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Abstract

Reserve networks are essential for the long-term persistence of biodiversity. To ful®l this

goal, they need not only to represent all species to be conserved but also to be

suf®ciently large to ensure species' persistence over time. An extensive literature exists

on the required size of individual reserves, but to date there has been little investigation

regarding the appropriate size of entire networks. The IUCN's proposal that 10% of

each nation be reserved is often presented as a desirable target, but concerns have been

raised that this is insuf®cient and is dictated primarily by considerations of feasibility and

politics.

We found that the minimum percentage of area needed to represent all species within

a region increases with the number of targeted species, the size of selection units, and the

level of species' endemism. This has important implications for conservation planning.

First, no single universal target is appropriate, as ecosystems or nations with higher

diversity and/or higher levels of endemism require substantially larger fractions of their

areas to be protected. Second, a minimum conservation network suf®cient to capture the

diversity of vertebrates is not expected to be effective for biodiversity in general. Third,

the 10% target proposed by the IUCN is likely to be wholly insuf®cient, and much larger

fractions of area are estimated to be needed, especially in tropical regions.
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I N T R O D U C T I O N

Article 8 of the Convention on Biological Diversity (http://

www.biodiv.org/) obliges contracting parties to establish

networks of protected areas for conservation. As these areas

cannot be expected to protect what they do not contain in

the ®rst place, the initial minimum requirement of such

networks is that they represent all the species that are to be

conserved. IUCN ± The World Conservation Union

advocates that at least 10% of the land area of each nation

be set aside for this purpose (IUCN 1993). Although

achieving this target would require nearly doubling the

currently protected land area (Hobbs & Lleras 1995), recent

concerns have been raised that even this is woefully

insuf®cient and dictated more by considerations of feasibility

and politics than of biology (SouleÂ & Sanjayan 1998).

However, to date there has been little investigation of what

would be an appropriate target from a biological perspective.

Complementarity-based methods provide a way to

integrate political and biological considerations in the

selection of networks of protected areas. They have been

proposed in acknowledgement of the fact that resources

available for conservation purposes are limited and should

therefore be employed in ef®cient ways that maximize the

diversity of biological features bene®ted (Pressey & Nicholls

1989; Pressey et al. 1993). When data on the distribution of

all the species within a region are available, this is achieved

by selecting areas that complement one another to the

fullest possible extent in terms of their species composition.

In the most widespread type of analyses applying these

methods, minimum sets (i.e. sets of sites with minimum

total area) are obtained which represent all of the target

species at least once. These minimum networks are unlikely

to be suf®cient for ensuring the long-term persistence of the

species represented (Rodrigues et al. 2000a,b), but they

provide a lower bound to the size of an adequate network

for conserving those species. These methods are therefore

particularly suitable tools for determining the minimum

percentage of a given region that needs to be reserved in

order to ensure the representation of its species diversity.

In this study, complementary-based methods are used as

a tool to explore the issue of how large reserve networks

need to be. First, we examine patterns of variation in the

sizes of minimum networks for a variety of assemblages.
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Second, we test predictions for these patterns. Third, we

analyse the implications of the patterns for conservation

planning.

P R E D I C T I O N S F R O M P R E V I O U S

C O M P L E M E N T A R I T Y S T U D I E S

We analysed 21 published and unpublished studies that

found the minimum or near-minimum percentages of area

required to represent each species in a region at least once

(published studies: Rebelo & Siegfried 1992; Lombard et al.

1995; Castro Parga et al. 1996; Church et al. 1996; Freitag

et al. 1996; Williams et al. 1996a,b; Willis et al. 1996; Csuti

et al. 1997; Muriuki et al. 1997; Hacker et al. 1998;

Nantel et al. 1998; ArauÂjo 1999; Humphries et al. 1999;

Lombard et al. 1999; Reyers et al. 2000; Williams et al.

2000a,b; unpublished studies: near-minimum area to repre-

sent plant species in the Northern Province of South Africa

provided by B. Reyers, pers. comm.; minimum area to

represent bird species in South Africa and Lesotho and in

south-east Scotland calculated from data provided in

published atlases ± Harrison et al. 1997; Murray et al.

1998). These studies concern a diversity of geographical

regions (in Europe, North America, Africa and the

Neotropics), with scales varying from regional analyses

(456 km2) to entire continents (Africa, � 20 million km2)

and with selection units sized between 1 km2 and 1 degree

grid cells (� 12 000 km2). In all cases, analyses were based

on contiguous equal-sized selection units (grid cells,

hexagons or rectangles), so that the solution to the problem

of obtaining the minimum number of sites such that each

species is represented at least once is equivalent to the

problem of minimizing the area.

The mean value of the minimum percentage of the area

needed to represent all species in these studies is 13.6%, not

far from the IUCN recommendation that 10% of land area

be set aside for conservation; however, the range is very

wide (0.3±66.0%). We tested a diversity of logistic regression

models to look for the most parsimonious explanation of

this variation. We found that the combined in¯uences of the

number of species considered in each study and the number

of contiguous sites into which the study area was divided,

expressed as a ratio of species per site, explains a highly

signi®cant part of this variation. This ratio is positively

correlated with the minimum percentage of area required to

represent all species (Fig. 1); this does not result from an

intrinsic relationship between the number of species and the

number of sites (R2 � 0.017; P � 0.57). Moreover, a

substantial proportion of the variability of the results seems

to be explained by the nature of the biodiversity features

considered: studies on plants and vertebrates lead to

substantially different logistic regression curves when

considered separately (Fig. 1).

These results suggest three mechanisms by which

intrinsic properties of the data set affect the minimum

percentage of area needed to represent all species within a

region. First, everything else being equal (i.e. for the same

geographical area and considering the same selection units),

as more species are included in a reserve planning exercise,

the minimum percentage of total area needed to ensure

representation of all of those species will increase.

Second, an increase in the size of the selection units

should result in an increase in the minimum percentage of

the area required for representation of all species (see also

Pressey & Logan 1998; Pressey et al. 1999).

Third, it seems probable that the different relationships

for plants and vertebrates between the ratio of the number

of species to the number of sites and the minimum

percentage of total area required to represent each species at

least once are derived from the larger mean geographical

range sizes and greater distributional overlap of vertebrates

compared to plants. If this is a general rule, then taxa that

have higher levels of local endemism are expected to require

Figure 1 Relationship between the ratio of the number of species

analysed to the number of sites into which the region has been

divided and the minimum percentage of total area required to

represent each species at least once (see text for details). The values

were obtained from 21 published and unpublished studies that

found the minimum (or near-minimum) percentage of area

required to represent each species at least once. Logistic regression

models were applied to determine the relationships for all studies

(dashed line) and separately for plants (r, upper continuous line)

and vertebrates (s, lower continuous line). Highly signi®cant

relationships (P < 0.001) were obtained in all cases (all data: v2-test

� 410.69, n � 21; plants: v2-test � 227.29, n � 8; vertebrates:

v2-test � 20.71, n � 10). n refer to studies based on multiple

higher taxa (including plants and vertebrates).
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higher percentages of area in order to be fully represented

(see also SouleÂ & Sanjayan 1998; Pressey et al. 1999).

Whilst logical and possibly obvious, these predictions

have received little testing. This can be done by manipu-

lating data sets in order to vary each one of the three

variables mentioned (number of species, size of selection

units and level of endemism) while controlling for the

remaining ones. We used data on the distribution of birds in

Southern Africa to perform these tests.

T E S T O F T H E P R E D I C T I O N S

The Southern African Bird Atlas Project (Harrison et al.

1997) provides the most comprehensive information cur-

rently available on the distribution of birds in Southern

Africa. Data were mainly collected between 1987 and 1992,

at a spatial resolution of a quarter-degree grid for Lesotho,

Namibia, South Africa, Swaziland and Zimbabwe, and on a

half-degree grid for Botswana. Observers visiting each cell

recorded the presence of identi®ed species on checklists.

A total of 909 species were recorded (for a more detailed

description of the methodology used, see Harrison et al.

1997).

In this study, we used presence-absence data collected for

South Africa and Lesotho (1858 quarter-degree grid cells),

and excluded marine, vagrant, marginal and escaped species

from the analysis (651 species were analysed). We manipu-

lated the data properties in order to test each one of the

predictions presented above. All optimization problems

referred to below have been solved optimally using CPLEX

software (ILOG 1999).

Prediction 1. An increase in the number of species
should result in an increase in the minimum percentage
of area required

This prediction was tested using data subsets for Lesotho

(329 species, 46 quarter-degree grid cells) and for the South

African provinces of Northern Cape (401 bird species, 542

cells), Northern Province (555 species, 174 cells) and

Mpumalanga (561 species, 118 cells). These were used rather

than the entire data set in order to obtain a priori higher

values for the ratio between the number of species and the

number of sites.

For each political unit separately, data subsets were

created with variable numbers of species while keeping the

number of sites constant (for example, for Lesotho, subsets

were obtained with 10, 30, 50, 100, 150, 200, 250 and 300

species, all with 46 cells). In this way, a wide range of values

for the ratio between the number of species and the number

of sites was obtained, which was necessary to cover the

variability (across the x axis) of the data points plotted in

Fig. 1.

The species included in each subset were selected

randomly, and 10 replicates with the same number of

species were created in each case. For each subset, the

minimum percentage of area needed to represent each

species at least once was obtained, and the average values

across the 10 replicates were then calculated.

The results support the ®rst prediction. For each unit

separately, the minimum percentage of total area needed to

represent all species increased steadily for increasing

numbers of species (Fig. 2a). The values obtained are very

accurately described by logistic regression curves (Fig. 2a).

Prediction 2. An increase in the size of the selection
units considered should result in an increase
in the minimum percentage of area required

Using the entire data set on the distribution of bird species

in South Africa and Lesotho we manipulated the size of the

selection units while keeping the number of species constant

(651 species) by re-sampling the data at different spatial

resolutions. Unit sizes employed were of 1 ´ 1 (the original

1858 quarter-degree grid cells), 2 ´ 2 (498 half-degree cells),

3 ´ 3 (240 cells), 4 ´ 4 (139 one-degree cells), 5 ´ 5 (95

cells), 6 ´ 6 (68 cells), 7 ´ 7 (54 cells) and 8 ´ 8 (44 two-

degree cells) grid cells. A species was considered to be

present in a given cell at a given resolution if it occurred in

at least one of the quarter-degree grid cells that composes

the larger cell. For each unit size, the minimum percentage

of area needed to represent each species at least once was

obtained.

The results support the second prediction, as the

minimum percentage of total area needed to represent all

species increased steadily with increasing size of the unit

(Fig. 2b). The values obtained are again very accurately

described by a logistic regression curve.

Prediction 3. Steeper slopes are expected for taxa
with higher levels of endemism

One way of measuring the level of endemism in a data set is

by calculating the average range of the species, which can be

presented in a standardized way (comparable across

different data sets) as the average percentage of sites in

the study area occupied by each species. The smaller the

average range, the higher the level of endemism.

This prediction was tested using data for the Mpumalanga

province (561 species, 118 cells). Four levels of endemism

were analysed by creating data subsets with a variable

number of species randomly extracted from: (i) all the 561

species (average range 43% of the total area); (ii) the 50%

most common species in terms of range size (measured as

the number of cells occupied by a given species; average

range 69%); (iii) the 50% rarest species (average range 18%);
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and (iv) the 50% `middle' species (excluding the 25% rarest

and the 25% most common species; average range 40%).

Ten replicates were obtained for each number of species

(between 10 and 550 in (i) and between 10 and 250 in (ii),

(iii) and (iv)) and each of the four levels of endemism. The

minimum percentage of area needed to represent each

species at least once was found for each subset, and average

values were calculated across the 10 replicates.

The results support the third prediction, as steeper slopes

are obtained for increasing levels of endemism (Fig. 2c).

However, the curves for the levels obtained by selection

from the entire set of 561 species (i) and from the `middle'

species (iv) have quite different slopes, despite having

similar average range sizes. The ®rst one is much closer to

the level obtained for the rare species (iii), whereas the

second is closer to the level for the common species (ii).

This is probably due to the disproportionate in¯uence of the

very rare species (excluded from level (iv) but still present in

level (i)) on the number of sites selected (Rodrigues

& Gaston in press). If so, then the average range size may

not be the most adequate measure of the data property that

is in¯uencing the slope of the regression curves obtained. A

more sensitive measure of the in¯uence of very rare species

is the average range size for the 10% rarest species amongst

the ones considered in each data set. The corresponding

values for the different levels are: (i) 1.9%; (ii) 42.4%;

(iii) 1.1%; and (iv) 19.3%. These are more consistent with

the relative position of the curves in Fig. 2(c).

The relative position of the curves in Fig. 2(a) also

supports the prediction that higher levels of endemism

result in higher slopes when the measure of endemism is the

average range size for the 10% rarest species (Lesotho:

0.85%; N. Cape 1.04%; Mpumalanga: 1.88%; N. Province:

2.27%), but not when the measure is the average range for

all species (Lesotho: 30%; N. Cape: 22%; Mpumalanga:

43%; N. Province: 40%). These results support the idea that

Figure 2 Variation in the minimum percentage of total area

required to represent all species when data are manipulated to vary

(a) the number of species, (b) the spatial resolution, and (c) the

level of endemism (see text for details). For reference, the dashed

line is that obtained for studies on vertebrates, as plotted in Fig. 1.

(a) Variation in the minimum percentage of total area required as

the number of bird species increases in Lesotho (r), Northern

Cape (s), Mpumalanga (m), and the Northern Province (h). Each

data point corresponds to the average minimum percentage of area

obtained across 10 replicates. All relationships are well described

(P < 0.001) by logistic regression models (Lesotho: v2-test �
33.6, n � 8; N. Cape: v2-test � 16.1, n � 10; Mpumalanga: v2-

test � 33.1, n � 13; N. Province: v2-test � 24.6, n � 13). (b)

Variation in the minimum percentage of total area required to

represent all species as size of selection units increases for data in

South Africa and Lesotho. The leftmost data point corresponds to

the smallest selection units (quarter-degree grid cells) and the

rightmost to the largest (two-degree grid cells). The relationship is

well described by a logistic regression model (v2-test � 50.2, n �
8, P < 0.001). (c) Variation in the slopes of the relationship

between the ratio of the number of species to the number of sites

and the minimum percentage of total area needed to represent all

species for four levels of endemism: (i) all species (e); (ii) the 50%

most common species (n); (iii) the 50% rarest species (r); and

(iv) the 50% `middle' species (d). Highly signi®cant relation-

ships (P < 0.001) were found in (i) (v2-test � 33.1, n � 13) and

(iii) (v2-test � 15.8, n � 7). The lack of signi®cant relationships

in (ii) and (iv) re¯ects the limited variation in the minimum per-

centage of total area required in these cases.

b
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it is the range of the rarest species that determines the slope

of the relationship between the ratio of the number of

species to the number of sites and the minimum percentage

of total area needed to represent all species.

I M P L I C A T I O N S F O R C O N S E R V A T I O N P L A N N I N G

Our results demonstrate that the minimum percentage of

area that would need to be reserved simply to represent all

species within a region is highly variable and depends upon

the diversity and endemism of the taxa of concern, and on

the size of the selection units considered. This is supported

by our analyses of data from various taxa and geographical

regions (Fig. 1), as well as by analyses manipulating data on

the distribution of birds in Southern Africa (Fig. 2).

Plainly, conservation requires more than just representa-

tion; however, these results have three important implica-

tions for practical conservation planning. First of all, they

demonstrate that no single universal target for the minimum

percentage of area that should be reserved (such as the 10%

proposed by IUCN) can be appropriate. Instead, ecosystems

or nations with higher species diversity and/or higher levels

of endemism, such as the tropical ones, are expected to

require substantially larger fractions of their areas to be

reserved. This need is acknowledged in the main proposals

of priority areas for global conservation (16 out of the 25

biodiversity hotspots, comprising 75% of the overall area

proposed, include tropical biomes: Mittermeier et al. 1999;

Myers et al. 2000; 76% of all Endemic Bird Areas are in the

tropics: ICBP 1992; Statters®eld et al. 1998), but, unfortu-

nately, is the opposite of the current situation (Pimm

& Lawton 1998). For example, a higher percentage of the

area of the species-poor tundra communities (7.5%) or

mixed mountain systems (8.0%) is protected than of the rich

tropical humid forests (5.1%), tropical dry forests/wood-

lands (4.7%) or tropical grasslands/savannahs (5.5%)

(Hobbs & Lleras 1995).

Second, these results con®rm that a minimum conserva-

tion network suf®cient to capture the diversity of verte-

brates will not be an effective umbrella for biodiversity in

general (Howard et al. 1998; Kerr 1997), because many other

more diverse groups with higher levels of local endemism

(including plants and many groups of invertebrates) are

expected to require considerably larger areas to be fully

represented. Because in practice it is unlikely that data on

the distribution of all species of concern in a given region

will be available in the near future, this provides another

reason why reserve networks must not be based solely on a

minimum representation target of the well-studied species.

The ®nding that higher levels of endemism result in the

need to select larger areas supports the emphasis given by

international conservation organizations to areas of excep-

tional concentrations of endemic species (as in the

biodiversity hotspots, Mittermeier et al. 1999; Myers et al.

2000; in the Endemic Bird Areas & ICBP 1992; Statters®eld

et al. 1998).

The third implication of these results is that considerable

variation in the minimum percentage of the area required

for representation of all species results from changing the

size of the selection units. Conservation plans that consider

the smallest possible selection units would greatly reduce the

minimum percentage of area needed to represent all species:

carried to an absurd extreme, the cheapest reserve network

would adopt a Noah's Ark approach, by reserving only a

few square metres to represent one pair of each species

(Pimm & Lawton 1998). However, representation is not the

same as conservation, and in order to ensure that the reserve

networks selected ful®l their role of maintaining biodiversity

over time, the size of selection units must be one at which

the populations of species are likely to persist (recognizing

that for many species more than one unit in which they

occur will be selected, which may be adjacent or not). This

reinforces both the need for caution in the interpretation

and implementation of the results obtained when selecting

minimum complementary sets, and the belief that comple-

mentary reserve planning must take viability considerations

into account (e.g. Rodrigues et al. 2000a,b; Gaston et al.

2001; see also Fahrig 2001).

Treating the relationships in Fig. 1 as representative, they

can be used to predict what would be the minimum

percentage of land area required to represent each species of

terrestrial plant and higher vertebrate in a global or a tropical

rain forest conservation network considering selection units

of different sizes (Fig. 3). In order to do so, the parameters

of the corresponding logistic model obtained from the

empirical data (Fig. 1) have been used, and it was assumed

that 24 500 higher vertebrates (mammals, birds, reptiles and

amphibians) and 240 000 seed plants have been described

(WCMC 1992), that at least 50% of all species exist in

tropical rain forests (WCMC 1992; Wilson 1988), and that

the area of land surface on earth (excluding Antarctica) is

133 149 000 km2 (Good 1974) and of the remaining rain

forest is c. 12 008 000 km2 (WCMC 1992).

Considering selection units of 1° ´ 1° (c. 12 000 km2),

the ®nest resolution that has been considered practical for

mapping bird species (the best known group) across an

entire continent spanning the tropical zone (FjeldsaÊ

& Rahbek 1998), it is predicted that 74.3% of the global

land area and 92.7% of the tropical rain forests would be

required to represent every plant species once, and 7.7%

and 17.8% for higher vertebrates (Fig. 3). Although the

values obtained for plants may seem high, they simply mean

that, for example, in 92.7% of all 1° ´ 1° cells across the

tropical rain forest it is expected that at least one plant

species exists that requires that cell or part of it to be

selected. This may not be unrealistic, given that high
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percentages of the tropical plant species described are

known from single localities (e.g. 33.8% of neotropical

plants in Andersen et al. 1997). The values obtained for the

higher vertebrates are probably underestimated. The sites

selected by complementarity tend to be highly scattered (e.g.

Lombard 1995), and therefore isolated, and even reserves of

this size (1° ´ 1°) may not be suf®ciently large for

maintaining viable populations of many species. For

example, even very large reserves such as Kruger National

Park in South Africa (19 485 km2) and Yellowstone in the

United States (8992 km2) have lost or are in danger of

losing some of their mammal species (e.g. Newmark 1987,

1996; Mattson & Reid 1991; Nicholls et al. 1996); and

Manne et al. (1999) showed that a high percentage of

American bird species with range of the size of a 1° ´ 1°
cell are threatened with imminent extinction.

Conversely, if the target was to reserve 10% of the total

area, as suggested by the IUCN guidelines, selection units of

16.5 ´ 16.5 km for the world, or of 7.0 ´ 7.0 km for the

tropical rain forest, would have to be considered to

represent all plant species. Reserves of this size would

undoubtedly be inadequate for maintaining viable popula-

tions of many (probably most) species, demonstrating that

10% of land area is indeed an insuf®cient target. Especially

for species-rich areas with high levels of endemism, such as

the tropical rain forest, a much larger fraction of the total

area is needed if a signi®cant fraction of species diversity is

to be conserved into the future.

Further empirical data are needed to test how realistic are

the values obtained in this study. Meanwhile, our results

reinforce the need for urgent conservation action, partic-

ularly in the tropical regions, where the protected area

network needs to be large, few biological data exist to

support decisions about the appropriate location of sites,

little national political will and economic resources exist to

invest in reserve acquisition and which continue to suffer

high rates of habitat destruction.
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