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ABSTRACT

Aim Islands have often been used as model systems in community ecology. The
incorporation of information on phylogenetic relatedness of species in studies of
island assemblage structure is still uncommon, but could provide valuable insights
into the processes of island community assembly. We propose six models of island
community assembly that make different predictions about the associations
between co-occurrences of species pairs on islands, phylogenetic relatedness and
ecological similarity. We then test these models using data on mammals of South-
east Asian islands.

Location Two hundred and forty islands of the Sundaland region of Southeast
Asia.

Methods We quantified the co-occurrence of species pairs on islands, and iden-
tified pairs that co-occur more frequently (positive co-occurrence) or less fre-
quently (negative co-occurrence) than expected under null models. We then
examined the distributions of these significantly deviating pairs with respect to
phylogenetic relatedness and ecological differentiation, and compared these
patterns with those predicted by the six community assembly models. We used
permutation regression to test whether co-occurrence patterns are predicted-
by relatedness, body size difference or difference in diet quality. Separate
co-occurrence matrices were analysed in this way for seven mammal families and
four smaller subsets of the islands of Sundaland.

Results In many matrices, average numbers of negative co-occurrences were
higher than expected under null models. This is consistent with assemblage struc-
turing by competition, but may also result from low geographic overlap of species
pairs, which contributes to negative co-occurrences at the archipelago-wide level.
Distributions of species pairs within plots of phylogenetic distance ¥ ecological
differentiation were consistent with competition, habitat filtering or within-island
speciation models, depending on the taxon. Regressions indicated that
co-occurrence was more likely among closely related species pairs within the Viver-
ridae and Sciuridae, but in most matrices phylogenetic distance was unrelated to
co-occurrence.

Main conclusions Simple deterministic models linking co-occurrence with phy-
logeny and ecology are a useful framework for interpreting distributions and
assemblage structure of island species. However, island assemblages in Sundaland
have probably been shaped by a complex idiosyncratic set of interacting ecological
and evolutionary processes, limiting the predictive power of such models.
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INTRODUCTION

A major aim of community ecology is to understand the factors

that govern the coexistence of species within assemblages.

A possible role for phylogenetic relatedness in determining

coexistence and assemblage structure has long been recognized

(Darwin, 1859; Elton, 1946). For example, by virtue of their

biological and ecological similarity, closely related species may

compete more strongly for limiting resources. Under classical

theories of competition, close relatives would be less likely to

coexist than more distant relatives (Elton, 1946). Alternatively,

similar habitat requirements may bring close relatives together

more frequently than more distant relatives (habitat filtering). In

a field now known as phylogenetic community ecology (Webb

et al., 2002), phylogenies are thus contributing to an under-

standing of the mechanisms underlying the dynamics of species

assemblages (Webb et al., 2002; Webb, 2006; Emerson &

Gillespie, 2008; Vamosi et al., 2009).

Islands have always figured prominently in community

ecology, perhaps because islands have easily defined boundaries

that allow assemblages to be delimited with little ambiguity.

Many of the theoretical and empirical advances in the under-

standing of species coexistence have been based on island models

(Grant, 1966; MacArthur & Wilson, 1967; Lack, 1969; Simberloff,

1970; Diamond, 1975; Losos, 1995). Two basic approaches to

analysing island assemblage patterns have been used. In the first

approach, the structure of an assemblage is considered an emer-

gent property, and each assemblage is compared with a null

model constructed (ideally) from a regional pool of species

uniquely defined for each island (Gotelli & Graves, 1996). The

second approach is the analysis of co-occurrence matrices, which

involves testing for non-random patterns of co-occurrence of

species pairs on islands, across an archipelago (e.g. Diamond,

1975). In this approach, species pairs are the units of analysis, and

the whole archipelago is typically considered a common source

pool for all islands (Gotelli & Graves, 1996).

Despite the rapid rise of phylogenetic community ecology

and the important role islands have played in community

ecology generally, the inclusion of phylogenetic information in

analyses of island assemblage structure is still not common

(although there are some noteworthy examples, e.g. Losos, 1995,

Losos et al., 2003, and Silvertown, 2004). In a recent study, Car-

dillo et al. (2008) examined global patterns in the phylogenetic

structure of island mammal assemblages, using two metrics (the

net relatedness index and the nearest taxon index) commonly

used to characterize the phylogenetic evenness of assemblages. A

shortcoming of this approach is that assemblage-wide patterns

will not necessarily reveal all of the structure that might be

detected by examining patterns of co-occurrence among sepa-

rate species pairs. We believe that a complementary approach is

the analysis of co-occurrence matrices with respect to phyloge-

netic relatedness and ecological similarity among species pairs.

This presents something of a challenge, because the phyloge-

netic structure of island assemblages might often be shaped by a

more complex set of mechanisms than local-scale communities

within contiguous mainland regions. As well as habitat filtering

and ecological assembly rules based on competition, island

assemblages may be influenced by vicariant speciation, high

extinction rates, high rates of morphological evolution (Millien,

2006) or limited opportunities for dispersal. For islands there-

fore we need a wider range of models to account for phyloge-

netic structure than the simple competition–habitat filtering

dichotomy often used for local communities. Below we suggest

six possible models, two based on ecological sorting mecha-

nisms and four that incorporate speciation. The expected pat-

terns of co-occurrence, phylogenetic relatedness and ecological

differentiation of species pairs under each model are summa-

rized graphically in Fig. 1.

1. Competition (Fig. 1a). In this model, species sorting by com-

petitive exclusion results in ecologically similar species pairs

showing negative co-occurrences (i.e. where two species

co-occur on islands less frequently than expected under a null

model). This should occur regardless of phylogenetic distance

between the species, although trait conservatism might mean it

is more common among close relatives. This model is most

likely to apply on small islands with little scope for stable coex-

istence of competitors.

2. Habitat filtering (Fig. 1b). In this model, ecologically similar

species have a preference for the same islands, and show positive

co-occurrences (i.e. the two species co-occur more frequently

Figure 1 Graphical representation of the predictions of six
models to account for patterns of co-occurrence of species pairs
on islands, with respect to phylogenetic distance and the degree of
ecological differentiation. Six hypothetical species pairs are shown
for each model. Each pair shows negative co-occurrence (minus
symbols), positive co-occurrence (plus symbols) or co-occurrence
patterns not significantly different from those expected under a
null model (circles). The models are: (a) competition; (b) habitat
filtering; (c) within-island speciation; (d) recent inter-island
speciation; (e) ancient inter-island speciation with continued
isolation; (f) ancient inter-island speciation with subsequent
recolonization. Explanations of the models are given in the text.

M. Cardillo and E. Meijaard

Global Ecology and Biogeography, 19, 465–474, © 2010 Blackwell Publishing Ltd466



than expected). This occurs regardless of phylogenetic distance,

although again for conserved traits it may be more common

among close relatives. This model may also be most common on

small islands, which are more likely to be of uniform habitat type.

3. Within-island speciation (Fig. 1c). Assuming that speciation

within an island is most likely to occur where two populations

have evolved to exploit different ecological opportunities, this

model predicts positive co-occurrences for species pairs with a

high degree of ecological differentiation. This should not

depend on phylogenetic distance, as the avoidance of competi-

tion may drive the rapid ecological divergence of close relatives.

This model should be most common on large islands with a

greater variety of habitat types.

4. Recent inter-island speciation (Fig. 1d). If speciation has been

driven by the recent separation and isolation of islands during

Pleistocene interglacial periods, we should see negative co-

occurrences among closely related species. The degree of eco-

logical differentiation should also be low, as there has been

neither the time for substantial differences to evolve nor the

competitive pressure to drive rapid ecological divergence.

5. Ancient inter-island speciation with continued isolation

(Fig. 1e). Where speciation has been driven by more ancient, but

ongoing, island isolation, distantly related species pairs should

show negative co-occurrences. This should not be dependent on

the degree of ecological differentiation, as there has been no

competitive pressure to avoid ecological overlap.

6. Ancient inter-island speciation with subsequent recolonization

(Fig. 1f). In many cases, ancient allopatric speciation may have

been followed by recolonization of islands during glacial periods

of low sea level. Under this model, there is no expectation of

significant positive or negative co-occurrence patterns among

the distantly related species pairs. However, for coexistence to be

stable following secondary contact, we would expect this sce-

nario to apply to species pairs with a high degree of ecological

differentiation.

In Fig. 1, each of these models is presented as the primary

mechanism producing patterns of co-occurrence across mul-

tiple species pairs. This may be the case in real systems, but it is

also possible that distributions of different species pairs within

the same archipelago are influenced by different mechanisms.

The models can thus be considered as explanations of general

patterns of pairwise co-occurrence for a set of island species, or

of the distributions of separate species pairs. In this paper we

aim to test these models using data on mammals of the Sunda-

land region of Southeast Asia. This region has a rich and rela-

tively intact mammal fauna, inhabiting hundreds of islands of

varying size, topography and origin (Meijaard, 2004). This com-

bination of attributes should make the Sundaland region a good

case study for the phylogenetic community ecology of islands.

METHODS

Datasets

We used island occurrence data compiled by Meijaard (2003)

and Nijman & Meijaard (2008) from the literature and from

additional data (e.g. museum specimens). It is difficult to obtain

detailed data on the key ecological variables for a large number

of species, so to summarize species ecological requirements, we

used body mass and a measure of diet quality. To create a single

diet variable, we used an index of diet quality based on the

percentages of leaves, fruit and animal matter in each species’

diet (Meijaard et al., 2008). The diet quality index was calculated

as DQ = P + 2F + 3.5A, where P, F and A are the percentages of

leaves, fruit and animal matter, respectively, in the diet (Sailer

et al., 1985). DQ thus varied from 100 (100% folivorous) to 350

(100% faunivorous). Data on species body size (adult mass in

grams) were obtained from the PanTheria database (Jones et al.,

2009).

Phylogenetic distances among species pairs, in millions of

years (Myr) of total branch length separating two species, were

obtained from the mammal supertree of Bininda-Emonds et al.

(2007). Because some of the divergence dates in the supertree

appeared at odds with recent molecular and biogeographic evi-

dence, we made several modifications to the supertree. The fol-

lowing modifications were made to the Sciuridae section of the

supertree, following Mercer & Roth (2003): (1) the age of the

node from which all Sciuridae in our dataset descend was set to

36 million years ago (Ma); (2) the age of the two major clades

formed by this set of Sciuridae were set to 18 Ma and 16 Ma; (3)

Callosciurus nigrovittatus was placed above the basal node of the

remaining Callosciurus species, and the age of this new node was

set to 7.5 Ma. In the Cercopithecidae section of the supertree,

the following modifications were made: (1) the divergence date

of the two Macaca species was set to 5.1 Ma, following Ziegler

et al. (2007); (2) Presbytis potenziani was placed as the sister

lineage to the remaining Presbytis species, and the basal split for

this genus was set to 2.5 Ma, following Meijaard & Groves

(2004). The modified sections of the supertree are presented as

Phylip files in Appendix S1 of the Supporting Information. We

acknowledge that there is likely to be much remaining uncer-

tainty in branch-length estimates in the supertree. However, we

see no reason to believe there are systematic biases that might

invalidate our results, rather than simply add noise to our sta-

tistical tests.

The 240 islands included in the database are listed in the

Appendix S1. Islands were from the Sundaland region of South-

east Asia, including the areas around Peninsular Malaysia,

Sumatra, Borneo and Java, and Palawan in the Philippines

(Fig. 2). Island areas range from 0.1–12,190 km2 (median area

3.2 km2); the analyses did not include the larger islands of

Sumatra, Borneo and Java.

Scope of analyses

Selecting the sets of species and islands to be included in a

co-occurrence matrix requires care, because the selection

implies that the source pool of potential inhabitants of each

island has been defined accurately. Defining the source pool too

restrictively or too generously (ecologically or geographically)

could lead to the identification of too many or too few species

pairs that deviate significantly from expected patterns of

Phylogeny and island co-occurrence
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co-occurrence (Gotelli & Graves, 1996). We believe it is appro-

priate to include all of the islands in our dataset in a single

analysis, because all of these islands (with the exception of

Palawan and the Mentawai Islands) were connected during the

period of low sea level in the late Pleistocene, and there were

opportunities for many mammal species to disperse widely

through the region (Meijaard, 2004). Nevertheless, we recognize

that either vegetation barriers (Meijaard, 2003; Bird et al., 2005)

or wide rivers (Meijaard, 2004) may have restricted late Pleis-

tocene dispersal for some species. Therefore, we felt it would be

informative to also analyse co-occurrence matrices on more

restricted scales, to be more certain that a panmictic source pool

has been defined. We therefore repeated analyses using three

smaller matrices, consisting of the islands surrounding Penin-

sular Malaysia, Sumatra and Borneo, respectively (Fig. 2).

Islands were assigned to these groups not simply on the basis of

geographic proximity, but also on the basis of water depth and

the inferred position of Pleistocene dispersal barriers. Because

our islands vary across a wide range of sizes, taking island size

into account may help elucidate mechanisms of community

assembly, so we also analysed a matrix consisting of ‘small’

islands only (those smaller than 3.2 km2, the median area of

islands in our dataset).

In selecting species sets for separate analysis we divided

mammal species into several taxonomic (family-level) subsets:

Viverridae (Carnivora), Felidae (Carnivora), Cercopithecidae

(Primates), Cervidae (Cetartiodactyla), Sciuridae (Rodentia),

Pteropodidae (Chiroptera) and Emballonuridae (Chiroptera).

Muridae (Rodentia) were excluded from the analysis because of

poor resolution in the mammal supertree. Other mammal fami-

lies occur on islands in the region but are represented by too few

species–island combinations for meaningful analyses. For the

same reason it was not practical to divide the mammals into

smaller taxonomic units (e.g. genera) to test for any effects of

taxonomic scale on co-occurrence patterns.

Calculating co-occurrence of species pairs

Of the 35 possible co-occurrence matrices (seven families ¥ five

island groups), seven had either no species (e.g. no Felidae in the

small-island subset) or too few species pairs and island occur-

rences for separate analysis. For each of the remaining 28 matri-

ces, we identified all possible species pairs and quantified the

degree of co-occurrence across islands for each pair, using the

number of checkerboard units (CU) as a co-occurrence metric.

CU counts the number of 2 ¥ 2 submatrices in which occurrence

of the two species forms a ‘checkerboard’ (i.e. is complemen-

tary), and is calculated as CU = (ri - S)(rj - S), where ri and rj are

the total number of island occurrences of species i and j, and S

is the number of co-occurrences (Stone & Roberts, 1990).

Because the value of CU is dependent on the total number of

occurrences of the two species, CU is not comparable among

species pairs: a pair of cosmopolitan species is more likely to

have a high CU score than a pair of geographically restricted

Figure 2 Map of the Sundaland region of Southeast Asia. Filled triangles indicate islands included in the overall analyses but not in one of
the smaller co-occurrence matrices. Islands included in smaller matrices are indicated as follows: crosses, Peninsular Malaysia; open circles,
Sumatra; open squares, Borneo.
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species. For the purposes of comparison we converted CU scores

to a common currency using a standardized effect size of CU,

calculated as

CU
CU CU

CU
ses

obs sim

sim

= =
( )S

where CUobs is the observed CU of the species pair, and

CUsim and S(CUsim) are the mean and standard deviation of CU

from 1000 randomly shuffled co-occurrence matrices. We iden-

tified significantly deviating species pairs using two-tailed

P-values obtained from the distributions of the 1000 random

CU values. Matrices were shuffled using the program EcoSim

(Gotelli & Entsminger, 2008) to implement a sequential-swap

algorithm maintaining fixed marginal totals (i.e. the total

number of islands occupied by each species, and the total species

richness of each island, were kept constant). The relative merits

of different matrix shuffling algorithms and constraints have

been extensively debated (see Gotelli & Entsminger, 2003); we

follow Gotelli and Entsminger in our choice of methods. The

random matrices were saved and all other calculations were

done on them using functions written in R (R Development

Core Team, 2008). The set of significantly deviating species pairs

thus identified was identical to that produced by the program

cooc (Sfenthourakis et al., 2004), which also works on the

outputs from EcoSim, but uses S (number of co-occurrences)

rather than CUses as the co-occurrence metric.

For each matrix, in addition to calculating CU for each

species pair, we calculated a C-score (Stone & Roberts, 1990) for

the matrix as a whole; this is simply the mean CU value for all

species pairs in the matrix. C-scores are sensitive to more subtle

trends in the data compared with CU values, and can be con-

sidered a measure of the overall tendency for species distribu-

tions to be negatively or positively associated within a group of

islands (Gotelli & Entsminger, 2008). C-scores and their signifi-

cance values were calculated in EcoSim.

Associations between co-occurrence, phylogeny and
biology

For each species pair, we calculated phylogenetic distance (also

known as patristic distance) as the total length of the branches

(in Myr) separating the two species in the mammal supertree.

Body mass difference was calculated as ln(mass of larger species)

– ln(mass of smaller species). Diet quality difference was the

difference in the diet quality index DQ of the two species. For

each co-occurrence matrix, we plotted the distribution of

species pairs on plots of phylogenetic distance (on the x-axis)

against body mass difference (on the y-axis) and phylogenetic

distance against diet quality difference, highlighting any species

pairs that deviate significantly from expected co-occurrence

patterns. These plots allow direct visual comparison of

co-occurrence patterns with the predictions of the six models

described in the Introduction and shown in Fig. 1.

We next quantified the effects of phylogenetic distance, body

mass difference and diet quality difference on co-occurrence

using multiple regression, with CUses as the response. For each

matrix, we fitted a set of models consisting of each combination

of three, two and one predictor. We compared models using the

Akaike information criterion corrected for small samples (AICc;

Hurvich & Tsai, 1989), retaining the one with the lowest AICc

score as the preferred model. For each of the retained models we

examined diagnostic plots of fitted values against standardized

residuals, but found that none of the plots had extreme outliers

that warranted removal. Because each species contributes to

n - 1 species pairs, where n is the total species number, a potential

problem with this type of analysis is non-independence among

the units of analysis. To calculate the significance of the regres-

sion coefficients we therefore used permutation regression,

which overcomes this kind of non-independence (Legendre

et al., 1994). An alternative to using regressions would be to test

whether significantly deviating species pairs have values of body

mass difference and diet quality difference significantly higher or

lower than non-deviating pairs. However, for most of the matri-

ces there were too few deviating pairs for such tests, and we felt

that treating co-occurrence as a continuous variable was a more

powerful means of extracting information from the data.

RESULTS

Analyses of C-scores

The C-score analyses indicate a strong tendency towards nega-

tive co-occurrence patterns (Table 1). In analyses of full

co-occurrence matrices (i.e. with all islands in the dataset

included; Table 1a), three of the seven mammal families (Cer-

copithecidae, Pteropodidae, Sciuridae) had C-scores that were

significantly high (P � 0.025) compared with distributions of

random C-scores (for Viverridae P = 0.026). This indicates that

the average number of checkerboard units within these groups is

larger than expected by chance. The remaining three families

(Cervidae, Felidae, Emballonuridae) also had C-scores in the

upper tails of the random distributions, but P-values were

higher (although all were still P < 0.1). Fewer families had sig-

nificant C-scores when smaller matrices were analysed, but

those that did were all in the upper tails of the random distri-

butions (Tables 1b–e).

Co-occurrence patterns of species pairs: scatterplots

After calculating C-scores, we identified species pairs in each

matrix that deviated significantly from expected co-occurrence

patterns, using the number of checkerboard units (CU) as the

co-occurrence metric. A list of all significantly deviating species

pairs is given in the Appendix S1. In the full matrices, a large

number of deviating pairs (showing both positive and negative

co-occurrence) were identified. A smaller number of pairs, all

Sciuridae, were identified in the small-island, Borneo and Pen-

insular Malaysia matrices, and no significantly deviating pairs

were found in the Sumatra matrices.

The distributions of species pairs within plots of phylogenetic

distance against body mass difference and phylogenetic distance

Phylogeny and island co-occurrence
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against diet quality difference, for full matrices of Cercopith-

ecidae, Pteropodidae and Sciuridae, are shown in Fig. 3. The

remaining families had little or no diet quality data; plots of

phylogenetic distance against body mass difference for these

families, and all plots for smaller matrices, are given in Appen-

dix S1. In most cases, body mass difference and diet quality

difference increase in variance with increasing phylogenetic

distance, consistent with the evolution of body mass and dietary

preference under a Brownian-motion model (Felsenstein, 1985).

In the Cercopithecidae (Fig. 3a), the pairs with positive

co-occurrences are spread along the phylogenetic distance axis,

but are all relatively similar in body mass and diet quality, as may

be expected under a habitat filtering model of community

assembly (Fig. 1b). In the Pteropodidae (Fig. 3b), most of the

significantly deviating species pairs are distantly related, but this

may simply reflect the higher total number of species pairs at

the upper end of the phylogenetic distance axis. Pteropodid

species with positive co-occurrences are relatively similar

in body mass (mean body mass difference = 3.42 g), while

negatively co-occurring pairs tend to be more divergent in body

mass (mean body mass difference = 12.94 g). Again, this appears

most consistent with a habitat filtering model. However, the

pattern for diet quality difference in the Pteropodidae does not

support a habitat filtering model, and appears most consistent

with a model of within-island speciation (Fig. 1c), with posi-

tively co-occurring species pairs being highly divergent in diet

quality. In the Sciuridae, the positive co-occurrences seem to

show no particular pattern on any of the three axes (Fig. 3c).

The negative co-occurrences, on the other hand, are mostly

found in species pairs that are relatively similar in both body

mass and diet quality, regardless of phylogenetic relatedness.

These patterns appear most consistent with a community

assembly model based on competition (Fig. 1a).

Co-occurrence patterns of species pairs: regressions

Results of the preferred regressions of phylogenetic distance,

body mass difference and diet quality difference against CUses

are shown in Table 2, for the 13 matrices with d.f. > 10. In

general, none of the three variables are strong predictors of

co-occurrence when co-occurrence is treated as a continuous

variable in this way. In the Sciuridae, body mass difference is

associated with co-occurrence in the full matrix (Table 2a),

the small-island matrix (Table 2b) and the Borneo matrix

(Table 2d). This indicates that pairs of sciurid species of

similar size are less likely to co-occur on islands than more

differently sized pairs, regardless of phylogenetic relatedness.

Together with Fig. 3(c), this result appears to fit the predic-

tions of the competition model most closely. In the Sumatra

matrix (Table 2c), phylogenetic distance is positively associated

with co-occurrence among sciurid species, suggesting that

co-occurrence is more likely among close relatives, although

this association disappears when body mass difference and diet

quality difference are removed from the model. The only other

significant result in the regression analyses is a positive asso-

ciation between phylogenetic distance and co-occurrence of

Viverridae in the full matrix (Table 2a) and the Peninsular

Malaysia matrix (Table 2e), suggesting that co-occurrence is

more likely among closely related viverrid species pairs. In

both of these models there is a significant negative intercept,

which could be interpreted as evidence to support multiple

within-island speciation events.

Table 1 Results of analyses of C-scores (the mean number of
checkerboard units in island co-occurrences among species pairs).

Taxon Species Islands Cobs Csim P Tail

(a) All islands

Cercopithecidae 9 128 100.89 90.29 0.02 Upper

Cervidae 5 54 96.8 92.66 0.08 –

Felidae 5 14 7.1 6.15 0.06 –

Viverridae 10 73 41 36.14 0.03 Upper

Pteropodidae 21 80 27.71 24.13 < 0.001 Upper

Emballonuridae 5 26 17.7 15.4 0.07 –

Sciuridae 35 171 57.43 52.68 < 0.001 Upper

(b) Small islands

Cercopithecidae 4 49 57.83 58.4 0.52 –

Cervidae 3 17 31 29.82 0.22 –

Felidae – – – – – –

Viverridae 4 19 6.17 6.38 0.92 –

Pteropodidae 10 25 8.6 6.8 < 0.001 Upper

Emballonuridae – – – – – –

Sciuridae 12 68 28.2 27.22 0.16 –

(c) Sumatran islands

Cercopithecidae 5 30 11.5 11.83 0.47 –

Cervidae 3 13 11 11.36 0.46 –

Felidae – – – – – –

Viverridae 6 15 4.93 5 0.5 –

Pteropodidae 6 18 10.07 10.04 0.42 –

Emballonuridae – – – – – –

Sciuridae 16 30 5.21 4.85 0.08 –

(d) Bornean islands

Cercopithecidae 4 32 11.67 12.39 0.61 –

Cervidae 3 12 7 7.39 0.56 –

Felidae – – – – – –

Viverridae 3 16 14.67 14.67 1 –

Pteropodidae 8 14 3.46 3.16 0.16 –

Emballonuridae 4 3 1.33 1.08 0.24 –

Sciuridae 15 39 7.37 6.77 0.1 –

(e) Peninsular Malaysian islands

Cercopithecidae 4 34 31.67 33.09 0.39 –

Cervidae 4 12 8.17 8.17 1 –

Felidae – – – – – –

Viverridae 8 20 5.64 3.45 0.004 Upper

Pteropodidae 5 23 15.7 14.8 0.19 –

Emballonuridae – – – – – –

Sciuridae 18 62 23.87 20.83 < 0.001 Upper

Cobs is the observed C-score for the taxon, Csim is the mean of the
C-scores for 1000 random matrices and P is the two-tailed P-value. An
observed C-score in the extreme upper tail of the distribution of random
values indicates a higher degree of negative co-occurrence than expected
by chance.
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DISCUSSION

The results of our C-score analyses indicate a bias towards nega-

tive co-occurrences among pairs of Sundaland island mammals.

Ecologists have long interpreted an excess of negative

co-occurrences as the signature of competition in the assembly

of communities (Diamond, 1975), but this pattern may also be

consistent with models based on inter-island speciation without

secondary contact (Fig. 1d,e). Indeed, the fact that C-scores

tended to be less extreme (though still high) when restricted

subsets of Sundaland islands were analysed suggests that nega-

tive co-occurrences cannot be interpreted solely as the result of

ecological incompatibility among species. Many of the nega-

tively co-occurring species pairs simply show no broad geo-

graphic overlap, a scenario that fits the model of ancient inter-

island speciation with continued isolation (Fig. 1e). It therefore

appears that the Sundaland archipelago as a whole does not

represent a fully panmictic source pool, despite the fact that

most of the region was above sea level towards the end of the

Pleistocene. The large number of significantly deviating species

pairs identified using the full matrices also supports this con-

clusion: both positively and negatively deviating co-occurrences

are expected if species distributions across Sundaland are geo-

graphically structured, and the whole archipelago is treated as

the source pool. Intriguingly, the C-score results seem to be

contradicted by the frequency of species pairs that deviate sig-

nificantly from expected co-occurrence patterns: nearly three

times as many pairs showed positive (63) compared with nega-

tive (23) associations. The reason for this discrepancy is unclear,

but a similar discrepancy between co-occurrence patterns sug-

gested by C-scores and those suggested by separate species pairs

has been observed before (Sfenthourakis et al., 2006). It may be

the case that for species pairs in which one or both species is

widespread, a significantly high value for CU (number of check-

erboards) is difficult to obtain using randomized matrices with

fixed marginal totals, even though the average number of check-

erboards across species pairs (the C-score) may still be in the

upper tail of the random distribution. Further work is needed to

clarify this issue.

Of 13 co-occurrence matrices included in the regression

analyses, phylogenetic distance among species pairs was signifi-

cantly associated with co-occurrence in only three, two of which

(the full and Peninsular Malaysia matrices for Viverridae) are

non-independent. Our results therefore provide little support

for a general predictive role for phylogenetic relatedness on pat-

terns of island co-occurrence. In this respect our results concur

with those of a recent global study of phylogenetic community

structure of island mammals (Cardillo et al., 2008), which found

Figure 3 Distributions of species pairs on plots of phylogenetic distance against body mass difference (upper panels) and phylogenetic
distance against diet quality difference (lower panels), for analyses involving all islands in the Southeast Asia dataset. Grey circles are pairs
that do not deviate from expected co-occurrence patterns, minus symbols (-) are pairs significantly less likely to co-occur than expected,
plus symbols (+) are pairs significantly more likely to co-occur than expected: (a) Cercopithecidae; (b) Pteropodidae; (c) Sciuridae. Note
that to improve clarity, in (c) the points marked with a minus symbol have been shifted by +3 units along the x-axis.
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only weak evidence for significant phylogenetic evenness. In the

light of the models presented in Fig. 1, this should probably not

be surprising, as three of the models (including the competition

model) do not necessarily predict an association between

co-occurrence and relatedness. Phylogenetic relatedness as a

simple predictor of mammal species co-occurrence and com-

munity structure on islands may be an unrealistic expectation,

although it could play a stronger role in local-scale mammal

communities in continuous landscapes (Cooper et al., 2008).

In contrast to the C-score analyses and regressions, the

models in Fig. 1 consider co-occurrence as a categorical variable.

These models visualize the distributions of species pairs in three

dimensions: phylogenetic distance, ecological differentiation

and significance of co-occurrence patterns. For some of the

matrices analysed, the distributions appear consistent with one

or more of the models. In the Cercopithecidae (monkeys), the

patterns fit a habitat filtering model; in the Pteropodidae

(megabats), a combination of habitat filtering and within-island

speciation seems the best fit, while in the Sciuridae (squirrels)

the patterns fit a competition model most closely. However,

because we are searching for simple, general rules to explain

co-occurrence patterns, these models are deliberately simplistic

abstractions of what may be a complex set of interacting pro-

cesses. Are these simplifications useful ways of representing

and separating the key processes involved in producing

co-occurrence patterns?

One issue that introduces extra complexity is that the patterns

observed may differ with respect to different ecological axes. In

our data, the patterns within the Pteropodidae varied between

body size and diet quality, each supporting a different model of

community assembly. Furthermore, pairs of species may have

diverged along ecological axes that we were not able to incorpo-

rate into our analyses through lack of data. For example, the two

macaque species in our dataset (Macaca nemestrina and Macaca

fascularis) are of similar size and have similar diet (at least

according to our index of diet quality), and show significant

negative co-occurrence. Together, these observations support a

model of island occupancy based on competitive exclusion.

However, these two species have diverged in their use of forest

type (riverine versus interior forest) and feeding stratum within

forests. Most of the islands in which the two species do co-occur

are relatively large (> 39,000 ha), which probably reflects the

availability of both forest types on islands. So, the apparently

competition-driven pattern of negative co-occurrence in the

macaques may instead be the result of different habitat prefer-

ences, although the divergence in habitat use may originally have

been driven by competition. More detailed data on habitat pref-

erences of the species in our dataset would undoubtedly help to

improve the interpretation of the co-occurrence patterns.

However, identifying and measuring the key ecological axes for

analyses involving many different species will remain difficult,

because axes that may be critical for a particular species pair

might be of little relevance to another.

Another complicating factor is the influence of island geog-

raphy. Our models of co-occurrence treat all islands as equiva-

lent but, as outlined in the Introduction, we do expect features

Table 2 Summary of preferred regression models for the
influence of phylogenetic distance, body mass difference and diet
quality difference on co-occurrence of species pairs on Southeast
Asian islands.

Family d.f. R2 Coefficient SE t

(a) All islands

Cercopithecidae 11 0.27

Intercept -1.98 2.62 -0.76

Phylogenetic distance -0.01 0.06 -0.22

Body mass difference 2.93 2.77 1.06

Diet quality difference 0.02 0.02 0.71

Viverridae 43 0.22

Intercept -2.28 0.72 -3.16**

Phylogenetic distance 0.05 0.02 3.13**

Pteropodidae 16 0.14

Intercept -1.02 0.59 -1.74

Phylogenetic distance -0.01 0.03 -0.29

Body mass difference 0.15 0.5 0.29

Diet quality difference -0.01 0.01 -0.74

Sciuridae 384 0.02

Intercept 0.32 0.22 1.41

Body mass difference -0.39 0.14 -2.88**

(b) Small islands

Pteropodidae 42 0.01

Intercept 0.29 0.89 0.32

Phylogenetic distance -0.01 0.02 -0.61

Body mass difference 0.09 0.24 0.38

Sciuridae 41 0.15

Intercept 0.6 0.36 1.66

Body mass difference -0.5 0.2 -2.43*

(c) Sumatran islands

Viverridae 12 0.27

Intercept 1.7 1.57 1.09

Phylogenetic distance -0.02 0.04 -0.6

Body mass difference -0.69 0.42 -1.64

Pteropodidae 12 0.19

Intercept -1.66 1.41 -1.17

Phylogenetic distance 0.06 0.04 1.38

Body mass difference -0.32 0.34 -0.93

Sciuridae 41 0.02

Intercept -2.43 1.39 -1.75

Phylogenetic distance 0.06 0.03 2.07

Body mass difference -0.34 0.22 -1.56

Diet quality difference -0.004 0.003 -1.23

(d) Bornean islands

Pteropodidae 25 0.13

Intercept 1.28 0.81 1.58

Phylogenetic distance -0.04 0.02 -1.63

Body mass difference 0.13 0.24 0.54

Sciuridae 89 0.1

Intercept 0.47 0.18 2.62*

Body mass difference -0.28 0.1 -2.92*

(e) Peninsular Malaysian islands

Viverridae 20 0.37

Intercept -2.06 0.66 -3.09**

Phylogenetic distance 0.06 0.02 3.44**

Sciuridae 33 0.02

Intercept -1.35 1.65 -0.82

Phylogenetic distance 0.03 0.03 1.08

Body mass difference -0.6 0.35 -1.69

Diet quality difference -0.003 0.004 -0.72

Only models with d.f. � 10 are shown. Response variable is the standardized effect size

of the number checkerboards units (CUses); higher values indicate a higher degree of

negative co-occurrence.

*P � 0.05; **P � 0.01.
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such as island area to mediate the effects of some of the models.

In particular, we might expect the effects of competitive exclu-

sion to be most noticeable on small islands with little scope for

stable coexistence of competitors, or for within-island specia-

tion to be most common on large islands. In general, however,

our analyses provide little evidence for an effect of island area,

with the small-island matrices producing fewer incidences of

deviating species pairs than other matrices. Close examination

of particular species pairs, such as the macaques, gives some

indication of an island area effect. In other cases, the role of

island area seems less straightforward: the two squirrel species

Callosciurus notatus and Callosciurus prevosti co-occur on larger

islands (mean area 89,964 ha) and seem to exclude each other on

smaller islands (mean area 37,626 ha), but also co-occur on

some very small islands of < 100 ha (Meijaard, 2004). It seems

likely that island area alone is not an accurate predictor of

co-occurrence, since islands vary considerably in topographic

and habitat diversity and offer different opportunities for eco-

logical separation.

In this study, we have analysed patterns of island

co-occurrence within the framework of a set of general, deter-

ministic models. However, considering the particular evolution-

ary and biogeographic history of the Sundaland region is

probably very important for a full understanding of the pat-

terns. In this region, the general trend over the past few million

years has been for mammal species to enter the region from the

Asian mainland via the proto-Thai/Malay Peninsula, and subse-

quently for populations to diverge when they have become sepa-

rated on islands (Meijaard, 2009). In this process the newcomers

seem to displace the ‘old endemic’ taxa, which survive mostly in

very specialized habitats (such as mountainous forests) on the

major islands, or on small islands separated from the mainland

by deep water, such as the Mentawai Archipelago, west of

Sumatra. The significantly deviating co-occurrences involving

Mentawai endemics, such as Callosciurus melanogaster, Lariscus

obscurus, Petinomys hageni, Macaca (nemestrina) pagensis,

Simias (Nasalis) concolor and Presbytis potenziani, are almost

exclusively positive. This may be related to the fact that these

assemblages have been isolated for several million years, allow-

ing species to become ecologically specialized and thus avoid

competitive exclusion (see Meijaard & Groves, 2004; Ziegler

et al., 2007). Because the Mentawai species pairs are inter-

generic, the phylogenetic distances are relatively high, resulting

in positive co-occurrences between more distant relatives, at

least within broad ecological guilds. This has also been found for

Borneo endemics, which are generally phylogenetically older

and ecologically more specialized than the more widespread and

more recently arrived species from the Asian mainland

(Meijaard et al., 2008; Meiri et al., 2008).

These examples highlight (1) the complexity of interacting

evolutionary and ecological processes influencing the distribu-

tions of island species and (2) the importance of interpreting

and explaining patterns of co-occurrence of separate species

pairs, as well as more general patterns for the assemblage as a

whole. Although there may not be simple, general rules by which

co-occurrence patterns can be predicted from phylogenetic

relatedness, we nevertheless believe that simple deterministic

models of the kind we have presented can be a useful framework

within which to interpret patterns of island species distribu-

tions.
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Additional Supporting Information may be found in the online

version of this article:

Appendix S1 Supplementary information: islands in the data-

base, modified sections of the mammal supertree and species

pair data.

As a service to our authors and readers, this journal provides

supporting information supplied by the authors. Such materials

are peer-reviewed and may be reorganized for online delivery,

but are not copy-edited or typeset. Technical support issues

arising from supporting information (other than missing files)

should be addressed to the authors.

BIOSKETCHES

Marcel Cardillo is an ARC Research Fellow in the

Research School of Biology, Australian National

University. Broadly, his interests are in biodiversity and

extinction, to date mostly using mammals and birds as

study groups. However, he is currently trying to become

a botanist as an excuse to do fieldwork in south-western

Australia.

Erik Meijaard works as Forest Director for People and

Nature Consulting International. He has worked in

Indonesia since 1992 as a conservation scientist, with a

focus on forest conservation, as well as on more

fundamental research on mammal evolution,

biogeography and taxonomy. His ultimate ambition,

however, is to become a farmer in the Scottish

Highlands.

Editor: Jeremy Kerr

M. Cardillo and E. Meijaard

Global Ecology and Biogeography, 19, 465–474, © 2010 Blackwell Publishing Ltd474


