However,

they do not provide sufficient detail to assess the relative

conservation status of different TDF areas when considered at

the global scale. As noted by the authors (Wikramanayake

et al., 2002), the range of threats considered is limited;

important causes of habitat loss and degradation, such as fire

and climate change, are not considered. In addition, as the

global overview was based on a series of regional assessments,

neither forest cover nor threats were assessed using globally

consistent data sets. Remote sensing technology now permits

such data sets to be developed and analysed.

This paper aims to provide a new global overview of the

conservation status of TDFs. First, the definition of this forest

type is considered, and existing sources of information on its

distribution are compared. A new map of TDFs is then

presented, derived from classification of a recently developed

remote sensing product, which provides an improved indica-

tion of global tree cover. The threats to TDFs are then analysed

by integrating the forest distribution map with spatial data sets

describing the actual or potential impact of a range of threats.

The results are used to identify which of the remaining areas of

TDF are most at risk from environmental change and human

activities, in the context of their current protection status.

METHODS

Definition of tropical dry forest

In order to assess TDF conservation status, information is

required on its distribution pattern, and the rate of change in

forest extent. Assessments of the extent of TDF depend

critically on how this vegetation type is defined. As other

authors have noted, this is a complex issue, as dry forests grade

into other vegetation types such as wet forests, savannas and

woodlands (Furley et al., 1992). Mooney et al. (1995) suggest

that in the simplest terms, they may be defined as forests

occurring in tropical regions characterized by pronounced

seasonality in rainfall distribution, resulting in several months
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of drought. The forests that develop under such climatic

conditions share a broadly similar structure and physiognomy;

many also occur on mesotrophic soils. However, as noted by

Mooney et al. (1995), these shared characteristics are difficult

to define with precision.

One of the main challenges to undertaking vegetation

assessments at the global scale lies in harmonizing the many

different vegetation classifications that have been developed

within different regions. Blasco et al. (2000) provide a

comparison of ten regional classification schemes developed

for tropical woody vegetation, related to a common framework

based on ‘bioclimatic types’. This analysis highlights the

difficulty of developing a common definition of TDF. Forest

types (or formations sensu Blasco et al., 2000) labelled as ‘dry

forest’ in the regional classifications are grouped under four of

the six bioclimatic types that these authors define. This

suggests either that TDFs have a very broad climatic tolerance

range, or that the concept is interpreted variously by different

authors. Either way, this bioclimatic framework proved to be

of little value for determining the distribution of TDF.

In this investigation, we adopted the global biogeographic

classification presented by Olson et al. (2001), which was

explicitly developed to support global conservation assess-

ments. Biogeographic realms were defined by Olson et al.

(2001) based on those presented previously by Pielou (1979)

and Udvardy (1975), modified as a result of extensive literature

search and expert consultation. Importantly, the classification

was based primarily on biogeographic information rather than

climate, and included information regarding distributions of

animal species as well as plants, unlike most alternative

classifications that are available (Olson et al., 2001).

Olson et al. (2001) define tropical and subtropical dry

broad-leaved forests as one of 14 biomes identified at the

global scale. Tropical and subtropical grasslands, savannas and

shrublands are considered together as a separate biome. In our

analysis, we considered both of these biomes together as areas

where TDFs might potentially occur.

Distribution of tropical dry forest

The maps presented by Olson et al. (2001) provide no

indication of current forest cover. To develop a distribution

map of TDF, we therefore masked the distribution of biomes

presented by Olson et al. (2001) with a map of global forest

cover, derived from the Moderate Resolution Imaging Spec-

troradiometer (MODIS) Vegetation Continuous Fields (VCF)

product (Hansen et al., 2003). This depicts the percentage tree

cover at a resolution of 500 m using a supervised regression

tree algorithm. Training data were derived from high resolu-

tion Landsat data applied to 7 bands of MODIS data acquired

between October 2000 to December 2001. The data are

available through the University of Maryland Global Land

Cover Facility (http://glcf.umiacs.umd.edu) and are also dis-

tributed as a MODIS land cover product.

To produce the distribution map, tropical forest was defined

as those tropical grid cells with at least 40% forest cover, based

on the MODIS data set, which uses a 500-m equivalent grid in

geographic projection (Hansen et al., 2002, Hansen et al.,

2003). Then, dry and seasonally dry forest was defined by

further limiting this distribution to (1) cells found within the

‘Tropical and subtropical dry broadleaf forest’, ‘Mediterranean

forest, woodland and scrub’, or ‘Desert and xeric shrubland’

biomes of the WWF ecoregions data set (Olson et al., 2001);

and (2) cells falling within a subset of the ‘Tropical and

subtropical grassland, savanna and shrub’ biome (limited to

areas falling within the aridity zones from the World Atlas of

Desertification (Middleton & Thomas, 1997) to exclude this

category’s more humid subtypes).

This map represents the estimated maximum distribution of

tropical dry and seasonally dry forest. It has not been ground-

truthed, and it is particularly important to note that the

definition of ‘forest’ is restricted to areas with 40% tree cover or

greater. The 40% value corresponds to the FAO Global Forest

Resources Assessment definition of closed forest (FAO, 2001).

Analysis of deforestation

The MODIS VCF tree cover product has recently been used to

provide an estimate of recent tropical deforestation using a

more conservative definition of dry forest (based on a

threshold of 80% tree canopy – full details are provided by

DeFries et al. (2004)). Percentage forest cover within each

500-m pixel was calculated using this threshold. Locations

that have experienced loss of forest habitat over the last two

decades were identified using high-resolution Landsat analyses,

combined with the coarser resolution Advanced Very High

Resolution Radiometer (AVHRR) Pathfinder Land data from

1982–2000 (DeFries et al., 2002; Hansen & DeFries, 2004). To

obtain a representative annual change value, estimates were

derived for three 5-year intervals (1982–87, 1988–92, and

1992–99) by using the median change value for the interval.

The difference between the first and second interval was used

to represent changes in the 1980s and second and third interval

to represent 1990s.

As the coarse 8-km AVHRR resolution cannot detect small

patches and underestimates changes in percentage cover, a

correction factor was used, based on Landsat analyses, that was

as relevant as possible to each region, ranging from 1.5 in Latin

America where clearing occurs in large contiguous patches to

3.7 in Africa where clearing occurs are on a much finer scale

(DeFries et al., 2002). The correction factors were determined

by correlating forest loss derived from high resolution (30 m)

Landsat data with the AVHRR estimates (DeFries et al., 2002).

The area of change in the AVHRR-derived percentage tree

cover (the product of the difference in percentage tree cover

and the pixel area) was adjusted by the correction factor to

estimate changes in forest cover. Annual values for the change

in percentage forest cover were used to determine the changes

from 1980 to 1990, and from 1990 to 2000. Differences in

deforestation between tropical moist and tropical dry forest

were estimated using the ‘Tropical and subtropical dry

broadleaf forest’ biomes (alone) defined by Olson et al. (2001).

Conservation status of tropical dry forests
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Analysis of threats

Spatial data describing actual or potential threats to TDFs were

obtained from a number of sources, analysed and classified as

described below. All area calculations were carried out after

transformation into Mollweide’s projection. This is an equal-

area projection, so lends greater accuracy to the analysis. In

order to capture threats in the immediate area of dry forests as

well as those already present within the forests, we opted to use

a 10-km grid scale, coarser than that of the forest data set. This

also makes some provision for geographical discrepancies and

differences in scale between the global pressure data sets.

Analysis was carried out separately for five major regions

(following Blyth et al., 2002) containing TDF: North and

Central America, South America, Eurasia, Africa and Austra-

lasia/Southeast Asia.

Climate change

Projected climate changes for the 2040–69 period were derived

from a set of five global climate change models running under

the IS92a ‘business as usual scenario’. The five general circula-

tion models (GCMs) employed were CGCM1 (Boer et al.,

2000a,b; Flato et al., 2000), CCSR-NIES (Abe-Ouchi et al., 1996;

Emori et al., 1999), CSIRO-Mk2b (Hirst et al., 1996, 2000),

GFDL-R15 (Manabe et al., 1991; Stouffer et al., 1994;Manabe&

Stouffer, 1996) and HAD-CM2 (Cullen, 1993). Mean monthly

temperature and precipitation anomalies (12 values for each

30-year period) with respect to 1961–90 climate were obtained

for each GCM from the IPCC Data Distribution Centre (http://

ipcc-ddc.cru.uea.ac.uk). These values had been computed by

comparing the 1961–90model climate withmodel output over a

30-year period centred on 2050, following Carter et al. (1999).

Mean annual values were obtained by summing (precipita-

tion) or averaging (temperature) the 12 monthly values for

each variable. The mean values were spatially interpolated

using the Tension Spline function in ArcInfo to produce a

summary map of temperature and precipitation. ‘Severe

climate change’ was defined as either a temperature increase

of at least 2.5 �C or a precipitation decrease of at least

50 mm year)1 by 2055, averaged for the five GCMs.

Forest fragmentation

A global data set describing forest spatial integrity (a measure of

the degree of forest fragmentation) was created following the

method of Kapos et al. (2000), using the same forest definition

and data set as above. Equidistant Conic continental projections

were used for each of the five regions to improve the local

accuracy of the distance calculations required by the metric.

Forest patch size, local forest patch density (‘edge’, sensu Kapos

et al., 2000) and patch connectivity were defined and scaled

using parameters relevant to an animal with large territory size as

follows. Patch size was classified on a linear scale from < 10 to

> 300 km2. Local forest patch density was defined as the

percentage of forested cells within a 5 km radius of the target

grid cell, including that cell. Connectivity depended upon the

definition of core areas of forest. If a cell did not fall into a patch

that included a forest cell defined as core, or if a cell was more

than 18 km from the nearest core cell, its connectivity was

defined as 0. Otherwise, connectivity was defined as the distance

of the minimum path through forested cells to a core cell. Core

cells were those falling into contiguous groups of more than

100 km2 area, in which each cell has local forest density > 60%.

Each of the three indices was scaled to values between 1 and

100. A single combined index was calculated according to the

following formula (Kapos et al., 2000): Spatial Integ-

rity ¼ (0.25 · Patch Size) + (0.25 · Local Patch Density) +

(0.5 · Connectivity). Cells with low values of the index are

subject to high levels of fragmentation. ‘Severe fragmentation’

was defined as an index value of £ 20.

Fire

An assessment of global fire occurrence was derived from the

ATSR Night-time Hotspots data set produced by the ATSR

World Fire Atlas project (European Space Agency – ESA/

ESRIN, Frascati, Italy), which provides a count of apparent

fires detected from January 1998 to December 2000 by the

ATSR satellite. The satellite’s overpass time at night is around

22:30 local time. The current analysis employed the data from

‘algorithm 2’, for which the cut-off point for estimating that a

fire was present was ‘Hotspot if: 3.7 lm > 308 �K (c. 35 �C)’.
This band is very sensitive to high temperature emitting bodies

(around 1000 �K). The data set is validated. ‘Hotspots’ for all

years combined were converted into a point map. All those

10-km cells that had hosted a hotspot over the 3-year period

were assumed to be at a high risk of fire.

Conversion to agriculture

The threat of conversion to agricultural cropland was assessed

using an FAO map of agrosuitability for rainfed crops

(‘maximizing technology mix’; Fischer et al., 2000, 2001).

The 5¢ resolution data set is based on crop modelling and

environmental matching procedures. These were used to

identify crop-specific limitations of prevailing climate, soil

and terrain resources, under assumed levels of inputs and

management conditions. Yield calculations for various crops

were then based on climate and edaphic characteristics from

various existing digital coverages, and used to determine the

suitability of land for agricultural production, classified into

categories of ‘very suitable’, ‘suitable’, ‘moderately suitable’ or

‘marginally suitable’ (Fischer et al., 2000, 2001). We assumed

that forest falling into a 10-km cell identified as any of the first

three categories was at high risk of agricultural conversion.

Human population

The Gridded Population of the World data set (GPW version

2, 1995) available from CIESIN (http://www.ciesin.org/

datasets/gpw/globldem.doc.html) was used to assess human

L. Miles et al.

494 Journal of Biogeography 33, 491–505, ª 2006 Blackwell Publishing Ltd



population density. We assumed that forest falling into a

10-km cell identified as containing > 2500 individuals was at

high risk from human activity. The data date from 1994.

Generation of threat statistics

The high risk categories from each of the pressures were used to

generate binary maps. A GIS overlay analysis was then carried

out to identify the number of ‘high risk’ threats that each cell

from the TDF map is subject to. Statistics were then generated

describing the area of forest affected by each threat within each

geographical region. For these calculations, the definition of

regions followed Blyth et al. (2002). Note that according to this

definition, ‘Eurasia’ includes all of continental Asia, but

Southeast Asia/Australasia includes all the Southeast Asian

island states. The countries of Indochina (including Thailand,

Vietnam, Laos and Cambodia) are therefore considered as part

of Eurasia rather than Southeast Asia.

Protected area data

Data were derived from the World Database on Protected

Areas, which is managed by UNEP-WCMC in association with

the IUCN World Commission on Protected Areas (WCPA).

The data base was accessed in August 2002, and all protected

areas in IUCN categories I–IV were included, plus other

national sites with spatial coordinates in the data set. Data were

superimposed over the distribution map of TDF to generate

regional statistics of the extent of forest incorporated within a

protected area.

RESULTS

Distribution of tropical dry forest

The most striking feature of the TDF distribution map is the

fact that the two most extensive contiguous areas that remain

are both located in South America, one in north-eastern Brazil,

and the other in south-eastern Bolivia, Paraguay and northern

Argentina (Fig. 1). Other notable concentrations of TDF occur

within the Yucatan peninsula of Mexico, northern Venezuela

and Colombia, and in Central Indochina (Thailand, Vietnam,

Laos and Cambodia). In most other areas where dry forests

occur, they tend to display a rather scattered or fragmented

distribution, often over extensive areas. Diffuse concentrations

of dry forest occur along the Pacific coast of Mexico, eastern

India and Sri Lanka, in the island chain east of Java, and in

northern Australia. In Africa, TDFs are distributed over an

extensive geographical range, but nowhere form large con-

tinuous areas. The two main centres of distribution are located

in western Ethiopia, southern Sudan and the Central African

Republic, and in Zambia, Zimbabwe and Mozambique.

Scattered dry forests also remain in western Madagascar, and

in West Africa (principally Mali).

This same pattern is reflected in the analysis of the relative

distribution of this forest type among different regions, which
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indicates that more than half (54.2%) of the remaining dry

forests are located within South America (Fig. 2). The

remaining area of dry forest is almost equally divided between

North and Central America (12.5%), Africa (13.1%) and

Eurasia (16.4%), with a relatively small proportion occurring

within Australasia and (insular) Southeast Asia (3.8%). Based

on this map, the total estimated area of remaining TDF is

around 1,048,700 km2.

Analysis of deforestation

The percentage of forested area in 2001, relative to total area of

habitat delineated by Olson et al. (2000), varies from c. 16% in

dry forests of South and Southeast Asia to more than 40% in

the case of Latin America. Of all the regions considered, dry

forests of Latin America experienced the greatest decreases

between 1980 and 2000 in percentage area forested (relative to

total habitat area), with an estimated figure of 12%

(0.22 · 106 km2 decrease). The corresponding figure for Asia

was relatively low, at c. 2%. With respect to Africa, defores-

tation rates were also relatively low, with the exception of

Madagascar, where a loss of 18% (0.06 · 106 km2) was

recorded for this period (Fig. 3).

Analysis of threats

Climate change

The analysis of risk of climate change highlighted a striking

difference among regions. Specifically, a far higher proportion

of dry forest areas was at risk of severe climate change in the

Americas than in the other regions, with percentages of 39.8%

and 37.0% recorded for North and Central America, and for

South America, respectively. In each of the other regions, the
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Figure 2 Distribution of tropical dry forest among geographical

regions in the year 2000. For definitions of regions, see text.
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percentage of dry forest at risk of severe change was < 20%

(Fig. 4). These results reflect the large decrease in precipitation

envisaged in many parts of tropical America by current models

of climatic change.

This simple analysis focuses on the risk to existing areas of

forest. With this projected decrease in precipitation, it is

likely that new areas would become climatically suitable for

dry forest; but considerable further analysis would be

necessary to investigate whether, and within what timescale,

dry forest species could colonize those new potential distri-

bution areas.

Forest fragmentation

The analysis of forest fragmentation produced an unusual

distribution among the different classes of forest spatial integrity

index (Fig. 5). Each region displayed a bimodal distribution,

with peaks in the 0–20 and 80–100 class intervals. Other values

of the index were less well represented. The high frequency of the

0–20 class, in every region, was particularly noteworthy. These

results imply that dry forests tend to occur either as relatively

intact blocks of habitat, or as highly fragmented patches. In

every region, the most highly fragmented values of the index (0–

20) were themost frequently encountered, representing between

49.9% (North and Central America) and 88.2% (Africa) of total

dry forest area. The percentage area of highly fragmented forest

was also relatively high (77.9%) in Southeast Asia and Austra-

lasia, compared to other regions. These results suggest that at the

500-m grid cell scale, TDFs tend to be highly fragmented in all

regions where they occur.

Fire

The occurrence of fire in TDF areas differed relatively little

between geographic regions (Fig. 6), with values ranging

between 17.4% (Eurasia) to 26.9% (Africa) of forest areas

affected by fire. Fire is a natural occurrence in dry forests, but

where fire frequency increases so that trees cannot regenerate,

forest cover will decline. Given that these data were collected

within a period of only 3 years, fire appears to be a widespread

and significant potential threat to dry forests, affecting some

1,106,300 km2 of dry forest area during this period. Variation

was also encountered within regions, with the forests of

Mexico and Central Indochina experiencing relatively high

occurrence of fire. To put this risk in context, it would be

useful to compare these data with the background fire
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frequency in a pre-industrial world, but as far as we can

ascertain, such a global map is not available.

Conversion to agriculture

Pronounced variation between regions was identified with

respect to the areas of dry forest at high risk of agricultural

conversion (Fig. 7). Estimates of forest areas with high

suitability for cultivation of rain-fed crops ranged from 5.5%

(Southeast Asia and Australasia) to 20.2% (Eurasia), an almost

four-fold difference. When all four categories of suitability for

crop cultivation were considered, total values of more than

60% forest area were recorded for South America, Eurasia and

Africa, suggesting that agricultural conversion represents a

substantial threat in these regions. In contrast, combined

values for North and Central America and for Southeast Asia

and Australasia were substantially lower, at 41.4% and 33.9%

respectively.

Human population

Again, human population density displayed pronounced

variation among regions, the most striking feature being

the relatively low population density in dry forest areas

of Southeast Asia and Australasia (Fig. 8). In terms of

the percentage forest area with the highest population

density category (> 2500 individuals 10 km)2), Eurasia and

North and Central America displayed substantially higher

values than the other regions considered, with values of

81.9% and 63.2% respectively. This reflects the particularly

high human populations densities recorded in Mexico,

eastern India and Central Indochina. In contrast, only 17.4%

of African TDFs coincide with areas of high population

density.

Integrated threats

Overall, only 3.3% of the remaining global area of TDF is not

currently at high risk from one or more of the threats

considered in this analysis. For any individual region, this

figure does not rise above 5%. These results therefore suggest

that the vast majority of TDF, in all regions, is under at least a

degree of threat. In terms of the forest areas subjected to all five

threats considered, percentage values were relatively low, with

maximum values of 2.92% and 1.13% recorded for Eurasia and

North and Central America, respectively (Fig. 9). However,

substantial areas of TDF are subjected to three or more threats

(Fig. 10), values ranging from 31.7% in the case of South

America, to 59.2% in the case of Eurasia. The percentage of

forest subjected to two or more threats was > 95% for each of

the regions considered.

Protected areas

The data describing the area of TDF designated as protected

illustrate some pronounced differences between regions

(Fig. 11). Values of the percentage of dry forest that is

protected range between 5.7% for North and Central America,

to 37.8% for South America. The percentage of dry forests

protected in Southeast Asia is also relatively low, at 14.2%. In

total, an estimated TDF area of 299,100 km2 is now designated

as protected world-wide, with 71.8% of this total being located

within South America.
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DISCUSSION

The MODIS tree cover product employed here represents a

significant advance over previous attempts to map global forest

cover using other sources of remote sensing data, such as

AVHRR, because of its higher spatial resolution (Hansen et al.,

2003). Most previous global maps of the distribution of TDF

were either based on climate, or produced by compiling

regional surveys. The global map of ecological zones presented

as part of the most recent Global Forest Resources Assessment

(FAO, 2001) includes TDF as a category, but is based on

climate alone (i.e. Köppen–Trewartha climatic types) and

includes no assessment of current forest cover; the map

therefore presents potential rather than actual forest cover. The

first global map of forest cover based on remote sensing data,

produced by UNEP-WCMC (Groombridge & Jenkins, 2000),

was compiled from a variety of different national and

international sources rather than a globally consistent data

set; in addition, TDF was not differentiated as a distinct

vegetation type.

A global land cover map was produced by the University

of Maryland Global Land Cover Facility based on AVHRR

Pathfinder Land (PAL) data at a resolution of 1 km, trained

using Landsat data (Hansen et al., 2000). However, TDFs were

again not differentiated as a specific land-cover type; instead, a

more general classification was adopted, including categories

such as deciduous broadleaf forest, mixed forest, woodland,

and wooded grassland. An attempt was later made to reclassify

this map according to forest ecosystem types, rather than

land-cover types (Groombridge & Jenkins, 2002, p. 107).

Comparison of this map with that provided here indicates a

number of substantial differences; for example the area of

TDF in South America is far larger on the current map,

whereas the dry forest area in Africa is significantly smaller.

These differences may be attributed to the inclusion of

‘sparse trees and parkland’ as a separate category in the map

presented by Groombridge & Jenkins (2002), and the fact

that the MODIS data employed here are at a much higher

resolution than the AVHRR data on which the earlier map

was based.

Other vegetation mapping initiatives are currently in

progress that may provide improved assessments of tropical

forest distribution in the future. For example, the Joint

Research Centre (JRC) of the European Commission is
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currently developing a harmonized global land cover data base,

under the Global Land Cover 2000 Project (GLC 2000). The

GLC 2000 (Joint Research Centre, 2003) is using the VEGA

2000 data set acquired by the SPOT 4 satellite. The current

version of this map provides an indication of the distribution

of closed and open deciduous tree cover, as well as evergreen

tree cover, but does not attempt to define different forest types.

As TDFs may either be deciduous or evergreen, and either

open- or closed-canopy (Mooney et al., 1995), this classifica-

tion alone is likely to have limited value for assessing the status

of this forest type. This highlights the limitations of land cover

classifications for undertaking conservation assessments based

on ecosystems or habitat types.

Comparison of the TDF map presented here with regional

assessments, based on expert knowledge, potentially provides a

more useful form of validation than comparison with global

land cover maps. The distribution of TDF in Mexico and

Central America illustrated by Murphy & Lugo (1995), based

on a range of sources, accords closely with that presented here,

if the semi-evergreen seasonal forests of the Yucatan peninsula

are considered as dry forest. Murphy & Lugo (1995) do not

provide a comprehensive assessment of TDF distribution

among the islands of the Caribbean; the current analysis

suggests that the most extensive areas that remain are located

in Cuba, Haiti and the Dominican Republic, in close

agreement with the map presented by Gentry (1995). The

current map suggests that three substantial areas of TDF

remain in South America; in north-eastern Brazil (caatinga)

(Sampaio, 1995), Venezuela and northern Colombia, and

south-eastern Bolivia, Paraguay and northern Argentina, with

limited areas remaining in Ecuador and Peru. Again, the

current map accords closely with those presented by Gentry

(1995) and Pennington et al. (2000).

Menaut et al. (1995) provide a valuable account of dry

forests in Africa, including areas with a discontinuous tree

canopy, termed ‘woodlands’. The current map generally

agrees with that presented by Menaut et al. (1995), indicating

two main areas: an elongate area situated between 6� and

13� N in the northern hemisphere, and a more extensive area

between 5� and 20� S in the southern hemisphere. Overall,

however, the extent of dry forest indicated here is substan-

tially less than that suggested by Menaut et al. (1995), which

indicates potential rather than actual vegetation cover. In

addition, some areas defined as dry forest in this investigation

are classified as ‘tree/shrub savannas’ by Menaut et al. (1995).

With respect to Asia, the current assessment highlights

extensive areas of dry forests in southern and eastern India

and Sri Lanka, as indicated by Blasco et al. (1996). Another

extensive area is located within Central Indochina (Thailand,

Vietnam, Laos and Cambodia), coinciding with the distribu-

tion of dry deciduous woodlands as indicated by Blasco et al.

(1996) and Rundel & Boonpragob (1995). Dry forest areas

are also indicated in the islands east of Java, defined as the

Nusu Tenggara ecoregion by Olson et al. (2000), as well as

northern Australia.

As with any map, the distribution of TDF presented here

should be interpreted with caution; clearly the results are

dependent on the assumptions and data on which the

classification was based. The areal and distribution estimates

will be affected by errors of commission and omission. Very

small patches of forest, such as those occurring within savanna

or evergreen forest in Latin America, will not be captured by

the analysis; similarly, some cells that are included will not be

fully forested. Any errors in the classification of the satellite

data will be carried through into our analysis, and plantation

forests are not distinguished from natural forest, so will

contribute to an overestimation of tropical dry forest area.

As indicated above, the map is generally consistent with

regionally based assessments, and has the additional advantage

of being based on globally consistent data. The results high-

light the importance of South America as the region with

the largest remaining area of this forest type, but also indicate

that conservation of TDFs is an issue relevant to all tropical

regions.

It is now widely recognized that the assessment of threats to

biodiversity is a key component of effective conservation

strategies (Salafsky et al., 2002). However, progress in devel-

oping objective methods of assessing threats to habitats or

ecosystems has been slow. Wilson et al. (2005) provide a recent

review of relevant approaches, through consideration of the

concept of vulnerability, which may be defined as the

likelihood or imminence of biodiversity loss to current or

impending threatening processes (Pressey et al., 1996). From a

consideration of six different methods, Wilson et al. (2005)

conclude that spatially explicit statistical or process-based

modelling approaches offer the most quantitative and objective

means of assessing the exposure of areas to threatening

processes.

The approach adopted here to assessing exposure to threats,

while analytically simple, has the advantage of being based on

quantitative data rather than subjective scoring, and considers

a larger number of threats than previous conservation

assessments undertaken at the global scale (Olson et al.,

2000). This study represents the first attempt to apply such a
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method explicitly to the assessment of TDFs, but employs an

approach previously applied to an assessment of montane

environments (Blyth et al., 2002). Clearly, the current assess-

ment should be viewed as preliminary; future assessments

might usefully consider additional threats such as browsing by

livestock and fuelwood extraction that were not considered

here despite their importance as threats to TDF (Olson et al.,

2000), because of the lack of suitable global data sets. Future

analysis might also benefit from the application of probabilistic

spatial modelling approaches, as advocated by Wilson et al.

(2005), and incorporate assessments of the relative severity of

and biotic response to different threats, as well as interactions

between them. In addition, it should be noted that floristic

differences often occur between areas of TDF on a local scale,

and therefore information on patterns of diversity and

endemicity should be incorporated within any assessments

aiming at conservation prioritization.

The accuracy, characteristics and source of the data sets

employed here for the threat analysis should also be considered

when interpreting the results. For example, the climate change

data are based on models rather than observations; gridded

values are developed from models operating at coarse scales,

and therefore their interpretation at finer scales should be very

tentative. Fine scale processes are not represented in detail in

global climate models. The accuracy of the fire data is likely to

have been influenced by cloud presence, atmospheric effects

and bidirectionality of emissivity, which are difficult to

evaluate with precision. Only night-time fires were detected,

so fires extinguished during the day are likely to have been

omitted, and the data do not provide an indication of the

intensity of the fires that occurred. As fire frequency is not

assessed, this study does not distinguish areas where fires occur

at ‘natural’ levels from areas where fire is a cause of forest

degradation or loss. The agricultural suitability data set refers

only to rain-fed agriculture, and excludes pastures, agrofor-

estry and crops requiring irrigation, each of which may be

established following conversion of dry forest. In the case of

habitat fragmentation, a variety of different methods are

available, which vary with respect to the precise calculations

employed (Kapos et al., 2000; Riitters et al., 2000). Here we

used human population density as a proxy for other anthrop-

ogenic impacts on forests, following Wikramanayake et al.

(2002), but clearly this is a gross oversimplification as it does

not take into account consumption patterns.

Despite such caveats, the current analysis provides a first

overview of the extent to which TDF areas are at risk from

human activities. The results emphasize that TDFs remain an

urgent conservation priority. The results of the deforestation

analysis (DeFries et al., 2004) provide support for Janzen’s

(1988) original contention that dry forests are the most

threatened major tropical forest type, at least in South America

and Africa, given the higher deforestation rates recorded in

these regions for dry forest compared to tropical moist forest.

Some 97% of the remaining area of TDF is currently

exposed to a high level of one or more of the threats

considered here (excluding deforestation, which was treated

separately). This compares with a value of 56% for temperate

rain forests derived using precisely the same data sets and

methods of analysis (L. Miles et al., unpublished data). In

terms of the proportion of TDF area affected by three or more

threats, southern Eurasia emerges as the most threatened of the

regions considered here, in north-eastern India, Sri Lanka and

Thailand in particular. Other areas currently exposed to

multiple threats, and which may therefore be considered as

conservation priorities, include in Africa, those of Zimbabwe

and Zambia, scattered locations throughout West Africa, and

the forests situated along the border between Sudan and

Ethiopia. In the Americas, extensive areas of highly vulnerable

TDF are located in Mexico, Cuba, Venezuela, northern

Colombia, central Bolivia and eastern Brazil. Of the ten

tropical and subtropical dry forest ecoregions identified by

Olson et al. (2000) as priorities for conservation, the results of

the present analysis suggest that the Indochina, Chhota-

Nagpur (India), Mexico and Chiquitano (Bolivia) Dry Forest

Ecoregions are those that are most threatened. However, in

terms of recent deforestation, the Madagascar dry forest

ecoregion is also clearly highly threatened.

Little TDF was afforded some degree of protection in 1988

(0.09% in Mesoamerica, Janzen, 1988). In this respect, the

current analysis provides some evidence of improvement,

as > 5% of Mesoamerican dry forests are now protected.

However, the area protected within Central America is still

disproportionately low compared to other regions. We

estimate that around 200,000 ha of TDF are now designated

as protected within South America, representing 37.8% of

the total area of this forest type occurring within the

region. These data should also be interpreted with caution,

as the basis of the calculation was to identify grid cells

containing protected areas that also contain TDF, rather than

that identifying the precise area of TDF that is definitely

protected. It should be noted that the different areas of dry

forest in South America are floristically very different, and

in some areas with relatively high endemism (such as the

inter-Andean valleys of Peru or Bolivia), protection is entirely

absent. Also, designation of a protected area does not ensure

that conservation is necessarily effective.

CONCLUSIONS

The global distribution map of TDFs presented here represents

the first attempt to map this forest type using data derived

from a global remote sensing survey. Dry tropical forests are

subject to multiple pressures, often simultaneously. These

results indicate that there is a substantial need for expanding

the protected area network to include TDF areas, particularly

in South, Central and North America. Expansion of the global

network of protected areas remains a key priority if the

distinctive biodiversity of TDFs is to be conserved effectively in

the future. Those forest areas most at risk from human activity,

such as those identified in this analysis, as well as those of

highest biodiversity value, should be accorded highest priority

for future conservation action.
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