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Abstract. We compiled studies that report data on the relationship between animal
population density and patch or island area for 287 individual species and 21 faunas. We
tested the assumption of the equilibrium theory of island biogeography that population
densities are independent of area by performing a meta-analysis using the linear correlation
coefficient, r, as a measure of the effect of area on population density. We fit meta-analyses
that used a random-effects model to these data to test for the effects of taxa, habitat, latitude,
spatial scale, and overall population density. We also fit meta-analyses that used a fixed-
effect model to the same data to estimate the repeatability of measurements of the correlation
between population density and area within species.

Contrary to the equilibrium theory of island biogeography, our results indicate that, on
average, animal population densities are positively correlated with area, which suggests
that density compensation may be uncommon. This result was found for individual species,
but not for faunas. We found taxonomic differences in the correlation between population
density and area, with insects and birds having on average large or moderately large positive
correlations, respectively, and mammals having correlations near zero. Observations within
individual species showed considerable repeatability. The observed overall positive cor-
relation between the population density of individual animal species and area is best ex-
plained in the context of the resource concentration hypothesis.

Our results imply that the regional abundance and persistence of animal populations
may depend strongly on the presence and continued persistence of a few large patches of
suitable habitat, rather than on a regional network of small and large habitat patches.

Key words: birds, population density; density compensation; equilibrium theory; insects, popu-
lation density; island biogeography theory; mammals, population density; meta-analysis; population
density; resource concentration.

INTRODUCTION

The relationship between animal population density
and area has been addressed explicitly by three eco-
logical theories: the equilibrium theory of island bio-
geography (MacArthur and Wilson 1967), the phenom-
enon of density compensation (MacArthur et al. 1972),
and the resource concentration hypothesis (Root 1973).
While the theories of island biogeography and density
compensation were initially motivated by studies of
islands and the resource concentration hypothesis by
studies of habitat patches, each of these theories has
been interpreted and applied broadly to a variety of
spatial scales and taxa (Janzen 1968, Simberloff 1974,
Futuyma and Wasserman 1980, Faeth 1984, Dooley and
Bowers 1996).

The equilibrium theory of island biogeography
makes assumptions about population size, population
density, and area in order to explain species–area re-
lationships via the area per se hypothesis (MacArthur
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and Wilson 1967, Simberloff 1976, Connor and McCoy
1979). The equilibrium theory of island biogeography
assumes that the number of individuals within a taxon
increases linearly with the area of an island (MacArthur
and Wilson 1967:13). In other words, the theory pre-
sumes that population density remains constant with
increasing area. While it is not explicit in their text,
MacArthur and Wilson’s (1967) assumption has been
interpreted to apply to whole biotas, faunas, and com-
munities, as well as to individual species (MacArthur
and Wilson 1967, Simberloff 1988).

The implications of MacArthur and Wilson’s (1967)
assumption are quite different if they refer to groups
of species (e.g., faunas) rather than to individual spe-
cies. For individual species, their assumption implies
that larger areas would contain more individuals of a
species, but that the number per unit area would remain
constant. However, since species richness (or group
size) is a positive function of area, if we assume that
the density of a group of species is constant for all
areas, then the densities of individual species must, on
average, decline in larger areas (Schoener 1986).

The phenomenon of density compensation attempts
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to account for observations that the summed density
of animal species on small islands equals that of a
mainland fauna (or of a fauna on larger islands), with
the result that the average population density of each
species is greater on smaller islands (MacArthur et al.
1972). This pattern is consistent with MacArthur and
Wilson’s (1967) assumption that density of animal
groups is independent of area. Because there are fewer
species on small islands, density compensation leads
to the conclusion that, on average, island species have
higher population densities than do mainland species.
This pattern originally was interpreted to suggest that
species on small islands were less subject to interspe-
cific competition and predation, which allowed their
populations to increase (MacArthur et al. 1972). How-
ever, Williamson (1981:240) and Schoener (1986) point
out that if total faunal density is independent of island
size (as assumed by MacArthur and Wilson 1967) and
if a species–area relationship exists, we need not infer
competitive release to account for density compensa-
tion. In any event, if density compensation is a wide-
spread phenomena, we would expect that on average
animal population densities should be inversely related
to patch area.

The resource concentration hypothesis attempts to
explain the often-observed phenomenon that habitat
patches with large amounts of resources (e.g., mono-
cultures, areas of high plant density, or large patches)
have higher densities of insects (Root 1973, Kareiva
1983). Therefore, this hypothesis conjectures that pop-
ulation density should be positively correlated with
patch area. The comparison of small and large habitat
patches rather than homogeneous and heterogeneous
habitat patches has provided a stronger test for the
effect of resource concentration, since it is free from
the confounding influences of habitat heterogeneity on
food plant quality (Risch 1981, Kareiva 1983). Root
(1973) conjectured that the higher density of animals
in larger patches might be solely a consequence of
movement behavior (the movement hypothesis); her-
bivores are more likely to find, and remain in, large,
monospecific stands of their host plant than in small
or heterogeneous patches. Other explanations include
the enemies hypothesis, which suggests that predators
are more effective in smaller patches than in large ones
(Root 1973, Raupp and Denno 1979, Denno et al. 1981,
Risch 1981, Kareiva 1983).

These three theories nearly exhaust the possibilities
for the dependence of density on area. No theory has
been proposed to suggest that areas of intermediate size
should have higher or lower animal densities than
should small and large areas.

We attempted to reconcile the theoretical expecta-
tions of equilibrium theory, density compensation, and
resource concentration with empirical evidence con-
cerning how the density of animal populations is re-
lated to area. A literature survey and meta-analysis of
data on the relationships between animal population

density and patch area were used to determine whether
the population densities of individual species and entire
faunas, in general, are related to or independent of area.
We considered mechanisms that may account for ob-
served patterns in the relationship of population density
and area for animals in different taxa, habitats, and
latitudes, and at different spatial scales. Finally, we
examined the implications of both theory and evidence
concerning the relationships between animal popula-
tion density and area in the context of biological con-
servation and the design of nature reserves.

METHODS

To determine whether the relationship between an-
imal population density and area is consistent with the
assumptions of the equilibrium theory of island bio-
geography or with the predictions of the resource con-
centration hypothesis, or if density compensation is
common, we compiled data from the literature on an-
imal population density in relation to area and exam-
ined these data via meta-analysis (Gurevitch et al.
1992, Gurevitch and Hedges 1993, Cooper and Hedges
1994, Arnquist and Wooster 1995).

Data compilation

Several methods were used to obtain data from as
many studies as possible and to prevent bias in the
selection of studies. We included studies of which we
were aware initially and others suggested by col-
leagues. We also examined the literature cited in papers
that reported data on animal population density in re-
lation to area. Finally, we conducted a computer-as-
sisted key word search of Biological Abstracts (BIOS-
IS) for the period 1978–1994. We used all combinations
of the following groups of key words: (1) bird, mam-
mal, insect, invertebrate, vertebrate; (2) density, abun-
dance; (3) patch, plot, habitat; and (4) area, size.

All studies that reported data on the abundance or
density of individual species in relation to a range of
areas were included in our analysis. Only studies that
reported areas and animal abundance or density in in-
dividual patches were used. For those papers in which
the authors indicated they had collected data on animal
abundance in relation to area, but had not published
the data, we contacted the authors and attempted to
obtain the data.

From our literature survey we located 34 different
studies with data on the relationship between animal
population density and area for 287 species. For 142
species, we obtained multiple estimates of the rela-
tionship between density and area from different stud-
ies. Most of the species for which we obtained data
were birds (246 species from 14 studies), but data were
also available on mammals (21 species from 11 studies)
and insects (20 species from nine studies; Table 1).
These studies included data on animal population den-
sity from a wide range of patch sizes and types, in-
cluding some true island studies, but mostly comprised
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TABLE 1. Relationship between population density of individual species and patch size.

Reference Taxon

Num-
ber of
species

Patch
character Patch size

Latitude
(8) CV

Sample
size

Bach (1988) insects 3 Cucurbita maxima 1, 4, 16, 36, 100, and 144
plants

42 148.41 36

Denno et al. (1981) insects 6 Spartina patens natural patches, ,50–105

m2
40 ··· 15

Raupp and Denno (1979) insects 10 Spartina patens 1, 3, 14, and 20 ha 39 95.16 4
Funderburke et al. (1990) insects 1 Glycine max rows of 3, 6, 12, and

24 m
31 61.32 24

Kindvall and Ahlén (1992) insects 1 treeless heathland natural patches, 0.25–64
ha

35 ··· 83

Cromartie (1975) insects 3 Brassica oleracea 1, 10, and 100 plants 42 298.68 37
Karieva (1981) insects 2 Brassica oleracea 1, 4, 8, and 16 plants 39 93.07 38–58
Maguire (1983) insects 2 Brassica oleracea 9 and 81 plants 39 163.79 10
Matter (1997) insects 1 Asclepias syriaca natural patches, 1–96

plants
39 137.44 61

Gottfried (1979) mammals 4 temperate forest woodlots, 93–639 m2 42 41.40 10
Geuse et al. (1985) mammals 1 temperate forest woodlots, 0.015–0.32 ha 50 11.11 20
Hanski and Kuitunen (1986) mammals 5 coniferous forest island, 0.3–8.0 ha 63 124.69 17
Laurance (1990) mammals 5 tropical rainforest fragments, 1.4–590 ha 15 229.98 10
Pahl et al. (1988) mammals 5 tropical rainforest fragments, 2.4–74.5 ha 17 98.29 11
Pokki (1981) mammals 1 coniferous forest islands, 0.29–1.0 ha 65 52.00 7
Foster and Gaines (1991) mammals 3 successional field 32, 288, and 5000 m2 39 314.90 55
Dooley (1993) mammals 2 old field patches, 0.0625–1 ha 39 95.50 12
Smith (1974) mammals 1 rock patches, 0.14–3.18 ha 34 119.30 25
Smith and Vrieze (1979) mammals 3 hardwood forest patches, 0.02–0.25 ha 26 113.61 6
Henderson et al. (1985) mammals 1 deciduous forest woodlots, 2.9–8.9 ha 45 41.35 5
Bond (1957) birds 49 mixed forest fragments, 6–202 ha 43 121.33 64
Haila et al. (1987) birds 45 coniferous forest fragments, 0.4–56 ha 61 167.48 34
Haila (1981) birds 35 mixed forest islands, 0.5–2680 ha 60 239.13 12
Haila et al. (1983) birds 64 coniferous forest islands, 0.5–582 ha 60 215.36 44
Haila (1983) birds 41 coniferous forest islands, 0.5–885 ha 69 208.74 41
Engbring et al. (1986) birds 11 tropical rainforest islands, 7, 85, 100, and

120 km2
14 63.41 4

Askins et al. (1987) birds 74 mixed forest patches, 1–2633 ha 40 187.09 46
Blake and Karr (1987) birds 53 deciduous forest woodlots, 1.8–600 ha 40 224.05 15
Vickery et al. (1994) birds 10 grassland fragments, 0.3–404 ha 43 ··· 235
Willson et al. (1994) birds 25 temperate rainforest fragments, 0.5–350 ha 42 202.98 10
Møller (1987) birds 32 rural farms patches, 0.5–1.25 ha 57 147.62 70
Engbring and Ramsey (1989) birds 14 tropical rainforest islands, 4.81–141.97 km2 14 134.42 4
Engbring et al. (1990) birds 8 tropical rainforest islands, 350, 109, 92, and

87 km2
5 79.70 4

Rolstad and Wegge (1987) birds 1 coniferous forest woodlots, 0.45–1.55 km2 60 ··· 12

Notes: Patch character and latitude are as listed by the original author; the mean latitude is listed if a range of latitudes
was included in the original study. The coefficient of variation of the patch sizes, CV, was calculated by dividing the standard
deviation of patch size by the mean patch size and multiplying by 100. Ellipses indicate that data were not available to
permit calculation of CV.

data from natural and experimentally created habitat or
crop patches. The Appendix contains a full description
of the data for each individual species estimate and the
data file used for the analysis.

Using the literature survey techniques described
above, we also collected studies that reported data on
the total population density of faunal groups rather than
individual species. Thirteen of the 34 studies men-
tioned above included data on all species in a faunal
group, so the density of the entire fauna could be cal-
culated by summation. We located eight additional
studies that reported only the density of the entire fauna
in each area. These faunal studies consist of 16 avian,
one mammalian, and four invertebrate data sets (Table
2).

Estimation of animal population density

The data sets we collected represent a heterogeneous
group of field methods for estimating animal abundance
or density. Most of the data on birds were obtained
from point or transect counts during the breeding sea-
son, while mammalian abundance was estimated by
mark, release, and recapture, and insect abundance by
direct observation.

If animal densities in each area or patch studied were
not directly reported, we calculated the density of in-
dividual species or faunas in each area from the abun-
dance data reported. For avian studies using point
counts (Bond 1957, Askins et al. 1987, Blake and Karr
1987, Vickery et al. 1994), we assumed that the de-
tectability of a species was independent of patch size,
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TABLE 2. Relationships between density of faunal groups and patch size.

Faunal group Sample size r Latitude (8) CV Reference

Invertebrates
Crustaceans
Spiders
Insects
Insects

35
5
9

22

20.49196
0.77000

20.55226
0.07670

8
38
10
53

82.89
217.82
120.87
283.75

Abele and Patton (1976)
Mühlenberg et al. (1977)
Faeth and Kane (1978)
MacGarvin (1982)

Vertebrates
Mammals
Avifauna
Avifauna
Avifauna
Avifauna
Avifauna
Avifauna

17
4
4

46
32
41
30

0.23696
20.93809
20.14570
20.04220

0.11863
20.29655

0.51131

63
14
14
40
32
69
52

124.69
134.42

63.41
187.09

61.16
208.74

60.62

Hanski and Kuitunen (1986)
Engbring and Ramsey (1989)
Engbring et al. (1986)
Askins et al. (1987)
Hamel et al. (1993)
Haila (1983)
Woolhouse (1983)

Avifauna
Avifauna
Avifauna
Avifauna
Avifauna

10
16
10
12
34

20.70977
20.62779

0.50918
0.02503

20.21898

44
51
42
60
61

104.70
83.73

202.98
239.13
198.71

Norment (1991)
Garay et al. (1991)
Willson et al. (1994)
Haila (1981)
Haila et al. (1987)

Avifauna
Avifauna
Avifauna
Avifauna
Avifauna

44
64
15

4
70

0.11684
0.00940
0.35811

20.04830
20.23130

60
43
40

5
57

215.36
121.33
224.05

79.70
147.62

Haila et al. (1983)
Bond (1957)
Blake and Karr (1987)
Engbring et al. (1990)
Møller (1987)

Notes: The r value is the linear correlation coefficient between the population density and patch area. Latitude is as given
by the original author; the mean latitude is listed if a range of latitudes was included in the original study. CV was calculated
as in Table 1.

and therefore we used the point count data as density
estimates (Whitcomb et al. 1981, Lynch and Whigham
1984). Detectability of calling or singing birds will
depend on stage of nesting, dominance hierarchies,
vegetation, weather, and inter-observer variability,
among other factors (Verner 1990, Blake 1992, Fancy
1997). However, if calling or singing rates are lower
on small patches, then the results we obtained would
reflect such patch-size-dependent behavior and not de-
mographic differences between populations on small
and large patches (McShea and Rappole 1997). For
studies using transects to estimate avian abundance, we
estimated densities by dividing the number of individ-
uals observed by the area covered by the transect. In
several instances, we contacted authors of studies to
obtain further direction on how to estimate densities
based on their data. In most of the mammal and insect
studies, subsamples of the same size were taken within
each area, and these values served as density estimates.
Where unequal sampling effort was reported on dif-
ferent patches, we adjusted for differences in sampling
effort in calculating density estimates.

We analyzed all estimates of density reported for a
species, including those patches in which the abun-
dance of a species was reported to be zero. Virtually
all the data we report comes from studies of habitat
patches, so unlike species–area studies or some studies
of distribution–abundance correlations (Hanski et al.
1993), each species has had the opportunity to colonize
every patch. In those few instances in which the authors
reported that particular species had not had the oppor-
tunity to colonize every patch, we excluded those spe-

cies from the analyses (Engbring et al. 1986, 1989,
Engbring and Ramsey 1990).

During the course of each study some species were
not recorded on every patch. However, most studies
consisted of a single field season, so the absence of a
rare or less abundant species from some patches is to
be expected, even though in some years (albeit infre-
quently) an individual or breeding pair may have been
present (McArdle 1990). If we do not include these
patches as zeros, then we will have thrown out data
that says on average the densities in these patches ap-
proach zero. Strictly speaking, the density in patches
where no individuals of a particular species were ob-
served in the year of the study is not zero, but some
small unobservable value, given the short duration of
most studies. Were we to exclude these ‘‘zero’’ patches,
we might be estimating the relationship between den-
sity and area for each species over a narrower range
of areas. For a rare species that is usually found in
large habitat patches, we might conclude that its density
is independent of area, when in fact its probability of
occurring on small patches, and therefore its density
on small patches, is on average low or zero. It is
counterintuitive to conduct an analysis that would per-
mit such a biologically unreasonable conclusion. Be-
cause of sampling error it might even be possible for
such a rare, forest-interior species to have a negative
correlation between its density and patch area if only
the currently occupied patches are included. Wright
(1991) also argues that such ‘‘zero’’ patches should be
included in studies of the correlation between distri-
bution and abundance.



738 EDWARD F. CONNOR ET AL. Ecology, Vol. 81, No. 3

Statistical analysis of data

Meta-analysis is an extension of classical procedures
for combining the results of independent statistical tests
of the same null hypothesis to obtain a more general
test of the common null hypothesis. Classical meta-
analytic procedures combine probabilities (Becker
1994, Sokal and Rohlf 1995), but more recently de-
veloped meta-analyses are based on combining ‘‘effect
sizes,’’ a measure of the magnitude of the experimental
effect (Rosenthal 1994, Shadish and Haddock 1994).
Combining effect sizes is superior to combining prob-
abilities because the same probability could be calcu-
lated from different studies if one study had a large
sample size and a small effect size, and another had a
large effect size and a small sample size (Becker 1994).
However, effect sizes may be combined in an unam-
biguous way by weighting each effect size in propor-
tion to its respective variance, which is in part a func-
tion of sample size (Shadish and Haddock 1994).

Estimation of effect sizes.—We selected the linear
correlation coefficient, r, calculated from the correla-
tion between animal population density and area, as
our estimate of ‘‘effect size.’’ For individual species
estimates, the correlation coefficient between density
and area was calculated for each individual species in
each study. For faunal estimates, the correlation co-
efficient between the total density of the fauna and area
was calculated in each study.

We use r as a descriptive measure of the degree of
linear relationship between animal population density
and area. When r is used in this manner, no assumption
need be made concerning the marginal population dis-
tributions of the X and Y variates used in its compu-
tation (Cohen 1977). We chose r because procedures
for the calculation and combination of effect sizes
based on r are well developed (Hedges 1994, Rauden-
bush 1994, Rosenthal 1994, Shadish and Haddock
1994) and because most studies of the relationship be-
tween animal population density and area report r. Our
use of the term ‘‘effect size’’ as a descriptor of r is not
intended to imply that r is a measure of a causal re-
lationship, but rather reflects the accepted useage in the
literature on effect sizes and meta-analysis (Cohen
1977, Shaddish and Haddock 1994).

The slope of the regression of density on area, the
regression coefficient b1, might appear to be a useful
measure of the effect of patch area on animal density,
but no procedures for combining regression coefficients
are available within the context of meta-analysis. To
use b1 the assumptions of regression, particularly that
of variance homogeneity, must be satisfied for each
species studied. We are unlikely to be able to do so
using the same regression model for all species. There-
fore, an omnibus model for all studies, like a log–log
regression, would most likely involve using b1 values
from some portion of the studies where the fitted model
is inadequate or displays significant lack-of-fit. If a

log–log transformation is used, the slope expected if
densities are independent of area would be 1. The slope
is then not a measure of the deviation of observation
from expectation. In other words, the slope does not
even measure the ‘‘effect’’ of the treatment area. We
would have to use some statistic measuring the devi-
ation of the observed from expected slope, perhaps
from the d family of effect size metrics (Rosenthal
1994). Furthermore, in using the log–log transforma-
tion it is difficult to include patches where species are
absent (zero patches), since the behavior of the log(n
1 1) transformation will vary between species and its
effect on b1 is very unpredictable (although it depends
on the number of zero patches and will always lead to
a lower estimate of b1; see Connor et al. 1997). Fur-
thermore, in the bivariate case, the correlation coeffi-
cient equals the slope times a constant (r 5 cb1, where
c 5 sx /sy, and sx and sy 5 standard deviations of patch
area and animal density, respectively; Draper and
Smith 1981). Therefore, analyses based on r as a mea-
sure of the effect of patch area on animal density should
describe the same pattern as would b1.

For studies that did not report r, or that did not pro-
vide the data necessary to calculate r, we used the
procedures outlined in Rosenthal (1994) to estimate r
from significance levels or other test statistics such as
Student’s t or F, in conjunction with the treatment
means to determine the sign of r. To normalize the
distribution of effect sizes, we used Fisher’s transfor-
mation of r, Zr, in our analyses (Rosenthal 1994, Sokal
and Rohlf 1995).

We applied no transformations to the data from each
study and did not include studies that only reported r
values from transformed data. We did so because no
tradition of a standard transformation for data relating
animal density to patch area exists and because we
wished to combine identical estimates of the effect of
patch area on animal density from different studies.

Publication bias.—To determine whether a bias ex-
ists toward publishing only statistically significant cor-
relations between animal population density and area,
we plotted sample size against the absolute value of
the effect size for individual species and faunas. If no
publication bias exists, we would expect the average
effect size to be independent of sample size. If a pub-
lication bias exists, the plot should be skewed, with
few small values of the effect size estimate associated
with small sample sizes (Begg 1994, Greenhouse and
Iyengar 1994).

Combining effect sizes.—To examine the relation-
ship between population density and area using indi-
vidual species estimates, we combined effect size es-
timates among species and studies using the procedures
outlined in Shadish and Haddock (1994), Hedges
(1994), and Raudenbush (1994) for random-effects
models. We fit random-effects models for all hypothesis
tests because it is more appropriate to consider the
effect size estimate for each species or fauna to be
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drawn from an underlying distribution of effect sizes
rather than to consider each species or fauna to be an
estimate of a single common effect size. The random-
effects meta-analysis is equivalent to a mixed-effects
linear model, with the fixed effects as covariates and
the random effects being the deviation of study i’s true
effect size from the value predicted by the model (Rau-
denbush 1994). Similar procedures also were used to
combine effect sizes for faunal studies. Weighted av-
erages of effect sizes within various categories were
obtained by weighting effect sizes by their variances.
For random-effects models this consisted of weighting
Zr values by the reciprocal of the sum of their condi-
tional variance (1/(n 2 3), where n is the sample size)
and the random-effects variance (Raudenbush 1994).
Random-effects variances were estimated using the it-
erative maximum likelihood procedure presented by
Raudenbush (1994). Given that effect size estimates
were weighted by their variances, model fitting in-
volved weighted least-squares regression (Hedges
1994, Raudenbush 1994). Means and standard errors
of effect sizes within groups were estimated, and mean
Zr values and their confidence limits were back trans-
formed to units of r using the procedures outlined in
Shadish and Haddock (1994).

When several species were observed within the same
study, we treated each species as a separate, indepen-
dent estimate of the relationship between animal pop-
ulation density and area. While it would be preferable
to have each species’ density–area relationship esti-
mated in a different set of patches, restricting our an-
alyses to such estimates would reduce our sample size
tremendously. Furthermore, we see no a priori reason
why assuming independence among species within a
study should bias our results. Our treatment of multiple
species within studies as independent estimates of the
relationship between animal population density and
area follows that used by Bowers and Matter (1997)
and Bender et al. (1998).

Repeatability of effect size estimates.—We obtained
multiple estimates of the correlation between popula-
tion density and area for 142 of the 287 species. The
majority of the species with multiple estimates were
birds. To determine whether the effect sizes estimated
for a species were repeatable, we examined the pattern
of variation of effect sizes within species in two ways.
First, we examined the tendency for species with mul-
tiple effect size estimates to have all of their effect size
estimates of the same sign. A total of 374 effect size
estimates were obtained for the 142 species that were
examined in multiple studies. We conducted a random-
ization test to determine if the observed number of
species homogeneous for the sign of effect size was
statistically unusual, given independent assignment of
negative and positive effect sizes among these 374 es-
timates. We placed the observed number of positive
and negative effect sizes in a matrix constructed to
mimic the number of effect sizes obtained for each

species (e.g., two, three, four, or five) and we counted
the number of species homogeneous for sign of effect
size with two, three, four, or five effect size estimates
on each iteration. We performed 10 000 iterations and
calculated the probability of obtaining the observed or
a more extreme degree of homogeneity in the sign of
effect size from the percentiles of the distribution of
the results of the 10 000 iterations. Second, to test for
repeatability in the magnitude of effect sizes within
species, we fit a fixed-effect, one-factor model with
study serving as factor levels and with repeated mea-
sures on species among studies to two subsets of the
data. Estimates of effect sizes were obtained for 36
species of North American birds, (Bond 1957, Askins
et al. 1987, Blake and Karr 1987) and for 14 species
of Northern European birds (Haila 1981, Haila et al.
1983, 1987). These models allowed us to estimate the
proportion of variation in the effect sizes of species
shared between studies that is due to: (1) study-specific
effects that would indicate a lack of repeatability, (2)
differences between species, and (3) inherent obser-
vational variablity (error). We report only study-spe-
cific effects since this is the only component of the
variation in effect size that is related to repeatability.

Hypothesis tests.—To test the assumption of the
equilibrium theory of island biogeography that animal
population density is independent of patch area, we
tested the hypothesis that the average effect size across
individual species or faunas was significantly different
from zero. The ratio of the overall mean effect size to
its standard error is distributed as N(0, 1), so if the
ratio exceeds 1.96 or 21.96, one would reject the null
hypothesis at the P 5 0.05 level (Shadish and Haddock
1994).

We computed the overall mean effect size for indi-
vidual species and its standard error, as well as all
models fit to test specific hypotheses about individual
species using a single estimate of effect size for each
species. We generated 100 data sets consisting of a
single effect size estimate for each of the 287 species
by including all species for which we had only a single
estimate of effect size and by sampling at random with-
in species for those species with multiple estimates.
Summary statistics represent averages over the 100
data sets.

To determine if there were differences between taxa
in average effect sizes, we fit a one-factor random-
effects model to the effect size data using weighted
least-squares regression (n 5 287). A test of model
significance is based on the model sums of squares,
which is distributed as x2 with the respective model
degrees of freedom (Raudenbush 1994). For mammals
and birds only, we tested the hypothesis that average
effect sizes were independent of habitat type by fitting
a one-factor random-effects model (n 5 261). For
North American birds only, we tested the hypothesis
that average effect sizes were unrelated to a species’
habitat preference for forest interior, edge, or interior-
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FIG. 1. Plots of the logarithm of sample size as a function
of the absolute value of the effect size estimate, r, for (A)
individual species (n 5 519, which includes multiple
estimates for some species) and (B) faunas (n 5 21). The fact
that small values of r are equally common regardless of
sample size indicates that there is no bias against publishing
small, statistically nonsignificant estimates of the correlation
between animal population density and area for individual
species. The absence of such values for faunas suggests that
a bias exists against publishing nonsignificant values for
faunas.

TABLE 3. Summary of analysis of homogeneity in sign of
effect size based on 10 000 iterations.

No.
estimates

per species
No.

species

No.
estimates
homoge-

neous
in sign

Expected no. estimates
homogeneous in sign

Mean SE

2
3
4
5

67
61
13

1

34
26

4
0

33.377
18.345

3.387
0.247

0.041
0.034
0.015
0.004

edge habitat by fitting a one-factor random-effects
model (n 5 84). Each species’ habitat preference was
classified according to schemes presented by Whit-
comb et al. (1981) and Kendeigh (1982). Analyses were
performed on each classification, but since the results
were virtually identical we present only those based on
the classification by Whitcomb et al. (1981).

To determine whether the effect size observed for a
species was a function of the spatial scale at which a

study was conducted, we fit random-effects weighted
least-squares regression models to data on the effect
sizes for species for which the average size of patches
included in the study could be expressed in hectares.
Most insect studies report patch sizes as the number of
plants and therefore were excluded from this analysis.
Furthermore, because the average patch size for the
studies by Engbring and Ramsey (1989) and Engbring
et al. (1986, 1990) was two to three orders of magnitude
greater than any other study, we analyzed the data with
and without these studies included. To determine
whether species whose average densities are low (e.g.,
rare species) tend to have positive or negative effect
sizes, we fit a random-effects weighted least-squares
regression model to the effect size data for species.
Because the densities of mammals tend to be higher
than those of birds, we fit the models separately to data
on birds (n 5 240) and mammals (n 5 19). For the
species for which density estimates for each patch and
patch area could be expressed in hectares, we estimated
an overall density for each species (ls) as

n n

l 5 d a aO Os i i i@i51 i51

where di is the density of species s on patch i, and ai

is the area of patch i. Finally, to test if effect sizes are
a function of latitude or the coefficient of variation in
patch areas included in each study, we fit random-ef-
fects weighted least-squares regression models to the
effect size data for all species or all faunas.

RESULTS

Individual species analyses

Publication bias.—The average effect size is inde-
pendent of sample size for individual species, which
indicates that no evidence for a bias against publishing
small effect sizes is apparent in our data set (Fig. 1A).

Repeatability of effect size estimates.—A total of 374
effect size estimates were obtained for the 142 species
that were examined in multiple studies. Of these es-
timates, 150 were negative and 224 were positive. A
total of 64 of these 142 species were homogeneous for
the sign of effect size (Table 3), and for all but species
with five estimates the observed numbers homogeneous
in sign of effect size were significantly greater than
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FIG. 2. Histograms of the magnitudes of the observed effect sizes, r, for (A) insects (n 5 29), (B) mammals (n 5 31),
and (C) birds (n 5 459). All values are reported, including values for species for which we obtained multiple estimates.

FIG. 3. Mean effect sizes (r) for individual species of
insects, birds, and mammals. Vertical bars depict 61 SE.
Results of a single-factor, random-effects model meta-
analysis indicate significant differences in mean effect sizes
among taxa.

expected (greater than expected 12 SE). Furthermore,
the pattern of the signs of the effect size estimates
within species for which we had multiple estimates
indicates that the probability of obtaining the observed
degree of homogeneity in sign of effect size by chance
alone is 0.0044. This suggests that at least the sign of
the correlation between density and patch size may be
viewed as a species attribute.

The fixed-effects, repeated-measures meta-analysis
of the North American bird data indicated that 19% of
the variation within species was due to differences
among the studies, compared to only 13% for the
Northern European bird data. The remaining variation
within species was due to inherent observational var-
iability, not to a lack of repeatability. While we have
no standard against which to compare these values,

they suggest that the correlation between a species’
density and patch area is largely an attribute of the
species rather than of the study site and sampling meth-
ods.

Hypothesis tests.—Overall, the mean effect size for
individual species (r 5 0.2233 6 0.0289, mean 6 1
SE) was significantly greater than zero (Z 5 7.87, P ,
0.0001). This result is inconsistent with the assumption
of the equilibrium theory of island biogeography that
animal density is independent of island area. Effect size
estimates for individual species were quite variable
within all taxa (Fig. 2). The mean effect size for in-
dividual species, which did not differ significantly
among taxa (X2 5 4.71, df 5 2, P 5 0.095), was highest
for insects and lowest for mammals (Fig. 3).

The mean effect sizes for birds and mammals did
not differ significantly between habitat types (X2 5
2.03, df 5 3, P 5 0.566), which may be due in part
to high levels of variability in effect sizes in grassland
and tropical forest habitats (Fig. 4). Among North
American forest birds, species occupying forest-inte-
rior habitats had higher mean effect sizes than did those
occupying interior-edge or forest-edge habitat (X2 5
14.97, df 5 2, P 5 0.0056). The mean effect size of
forest-edge species was negative (Fig. 5).

The spatial scale at which a study was conducted
(measured as the average patch area) explained a sig-
nificant amount of the variation in effect sizes when
the studies by Engbring and Ramsey (1989) and Engbring
et al. (1986, 1990) are included in the analysis (X2 5
5.27, df 5 1, P 5 0.0216, Zr 5 0.2206 1 0.00004[av-
erage patch area]). However, when data from these
studies are excluded from the analysis, the spatial scale
of the study did not explain a significant amount of the
variation in effect sizes (X2 5 3.63, df 5 1, P 5 0.0567,
Zr 5 0.5776 1 0.00018[average patch area]). The av-
erage density (ls) of each species did explain a sig-
nificant amount of the variation in effect sizes for mam-
mals (X2 5 5.073, df 5 1, P 5 0.0243, Zr 5 0.2606
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FIG. 4. Mean effect sizes (r) for individual species of
birds and mammals in grassland and forest habitats. Vertical
bars depict 61 SE. Results of a single-factor, random-effects
model meta-analysis indicate no significant differences in
mean effect sizes among habitats.

FIG. 5. Mean effect sizes (r) for individual species of
North American birds that occupy forest-interior, interior-
edge, or forest-edge habitats. Vertical bars depict 61 SE.
Results of a single-factor, random-effects model meta-
analysis indicate significant differences among species of
birds occupying different habitats.

FIG. 6. Mean effect sizes (r) for vertebrate and
invertebrate faunal groups. Vertical bars depict 61 SE. Results
of a single-factor, random-effects model meta-analysis
indicate no significant differences in the mean effect size
between vertebrate and invertebrate faunal groups.

2 0.0081ls), but not for birds (X2 5 1.294, df 5 1, P
5 0.2552, Zr 5 0.2328 2 0.0407ls). Rare species were
more likely to have higher effect sizes than common
species. The latitude at which a species’ effect size was
estimated explained a significant amount of the vari-
ation in effect sizes (X2 5 5.81, df 5 1, P 5 0.016, Zr

5 20.0466 1 0.005556[latitude]). The variability in
patch size included within each study, as measured by
the coefficient of variation in patch area, accounted for
a significant component of the variation in effect size
(X2 5 11.43, df 5 1, P 5 0.0007, Zr 5 20.1708 1
0.002075[coefficient of variation in patch area]). Spe-
cies whose effect sizes were estimated from a series of
patches with a high coefficient of variation had larger
effect sizes than did species whose effect sizes were
estimated from a set of patches with less variability in
area.

Faunal analyses

The low number of studies with small samples that
report small r values suggests that a bias against pub-
lishing small effect sizes may be present in the set of
faunal analyses included in our study (Fig. 1B). The
overall mean effect size for faunas was negative, but
not significantly different from zero (r 5 20.0711 6
0.0831, Z 5 20.0712, two-tailed P . 0.94). There was
no difference in effect size between invertebrate and
vertebrate faunas (X2 5 0.844, df 5 1, P 5 0.358; Fig.
6). Neither the latitude at which a faunal study was
conducted (X2 5 0.38, df 5 1, P 5 0.538, Zr 5 20.218
1 0.003[latitude]) nor the coefficient of variation of
the patch areas included in a faunal study explained a
significant amount of the variation in the effect size
(X2 5 0.898, df 5 1, P 5 0.343, Zr 5 20.26 1
0.00122[coefficient of variation in patch area]).

DISCUSSION

The overall positive correlation between population
density and patch area that we observed for individual
species is inconsistent with the assumption of the equi-
librium theory of island biogeography that population
density is independent of area. However, patch area,
on average, accounts for approximately 5% of the var-
iation in the population density of animal species, a
moderate to small effect (Cohen 1977). Furthermore,
the tendency for population densities of individual spe-
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cies to be higher in larger rather than smaller areas
suggests that density compensation is not a widespread
phenomenon. On the other hand, the observation that
individual species generally display higher population
densities in larger areas is consistent with the resource
concentration hypothesis. For whole faunas, the aver-
age correlation between density and area was slightly
negative, but it was not significantly different from
zero. While our sample size for faunas is low (n 5 21),
the evidence at hand is consistent with the equilibrium
theory of island biogeography.

It is possible that our estimates of the correlation
between animal population density and patch area are
biased, but based on several lines of reasoning we argue
that biased estimation of effect sizes is unlikely to ac-
count entirely for the patterns we observed. First, we
contend that the methods we used to discover studies
that report data on the relationship between population
density and patch area are unbiased, and this is sup-
ported by the plot presented in Fig. 1A for individual
species (Begg 1994, Greenhouse and Iyengar 1994).
For faunas, the absence in the literature of studies with
both small sample sizes and small effect sizes suggests
that a bias exists against publishing statistically non-
significant values of the correlation between faunal
density and area. However, our selection of all studies,
regardless of sample size, taxa, or the nature of the
habitat patch, should be a sufficient guard against un-
foreseen bias on our part. Second, for studies of birds
based on point counts, the radius of detection of many
species may be greater than the radius of small patches.
Therefore, the region sampled, a circle determined by
the location of the sample point and a species’ radius
of detection, may not be entirely forested. As a result,
there might be a tendency to underestimate densities
on small patches, generating a positive bias in estimates
of the correlation between bird population density and
patch area (Haila 1988, Haila et al. 1993). While we
have no means to quantify the extent of this problem,
we note that even in studies such as Haila (1981, 1983)
and Haila et al. (1983, 1987), in which density esti-
mates are made using transects that cover the entire
area of small patches, correlations between population
density and patch area remain positive. Third, a large
proportion of the effect size estimates we obtained were
based on avian studies employing point count or tran-
sect methods that rely on detecting calling or singing
birds. If there is a systematic bias for particular bird
species, or bird species in general, to be more or less
detectable as a function of patch area, then the patterns
we report could simply reflect such a bias. However,
the literature suggests that point and transect counts
tend to underestimate abundance, not that the detect-
ability of calling or singing birds depends on patch area
(but see McShea and Rappole 1997). Fourth, Haila
(1988) also suggests that because small patches contain
more species that forage in regions outside the putative
habitat patch than do large patches, density estimates

that do not account for this additional foraging area
tend to be overestimates. Therefore, Haila (1988)
claims that the null expectation for the relationship
between density and patch area should be negative!
Given that our estimates are on average positive,
Haila’s argument would imply that our effect sizes may
be underestimates. Fifth, the repeatability of estimates
within species in both the sign of the correlation and
its magnitude suggests that the effect sizes that we have
estimated are largely attributes of each species rather
than idiosyncratic measures heavily dependent on site
characteristics and study methodology. The high re-
peatabilities we observed also argue that it is unlikely
that non-independence of species within studies could
account for our results, since similar estimates of effect
sizes were obtained regardless of the species compo-
sition of the fauna in which a species is imbedded.
Finally, after excluding the studies by Engbring and
Ramsey (1989) and Engbring et al. (1986, 1990) that
have average patch areas at least two to three orders
of magnitude greater than all other studies, we ob-
served no effect of the spatial scale at which a study
is performed on the correlation between population
density and patch area for individual species. This re-
sult also supports our contention that the effect sizes
we estimate are not systematically biased. In contrast,
Bowers and Matter (1997) conclude that for mammals,
density–area relationships are scale dependent, tending
to be negative at small spatial scales. On the other hand,
the coefficient of variation in patch area within a study
was positively related to the correlation between pop-
ulation density and area, which indicates that variation
in r is partly due to the idiosyncrasies of individual
studies.

The overall positive correlation between population
density and patch area could arise from a number of
mechanistic explanations acting individually or in con-
cert, and the mechanisms may differ among species.
The enemies hypothesis and movement hypothesis
have been suggested to underlie the resource concen-
tration hypothesis (Root 1973, Risch 1981, Kareiva
1983) and could also explain the positive correlation
between population density and patch area. Predation
risk may be higher on small patches, keeping the den-
sities of prey populations low (Smith 1974, Denno et
al. 1981, Ambuel and Temple 1983, Askins et al. 1987,
Rolstad and Wegge 1987, Møller 1991, 1995, Paton
1994), or animals may be less likely to disperse from
large patches, keeping densities high (Raupp and Den-
no 1979, Foster and Gaines 1991). Habitat quality
could be positively correlated with patch area, per-
mitting higher density populations to persist (Ambuel
and Temple 1983, Bach 1988, Møller 1991, 1995,).
Social facilitation, higher probabilities of finding mates,
or higher probabilities of over-winter survival or annual
recolonization because of demographic or environ-
mental stochasticity may lead populations in larger
patches to avoid Allee or threshold effects, thus per-
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sisting at higher mean densities than populations in
small patches (Raupp and Denno 1979, Denno et al.
1981, Møller 1991, 1995). Andren (1994) found that
positive correlations between density and patch area
were more likely to occur in patch systems embedded
in highly fragmented landscapes. While evidence is
mounting that the movement hypothesis may explain
the positive correlation between population density and
patch area (Raupp and Denno 1979, Risch 1981, Kar-
eiva 1983, Foster and Gaines 1991), we believe that a
better understanding of the mechanistic causes of the
observed overall positive correlation between popu-
lation density and patch area requires further field stud-
ies designed to test the potential role of these alter-
native mechanisms.

We observed substantial differences among taxa in
the average correlation between population density and
area for individual species, but not for faunas. For in-
dividual species, on average, insects and birds dis-
played large positive correlations, and mammals slight-
ly positive correlations (Fig. 3). The average effect size
for mammals is considerably less than that for birds
and insects, and is not significantly different from zero.
Our results parallel those reported by Bowers and Mat-
ter (1997) in their review of density–area relationships
in mammals. Foster and Gaines (1991) suggest that at
least for small mammals, greater numbers of individ-
uals establish and hold territories on large patches, re-
sulting in lower population densities on large than on
small patches. Presumably, small mammal populations
on small patches are composed of a greater proportion
of transient or sub-adult individuals that are nonterri-
torial, hence permitting greater numbers of individuals
to coexist temporarily on small patches (Dooley and
Bowers 1996). Alternatively, mammals may have a
greater tendency than insects and birds to use resources
outside their putative habitat patches (Laurance 1990).
Such resources would be more abundant and accessible
near small patches because of their greater perimeter-
to-area ratio (Bowers et al. 1996). However, since we
report above that studies with larger coefficients of
variation in patch area tend to have larger effect sizes,
taxonomic differences in effect sizes also may be due
in part to differences in the coefficient of variation in
patch areas between taxa. Mammalian studies had
smaller coefficients of variation in patch areas and
smaller effect sizes than did birds or insects. All of
these explanations could account for the low average
effect size observed for mammals. For faunas, the sam-
ple size was low, particularly for insects and mammals
(Fig. 6). Therefore, the lack of a difference between
taxa among faunal studies may simply be an artifact
of small sample size.

Our results do not appear to parallel those reported
by Schoener (1986) for spiders and lizards on Bahami-
an islands. Schoener reported higher positive correla-
tions between the abundance of several lizard species
and island area than for several species of spiders. But,

when expressed as population densities (abundance di-
vided by island area), rather than abundances, corre-
lations for all species, both lizards and spiders, were
negative. On the other hand, Diamond (1970) and Jae-
nike (1978) also found that the correlation between
population density and patch area was positive, on av-
erage, for birds and insects. For both individual species
and faunas more data are needed, particularly for in-
sects, mammals, and other taxa besides birds, to rep-
resent accurately their respective correlations between
population density and area.

Bender et al. (1998) performed a similar meta-anal-
ysis of the relationshp between animal population den-
sity and patch area for species of birds, mammals, and
insects. Their study focused on assessing the effect of
habitat loss on population density at different spatial
scales and in regions with differing proportions of suit-
able habitat. They report somewhat different effect siz-
es for each taxa, but we attribute these differences to
their smaller data set (n 5 134 species for Bender et
al. 1998, and n 5 287 species for our study). However,
in most other respects their results are similar to those
we report here.

Averaging across taxa for individual species, the cor-
relation between population density and area is signif-
icantly greater among studies conducted in temperate
and boreal environments than in tropical environments.
We were able to include few tropical studies in our
analyses (only four studies, consisting of 45 species),
and these studies often used sampling methods that
differed from the temperate and boreal studies we in-
cluded. Therefore, we hesitate to propose any specific
biological mechanism to account for this trend. For
example, the studies by Engbring and Ramsey (1989)
and Engbring et al. (1986, 1990) represent 93% of our
tropical estimates of effect sizes for individual species
and are based on the lowest sample size of the studies
we include (n 5 4 islands). These studies also sample
bird species abundance by a hybrid method that com-
bines point counts and transects, while most of the
temperate and boreal studies of birds used point count
or transect methods (Bond 1957, Haila 1981, 1983,
Haila et al. 1983, 1987, Askins et al. 1987, Blake and
Karr 1987, Møller 1987).

We observed no differences among broad habitat cat-
egories in the average correlation between population
density and area for individual species of birds or mam-
mals (Fig. 4). When we restricted our analyses to birds
that occupy forest habitats, however, we found that bird
species that occupy forest-interior habitats had higher
correlations between population density and area than
did species that occupy interior-edge or forest-edge
habitats (Fig. 5). Bender et al. (1998) report similar
results from their meta-analysis of avian density–area
relationships. While this appears to be a striking result,
we suggest that it may be simply a result of sampling
methods combined with differences in the proportion
of habitat that is classified as edge, interior-edge, or
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forest interior on small vs. large patches. Forest-interior
and interior-edge habitats constitute a larger proportion
of habitat on large patches, and forest-edge habitat con-
stitutes a smaller proportion of habitat on large patches.
The change in the abundance of each habitat as a func-
tion of patch area, combined with the fact that point
counts are usually conducted either in the center or at
least some minimum distance from the forest edge,
could result in a greater proportion of the habitat sam-
pled on large patches being forest-interior habitat and
a smaller proportion being forest-edge habitat, which
in turn could lead to higher estimates of the density of
forest-interior and lower estimates for forest-edge spe-
cies on large patches. Alternatively, any of the mech-
anisms mentioned above could account for the higher
densities of forest-interior and lower densities of forest-
edge species in large patches. Finally, Stamps et al.
(1987) also propose a mechanism to account for higher
densities of forest-interior species on large patches
based on an hypothesized relationship between patch
area and intruder pressure.

Besides rejecting an assumption of the equilibrium
theory of island biogeography, the overall positive cor-
relation between the population density of individual
species and patch area that we report has implications
for the interpretation of species–area relationships, for
the structure of metapopulation and patch dynamic
models, and for the design of nature preserves.

Two of the mechanisms proposed to account for
species–area relationships—the area per se hypothesis
and the passive sampling hypothesis—require in the
former case that the average total abundance of in-
dividual species populations be larger on large is-
lands, and in the latter case that the number of col-
onists arriving is proportionately higher on large than
on small islands (Connor and McCoy 1979). If the
higher density of animals on large patches is due to
local reproductive recruitment, then area per se leads
to larger population sizes, thus lowering extinction
rates and permitting more species to occupy large
patches (Simberloff 1976, Connor et al. 1983). If the
higher density of animals on large patches is generated
by differential movement into large patches or higher
movement rates out of small patches with equal rates
of local reproductive recruitment in patches of all siz-
es, then the passive sampling hypothesis would ac-
count for the arrival and persistence of more species
on large patches. Because movement may be more
common among habitat islands than among true is-
lands, we suggest that the area per se hypothesis com-
bined with the habitat diversity hypothesis is more
likely to explain species–area relationships on true
islands (Connor and McCoy 1979), although this may
not be the case for migratory birds that recolonize
habitat patches annually (Haila et al. 1993).

The question of whether the dynamics of populations
occurring on habitat islands are dominated by move-
ment or by local reproductive recruitment, and hence

whether the passive sampling or the area per se hy-
pothesis accounts for species–area relationships among
habitat islands, is central to the concept of the meta-
population. Like equilibrium theory, most current mod-
els of metapopulation dynamics assume that population
densities are independent of patch area (Hanski 1991,
1994, Hanski and Thomas 1994). Hence, while large
patches contain larger populations than do small patch-
es, their value per unit area to the regional abundance
of a species is identical. Our result suggests, however,
that on average population density is positively cor-
related with patch area. This implies that a few large
patches may account for the regional abundance of a
species, with small patches contributing little to re-
gional abundance and persistence. If this is true, then
recolonization dynamics may play a small role in the
regional persistence of a species, and persistence would
be insured by the preservation of a small number of
large habitat patches containing large, extinction-re-
sistant populations (Harrison 1991). Only when most
habitat patches are too small to permit sufficient in-
terannual in situ reproductive recruitment would the
system be dominated by colonization and extinction
dynamics.

Finally, if a goal of biological conservation is to
maintain populations of individual species that are at
least larger than some minimum viable population size,
the observation that animal population densities are,
on average, positively correlated with patch area argues
that a single large nature preserve is more likely to
achieve this goal than several small preserves of equal
total area. For bird species, we observed the correlation
between population density and patch area to be in-
dependent of the overall density of the species, which
suggests that rare or uncommon species are as likely
to have high positive correlations as are more abundant
species. For mammals, rare species tend to have larger
positive correlations between population density and
patch area than do common species, which may even
have negative correlations. Therefore, larger habitat
patches are particularly valuable to rarer mammal spe-
cies. However, the high variability in effect size esti-
mates among species within taxa (Fig. 2), combined
with the considerable repeatability in effect sizes we
estimated within species, argues that the area depen-
dence of the population density of individual species
also varies considerably among species. As a result,
the mean effect size within taxa will be an inadequate
representation of the effect size for any particular spe-
cies. Therefore, which conservation strategy is most
effective will depend on the biology of the species in
question, on the sign and magnitude of the correlation
between its population density and area, and on many
other biological and practical considerations.
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APPENDIX
A full description of the data for each individual species estimate (summarized in Table 1) and the data file used for the

analysis is available in ESA’s Electronic Data Archive: Ecological Archives E081–008. The data are posted both in tabular
form and as a downloadable data set with accompanying metadata.


