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Competition has long been proposed as an important force in structuring mammalian communities.
Although early work recognized that competition has a phylogenetic dimension, only with recent increases
in the availability of phylogenies have true phylogenetic investigations of mammalian community structure
become possible. We test whether the phylogenetic structure of 142 assemblages from three mammalian
clades (New World monkeys, North American ground squirrels and Australasian possums) shows the
imprint of competition. The full set of assemblages display a highly significant tendency for members to be
more distantly related than expected by chance (phylogenetic overdispersion). The overdispersion is also
significant within two of the clades (monkeys and squirrels) separately. This is the first demonstration of
widespread overdispersion in mammal assemblages and implies an important role for either competition
between close relatives where traits are conserved, habitat filtering where distant relatives share convergent

traits, or both.
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1. INTRODUCTION

Interspecific competition has been shown to occur
frequently in nature (Connell 1983; Schoener 1983) and
has been suggested as an important force in structuring
mammalian communities for many years. This theory
assumes that species that are too ecologically similar will
be unable to coexist due to competitive exclusion of the
inferior competitor (Hutchinson 1959), so communities
should contain only species that are sufficiently different to
coexist. Because ecological similarity is often highest
among closely related species that share traits from a
recent common ancestor (Harvey & Pagel 1991),
competition must have a phylogenetic dimension. This
has long been recognized: Darwin (1859) proposed that
species in the same genus would be more likely to compete
than those in different genera. However, without access to
phylogenies, early work on mammalian community
structure could only use taxonomy as a surrogate for
phylogeny by looking at, for instance, species-to-genus
ratios (Elton 1946).

If competition is important in structuring mammalian
communities, few species per genus are expected to
coexist in each community (Elton 1946; table 1). Early
studies often found such a pattern; however, these ratios
depend strongly on the number of species involved and,
once this was taken into account, later work revealed that
many communities contained more species per genus than
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expected (Jarvinen 1982). This result suggests that other
factors such as habitat filtering, where only ecologically
similar species that share traits enabling them to survive in
a locality can coexist, may also be shaping community
assembly. Such factors will also have a phylogenetic
dimension (Harvey & Pagel 1991).

With recent increases in the availability of phylogenies
we can now use phylogeny, rather than taxonomy, to look at
community structure. Table 1 outlines the taxonomic and
phylogenetic patterns expected under different assembly
rules. If competition affects community membership, then
species in a community will be more distantly related than
expected by chance (phylogenetic overdispersion; Webb
et al. 2002). If, conversely, community membership is
determined by habitat filtering, the species within a
community will be more closely related than expected by
chance (phylogenetic clustering; Webb ez al. 2002). Finally,
if community assembly is not strongly influenced by
phylogeny, or if multiple factors oppose and nullify each
other, community lists will be randomly assembled with
respect to phylogeny (Helmus ez al. 2007).

These ideas form the basis of ‘community phyloge-
netic’ methods (Webb er al. 2002), which compare the
phylogenetic position of community members with those
of non-members from a regional source pool. Unfortu-
nately, the patterns are not always easy to interpret:
phylogenetic overdispersion may also result from conver-
gence of distantly related species (where traits are
convergent rather than conserved; Cavender-Bares er al.
2004; Kraft ez al. 2007). Likewise, phylogenetic clustering
may also be due to historical or biogeographical factors,
i situ speciation, or limits on species dispersal, which
prevent species from leaving their ancestral ranges.
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Table 1. Schematic demonstrating how habitat filtering and competition affect patterns in the distribution of community
members across phylogenies (black dots), species-to-genus ratios and the phylogenetic structure of communities. NRI, net

relatedness index; N'TI, nearest taxon index.
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similar are able to coexist
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no more or less species per genus
than expected by chance
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vergent the patterns are
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random communities

fewer species per genus than
expected by chance

phylogenetic overdispersion
(negative NRI and NTI
scores)

Here we aim to determine whether the predictions of
competition as a powerful structuring force in mamma-
lian communities are met by community phylogenies.
Previous studies of phylogenetic structure of commu-
nities have focused on plants and microbes (e.g. Webb
2000; Cavender-Bares et al. 2004; Horner-Devine &
Bohannon 2006) but to our knowledge only one other
study has looked at mammalian communities. Cardillo
et al. (2008) performed a global-scale analysis of the
phylogenetic structure of island mammal assemblages
over broad taxonomic groupings. Here we instead
investigate patterns in three geographically restricted
and moderately diverse mammalian clades: New World
monkeys (Platyrrhini); Australasian possums (Phalan-
geriformes); and North American ground squirrels
(Marmotini). This narrower phylogenetic focus should
increase the likelihood of competition among the species
(Darwin 1859) as they should require more similar
resources. In addition, the clades exhibit a range of life
histories and live in a variety of habitats allowing us to test
the generality of any patterns observed.

We use two measures of assemblage phylogenetic
structure (see below and table 1): Webb’s (Webb 2000;
Webb ez al. 2002) net relatedness index (NRI) and nearest
taxon index (N'TT), to investigate the phylogenetic structure
of multiple assemblages for each clade and focus on general
patterns rather than on those of individual assemblages
(as done in most previous studies). Using this simple pooled
approach, we find a general pattern of phylogenetic over-
dispersion across all of our clades combined, which
is significant within two of the clades (squirrels and
monkeys) separately, suggesting that competition does
have a role in mammalian community assembly.

Proc. R. Soc. B (2008)

2. MATERIAL AND METHODS
(a) Data
(i) Species assemblages and species pools
There has been much debate over the exact definition of the
term community (Underwood 1986) so to avoid confusion
we instead refer to assemblages, defined as a group of species
that co-occur and potentially interact (Begon er al. 1996).
Assemblage membership was determined using mammal
species checklists for a particular area compiled by J.R.
These checklists were selected from a database of mammal
assemblages including 376 georeferenced localities varying
in size from 10 to 440 000 km? (we return to the differences
among the sizes of our localities below) and are distributed
worldwide. The lists came from several published sources
reporting inventories of species observed inside these areas.
Only localities with inventories considered to be ‘complete’
by the original source, or that may be assumed to be complete
from the information provided therein, were included in the
database. Exotic species were excluded and for these analyses
taxonomy was standardized following Wilson & Reeder
(1993) since both the supertree of Bininda-Emonds ez al.
(2007) and the geographical range maps (see below) use this
taxonomy. None of our clades contain recently extinct
species. Other examples of the application of this database
may be seen in Rodriguez et al. (2006) and Hortal ez al
(2008). In total, we obtained data for 34 monkey, 13 possum
and 95 squirrel assemblages, details of which can be found
in appendices S1 and S2 in electronic supplementary
material. These particular clades were chosen as they form
part of an ongoing PhD thesis.

The species pool for each assemblage was calculated by
overlaying polygon geographical range maps in ARCGIS from
Sechrest (2003) and extracting all species occurring within
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the assemblage locality and up to a threshold distance of
500 km outside the locality boundary. Community phyloge-
netic studies can be strongly dependent on the spatial scale
of the species pool (Swenson ez al. 2006), so we repeated the
analyses using threshold distances of 100, 250 and 1000 km
when defining species pools. Assemblage phylogenetic
structure is calculated relative to that of the species pool
so that it cannot be calculated if the assemblage constitutes
the entire species pool. This happens more frequently
with smaller thresholds: out of the 142 assemblages, 67
represented the complete species pool when 100 km pools
were used; 45 when 250 km pools were used; 29 when
500 km pools were used; and 26 when 1000 km pools were
used. Since the 1000 km pool analyses contained only three
extra assemblages, and at this scale it is probable that some of
the species included in the pool could not feasibly be
members of the assemblage due to the geographical distances
involved, we report results from the 500 km species pool
analyses. However, pool size made no qualitative difference
to the results (appendix S3, table S1 in electronic supple-
mentary material).

(ii) Phylogeny

The phylogenetic topology came from Bininda-Emonds ez al.
(2007). Many of the node ages in that paper were affected by
a software bug, so we used corrected node ages (O. Bininda-
Emonds 2008, personal communication). NRI and NTT (see
below) require a well-resolved phylogeny since polytomies
reduce their power to detect phylogenetic structure. There-
fore, we added further resolution within squirrel genera
using the subgenus assignments of Wilson & Reeder (2005),
and within monkey genera (e.g. Aotus) using a more resolved
primate supertree (Vos 2006). In the Bininda-Emonds ez al
(2007) supertree, the relationship among the genera Cynomys,
Marmota and Spermophilus is unresolved. We created three
new phylogenies, one for each possible resolution of the
polytomy and analysed each in turn. The topology used had
no qualitative influence on the results (appendix S3, table S2
in electronic supplementary material), so we only report
the results for the Cynomys out-group tree. Each of the
phylogenies used was completely resolved and they are
available in appendix S4, electronic supplementary material.
Within the supertree of Bininda-Emonds ez al. (2007), 30.1%
of the monkey node dates, 45.5% of the possum node dates
and 11.2% of the squirrel node dates were based on molecular
estimates; the rest of the node dates were interpolated.

(b) Analyses

All data analysis (described in detail below) was carried out
using R v. 2.5.1 (R Development Core Team 2007) and we
analysed the three mammalian clades separately.

(ii1) Measuring phylogenetic assemblage structure

We determined NRI and N'TT values (Webb 2000; Webb ez al.
2002; see appendix 3, figure S1 in electronic supplementary
material for example calculations) for each assemblage that
had more than one species and did not constitute the
complete source pool. NRI and NTT are both measures of
the phylogenetic distance between taxa in an assemblage,
where phylogenetic distance is defined as the sum of all
intervening branch lengths between two taxa. However, they
reflect phylogenetic structure in different parts of the
phylogeny. NRI is based on the mean phylogenetic distance
(MPD) of an assemblage, i.e. the MPD between all possible
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pairs of taxa within the assemblage (MPD ), and significant
values reflect clustering or overdispersion across the whole of
the pool phylogeny. NTI, on the other hand, is based on the
mean nearest neighbour distance (MNND), i.e. the mean
distance between each of n taxa (where 7 is the number of taxa
in the assemblage) within the assemblage and its nearest
neighbour in the assemblage phylogeny (MNND ). NTT is
therefore most sensitive to clustering or overdispersion near
the tips of the pool phylogeny. To allow comparisons between
multiple assemblages, these MPD and MNND values are
then standardized by (i) subtracting the mean MPD/MNND
expected for n taxa drawn at random from the species
pool using 10 000 iterations (MPD,/MNND,,) and then
(i) dividing by the standard deviation of the MPD/MNND
from these 10 000 randomly drawn pseudo-assemblages
(s(MPD,,)/s(MNND,,)). Both values are then multiplied by
—1 so that clustered NRI and NTT values are positive and
overdispersed values are negative, which is more intuitive
than the reverse. Thus, NRI and NTI are calculated
as follows:
NRI = _(mobs _mn) i
s(MPD,)

NTI = — (MNNDobS —MNND,,)

sS(MNND,)

This procedure should mean that NTI and NRI are
approximately normally distributed; however, previous
studies have shown that NRI is generally biased towards
detecting overdispersion owing to the branching structure of
phylogenies (Kembel & Hubbell 2006; Swenson ez al. 2006).
Therefore, to test whether an individual assemblage was
significantly clustered or overdispersed we compared MPD
and MNND values for the real assemblage with those from
the 10 000 randomly generated pseudo-assemblages (with =
species drawn at random from the assemblage’s species pool)
used to calculate NRI and NTI. A particular assemblage
was considered significantly clustered if less than 250 (2.5%)
of these random assemblages had a larger MPD/MNND
value than that of the assemblage or overdispersed if less
than 250 (2.5%) had a lower MPD/MNND value than that
of the assemblage.

@iv) Pooled NRI/NTI analyses

Null model choice is vital to interpreting the results of NRI
and NTI (Kembel & Hubbell 2006). We were therefore
unable to test for trends across all assemblages using raw NRI
values because NRI values tend to be negatively skewed,
making the null expectation of any test uncertain. Therefore,
we devised a novel and simple non-parametric method to
analyse our pooled data.

For each assemblage, we first calculated NRI for 10 000
randomly generated pseudo-assemblages (with 7z species
drawn at random from the assemblage’s species pool). We
then determined the centile of the observed NRI (which we
term NRI%) within this distribution; if the observed value
was tied with multiple random assemblages, the centile of the
median of these tied values was used. If assemblage members
are random picks from the source pool, the expected centile is
50 (i.e. the median of the null distribution). Thus, the
expected median of the NRI% values, across the set of
assemblages, was also 50. We therefore tested whether the
median NRI% differed from 50 using Wilcoxon tests. Since



2034 N. Cooper er al.

Phylogenetic overdispersion in mammals

Table 2. Results of Wilcoxon tests investigating whether the distribution of NRI% values has medians significantly different from
50, and of #-tests investigating whether the distribution of NTI values have means significantly different from zero, for all clades
and each clade separately. Key: monkeys, New World monkeys (Platyrrhini); possums, Phalangeriformes; squirrels, North
American ground squirrels (Marmotini). 7, Number of communities. *p<0.05; **p<0.01.

median NRI% (first

clade n and third quartiles) vV mean NTI+s.e. t
monkeys 28 31.2 (19.6, 46.9) 67"" —0.401+0.118 —3.40""
possums 10 49.5 (20.5, 73.1) 27 —0.055+0.261 —0.21
squirrels 75 37.1 (25.0, 64.0) 1095 —0.222+0.108 —2.06"
all 113 36.1 (20.8, 63.9) 2201** —0.251+0.081 —3.12*"

this result used assemblages from all three clades, we also
used Kruskal-Wallis rank sum tests to determine whether
the different clades had significantly different NRI% values
from each other.

NTI is expected to be approximately normally distributed
with a mean of zero so we used z-tests to determine whether
the mean of the distribution differed from zero demonstrating
a general trend towards either clustering or overdispersion.
We then used analysis of variance (ANOVA) to determine
whether the different clades had significantly different NTT
values from each other.

(v) Methodological bias

As mentioned above, our assemblage localities ranged in size
from 10 to 440 000 km? and also contained different numbers
of species. If NRI% or NTI values are affected by these
factors, they may bias our results. We therefore used
Spearman’s rank correlation tests to determine whether
NRI% or NTI values were correlated with the In-area of the
assemblage locality (km?), In-assemblage species richness,
In-species pool species richness or assemblage: pool species
richness ratio (calculated as assemblage species richness/
species pool species richness). The results of these analyses
can be found in appendix S3, table S3, figure S2 in the
electronic supplementary material.

3. RESULTS

The Wilcoxon tests showed that the median NRI% (NRI
centiles) differed significantly from 50 for all assemblages
combined (p=0.004) and for monkeys (p=0.001) but
not for possums (p=0.999) or squirrels (p=0.082;
table 2; figure 1).

The rtests showed that the mean NTT values differed
significantly from zero for all assemblages combined
(p=0.002) for monkeys (p=0.002) and for squirrels
(p=0.043), but not for possums (p=0.837; table 2;
figure 1).

The NRI% and NTT values for possums were closer to
the null expectation but there were no significant
differences among clades in either NRI% or NTI
(NRI%: Kruskal-Wallis x3=2.91, p=0.23; NTI:
F2,1 10— 073, p: 048)

When the assemblages were considered individually,
only 6 squirrel assemblages out of 75 (Coram Biosphere
Reserve, MT: NRI=-1.71, p»p=0.006; Dinosaur
NM: NTI=—-1.67, p=0.046; Guadalupe Mountains:
NTI=—-1.39, p=0.04; Yellowstone NP (USA):
NRI=—1.10, p=0.037; Zion: NRI=—1.23, p=0.006,
NTI=—2.06, p=0.010) showed significant overdisper-
sion. None of the individual monkey or possum
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assemblages were significantly overdispersed. No individ-
ual assemblages were significantly clustered. NRI and
NTI values for individual localities are given in appendix
S1 in electronic supplementary material.

4. DISCUSSION

Our results suggest a consistent tendency for mammalian
assemblages to be more phylogenetically overdispersed
than expected by chance, and that this tendency is only
detectable by pooling many assemblages. This pattern is
seen both across the whole phylogeny (NRI/NRI results)
and at the tips (NTI/NTI results). Additionally, the three
clades analysed do not have significantly different NRI%
or NTT values suggesting that this could be a general,
rather than a clade-specific mammalian pattern.

The traditional interpretation of phylogenetic over-
dispersion is that competition among ecologically similar
close relatives has led to exclusion of the inferior
competitors and hence an assemblage with more distantly
related species than expected. This fits with the predic-
tions of earlier non-phylogenetic studies looking at how
competition structures mammalian communities and with
the results of Houle (1997), who found that primates
that were phylogenetically ‘too close’ did not coexist.
However, if traits allowing a species to exist in an area
have evolved convergently in more distant relatives,
then habitat filtering could also cause overdispersion
(Cavender-Bares ez al. 2004; Kraft et al. 2007). Determi-
ning whether competition or habitat filtering is more likely
would require an analysis integrating data on the traits
mediating competition and resource use. For example,
Davies ez al. (2007) demonstrated a role for competition in
structuring carnivoran assemblages, by analysing geo-
graphical range overlap together with differences in traits
implicated in interspecific competition (body size and
tooth morphology). In the absence of information about
which traits in our groups most strongly influence
competition, it is only possible to make weak inferences
from ancillary information. Habitat filtering may be more
likely in squirrels, because convergence is hypothesized in
a range of skeletal traits (Roth 1996), and because our
assemblages come from a mixture of grassland, desert and
woodland habitat types. Furthermore, the species pools
for squirrels tended to be relatively large (median=15
species, first quartile=5.5 and third quartile=22),
increasing power to detect habitat filtering but decreasing
power to detect competition (Kraft ez al. 2007).
Competition may be more likely in monkeys: they had
smaller species pools (median=8 species, first quartile=
5.75 and third quartile=11.5) and all the species come
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Figure 1. ((a—d) 1) Distributions of NRI% values and ((a—d) ii) NTI values for each clade separately and all clades combined.
(a) New World monkeys (Platyrrhini), (b) Possums (Phalangeriformes), (¢) North American ground squirrels (Marmotini) and
(d) all clades combined. In the NRI% plots, the dashed line represents the fiftieth centile (median). In the N'T1 plots, the dashed

line is where N'TT equals zero.

from broadly similar habitat types, perhaps reducing the
scope for habitat filtering. Possum assemblages may be
generally assembled at random with respect to phylogeny,
perhaps because the traits involved in habitat filtering and
competition in this group are independent of phylogeny,
or because both mechanisms are acting and have cancelled
each other out (e.g. Helmus ez al. 2007). However, these
results are based on only 10 assemblages, so may not
permit any robust conclusions.

Interestingly, few individual assemblages had signi-
ficantly overdispersed NRI or NTI values. This could be
due to low statistical power, since both our assemblages
and species pools tended to be small, and most
assemblages were either too small or too large with respect
to the pool for maximum power (Kraft ez al. 2007). In
addition, competition does not always lead to competitive
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exclusion. Some species may be temporally or spatially
segregated within the same habitat. Other species show
behavioural plasticity, which allows similar species to
coexist (Houle 1997; Lovette & Hochachka 2006), or
rapidly evolve different ecotypes (Harmon er al. 2003).
Finally, our results focus on how competition between
close relatives may limit species distributions in some
mammalian clades. However, other factors also influence
where species occur, such as geographical boundaries,
limits on dispersal, differential extinction (human
mediated or otherwise), the distribution of resources
(e.g. food and shelter) and interactions with species from
different clades (e.g. predation). Although the narrow
taxonomic focus of our approach should increase
the likelihood of detecting competition in our clades
(Darwin 1859), distant relatives may also compete. For
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example, in the neotropics, frugivorous bats compete
with birds (Palmeirim 1989) and potentially with
monkeys as well.

Our assemblage lists come from species checklists,
which may be incomplete. This incompleteness could only
undermine our results if, for some reason, the omissions
caused the species on the lists to appear phylogenetically
overdispersed. An alternative approach would be to use
species range map overlap to determine the assemblage
membership (e.g. Davies et al. 2007). However, that
approach is also problematic as maps tend to overestimate
species ranges and hence species overlap (Hurlbert & Jetz
2007). Species checklists, while imperfect, are much more
likely to capture sets of interacting species. Here we use
range maps only to delimit source pools, so any errors will
affect only the pools; and we show that varying the
threshold for inclusion in the source pool has no
qualitative impact on the results. Our NRI results also
appear to be influenced by the size of the species pool and
our NTT results by the ratio of the number of species in the
assemblage to the number of species in the pool (appendix
S3, table S3 in electronic supplementary material). Since
where NRI was affected by these factors, NTI was not, and
vice versa, we believe that the general pattern of over-
dispersion in our assemblages was not merely due to
methodological bias. However, these factors should be
considered in future studies.

Our results suggest that species distributions are
influenced by those of other closely related species.
Since species geographical range maps do not reflect the
local heterogeneity in distributions that may be caused by
such interactions, our knowledge of where species actually
occur may be unreliable. Previous authors have recognized
this and its implications for biodiversity research and
conservation (Hurlbert & Jetz 2007). Likewise, the
current trend for mapping how geographical ranges will
shift under particular climate change scenarios may
underestimate how species will be affected if these
among-species interactions are ignored. Such interactions
may make it much harder to predict how species will
respond to their rapidly changing environment.
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