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Abstract

Creating networks of nature reserves to protect areas rich in biodiversity from the

adverse impacts of anthropogenic change is a critical and urgent task. We illustrate the

skewed geographical and size distributions of protected areas in the Western

Hemisphere. For instance, 811 of 1413 reserves in the Western Hemisphere are smaller

than 10 km2, and 35% of the total area of these reserves is in Alaska. We compile ranges

for all bats in the continental Western Hemisphere and find that 82% of threatened and

small-range species are not protected adequately. Many of the most vulnerable species

occur in the areas of highest human density. We provide maps delineating areas where

conservation investments may have the greatest impact in preventing biodiversity losses.
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I N T R O D U C T I O N

Land-use change is predicted to be the primary driver of

terrestrial species extinctions and changes in global biodi-

versity during the next century (Sala et al. 2000). Thus,

creating reserves to protect ecologically representative areas

and areas rich in biodiversity is a cornerstone of conserva-

tion strategies (Dobson et al. 1997; Scott et al. 2001).

Identifying an effective and efficient set of areas for

conservation investments requires information on patterns

of species diversity, the distribution of existing protected

areas, and the distribution of threats to species in different

areas (Dobson et al. 2001). Although several global or

continental schemes have been proposed for prioritising

biodiversity conservation investments (Mittermeier et al.

1998; Olson & Dinerstein 1998; Myers et al. 2000; Burgess

et al. 2002), these have not explicitly considered the extent to

which biodiversity is already protected within existing

conservation areas. Moreover, although systematic evalua-

tions of biodiversity patterns and the adequacy of existing

protected areas have been the focus of several reviews, most

have focused on only a single country (Hunter & Yonzon

1993; Pressey 1995; Kiester et al. 1996; Dobson et al. 1997;

Jennings 2000; Margules & Pressey 2000; Scott et al. 2001).

Previous analyses have not explicitly examined the geo-

graphical distribution and ecological representation of

protected areas at hemispheric or global scales and relatively

little attention has been given to comprehensive assessment

of the imminence of threats to unprotected elements of

biodiversity. Here we systematically review the extent and

adequacy of protected areas for conserving species-level

biodiversity throughout the Western Hemisphere and

consider the relative significance of different areas for

conservation investments.

Our data include the ranges of all bats in the continental

New World, not a sample of them. Thus, our results are

complete at the hemispheric scale, and are subject only to

the uncertainties in measurements of species ranges,

taxonomic synonymies, and to inadequate species discovery,

especially in the tropics (May & Nee 1995; Patterson 1996).

Ideally, one would consider patterns of species diversity for

all taxa, but such data currently are not available. Previous

analyses have used mammals as indicators of the conserva-

tion status of the Earth’s biota, because of their taxonomic

diversity and the spectrum of ecological niches that they

exploit (Ceballos & Ehrlich 2002). Bats are a crucial

component of mammalian biodiversity, comprising 23%

of mammalian species in the Western Hemisphere, and 20%

globally (Patterson 1994). The spatial distribution of

chiropteran species richness parallels that of mammals in

general (Willig et al. 2003). Bats reflect a wide spectrum of

the ecological niches exploited by mammals, including both

aerial and ground-based insect-, fruit-, nectar-, fish-, and

blood-feeding habits. Moreover, globally, almost a fourth of

all bat species are threatened (IUCN 2000; Hutson et al.

2001; Jones et al. 2003). Evaluating the representation of bat
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species within reserves is thus a reasonable step in assessing

the adequacy of current conservation efforts (Medellin et al.

2000; Andelman & Willig 2002).

M A T E R I A L A N D M E T H O D S

We used two types of data to assess the extent and adequacy

of protected area coverage for species conservation. We

obtained data on the locations and sizes of protected areas

from the UNEP World Conservation Monitoring Centre

Protected Areas Programme (http://www.unep-wcmc.org/

protected_areas/data), the most comprehensive source of

global-scale data on protected area status. We also

developed a GIS database containing the distributional

ranges of 249 of the 255 currently recognized bat species

(Koopman 1982, 1993) in the continental Western Hemi-

sphere (Hall 1981; Eisenberg 1989; Redford & Eisenberg

1992; Koopman 1993a,b; Eisenberg & Redford 1999). The

remaining six species (Anoura latidens, Artibeus amplus,

A. fimbriatus, A. glaucus, A. obscurus and Sturnira luisi) were

excluded from analyses because distributional records were

insufficient to provide the basis for plotting range maps.

Using ArcGIS, we superimposed the ranges to create

synthetic maps of bat species occurrence and species

richness in 250 km by 250 km quadrats.

We considered areas classified by IUCN as category I

(strict nature reserves or wilderness areas managed for

scientific research or wilderness protection) or category II

(national parks managed for ecosystem protection and

recreation that is environmentally responsible) management

areas (http://www.unep-wcmc.org/protected_areas/data)

to be reserves. Although conservation also will occur in

other types of managed areas, category I and II areas are

primarily dedicated to biodiversity conservation. For each

quadrat, we summed the areas of all reserves to obtain a

measure of the total area in reserves. We considered a

quadrat to be adequately protected if at least 10% of its total

area was contained within reserves. In reality, the minimum

percentage of an area required to be in reserves, such that all

species in that area are represented, will vary, and likely will

depend on the diversity and endemism of the taxa of

interest, as well as on the size of selection units (Rodrigues

& Gaston 2001). It has been recommended that at least

10–50% of terrestrial ecosystems should be protected within

reserves (IUCN 1993; Soule & Sanjayan 1998). Thus our

threshold for considering a quadrat protected is likely to be

a lower bound.

To systematically prioritize areas for future conservation

investments, we used a complementarity-based (Vane-Wright

et al. 1991; Faith 1994) simulated annealing algorithm

(Andelman et al. 1999) to quantify the number of unrepre-

sented species potentially protected through conservation

investments in each quadrat. The potential contribution of an

area to any conservation goal is dynamic, and depends on the

extent to which conservation targets for each species have

been met within existing protected areas, and on the

compositional distinctiveness of each area, relative to other

areas. We used measures of irreplaceability (Ferrier et al. 2000)

to estimate the conservation value of each quadrat in the

context of four conservation scenarios defined by the

conservation goal (protect each species in one vs. three

quadrats) and by the status of current reserves (considering or

ignoring the status of existing reserves). High irreplaceability

should translate into high payoffs for unrepresented species

from conservation investments in those quadrats.

For each conservation scenario, we ran the reserve

selection algorithm 200 times. The level of irreplaceability is

indicated by the percentage of times an area was selected

within a scenario. For example, an area selected in all 200

simulations would be completely irreplaceable in that the

specified conservation goal could not be achieved without

conservation investments in that area. In contrast, a site

never selected by the algorithm would have a 0%

irreplaceability value.

We generated eight irreplaceability scenarios, four of

which we present here. For the other four scenarios, we

stratified species geographically into northern temperate

species, equatorial species, and southern temperate species,

and set conservation goals within each stratum. The goals

were to conserve either one or three occurrences of each

species within a stratum in which it occurred. We did this in

two ways: ignoring existing reserves, and forcing solutions

to include existing reserves. The results of the geographically

stratified scenarios were qualitatively indistinguishable from

those without geographical stratification, and the conclu-

sions derived from stratified and unstratified scenarios were

identical. Thus, for simplicity, we present irreplaceability

scenarios only for the unstratified scenarios.

R E S U L T S

We find that the distribution of reserves in the Western

Hemisphere is skewed, both geographically and in terms of

size. There are 1413 reserves distributed among 435

quadrats in the Western Hemisphere (Fig. 1a). They range

in size from less than 0.01 km2 to over 36000 km2;

however, most are small, with a median size of only

4.86 km2 (Fig. 1b). Eighty-three percent of reserves in the

Western Hemisphere are <100 km2 in area, and 57% are

<10 km2 (Fig. 1b). Only 23 quadrats have at least 10% of

their area protected within reserves (hereafter protected

quadrats), and 11 of these are in Alaska (Fig. 1c). Alaskan

reserves comprise 35% of the total 602 675 km2 of all

reserves within the entire hemisphere (Fig. 1d).

Although the distribution of reserves is skewed towards

northern latitudes (Fig. 1a,d), bats, like most organisms
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(Willig et al. 2003), exhibit a strong latitudinal gradient of

increasing species richness toward the tropics (Fig. 2a).

Regions of high species richness are concentrated in

northwestern South America, particularly in association

with the Andes, and in MesoAmerica. From a conservation

perspective, species known to be at risk of extinction and

species with small geographical ranges are of most

immediate concern. In the continental Western Hemisphere,

21% of bat species are considered to be threatened by

IUCN (IUCN 2000; Hutson et al. 2001). To identify small-

range species, we partitioned species into range size quartiles

(RSQs). Small-range species are those in the lowest RSQ.

Threatened and small-range species (hereafter referred to as

species of concern) are concentrated in coastal Peru and

Ecuador, and southern Mexico (Fig. 2b). Secondary con-

centrations of species of concern occur in MesoAmerica,

the Guiana Shield, Colombia and the temperate Andes

(Fig. 2b,c). Thus, at the species level, the degree of
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Figure 1 (a) Map showing distribution of reserves (IUCN Category I and II protected areas) in the Western Hemisphere at the scale of

250 km · 250 km quadrats (n ¼ 1413 reserves). (b) Distribution of reserve sizes in the Western Hemisphere (n ¼ 1413 reserves).

(c) Distribution of quadrats with at least 10% of their area within reserves (n ¼ 40 reserves distributed among 23 quadrats). (d) Distribution

of reserve area by latitudinal band. Data from (http://www.unep-wcmc.org/protected_areas/data).
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protection afforded by existing reserves is biased: quadrats

containing the highest concentrations of species of concern

contain some of the lowest concentrations of reserves.

Fifteen of 23 protected quadrats contain no species of

concern, and the remainder have five or fewer species of

concern. Moreover, 82% of the species of greatest

conservation concern (i.e. threatened and small-range

species) are inadequately protected by existing reserves. In

contrast, all species with large ranges (i.e. those occurring

within the largest RSQ) occur within at least one protected

quadrat, and 92% of large-range species occur in at least five

protected quadrats.

Across the range of conservation scenarios we consid-

ered, ten areas consistently emerge as high priorities for

conservation investment based on irreplaceability analysis

(Fig. 3): subtropical Mexico, MesoAmerica, Tropical Andes,

Choco-Darien Region, Brazilian Cerrado, Baja California,

Venezuelan Llanos, the southern Andes of Argentina and

Chile, the Amazon Basin, and Guiana Shield.

D I S C U S S I O N

Although it is common knowledge that the distribution of

protected areas is highly skewed relative to the distribution

of biodiversity, the pattern has not previously been

quantified at hemispheric or global scales. Our results

suggest that 82% of threatened and small range bat species

are not adequately represented within reserves. Areas with

high concentrations of threatened and small-range species

indicate where population, and potentially species extinc-

tions are most likely to occur. Although our analyses

included only bats, spatial patterns of bat species diversity

are representative of mammal species diversity more

generally (Willig et al. 2003). Moreover, areas of high

irreplaceability for bats correspond reasonably well to those

identified as hotspots based on analyses of endemic plant

species (Myers et al. 2000).

Ceballos & Ehrlich (2002) recently found that mamma-

lian population extinctions are concentrated where there are

high human population densities, or where human impacts,

such as intensive agriculture, grazing and hunting have been

severe. Our analyses suggest that areas with the highest

concentrations of species of conservation concern have
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Figure 2 (a) Map showing pattern of continental bat species

richness in the Western Hemisphere at the scale of

250 km · 250 km quadrats (n ¼ 249 species). (b) Map showing

pattern of species richness for small-range species (i.e. those in the

lowest range size quartile) (n ¼ 61 species). (c) Map showing

pattern of species richness for threatened species (i.e. those listed

as critically endangered, endangered or vulnerable on the IUCN

Red List) (IUCN 2000; Hutson et al. 2001) (n ¼ 52 species).
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some of the lowest concentrations of reserves. Further, our

assessment also reveals a striking correspondence between

areas in MesoAmerica and South America with many

species of concern and few or no reserves, and areas with

dense and expanding human populations (Fig. 4). Five of

the areas we identified as high priorities for conservation

have previously been identified as highly threatened by

anthropogenic activities (i.e. subtropical Mexico, Meso-

America, Tropical Andes, Choco-Darien Region, and

Brazilian Cerrado). Three priority regions for bats are

moderately threatened (i.e. Baja California, Venezuelan

Llanos, and southern Andes of Argentina and Chile), and

two are relatively secure (i.e. Amazon Basin and Guiana

Shield) (Dinerstein et al. 1995).

Some caution is needed in interpreting our results.

Although the UNEP–WCMC database is the most
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Figure 3 Irreplaceability (Ferrier et al. 2000) surfaces in which the goal is to protect at least (a) one or (b) three occurrence of each species,

ignoring the status of existing reserves; and to protect (c) one or (d) three occurrences of each species, with existing reserves (black squares)

locked into the reserve network.
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comprehensive source of data on the global distribution of

protected areas, it almost certainly is incomplete. In addition,

our analysis considered only IUCN category I and II

management areas. Undoubtedly, particularly in the Neo-

tropics, significant biodiversity conservation efforts will occur

in other types of reserves, such as sustainable development

reserves, or indigenous reserves. Thus, from this perspective,

our assessment of levels of protection for bats may be a

worst case scenario. On the other hand, our analyses

addressed only the criterion that reserves should represent

the full range of biodiversity. Larger areas are needed to

ensure the viability or long-term persistence of species.

To prevent species extinctions and loss of associated

phylogenetic diversity and ecological function, additional

conservation investments are urgently needed, particularly in

areas with both high densities of species of conservation

concern and high levels of threat. Comparable hemispheric

or global-scale synthesis and analysis of the spatial dynamics

of other taxa, and more comprehensive data on the

distribution of reserves and other managed areas, partic-

ularly in the tropics, would create an even more compelling

assessment of priorities for conservation investments.
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