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Abstract. Patterns in the spatial distribution of endemic species are central to setting
conservation priorities and estimating extinction rates due to habitat loss. We use quanti-
tative models to isolate the effects of relative species abundances and conspecific spatial
distributions on the endemics—area relationship. Using published abundance data from a
tropical rain forest community, we apply these models to illustrate how species abundance
distributions and species spatial distributions have a strikingly different influence on total
and endemic species diversity patterns, respectively. Increased dominance and conspecific
aggregation in a region will act to decrease the total species diversity of smaller sampled
subregions, but to increase subregional endemic species diversity. Our results suggest that
biotic or abiotic forces contributing to regional-scale species dominance and conspecific
clustering may increase the risk of extinctions under habitat |oss.

Key words:  abundance; aggregation; dominance; endemics; endemics—area relationship; even-
ness; extinction risk; negative binomial; random placement; spatial distribution; species-area rela-

tionship.

INTRODUCTION

Patterns in the spatial distribution of endemic spe-
cies, species with geographic distributions limited to a
specified region, are central to our understanding and
conservation of biological diversity. Regions featuring
high concentrations of narrowly distributed species
(centers of endemism) are frequently targeted as pri-
ority conservation areas because species with small
geographical ranges are potentially at a greater risk of
extinction than those with larger ranges (Bibby et al.
1992, Mittermeier et al. 1998, Myers et al. 2000). How-
ever, recognition of centers of endemism is dependent
on the scale of the study region (Major 1988, Anderson
1994). For example, although the continent of Australia
is recognized as a mgjor center of endemism, large
regions within the continent such as southwest Western
Australia are also recognized as centers of endemism
(Crisp et al. 2001). Hence, the need to identify and
compare patterns of endemism across different spatial
scales when setting national or global conservation pri-
orities is becoming increasingly recognized (Peterson
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and Watson 1998). An understanding of the relation-
ship between the number of species endemicto aregion
and the area of that region, the endemics-area rela-
tionship (EAR), is pivotal to such comparisons.

In addition to targeting conservation areas, under-
standing patterns in the spatial distribution of endemic
species is critical to estimating extinction rates due to
habitat loss. Although species-area relationships have
traditionally been applied to estimate extinction rates
following habitat loss, it is now understood that ap-
plying EARs can yield very different and perhaps more
accurate predictions (Kinzig and Harte 2000, Green et
al. 2001, Zurlini 2002).

Despite the important role of endemism in conser-
vation biology, there have been few theoretical or mod-
eling advances examining the relationship between en-
demic species richness and area. Existing theory re-
garding EARs assumes that the spatial distribution of
species is fractal, or self-similar (Harte and Kinzig
1997, Harte et al. 1999). The form of the EAR under
a more general array of species spatial and abundance
distributions has yet to be examined. In particular, un-
der the fractal approach, a species abundance and the
spatial aggregation of itsindividuals are both afunction
of the fractal dimension of the species distribution, and
hence one cannot assess independently the influence of
species relative abundances and intraspecific clustering
on the EAR.
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TaBLE 1. Species-abundance models and the corresponding endemics—area curves under the assumption that all speciesin

a community are randomly distributed.
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Notes: All parameters follow the notation of He and Legendre (2002: Table 1). N is the total number of individuals in the
entire community with area A; Sis the total number of species. In the specification column, s, is the number of species
(broken-stick, log series) or probability function (TNBD) with n individuals for a corresponding species—abundance model.
In the right-hand column, E(a) is the expected number of endemic species in the sampling area a. For the geometric series,
n; is the number of individuals of the ith species for i = 1, 2, ..., S; K is the resource preemption parameter. For the
truncated negative binomial distribution (TNBD), v is the shape parameter measuring the shape of the species—abundance
distribution, and ¢ is the scale parameter. For the log-series distribution, « and x are parameters.

In this paper, we use quantitative models to clarify
the influences of sampling area, species abundances,
and intraspecific clustering on endemic species diver-
sity. Our analysis is motivated by a recent study of He
and Legendre (2002), who explored the influences of
sampling area, species abundances, and interspecific
clustering on total species diversity. Paralleling He and
Legendre’s study, we use a random placement model
to isolate the effects of relative species abundance on
the EAR, and a nonrandom placement model to study
the effects of spatial distribution on the EAR. Using
parameters estimated from a tropical rain forest com-
munity, we compare species—area and endemics—area
curves under a variety of different species abundance
and spatial distribution scenarios.

ENDEMICS-AREA MODELS UNDER
RANDOM DISTRIBUTION

Here we assume, as He and Legendre (2002) did,
that all of the individuals of a set of S species with
abundances {N,, i = 1, 2, ..., S are independently
and randomly distributed throughout a region or biome
of area A. The probability of finding a particular in-
dividual of aspeciesinasmaller region of areaawithin
A is a/A. The probability of finding all N; individuals
of a species in subregion a is (a/A)N. The expected
number of species endemic to subregion a, E(a), isthe
sum across all species of this probability:

S a N
Ee) = 2 ( A) : (1)

If the set of S species are globally endemic to A
(found in A and nowhere else), then E(a) represents
the expected number of species globally endemic to
subregion a. If the set of S species includes species
that may be present outside of A, then E(a) represents
the expected number of species locally endemic to a,
meaning species confined to subregion a within A, and
hence found nowhere else in A. In this paper, we aim
to illustrate that the effects of relative abundance and
spatial aggregation on the species—area relationship
found by He and Legendre (2002) are entirely the op-
posite of the effects of these factors on the endemics—
area relationship. Hence, we use the same abundance
distribution parameters as He and L egendre (2002: Ta-
ble 1), those fitted to data for all species in a 500 X
1000 m plot of the Pasoh Forest Reserve, Malaysia,
and we plot the local endemics—area relationships that
would result at this site under different scenarios. How-
ever, our analyses and conclusions are equally relevant
to scaling patterns of global endemism.

Effect of species dominance on endemic
species richness

Using Eq. 1, one can examine how different relative
abundances across the S species in A, with varying
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degrees of dominance (or evenness, which is the com-
plement of dominance), will giveriseto different num-
bers of endemic species in subregion a. Given a fixed
number of species (S) and total individuals (N) within
A, acommunity characterized by the most even species-
abundance distribution will have N/S individuals per
species. A decrease in evenness will result in an in-
creasein rarity (or anincrease in the number of species
with abundance less than N/S). In the case of random
placement, the likelihood that a species would be con-
fined to a subregion a increases with decreased abun-
dance of the species; thus, one would expect a decrease
in evenness to be coupled with an increase in endemic
species diversity.

To numerically evaluate the effect of dominance on
the endemics—area curve, we used two different sets of
species-abundance models. First, we plotted the ran-
dom-placement endemics—area curvesfor each species-
abundance model in Table 1 (Fig. 1); these curvesvary
intheir level of evenness at the regional scale. For each
species-abundance model, we used the estimated pa-
rameters fit to data from the Pasoh Forest Reserve,
Malaysia (He and Legendre 2002: Table 2). For this
data set, there are, in total, 814 species and 335356
individuals within a 500 X 1000 m rectangular plot (S
= 814, N = 335356, and A = 500000 m?). The actual
observed abundance distribution for this data set falls
between the broken-stick and geometric-series abun-
dance distributions with respect to evenness.

Overall, Fig. 1illustrates that a decrease in evenness
at the regional scale leads to an increase in endemic
species diversity in a subregion a, but a decrease in
total speciesdiversity in that subregion. However, there
are different measures of evenness. With the Pielou
metric J’ (Pielou 1975), evenness decreases monoton-
ically from the most even distribution through the bro-
ken-stick, TNBD (truncated negative binomial), geo-
metric, and log series distributions to the most uneven
distribution (He and Legendre 2002: Table 2), and en-
demic species richness increases systematically
through this series. By contrast, evenness does not de-
crease monotonically through this series of distribu-
tions if measured by Gini’s coefficient g (Weiner and
Solbrig 1984); hence, endemic species richness does
not increase systematically with evenness as measured
by Gini’s coefficient.

In Fig. 2, we plotted the random-placement endem-
ics—area curves for a set of landscape-scale species-
abundance distributionsthat, as He and L egendre point-
ed out, is monotonic in both of these measures of even-
ness. This second species-abundance model dividesthe
total abundance across all species (N) in such a way
that each of thefirst S, species has only one individual,
whereas the remaining N — & individuals are split
equally among the remaining S — §, species. For this
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example, we used S, = 0 (most even), § = 250, § =
550, and §, = 813 (most uneven). And, as before, we
assumed that S = 814, N = 335356, and A = 500 000
m?. Fig. 2 further validates the expected pattern that
increased species dominance in the large region A (a
decrease in evenness) results in increased endemic spe-
cies richness within a subregion a.

ENDEMICS-AREA MODELS UNDER
NONRANDOM DISTRIBUTION

Here we assume, as did He and Legendre (2002),
that the individuals of the set of S species with abun-
dances{N;, i =1, 2,..., S aredistributed such that
the probability of speciesi being present in asubregion
of area x is independent of the spatial distribution of
al other species and equal to:

X N,x\ "

p(x) =1 (1 A)(l + AK) . 2
Here, the parameter k; characterizes the spatial distri-
bution of species i and can take on values in the in-
tervals (—o, —N;x/A) and (0, «). Note that N, x/A isthe
average abundance of the species in area x. When k; is
negative, p,(x) describes a regular spatial distribution
of individuals; when k; is positive, pj(x) describes an
aggregated spatial distribution of individuals. The degrees
of regularity and aggregation each decrease with increas-
ing magnitude of k. Under this model of intraspecific
aggregation, the expected number of species in a subre-
gion of size a is the sum over species of p,(a):

S al S N,a —ki
S(a) = Zl p(a =S (1 A) 2‘1 (1 + Aki> )
The probability that a species would be endemic to
an area of size a is the same as the probability that it
would be absent from an area A — a. This probability
issimply 1 — p,(A — a). Hence, the number of endemic
species in an area of sizeais

S

E@ =2 [1-p(A-a)

—ki

a\ < (A —
_ (Z) » NI(A/:\K 3)
i=1

The two ends of the endemics—area relationship are
fixed: E(0) = 0 and E(A) = S When al k; = —N;x/A
= (—=Ni(A — a)/A), the species are so regularly dis-
tributed in the subregion of size A — athat every spe-
cies is amost certainly present in A — a, resulting in
E(A — a) = Sand E(a) = 0.

With the factor 1 — X/A replaced by 1, Eq. 2 is a
model of spatial distribution derived from a binomial
distribution for k; < —N;x/A and from the negative
binomial distribution for k; > 0. Although the negative

1+

(4)
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Fic. 1. Endemics—area curves (open symbols) and species—area curves (closed symbols) of random placement for the

species-abundance models in Table 1, fit to the Pasoh Forest species-abundance data. In contrast to the species richness
pattern, endemic species diversity in a given sampling area increases with decreasing evenness. (a) The number of endemic
species and species plotted against the natural logarithm of area (measured in square meters). (b) The natural logarithm of
endemic and total species richness is plotted against the natural logarithm of area (measured in square meters), illustrating
the difference between curves that appear to be nearly overlapping in (a). The endemic speciesrichness for the even abundance
distribution was zero at every spatial scale except for the largest; hence, the natural logarithm of the endemic species richness

was not plotted for this distribution.

binomial distribution (NBD) is often used to model the
spatial aggregation of individuals in biology, the en-
demics—arearelationship represented by Eq. 4, for pos-
itive values of k;, is not equivalent to an endemics—area
relationship derived from the NBD. The NBD, unlike
the random distribution model used in this analysis, is

meant to capture the characteristics of a species dis-
tribution only for small subregions x of a much larger
region of size A, i.e., for x < A. It does not accurately
capture the properties of nonrandom species distribu-
tionsin subregions of sizex ~ A. In particular, it assigns
aprobability lessthan 1 for the speciesto bein asample
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FiG. 2. Endemics—area curves (open symbols) and species—area curves (closed symbols) of random placement for different
S. We assumed that study area A = 500 000 m?, total species richness S = 814, and total abundance N = 335356. The term

S denotes the number of species with one individual, and
remaining S — S, species. Lower values of § result in more
richness pattern, endemic species diversity in a given sampli

the remaining N — S individuals are split equally among the
even species-abundance distributions. In contrast to the species
ng area decreases with increasing evenness (and decreasing S)).

(a) Endemic and total species richness plotted against the natural logarithm of area (measured in m?). (b) The natural logarithm

of endemic and total species richness plotted against the nat

of size A, which encompasses the whole region in
which the species is known to be present. The factor
1 — XA in Eg. 2, introduced by He and Legendre
(2002), compensates for this, by forcing p;(A) to 1, but
may not yield an accurate representation of the prop-
erties of a particular type of spatial aggregation well
described by the negative binomial when x < A. How-

ural logarithm of area (measured in m?).

ever, as He and Gaston (2000) suggest, for k; O (—¢°,
—N;x/A) and for k; O (0, «), Eq. 2 models the proba-
bility of presence for an entire spectrum of spatial pat-
terns, from regular to random to aggregated. We can
thus apply Eq. 2 to explore the form of species—area
relationships and endemics—area relationships for a
spectrum of spatial and species-abundance distributions.



November 2003

Effect of spatial distributions on endemic
species richness

For any species-abundance distribution defined for
the S species present in A, the effect of the spatial
distribution on endemic species richness can be eval-
uated by varying the parameter k; in Eq. 4. One would
expect that more clustered spatial distributions would
result in higher endemic species richness at a given
subregion a. To explore this idea numerically, and to
compare the endemics—arearelationship to the species—
area relationship as analyzed by He and Legendre
(2002), we defined, as they did, ki = cN,X/A, where ¢
is a constant scaling factor across all species. Fig. 3
compares the endemics— and species—area curves for
different values of c ranging from negative (regular
distribution) to positive (aggregated). For this example,
we assumed a geometric series distribution fit to the
Pasoh Forest species-abundance data (total species
richness (S) = 814, total abundance across all species
(N) = 335356, and resource preemption parameter (K)
= 0.009927). These curves show that, as expected,
endemic species richness in a subregion a consistently
increases with the intensity of spatial aggregation of
the species, supporting the hypothesis that spatial reg-
ularity decreases endemic species richness in a sub-
region. This pattern is the opposite of what is seen for
total species richness, which decreases with the inten-
sity of spatial aggregation. When species are highly
aggregated (c = 0.0001), the form of the endemics—
area curve approaches that of the species-area curve.
A's species become less aggregated, total species rich-
ness increases with area much more rapidly than does
endemic speciesrichness. Finally, when the spatial dis-
tribution of species is highly regular (c = —1.0001),
species are distributed everywhere throughout the larg-
er region A, and hence are no longer confined (or en-
demic) to the smaller subregions within A.

DiscussioN

In this paper, we have shown that an increase in re-
gional-scal e dominance and conspecific aggregation will
result in an increased number of species endemic to a
subregion. In particular, we have shown that these pat-
terns hold in numerical examples in which we have sep-
arately varied dominance and aggregation. In addition
to the examples documented in this paper, we performed
simulations to evaluate the “factorial” effects of dom-
inance combined with spatial distribution. For different
combinations of dominance X spatial distribution, we
always found that regional-scale dominance and con-
specific aggregation increased endemism in a subregion.

The species present in an area consist of two groups:
species that are endemic to that area and those with a
range extending outside of that area. He and Legendre
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(2002) found that regional-scale dominance and con-
specific aggregation both act to decrease the total num-
ber of species in a subregion. Combining our results
with those of He and Legendre, we can infer that dom-
inance and spatial aggregation will act to decrease the
expected number of species in an area with a range
extending outside that area.

In a recent theoretical paper, Plotkin and Muller-
Landau (2002) found that conspecific aggregation de-
creases the expected number of species in common to
two plots randomly sampled from alarger region. This
result is consistent with our finding that conspecific
aggregation increases the expected number of species
endemic to asampling area. As endemicity within plots
increases, similarity between plots must decrease. Plot-
kin and Muller-Landau also solved for the expected
similarity between two sampling areas assuming a
range of different species-abundance distributions at
the landscape scale, but did not explicitly investigate
how the relative evenness or dominance of the species-
abundance distribution impacts beta diversity. Our re-
sults suggest that increased dominance will decrease
the expected fraction of species in common to two
plots.

Our models and findings are of practical interest to
conservation planning. The need to investigate the ef-
fect of spatial scale on risk assessments in a set of
geographically nested areas is becoming widely rec-
ognized (Gardenfors 2001). The models used in this
study offer a quantitative tool to these investigations,
enabling oneto consider the impact of scale on endemic
species richness in awide range of circumstances. Fur-
thermore, scaling patterns of endemicity can be applied
to estimate the risk of extinctionsfollowing habitat |oss
due to deforestation (Kinzig and Harte 2000, Zurlini
et al. 2002) or species range shifts induced by global
warming (Green et al. 2001). Although there have been
some empirical studies on the endemics—arearelation-
ship (Major 1988, Anderson 1994, Ceballos and Brown
1995, Harte and Kinzig 1997, Willerslev et al. 2002,
Yeates et al. 2002, Zurlini et al. 2002), they are few in
number, and hence these models may be particularly
useful for making estimates for a range of scenariosin
the absence of empirical guidance. Note that our results
apply to two potentially useful definitions of ende-
mism: global endemism and local endemism. Scaling
patterns of global endemism are relevant to large-scale
conservation planning and species extinction estimates.
Scaling patterns of local endemism are relevant when
considering local species extinctions, or population ex-
tinctions, which have been deemed an equal if not more
sensitive indicator of the loss of biological capital than
global species extinctions (Smith et al. 1991, Ceballos
and Ehrlich 2002).
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Fic. 3. Species—area curves of Eq. 3 (closed symbols) and endemics—area curves of Eq. 4 (open symbols) for different
values of the scaling factor c¢. From ¢ = —1.0001 (top and bottom curves) to ¢ = —2, the spatial distribution of species shift
from regular to random, whereas from ¢ = 0.0001 (central curves) to ¢ = 0.2, the spatial distributions shift from aggregated
to random. In contrast to the species richness pattern, the number of endemic species in a given sampling area increases in
spatial aggregation of the species. (a) The number of endemic species and total species plotted against the natural logarithm
of area (measured in m?). (b) The natural logarithm of the number of endemic species and total species plotted against the

natural logarithm of area (measured in m?).

In light of their results on the effect of dominance
and spatial aggregation on species richness, He and
Legendre (2002) proposed a hierarchical model for
considering the effects of biotic and abiotic factors on
species richness. In particular, they proposed that one

way to glean the potential effect of such factors on
species richness is to consider their effects on species
abundances and conspecific aggregation. We suggest
that this hierarchical model is equally useful for con-
sidering the effects of biotic and abiotic factors on
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endemic species richness. For example, the invasion of
exotic species might cause an increasein regional-scale
dominance, and hence increase the level of endemic
species richness in subregions. An interesting conse-
quence of our study is that biotic and abiotic factors
that decrease dominance and conspecific aggregation
will tend to increase the total species richness of a
subregion, but decrease its endemic species richness.
This could lead to negative correlations between en-
demic species richness and total species richness, as
long as regional total and endemic diversity are held
constant. Furthermore, under this hierarchical model,
our results suggest that biotic or abiotic forces con-
tributing to regional-scal e species dominance and con-
specific clustering may increase the risk of extinctions
under habitat |oss.
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