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ABSTRACT
Diamond (Assembly of species communities. In: Cody ML, Diamond JM, editors. Ecology and
evolution of communities. Cambridge: Belknap. p 342–
444 (1975)) argued that interspeciﬁc competition
between species occupying similar niches results in a
nonrandom pattern of species distributions. In particular, some species pairs may never be found in the same
community due to competitive exclusion. Rigorous analytical methods have been developed to investigate the
possible role that interspeciﬁc competition has on the
evolution of communities. Many studies that have
implemented these methods have shown support for
Diamond’s assembly rules, yet there are numerous
exceptions. We build on this previous research by examining the co-occurrence patterns of primate species in
109 communities from across the world. We used EcoSim to calculate a checkerboard (C) score for each
region. The C score provides a measure of the propor-

tion of species pairs that do not co-occur in a set of
communities. High C scores indicate that species are
nonrandomly distributed throughout a region, and
interspeciﬁc competition may be driving patterns of
competitive exclusion. We conducted two sets of analyses. One included all primate species per region, and
the second analysis assigned each species to one of four
dietary guilds: frugivores, folivores, insectivores, and
frugivore-insectivores. Using all species per region, we
found signiﬁcantly high C scores in 9 of 10 regions
examined. For frugivores, we found signiﬁcantly high-C
scores in more than 50% of regions. In contrast, only
23% of regions exhibited signiﬁcantly high-C scores for
folivores. Our results suggest that communities are
nonrandomly structured and may be the result of
greater levels of interspeciﬁc competition between frugivores compared to folivores. Am J Phys Anthropol
144:131–139, 2011. V 2010 Wiley-Liss, Inc.

A fundamental research focus in community ecology
involves the factors that inﬂuence community structure.
Environmental variables are commonly examined to predict various aspects of animal communities, such as species richness and species composition (Currie, 1991;
Andrews and O’Brien, 2000; Reed and Bidner, 2004;
Kamilar, 2009). For primates, as well as other vertebrates,
previous research has shown that there is a positive correlation between mean annual rainfall and species richness
(Reed and Fleagle, 1995; Kay et al., 1997; Hawkins et al.,
2003). Annual rainfall is often related to plant productivity, which forms the dietary resource base for numerous
vertebrates. Additional factors, such as tree height,
canopy volume, predation, and human-induced habitat
disturbance, can inﬂuence the diversity of members of a
community (Reed and Bidner, 2004). Furthermore, phylogenetic history and biogeographic factors have been suggested to strongly inﬂuence species distributions, mostly
through historical patterns of species dispersal and/or
vicariance (Cracraft, 1994; Fleagle and Reed, 1999; Lawes
and Eeley, 2000; Hawkins and Porter, 2003; Kamilar,
2009; Kamilar and Guidi, 2010).
Although difﬁcult to test without an experimental
approach, interspeciﬁc competition has also been invoked
as an important factor shaping broad-scale variation in
community structure. Diamond (1975) and others [e.g.,
Fox and Brown (1993)] have proposed community assembly rules that are based on the idea that interspeciﬁc competition governs the presence and absence of species in
communities. Some studies have used primates as a model

taxon to test this hypothesis. For example, Ganzhorn
(1997) found that Malagasy primate communities followed
Fox’s assembly rule (Fox, 1987). This suggests that competition between members of a community results in favoring entry to only those species that are most ecologically
distinct from current members of the community, such
that each functional group is represented by an equivalent
number of species before additional members are allowed
entry (Fox, 1987; Fox and Brown, 1993). Although interspeciﬁc competition has been commonly invoked as the
mechanism producing this pattern, Wilson (1995) showed
that a similar scenario may be produced by randomly
assigning species to communities.
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TABLE 1. Sample sizes used in this study

Regiona

No.
communities

No.
total
species

East Africa
Central Africa
West Africa
Central Amazon
West Amazon
Guyana Shield
East Madagascar
West Madagascar
Mainland Southeast Asia
Sunda Shelf

20
11
8
5
10
7
17
13
11
7

28
33
25
29
30
13
23
24
17
15

No.
frugivore
species

No.
folivore
species

No.
insectivore
species

No.
frugivoreinsectivore
species

14
20
16
20
24
10
6
5
7
6

4
5
x
x
x
x
9
5
8
7

10
7
6
x
x
x
x
x
x
x

x
x
x
5
5
x
4
9
x
x

x indicates that sample size was too small to analyze.
a
The same species may be found in different regions within each continent.

An assembly rule proposed by Diamond (1975), one that
has been surrounded by a great deal of controversy,
involves the nonrandom occurrence of species in ‘‘checkerboard’’ distributions. He argued that in a set of communities, interspeciﬁc competition in the past results in the
absence of one species being associated with the presence
of another in a nonrandom fashion. Connor and Simberloff
(1979) suggested that the assembly rules proposed by Diamond (1975) were tautologies and that checkerboard distributions could very well arise in communities with little
or no interspeciﬁc competition. Some of the early problems
with testing Diamond’s predictions were methodological.
Rigorous statistical analyses to properly test whether species co-occurrence patterns are nonrandom have been
improved during the past 15–20 years (Atmar and Patterson, 1993; Colwell, 1999; Gotelli and Entsminger, 2009).
During this time, a number of studies have added support
to Diamond’s (1975) hypotheses (Stone and Roberts, 1990;
Manly, 1995; Gotelli et al., 1997; Sanderson et al., 1998;
Gotelli, 2000; Gotelli and McCabe, 2002), yet the mechanisms producing these patterns of species distributions
are still not always easy to discern.
Primates provide an ideal group to examine questions
related to competition and community structure. Intraspeciﬁc dietary competition has long been considered a driving
force shaping primate social structure (van Schaik and van
Hooff, 1983; Janson, 1988) and group size (Janson, 1992;
Wrangham et al., 1993). Furthermore, food competition is
expected to be high when dietary resources are relatively
rare and/or defensible and low when they are abundant
and/or indefensible (Janson, 1988). Traditionally, frugivorous species are thought to experience greater food competition compared to folivores, because fruits are regarded as
rare and/or defensible resources (Sterck et al., 1997). However, recent research has challenged this idea, suggesting
that some folivorous primates compete for access to preferred leaves (Koenig, 2000; Snaith and Chapman, 2007).
There are several studies that suggest spatial patterns on
small and large scales are mediated by interspeciﬁc competition between primate species that occupy similar niches
(Porter, 2001; Buzzard, 2006; Lehman, 2006).
In this study, we used a broad-scale approach to investigate whether the distribution patterns of primates in
African, Malagasy, South American, and Asian communities are consistent with Diamond’s (1975) assembly
rules, exhibiting nonrandom patterns of species co-occurrence. We also investigated co-occurrence patterns
within and between dietary guilds to better test if comAmerican Journal of Physical Anthropology

petition was the mechanism driving nonrandom species
distributions. Based on previous research examining
competition for different dietary resources, we predicted
that checkerboard patterns of species distributions will
be more common for taxa that eat rare and/or defensible
foods (e.g., fruit and insects) compared to those preferring more widely available resources (e.g., leaves), due to
higher levels of interspeciﬁc competition among frugivores (Lehman, 2006). Strong competitive interactions in
the past should produce numerous cases of competitive
exclusion in modern communities, leading to checkerboard patterns of species distributions.

METHODS
We used published presence–absence species lists
(Kamilar, 2009) collated from 109 study sites across
Africa (39), South America (22), Madagascar (30), and
Asia (18) (Table 1, Fig. 1, and Supporting Information
1). We did not examine species co-occurrence patterns at
the continental level, because historical factors such as
dispersal and vicariance are likely to inﬂuence species
distributions and confound any effects due to interspeciﬁc competition (Kamilar, 2009; Kamilar et al., 2009).
Instead, we analyzed the data at the regional level, with
each continent divided into separate biogeographic areas
of endemism based on Kamilar (2009) (Table 1 and Fig.
1). Kamilar’s (2009) areas of endemism were based on
an Unweighted Pair Group Method with Arithmetic
Mean cluster analysis of the presence–absence of species
in each continent. Several regions within each continent
were relatively distinct from others based on their species compositions [see Figs. 3–6 in Kamilar (2009)].
Using this scheme, our dataset contained three regions
in Africa (East, Central, and West), three regions in
South America (Central Amazon, West Amazon, and
Guyana Shield), two regions in Madagascar (East and
West), and two regions in Asia (Mainland Southeast
Asia and the Sunda Shelf) (Table 1). Data from other
regions within each continent were available but were
not included, because the number of species and/or sites
in these regions was too small for statistical analysis.
We used the EcoSim software package (Gotelli and
Entsminger, 2009) to test for nonrandom patterns of species co-occurrence. EcoSim allows users to test for patterns in species communities by comparing real presence–absence data matrices to randomly generated
‘‘pseudo-communities’’ (Pianka, 1986). Although there
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Fig. 1. The location of primate communities and areas of endemism included in our study. A: African communities: (1) Assirik,
(2) Kedougou, (3) Tiwai, (4) Tai, (5) Shai Hills, (6) Korup, (7) Kilum-Ijim, (8) Waza, (9) Dja, (10) Monte Alen, (11) Rio Muni, (12)
Lope, (13) Makande, (14) Makakou, (15) Odzala, (16) Mondika, (17) Nyungwe, (18) Salonga, (19) Lukuru, (20) Ituri, (21) Budongo,
(22) Semliki-Toro, (23) Kibale, (24) Bwindi, (25) Kahuzi-Biega, (26) Gombe, (27) Mahale, (28) Zomba, (29) Ruaha, (30) Uzungwa,
(31) Mikumi, (32) Jozani, (33) Diani Beach, (34) Amboseli, (35) Tana, (36) Laikipia, (37) Kakamega, (38) Awash, (39) Bole. B: Asian
communities: (1) Sepahijala, (2) Gumti, (3) Hollongapar, (4) Namdapha, (5) Wuliang, (6) Na Hang, (7) Huong Khe, (8) Doi SuthepPui, (9) Phu Khieo, (10) Huai Kha Khaeng, (11) Khao Yai, (12) Sungai Tekam, (13) Ulu Sempam, (14) Kuala Lumpat, (15) Ketambe,
(16) Gunung Mulu, (17) Kutai, (18) Tanjung Putting. C: Malagasy communities: (1) Montage d’Ambre, (2) Analamera, (3) Manehoko, (4) Manongarivo, (5) Mahilaka, (6) Bora, (7) Marojejy, (8) Anjanaharibe, (9) Amparihibe, (10) Ankirindro, (11) Andranobe, (12)
Verezantsoro, (13) Zahamena, (14) Betampona, (15) Analamazaotra, (16) Ankarafantsika, (17) Madirovalo, (18) Namoroka, (19)
Andranomena, (20) Kirindy, (21) Vohibola III, (22) Ranomafana, (23) Andringitra, (24) Manombo, (25) Zombitse, (26) Beza-Mahafaly,
(27) Tsimanampetsotsa, (28) Berenty, (29) Andohahela, and (30) Ste. Luce. D: Neotropical communities: (1) El Triunfo, (2) Beni, (3)
San Sebastian, (4) Manu, (5) Rio Cenepa, (6) Yasuni, (7) Tambocha, (8) Saimiria, (9) Camp Callicebus, (10) Quebrada Blanco, (11)
Rio Urucu, (12) Manaus, (13) Tapajos, (14) Belem, (15) Nourages, (16) Raleighvallen-Voltzburg, (17) Mabura, (18) Guri Lake, (19)
Maracá, (20) Esmeralda, (21) Puerto Ayachucho, and (22) Pico da Neblina.

are several metrics available to quantify co-occurrence
patterns, we chose Stone and Robert’s (1990) checkerboard score (C score). The C score quantiﬁes the mean
number of ‘‘checkerboard units’’ among all possible pairs
of species in a presence–absence matrix (Gotelli and
Entsminger, 2009). Sanders et al. (2003) state that a
‘‘checkerboard unit’’ is represented by a 2 3 2 submatrix
(e.g., two species by two sites), where a species pair does
not co-occur (see Fig. 2). If the presence–absence data
matrices have a signiﬁcantly higher C score than randomly generated matrices, then a substantial number of
species pairs co-occur less often than by chance, suggesting that spatial distributions may be structured by inter-

speciﬁc competition. Alternatively, signiﬁcantly, low-C
scores suggest that several species co-occur more frequently than expected by chance. Finally, if interspeciﬁc
competition is not important, then observed C scores
should not differ from randomly generated ones (see
Fig. 2 for an illustration of these different scenarios).
We calculated statistical signiﬁcance by generating
5000 random data matrices and tested whether the C
score of the real presence–absence data matrix was
greater than 95% of the highest or less than 95% of the
lowest C scores from the randomly generated datasets.
Our data are most similar to Gotelli’s (2000) ‘‘island
lists,’’ which contain complete lists of all species on an
American Journal of Physical Anthropology
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Fig. 3. Bar chart illustrating the observed and expected C
(checkerboard) scores for all regions using all species per region.
Statistically signiﬁcant (P < 0.05) checkerboard scores are
marked by an asterisk and indicate that numerous species pairs
do not co-occur. A randomization approach was implemented to
calculate statistical signiﬁcance. Therefore, the magnitude of
the difference between observed and expected C scores is more
important than absolute C score values.

Fig. 2. Example A illustrates a checkerboard (C) score no
different than random because species do not co-occur more or
less than expected by chance (i.e., species are randomly distributed across sites). Example B illustrates a signiﬁcantly high C
score, because several species pairs co-occur less than expected
by chance (i.e., they are rarely or never found in the same community). The shaded area of the matrix represents a checkerboard unit. Example C demonstrates a signiﬁcantly low C score
because several species co-occur more often than random.

island or from a distinct habitat patch. Therefore, we followed Gotelli’s (2000) suggestion to maintain the same
number of species for each site and the same number of
sites for each species when generating random datasets
to calculate statistical signiﬁcance (Connor and Simberloff, 1979). In addition, Gotelli (2000) suggested that
using C scores reduces the amount of Type I and Type II
error and is particularly suited for ‘‘island list’’ data.
Unfortunately, the EcoSim software does not tell us
which species pairs or communities are most important
for driving species co-occurrence patterns within a set of
communities, though some of these patterns may be
gleaned from examining the data matrix (see Supporting
Information 1). It is important to note that we used one
model in our analysis and other models exist. Further
testing is needed to determine the possible effects of different models for the results of null model analysis [e.g.,
see Maestre et al. (2008)].
Because interspeciﬁc competition for dietary resources
may play a particularly important role in driving species
distributions, we conducted a second set of analyses
examining species co-occurrence patterns in different
dietary guilds. A guild can be deﬁned as ‘‘a group of
species that exploit the same class of environmental
resources in a similar way’’ (Root, 1967). We deﬁned our
American Journal of Physical Anthropology

dietary guilds in a similar fashion to those presented in
Nunn (2002a,b), because most of our dietary data were
obtained from those papers. We assigned species to one
of four dietary guilds: (1) frugivore, (2) folivore, (3) insectivore, and (4) frugivore–insectivore. We considered additional dietary guilds to include in the analyses (e.g., folivore–frugivore), but too few species occupied these
groups to conduct statistical tests.
Dietary data for Malagasy lemurs and species missing
from Nunn (2002a,b) were obtained from Walker (1975),
Charles-Dominique (1977), Ganzhorn et al. (1985), Meier
et al. (1987), Harcourt and Thornback (1990), Ganzhorn
(1993, 1997), Mittermeier et al. (1994), Sterling et al.
(1994), Garbutt (1999), Nowak (1999), Vasey (2003), and
Lehman and Fleagle (2006). If a species supplemented its
diet with 30% or more from a different type of food, it was
assigned the dual-diet guild (e.g., if a species fed mainly
on fruits but also included 30% or more insects in its diet
it would be classiﬁed as a ‘‘frugivore-insectivore’’).
We examined the degree of species co-occurrence in
each dietary guild individually by running each speciesdiet matrix in the co-occurrence analysis, and calculating
observed versus expected C scores. These totaled 23 separate analyses, because each dietary guild was not represented in each biogeographic region.

RESULTS
Co-occurrence patterns of primates
When we examined all species in each region, we
found signiﬁcantly high C scores in nine of the 10 biogeographic zones (see Fig. 3). This indicates that within
each biogeographic region, species are often found in
checkerboard distributions (i.e., many members of species-pairs will not occur together). The strongest checkerboard distributions were found in Africa, with all three
regions exhibiting signiﬁcant high C scores at the P \
0.001 level. Two of the three areas in the Neotropics
displayed signiﬁcant checkerboard patterns (Guyana
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Fig. 4. Bar chart illustrating the observed and expected C (checkerboard) scores for species in the following dietary guilds: (A)
frugivores, (B) folivores, (C) insectivores, and (D) frugivore-insectivores. Statistically signiﬁcant (P < 0.05) checkerboard scores are
marked by an asterisk and indicate that numerous species pairs do not co-occur. A randomization approach was implemented to calculate statistical signiﬁcance. Therefore, the magnitude of the difference between observed and expected C scores is more important
than absolute C score values.

Shield, P 5 0.015 and West Amazon, P \ 0.001), yet species were randomly distributed in the Central Amazon
region. Signiﬁcantly, high C scores were also found in
both regions within Madagascar (P \ 0.001 for the East
and West region) and Asia (Mainland, P 5 0.019 and
Sunda Shelf, P \ 0.001).

taining insectivore guilds exhibited signiﬁcantly high C
scores (Fig. 4C). Finally, C scores were random for the
frugivore–folivore dietary guilds in all four regions
where data were available (Fig. 4D).

Co-occurrence patterns within and between
primate dietary guilds

Without accounting for species’ dietary niche characteristics, we found that there were a signiﬁcant amount
of checkerboard species distributions in all regions
except for the Central Amazon. These results add support to Diamond’s hypothesis (1975) that communities
are nonrandomly structured and suggest that the presence or absence of species is affected by interspeciﬁc
competition. High levels of interspeciﬁc competition in
the past would result in certain species pairs rarely or
never occurring in the same present-day community.
Our ﬁndings are also concordant with a meta-analysis of
96 presence–absence datasets from a wide range of taxa
(Gotelli and McCabe, 2002). The authors found statistically signiﬁcant checkerboard patterns for all datasets,
yet the standardized effect of these co-occurrence pat-

We found mixed results when we examined the cooccurrence patterns of species in different dietary guilds.
For many of these analyses, species exhibited co-occurrence patterns that were not signiﬁcantly different than
random. However, C scores for frugivores were signiﬁcantly high in six of the 11 regions (55%) (Fig. 4A). In
contrast, only two of the 10 regions (20%) produced signiﬁcantly high C scores for folivores, with the remaining
regions no different from random (Fig. 4B). The Sunda
Shelf folivores exhibited signiﬁcantly high C scores,
whereas frugivorous and insectivorous species in that
region did not. We also found that all three regions con-

DISCUSSION
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terns varied across taxa. Although the Gotelli and
McCabe (2002) study, as well as ours, found signiﬁcant
nonrandom patterns of species distribution, ascribing
the mechanism producing these patterns is not deﬁnitive.
Our analysis examining co-occurrence patterns within
dietary guilds more directly examines the possibility
that interspeciﬁc competition is the mechanism driving
species distributions. We found differences in the cooccurrence patterns between dietary guilds. Species
belonging to the frugivorous and insectivorous dietary
guilds exhibited signiﬁcant C scores in the majority of
regions examined. This ﬁnding suggests that species ﬁlling these dietary niches experience high levels of interspeciﬁc competition (Struhsaker, 1978). Although studies
of primate communities have often focused on niche separation between sympatric species to explain coping with
competition over limited resources (Gautier-Hion, 1980;
Terborgh, 1983; Garber and Sussman, 1984; Ganzhorn,
1989), others have hypothesized that strong interspeciﬁc
competition can also effect the presence or absence of
species in primate communities. For example, Lehman
(2000) suggested that closely related Cebus species were
rarely found sympatrically in Guyanan communities
because of competitive exclusion due to past interspeciﬁc
competition driven by a high degree of niche overlap.
In contrast, species designated as folivores or frugivore–insectivores did not co-occur more or less than
expected in most regions analyzed. This suggests that
folivorous primates compete less for dietary resources
with species occupying a similar dietary niche. In addition, our results suggest that primates that broaden
their diet by feeding on a signiﬁcant amount of both
fruits and insects may experience less interspeciﬁc competition for limited resources.
Although the majority of frugivore guilds ﬁt our prediction that these species would co-occur less frequently
than random, there were some regions that did not meet
this expectation. In Madagascar and Asia, only one of
the four total regions displayed signiﬁcantly high C
scores for frugivores. This may be partly due to the particular frugivore species that are endemic to these
regions. For instance, many of the Asian primates that
we designated as frugivores are often considered ecological generalists (e.g., Macaca), consuming a wide range of
dietary items (Fooden, 1980; Richard et al., 1989; Ross
et al., 1993). This may allow greater niche separation for
these species compared to more specialized frugivores
found in Africa and the Neotropics.
We examined both frugivore and folivore guilds in six
regions. We found that species of both guilds were randomly distributed in two of these regions, western Madagascar and mainland Southeast Asia. This suggests that
food competition may have been a lesser factor structuring communities in these regions. Unlike the Neotropics,
many Malagasy primates are folivorous (Fleagle and
Reed, 1996). This may be the result of an extended dry
season, the high frequency of droughts, which affect
resource availability (Reed and Bidner, 2004), or the lack
of protein in the fruit consumed by primates (Ganzhorn
et al., 2009). In addition, the relatively few fruit-eating
taxa in the western rainforest of Madagascar may contribute to the random co-occurrence patterns in this
region. In our dataset, many mainland Southeast Asian
communities have relatively low levels of primate species
richness, which may result in lower levels of interspeciﬁc
competition (Struhsaker, 1978), because there are fewer
American Journal of Physical Anthropology

species that may be potential competitors. However, species’ population density values may be a more critical
factor. In addition, these communities contain several
macaque species, which are often regarded as ecological
generalists. Macaques occupy a variety of habitat types,
use numerous vertical zones within each habitat, and
consume a wide variety of food types (Crockett and Wilson, 1980; Fooden, 1982; Fa and Lindburg, 1996). These
strategies likely reduce interspeciﬁc competition.
Our ﬁnding that a signiﬁcantly high C score was present for folivores on the Sunda Shelf was unexpected and
may be related to increased interspeciﬁc dietary competition due to a combination of high levels of folivore species
richness and strong selectivity for leaves. Folivore species
richness in Asia is only exceeded by Eastern Malagasy
communities. Some recent evidence suggests that folivores may actually be quite selective about the quality of
leaves that they eat, often feeding on high-quality immature leaves, which are distributed in small patches
(Snaith and Chapman, 2007). In addition, previous
research has shown a correlation between folivore biomass and leaf quality, suggesting that leaves are sometimes a limiting factor (Oates et al., 1990; Ganzhorn,
1992; Chapman et al., 2002). These ﬁndings suggest
higher levels of food competition among folivores than traditionally thought. Also, many Asian forests are dominated by Dipterocarp trees, which are not a preferred food
source of leaf monkeys (Davies, 1991; Kool, 1993). The
combination of these factors may have lead to increased
competition among folivores in the Sunda Shelf.

Deﬁning dietary guilds
It is essential to note that our deﬁnition of dietary
guilds is broad but was needed to maximize the number of
species included in our study. Our broad dietary categories do not capture potentially important variation that
may be essential for understanding interspeciﬁc competition. Foods that seemingly belong to the same dietary category may have drastically different chemical and physical properties, which may require different morphological
adaptations (van Roosmalen, 1984). For example, Kinzey
and Norconk (1993) suggested that niche separation was a
central aspect of pitheciine ecology. They found that sympatric Pithecia pithecia and Chiropotes satanas are able to
co-exist with limited competition over fruit by exploiting
fruits at different stages of ripeness.
In addition, broad dietary categories may not capture
the level of dietary variation within a particular species.
For example, some colobine monkeys, which are considered leaf specialists, have exhibited drastic seasonal
shifts in diet, with almost 80% of their diet comprising
fruit and seeds in some months (Koenig and Borries,
2001). In addition, although all colobine monkeys have
anatomical specializations adapted for processing leaves,
there is substantial interspeciﬁc variation in the types of
leaves consumed. Kamilar and Paciulli (2008) illustrated
this point by showing a negative relationship between the
percentage of mature leaves in the diet of colobine monkeys and their risk of extinction. This suggests that species consuming less preferred foods such as mature leaves
are better able to maintain their population size. No effect
was found with the amount of young leaf intake.
Furthermore, competition between orders, or even
classes, is often not considered (Simberloff and Dayan,
1991). It is possible that considerable competition exists
between primates and other animals. For example, sym-
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patric Chiropotes satanas and Ara chloroptera (red and
green macaw) in Venezuela may compete for the seeds of
unripe fruits (Norconk et al., 1997). Unfortunately, without a complete list of every food eaten by every living
primate and nonprimate species and quantitative chemical and material property data for those foods, we are
limited to such broad dietary categories.

Additional factors inﬂuencing species
co-occurrence patterns
Sample size may also inﬂuence the C scores generated
for the different regions and/or dietary guilds. As in any
test, statistical power decreases with decreasing sample
size. Consequently, it is possible that sample-size differences between the frugivore and folivore guilds have
impacted the differences in C scores between these
groups. The higher C scores for frugivores compared to
folivores may be due to the fact that most regions contain more frugivorous species. Yet, we did ﬁnd numerous
cases where small samples sizes produced signiﬁcantly
high C scores. All three regions where insectivore guilds
were examined produced signiﬁcantly high C scores, and
the sample sizes in these regions were comparable to
folivores. In addition, the folivores in Central Africa
exhibited a signiﬁcant C score, yet had the second smallest sample size. Because of these examples, we do not
feel that sample size was the driving factor causing the
differences in C scores between frugivores and folivores.
Besides interspeciﬁc competition, there are other factors that may affect co-occurrence patterns and C scores.
For instance, the signiﬁcantly high C scores among folivores in the Sunda Shelf may also have been generated
by biogeographic history. The diverse numbers of folivorous monkeys in this region are found in forested areas,
which have expanded and contracted numerous times
during the past several million years (Harrison et al.,
2006). In addition, the size and connectivity of islands
comprising the Sunda Shelf have undergone substantial
changes corresponding to sea levels rising and falling
(Harrison et al., 2006). Both these scenarios have likely
played a signiﬁcant role in the allopatric speciation of
numerous folivore species, being endemic to particular
islands/regions within the Sunda Shelf (Harrison et al.,
2006; Kamilar, 2009). Consequently, it is possible that
biogeographic factors have inﬂuenced the distribution of
species in this region as well as others (Lawes and Eeley,
2000; Kamilar, 2009), resulting in several species pairs
never occurring in the same community.
In addition to biogeographic history, our ﬁndings do
not minimize the importance of anthropogenic effects
(Harcourt and Parks, 2003), predation (Isbell, 1990), and
climatic and habitat characteristics (Reed and Fleagle,
1995; Kay et al., 1997; Peres and Janson, 1999) for inﬂuencing species distributions. Finally, modern primate
communities contain species that are ecologically similar
along several niche axes yet still coexist by adapting several strategies, such as using different forest strata, seasonally shifting their food preferences, or spending more
time in different microhabitats within a ﬁeld site
(Schreier et al., 2009).
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