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ABSTRACT

Aim To evaluate relative importance of niche, historical and spatial processes on
the taxonomic and phylogenetic structure of primate communities.

Location Neotropics.

Methods Data on community composition for 74 sites were gathered from the
literature. Communities were characterized based on taxonomic and phylogenetic
composition. Three predictive matrices were used as explanatory variables repre-
senting ecological (environmental), historical (riverine barriers and Pleistocene
refugia) and dispersal-based spatial hypotheses (spatial principal coordinates of
neighbour matrices vectors based on geographic coordinates). Variation partition-
ing analyses were used to decouple independent and shared effects. Permutation
procedures based on redundancy analysis were used to determine if explained
variation was statistically significant.

Results Forty-nine per cent of variation in taxonomic structure and 66% of
variation in phylogenetic structure was explained by selected predictor variables.
Independent effects of spatial variables explained the largest portion of variation in
both diversity metrics. Fractions representing shared effects of historical and spatial
variables, and of all variables combined, were also large and significant. Independ-
ent effects of environmental and historical variables were small to non-existent
(< 4%). When analysing each phylogenetic metric independently the relative con-
tributions of shared fractions changed, although the independent spatial fraction
remained the most important predictor.

Main conclusions Our results show that purely spatial processes, such as disper-
sal limitation, may play a stronger role in structuring primate communities than
niche mechanisms and historical events. Furthermore, we find that the influence of
ecological and evolutionary mechanisms is conflated with spatial processes, sug-
gesting that community structure is determined jointly by spatial mechanisms
reflecting environmental gradients and biogeographical processes. Although the
relative contributions of each predictor variable were similar between taxonomic
and phylogenetic metrics, a deeper examination of phylogenetic metrics suggests
that ecological, historical and spatial mechanisms interact in complex ways to
determine current patterns of phylogenetic community structure.
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INTRODUCTION

Understanding the processes underlying patterns of species

coexistence and community structure remains a central goal of

ecological research. Mechanisms proposed to explain these pat-

terns at local and regional scales have generally been divided

into three categories. Deterministic theories suggest that niche-

based processes, such as interspecific interactions, environmen-

tal filtering and differences in niche requirements among

species, determine patterns of diversity and the composition of

communities (Tuomisto et al., 2003). In contrast, historical

theories suggest that geological and evolutionary processes such

as vicariant events (e.g. mountain uplift, river formation, refu-

gial areas during climatic fluctuations, etc.) or variation in rates

of diversification and extinction are important determinants of

species distributions, and hence community structure (Ricklefs,

1987). Lastly, stochastic processes such as ecological drift,

dispersal limitation and differential colonization/extinction

dynamics, can control local community structure (Hubbell,

2001). Unfortunately different mechanisms can generate similar

spatial patterns, requiring decoupling of their independent

effects in order to obtain a clear understanding of their relative

roles in shaping patterns of diversity.

Recently ecologists have begun to address the importance of

explicitly investigating spatial structure in community studies,

acknowledging that its presence indicates an underlying pro-

cess that may have gone unnoticed (Peres-Neto et al., 2006;

Dormann et al., 2007). For instance, variation in environmen-

tal conditions through species–habitat associations can create

spatial structure across communities, whereby environmental

variables are spatially structured, and species distributions

reflect this structure through induced spatial dependence

(environmental control; Tuomisto et al., 2003). In addition,

processes endogenous to species assemblages can also create

spatial structure (i.e. dispersal limitation generates aggregated

spatial patterns; Hubbell, 2001), leading to spatial autocorrela-

tion in species data. A promising statistical approach to assess

simultaneously the relative contribution of different mecha-

nisms structuring communities is variation partitioning

(Borcard et al., 1992; Peres-Neto et al., 2006). Such an analysis

quantifies variation in community composition that is

uniquely attributable to different predictor matrices (e.g. envi-

ronment, history, space) after controlling for their shared

effects, allowing inferences regarding the relative influence of

potentially competing mechanisms that may have independent

and complementary or redundant effects (Tello & Stevens,

2010).

The degree to which deterministic, historical and stochastic

processes are responsible for current patterns of community

structure may not be able to be inferred from taxonomic infor-

mation only. This is because species taxonomic identities alone

do not reflect critical information regarding evolutionary or

ecological similarity of species (Webb, 2000; Pavoine &

Bonsali, 2011). In recent years community ecology has seen a

growing interest in incorporating phylogenetic information

to provide a historical framework for quantifying the role

of historical, biogeographic and evolutionary processes in

structuring communities (see reviews in Webb et al., 2002;

Cavender-Bares et al., 2009, and references therein). The objec-

tive of these phylogenetic methods is to infer processes affect-

ing assembly such as environmental filtering or competition

based on patterns of relatedness of co-occurring species

(Webb, 2000). Given the assumption that traits are phyloge-

netically conserved within species groups, closely related

species are expected to have greater niche similarity (Webb

et al., 2002). Thus, if the environment is acting as a filter on

community assembly then closely related species are expected

to co-occur more commonly than distantly related species

(phylogenetic clustering). In contrast, given that competition is

expected to be more intense among closely related species due

to their niche similarity, such interactions are expected to limit

coexistence, selecting for sets of phylogenetically less related

species that co-occur in local communities (phylogenetic over-

dispersion). These different patterns of community structure

can be investigated by comparing the mean pairwise distance

(MPD) or mean nearest taxon phylogenetic distance (MNTD)

of species present in local communities with communities

assembled at random from a regional species pool (Webb

et al., 2002). Furthermore, investigating spatial variation in

measures characterizing evolutionary history such as phyloge-

netic diversity (PD; Faith, 1992) also allows for predictions

regarding changes in diversification rates underlying ecologi-

cal and evolutionary hypotheses of diversity (Davies et al.,

2007). To date few studies have compared taxonomic and phy-

logenetic perspectives when analysing patterns of community

structure (but see Gómez et al., 2010; Pavoine & Bonsali,

2011).

Few existing findings highlight the promising information

that is provided by assessing simultaneously different aspects of

diversity. For instance, communities with similar phylogenetic

community structure may differ in their species composition,

and vice versa. Analyses of taxonomic or phylogenetic commu-

nity structure alone cannot fully address how physiological

limitations, biotic interactions, geographic barriers and evolu-

tionary processes interact to influence local community struc-

ture (Gómez et al., 2010). In fact, patterns of phylogenetic

structure of communities may not only reflect niche-based

processes such as competition and habitat filtering, but also

evolutionary and biogeographic processes (Cavender-Bares

et al., 2009; Kembel, 2009). For instance, low dispersal rates

across regions and high levels of speciation within regions may

lead to phylogenetic clustering rather than environmental filter-

ing alone (Webb et al., 2002; Cavender-Bares et al., 2009; Gómez

et al., 2010).

Neotropical primates represent an ideal group for examining

patterns of diversity and coexistence in natural communities.

They are a monophyletic, highly diverse clade, comprising more

than 150 species (Groves, 2005), which present some of the most

species-rich communities for the entire order. This radiation is

widely distributed across tropical and subtropical forests from

southern Mexico to northern Argentina. New World primates

vary greatly in body size, diet, social structure, microhabitat use
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and foraging behaviour, allowing them to diverge on several axes

of their ecological niche (Fleagle, 1999). Consequently, these

species are differentially sensitive to environmental factors such

as temperature and seasonality of food availability (Kay et al.,

1997; Peres & Janson, 1999). Furthermore, extant primate com-

munities are the result of multiple events of historical dispersal

and vicariance from three provinces of origin (Atlantic, Amazo-

nian and Patagonian, sensu Rosenberger et al., 2009), which in

turn were affected by different historical and biogeographic

events such as the presence of riverine barriers, mountain uplifts

and forest fragmentation during the last glacial period (see

Haffer, 1997, and references therein). Here, we integrate infor-

mation on species composition and phylogenetic diversity and

structure with multiple predictors representing potential

mechanisms governing community assembly (environmental

variation, historical barriers and spatial variables reflecting

dispersal limitation) to determine their relative contribution

to explaining the current structure of Neotropical primate

communities.

To the best of our knowledge, only two studies have simul-

taneously incorporated environmental and evolutionary

factors into analyses of primate community structure (Kamilar,

2009; Beaudrot & Marshall, 2011), and none has tested directly

effects of explicit historical processes, nor the influence of the

three mechanisms simultaneously. While analyses of phyloge-

netic community structure for primates have been undertaken

recently (see Cardillo et al., 2008; Cooper et al., 2008; Kamilar

& Guidi, 2010), ours is the first study that directly attempts to

characterize phylogenetic community structure in relation to

different mechanisms proposed to structure natural commu-

nities. We evaluated how variation in taxonomic and phy-

logenetic community structure of Neotropical primates corre-

sponds to environmental, historical and spatial predictors to

determine whether similar processes are responsible for pat-

terns of different components of biodiversity. If niche-based

processes (e.g. niche availability, species–habitat associations or

physiological limitations driven by environmental conditions)

structure Neotropical primate communities, we would expect

that the proportion of variation in community structure

explained by environmental variables to be greater than that of

historical and spatial variables. Furthermore, we expect this

fraction to remain significant even after partialling out varia-

tion correlated with historical and spatial variables. On the

other hand, if historical processes are more important deter-

minants of primate community structure we would expect that

the proportion of variation explained by these predictors to be

greater than that explained by environmental and spatial vari-

ables, and that this fraction will remain significant even after

controlling for the effects of environmental gradients and

spatial variation. Lastly, if primate community structure were

the result of dispersal-based structuring processes, we would

expect the proportion of variation explained by spatial vari-

ables to be greater than that of environmental and historical

predictors. Furthermore, spatial variation should remain high

and significant even after accounting for environmental and

historical effects.

METHODS

Data for 74 communities with known primate species compo-

sition were obtained from the literature (Fig. 1; see Appendix S1

in Supporting Information). These communities were selected

so as to control for differences in sampling effort and census

techniques (see Appendix S2 for a description of selection cri-

teria). All biomes inhabited by Neotropical primates are repre-

sented in our sampled communities (Fig. S1 in Appendix S3).

Species belonging to the genus Aotus (owl monkeys) were not

included in any analysis because their nocturnal habits makes

their observation difficult and hence their presence–absence

data unreliable.

Variation in taxonomic structure was represented by a

presence–absence matrix of species within sample localities

based on checklists. Species checklists provide more accurate

information on co-occurring species, as these take into consid-

eration small-scale variation in habitat preferences and eleva-

tional limits which are not considered by other methods like

enumerating species composition based on range map overlaps

(Palminteri et al., 2011). We imposed a Hellinger transforma-

tion on this matrix to give low weights to rare species, as pro-

posed by Legendre & Gallagher (2001).

The phylogeny used to calculate metrics of phylogenetic

diversity was obtained from Fabre et al. (2009), based on the

taxonomy of Groves (2005). This is a large-scale dated super-

matrix phylogeny of Primates derived from a combination of

mitochondrial and nuclear DNA markers. Species identifica-

tions obtained from the literature were synonymized to match

this taxonomy. We performed our analyses using other pub-

lished phylogenies but chose this one because it represented

the most species present in our communities, and presents few

unresolved nodes. However, results did not differ much when

using other phylogenies, and the level of correlation between

phylogenies for all phylogenetic diversity metrics used in our

analyses was high for most metrics (R2 mode = 0.92; see Fig. S2

in Appendix S3).

Four different metrics were used to characterize the phyloge-

netic structure of communities. All metrics are based on branch

lengths of the phylogeny, and represent measures in millions of

years of divergence from a common ancestor. PD characterizes

overall evolutionary history represented by species in a commu-

nity (Faith, 1992). Average taxon age (ATA) quantifies the

average age of species in millions of years in a community. In

addition, we incorporated measures that estimate phylogenetic

community structure by assessing pairwise relationships among

species in communities [mean nearest taxon distance (MNTD)

and mean pairwise distance (MPD); Webb, 2000]. Phylogenetic

community structure measures were not standardized with

respect to a regional species pool, as the objective of our work

was not to determine whether over-dispersion or clustering

exists (see Kamilar & Guidi, 2010, for these results), but rather to

determine how such patterns of phylogenetic relatedness of

co-occurring species are explained by ecological, historical and

spatial mechanisms. Collinearity between these measures was

relatively low (Pearson’s correlation ranges from 0.11 to 0.73;

Taxonomic and phylogenetic structure of Neotropical primate communities
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Fig. S3 in Appendix S3), thus we are confident these measures

reflect complementary aspects of the phylogenetic component

of biodiversity. Phylogenetic metrics were computed using the

packages Ape (Paradis et al., 2004) and Picante (Kembel et al.,

2010). All analyses were conducted in R, version 2.10 (R Devel-

opment Core Team, 2009).

Environmental, historical and spatial predictors

Nine environmental predictors representing variation in climate

and energy (net primary productivity, NPP) were selected based

on their biological relevance to primates (Kay et al., 1997; Peres

& Janson, 1999), while also attempting to minimize redundancy

(see Table S1 in Appendix S3 for correlation matrix): NPP,

minimum average yearly temperature, maximum average yearly

temperature, mean annual temperature, temperature seasonal-

ity, minimum average annual precipitation, maximum average

annual precipitation, total annual precipitation, and precipita-

tion seasonality. Many of these variables are used in analyses of

broad-scale diversity patterns (see Hawkins et al., 2007; Kamilar,

2009; Stevens, 2011). Environmental information was gathered

from WorldClim (Hijmans et al., 2005) and NPP from Imhoff

et al. (2004). Values used represent the average value of the focal

cell – each community’s spatial coordinates – and its eight sur-

rounding cells in order to obtain a more precise representation

of mean climatic conditions of the local area. Raster maps of

environmental variables and NPP had a resolution of 0.25°.

We selected variables to represent two historical hypotheses

that take into consideration roles of dispersal and vicariance in

shaping tropical species distributions: the riverine barriers

hypothesis and the Pleistocene forest refugia hypothesis (see

Haffer, 1997). Communities were ascribed to a matrix of

dummy variables representing one of 15 river basins or 20 forest

refugia (Fig. 1) using GIS operations performed in ArcGIS 9.3

Figure 1 Location of communities included in analyses. Symbols in the map legend represent assignment of communities to different
river basins. All sites in Central America and the western Andes were assigned to the ‘trans-Andes river basin’. Letters represent proposed
Pleistocene forest refugia. Number in parentheses represents the number of communities assigned to each river basin and forest refugium.
Names of refugia are from Prance (1982). See Appendix S1 for references to community numbers and their sources; see Tables S1 & S2 in
Appendix S2 for a list of communities assigned to individual refugia and river basins, respectively.
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(ESRI, 2008; see Appendix S2 for a description of the method-

ology used for assignment of communities and the respective

correspondence of communities to each river basin and Pleis-

tocene refugia, Tables S1 & S2 respectively). Principal compo-

nents analyses (PCAs) were used to reduce the dimensionality

of environmental and historical matrices, as well as to avoid

multicollinearity among variable suites, which artificially

increases explained variation (Legendre & Legendre, 1998).

Spatial variables representing dispersal-based structuring

processes were incorporated into a predictor matrix using

spatial analyses. Spatial structure in our data set was represented

by eigenvectors derived from principal coordinates of neighbour

matrices (PCNM) based on the geographic coordinates of com-

munities (Borcard et al., 2004). PCNM vectors are obtained by

eigenvalue decomposition (principal coordinates analysis) of a

truncated matrix of distances among sites. Positive PCNM

eigenvectors were retained for further analysis. Spatial analyses

were performed using the package Vegan (Oksanen et al., 2009)

and packfor (Dray et al., 2006) in R.

Statistical analyses

Redundancy analysis (RDA) and partial RDA were chosen for

variation partitioning analyses (Borcard et al., 1992) because

preliminary ordination using detrended correspondence analy-

sis (DCA) revealed short gradients in response matrices. Envi-

ronmental and historical principal components and PCNM

vectors were entered into the predictor matrices in a forward

stepwise fashion with an alpha level of 0.05, retaining only those

that made a significant contribution to the explanation of

response matrices of taxonomic and phylogenetic structure.

Variation partitioning analyses quantify the amount of varia-

tion in a response matrix (community structure) attributable to

different combinations of explanatory datasets, in our case,

environmental, historical and spatial (Borcard et al., 1992; Leg-

endre & Legendre, 1998). Total variation explained by the three

types of explanatory variables (environment, history, space) was

decomposed into eight components (Fig. 2). Additionally, we

estimated the total amount of variation associated with each set

of predictors without partialling out the effects of the others.

The significance of fractions was evaluated by comparing the

adjusted coefficient of determination (R2
adj) to those created

from 10,000 permutations of the original data (Borcard et al.,

1992; Peres-Neto et al., 2006). We also conducted permutation

tests to estimate whether particular fractions were larger than

expected by chance. These were done by permuting response

matrices (taxonomic and phylogenetic) and using these ran-

domly rearranged matrices to conduct variation-partitioning

analyses. This procedure was replicated 1000 times, generating a

frequency distribution of adjusted R2 values for each fraction

expected under a null hypothesis of random association

between response and predictor matrices. If the observed values

of each fraction were greater than the 95% quantile of their

random distributions, then the component was considered to

be statistically greater than expected by chance. R code to run

these analyses can be found in Tello & Stevens (2010). These

analyses were also carried out independently for each of the

four different phylogenetic metrics to determine whether the

influence of a particular predictor changes depending on the

aspect of phylogenetic structure being investigated.

a. ENV|(HIS SPA)

b. HIS|(ENV SPA)

c. SPA|(ENV HIS)

d. (ENV HIS)|SPA

e. (HIS SPA)|ENV

f. (SPA ENV)|HIS

g. ENV HIS SPA

h. 1 - [ENV HIS SPA]

Total ENV= a + d + f + g

Total HIS = b + d + e + g

Total SPA = c + e + f + g

a d b

e

g

f

c

h

Environment Historical events

Spatial variables

Figure 2 Schematic diagram of variation partitioning analyses and the corresponding fractions of variance explained. Variation in
community structure was partitioned between environmental (ENV), historical (HIS) and spatial (SPA) predictors. Fractions a–c represent
unique effects of each predictor, i.e. after controlling for effects of the other two predictors: a. pure effect of environment alone,
ENV|(HIS�SPA); b. pure effect of historical events alone, HIS|(ENV�SPA); c. pure effect of spatial variation alone, SPA|(ENV�HIS).
Fractions d–f represent variation explained by pairs of predictor sets after controlling for the effects of the remaining predictor: d.
combined effects of environment and historical components, (ENV�HIS)|SPA; e. combined effects of historical and spatial predictors,
(HIS�SPA)|ENV; f. combined variation of spatial and environmental variables, (ENV�SPA)|HIS. Fraction g represents the variation
explained by all three predictors simultaneously, ENV�HIS�SPA. Finally, fraction h represents variation in community composition that is
not explained by any of the analysed predictors. �, intersection; �, union; |, after controlling for.
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RESULTS

A total of 60 primate species were recorded across the 74 selected

communities (Table S2 in Appendix S3). Sites exhibited consid-

erable variation both in primate species richness and composi-

tion. Local species richness ranged from 2 to 13 with an average

of 5.8 species, although species-poor communities (fewer than

three species) were far more common (Fig. S4(a) in Appendix

S3). Overall, most species occurred at only a few sites (Fig. S4(b)

in Appendix S3). Composition varied among communities with

similar species richness. The most widely distributed species

were Cebus apella (49 sites), Alouatta seniculus (44 sites), Saimiri

sciureus (30 sites) and Cebus albifrons (28 sites). In contrast, 11

species were present in only one community each (Table S2 in

Appendix S3). Species-rich communities (six or more species)

were found around central-western Amazonia, close to the

eastern Andean slopes (Fig. 3a).

Phylogenetic characteristics of communities were heteroge-

neously distributed across the Neotropics and varied depending

on the particular metric. PD followed patterns of species rich-

ness, while MPD and MNTD exhibited far more complex spatial

distributions. Species-rich communities in the centre of the

primate distribution had higher PD values, while species-poor

communities presented low PD (Fig. 3b). For ATA, communities

in central and western Amazonia are composed of younger

species compared with those along the edges of the distribution

of the clade, and communities at higher latitudes were com-

posed of fewer, more distantly related species than communities

at lower latitudes that contained a greater number of closely

related taxa (i.e. central/western Amazonia; Fig. 3c). Communi-

ties near to major river systems, such as those in the Amazon

Basin were represented by taxa that were more related (low

MPD and MNTD) than communities not directly associated

with river systems (Fig. 3d, e). Furthermore for MNTD, related-

ness was lower (high MNTD values) at the extremes of the

distribution of Neotropical primates where communities are

represented by fewer more distantly related species (e.g. capuch-

ins and howlers or howlers and titis) while communities in the

central and western Amazon are composed of more closely

related species, and in many cases these are congeners (e.g.

Cebus, Saguinus, Callicebus, Callithrix; Fig. 3e).

PCA of environmental conditions across communities

reflects the relationships between species richness and phyloge-

netic metrics and environmental gradients (Fig. 4). The x-axis of

the PCA, which explains 48.6% of the variation, represents a

seasonality, low temperature (correlated with low precipitation)

gradient; while the y-axis, which explains 19.05% of the varia-

tion, represents productivity (correlated with high temperature

and precipitation). More seasonal, less productive, drier and

colder sites load negatively on both axes, while warmer, wetter,

more productive sites load positively. Communities with high

species richness and PD are found in relatively warm, wet, pro-

ductive sites, occurring in the right side of the ordination. Sites

with high MNTD and ATA corresponding to productive, dry,

warm lowlands on the extremes of the distribution of the taxon

are at the left side of the ordination.

Variation partitioning

The total variation explained by the model that included all

predictors was 49.3% for taxonomic structure and 66.8% for

phylogenetic structure (Tables 1 & 2, respectively). Spatial and

historical variables accounted for the largest fractions of

explained variation in diversity metrics (approximately 60%;

Tables 1 & 2 and Table S3 in Appendix S3). Environment also

explained a significant proportion of variation, but it was much

smaller than historical and spatial effects, ranging from 18 to

38% (Tables 1 & 2 and Table S3 in Appendix S3), and it did not

explain any variation in MPD (Table S3 in Appendix S3).

Variation partitioning analyses demonstrate that unique and

shared contributions of predictor matrices differed, particularly

when looking at the significance and relevance of fractions for

phylogenetic metrics independently (Fig. 5a, b). In all analyses

the most important fraction of independent variation was that

of unique spatial effects (fraction c), explaining between 8 and

37% of variation. Independent historical effects (fraction b)

were small (< 11%) and significant only for taxonomic struc-

ture, ATA and MPD. Variation associated with independent

environmental effects (fraction a) was extremely small (< 4%)

and significant only for taxonomic structure and ATA.

Much of the variation in taxonomic and phylogenetic com-

position associated with historical predictors is spatially struc-

tured (fraction e), explaining large and significant proportions

of variation in all cases (9–16%; Tables 1 & 2 and Table S3 in

Appendix S3). Variation explained by spatially structured envi-

ronmental gradients (fraction f) was relatively small, and sig-

nificant only for phylogenetic metrics, particularly PD (6%). For

all analyses (except for ATA) the fraction representing shared

environmental and historical effects was small and non-

significant. Lastly, a significant contributor to explaining varia-

tion in all cases is the shared fraction representing all predictors

simultaneously (fraction g), explaining up to 28% of variation

(Tables 1 & 2 and Table S3 in Appendix S3).

DISCUSSION

Our results support the hypothesis of dispersal-based processes

being important to the taxonomic and phylogenetic structure of

Neotropical primate communities. Spatial variables explained a

larger proportion of variation than did environmental or his-

torical predictors. After performing variation partitioning

analysis, the fraction reflecting pure spatial processes (fraction

c) explained the most variation in all independent fractions.

Furthermore, all fractions associating spatial variables with his-

torical and environmental predictors (fractions e, f, g) were also

large and significant for both diversity metrics. Many commu-

nity structure studies considering simultaneous effects of eco-

logical and historical processes have used spatial variables or

spatial distances as a proxy for historical or regional processes

(Kamilar, 2009; Beaudrot & Marshall, 2011; Qian & Ricklefs,

2012); however, their direct role in reflecting said processes

remains unclear. Our results show that spatial predictors are
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Figure 3 Spatial distribution of variation in species richness, phylogenetic diversity and structure in the analysed communities. Units for
all phylogenetic metrics are millions of years (Myr). The size of the circles is proportional to the values for each metric, with similar size
scales to allow comparisons: (a) species richness (SR), mean 5.8 species; (b) phylogenetic diversity (PD), mean 70.4 Myr; (c) average taxon
age (ATA), mean 3 Myr; (d) mean pairwise distance (MPD), mean 27.6 Myr; (e) mean nearest taxon distance (MNTD), mean 21.7 Myr.

Taxonomic and phylogenetic structure of Neotropical primate communities
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good proxies for historical events, but they reflect additional

independent variation possibly related to the dynamics of dis-

persal limitation.

For any study using spatially distributed data it is important

to directly test the influence of spatial autocorrelation (SAC) as

it can confound or overestimate the effects of the analysed pre-

dictors (Legendre, 1993; Dormann et al., 2007). Exogenous

autocorrelation, which is the result of the spatial dependence of

organisms to underlying environmental conditions, which are

inherently spatially structured, is the type of SAC that causes

problems in statistical analyses. SAC may also be a reflection of

endogenous spatial dependence, which is a result of biological

processes such as constraints on an organism’s mobility, disper-

sal and conspecific attraction. This type of SAC is related to

primate community structure as demonstrated here, and rel-

evant to our understanding of the importance of ecological

processes to spatial structure of communities. Endogenous

spatial effects can manifest in complex ways, even forming

environmental gradients in the absence of significant SAC

(Dormann et al., 2007). In our study, much of the variation

PC 1 (48.6%)
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Figure 4 Principal components analysis based on the climatic attributes of sampled communities reflecting the relationship of predictor
variables (a) species richness (SR), (b) phylogenetic diversity (PD), (c) average taxon age (ATA), (d) mean pairwise distance (MPD), and (e)
mean nearest taxon distance (MNTD) with environmental variables (1) net primary productivity, (2) minimum average yearly temperature,
(3) maximum average yearly temperature, (4) mean annual temperature, (5) temperature seasonality, (6) minimum average annual
precipitation, (7) maximum average annual precipitation, (8) total annual precipitation, and (9) precipitation seasonality.
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explained by environmental and historical components was spa-

tially structured (represented by the relatively large and signifi-

cant shared fractions). Significant spatial structure was indicated

not only by simple associations (fractions d, e and f) but also by

more complex spatial interactions (fraction g). Such interac-

tions highlight the importance of investigating complementa-

rity among multiple mechanistic hypotheses (Tello & Stevens,

2010), and testing significance beyond just unique effects (frac-

tions a, b and c) as is usually done.

Our findings support the idea that hypotheses applied

to taxonomic community structure can be extended to

the phylogenetic component of biodiversity, as the relative

contributions of environmental, historical and spatial proc-

esses were similar between diversity metrics. However, further

examination of phylogenetic metrics suggested a more

complex relationship: variations in PD and MNTD were

explained mostly by spatial processes, variation in ATA

was explained by a combination of all predictors and MPD was

Table 1 Results of variation
partitioning analysis of Neotropical
primate taxonomic community structure
into unique (a–c) and shared fractions
(d–g) explained by environmental
(ENV), historical (HIS) and spatial
(SPA) processes, and unexplained
variation (h). Adjusted R2 values in bold
are statistically greater than expected
based on permutation tests.

Adjusted R2 P-value 95% confidence intervals of adjusted R2

Names/fractions

Environment (ENV) 0.184 0.000 0.207 0.326

Historical (HIS) 0.360 0.000 0.433 0.594

Spatial (SPA) 0.402 0.000 0.467 0.612

ENV�HIS 0.395 0.000 0.514 0.695

ENV�SPA 0.422 0.000 0.541 0.701

HIS�SPA 0.479 0.000 0.666 0.850

ENV�HIS�SPA 0.493 0.000 0.755 0.960

Independent fractions

a. ENV|(HIS�SPA) 0.014 0.023 0.060 0.149

b. HIS|(ENV�SPA) 0.070 0.007 0.183 0.300

c. SPA|(ENV�HIS) 0.098 0.001 0.189 0.332

Shared fractions

d. (ENV�HIS)|SPA 0.007 0.352 -0.058 0.027

e. (HIS�SPA)|ENV 0.141 0.000 0.024 0.180

f. (ENV�SPA)|HIS 0.021 0.123 -0.057 0.053

g. ENV�HIS�SPA 0.142 0.000 0.109 0.263

Unexplained variation

h. 1 – (ENV�HIS�SPA) 0.507 1.000 0.040 0.245

�, intersection; �, union; |, after controlling for.

Table 2 Results of variation
partitioning analysis of Neotropical
primate phylogenetic community
structure (combining all metrics:
phylogenetic diversity, average taxon age,
mean pairwise distance and mean
nearest taxon distance) into unique (a–c)
and shared fractions (d–g) explained by
environmental (ENV), historical (HIS)
and spatial (SPA) processes, and
unexplained variation (h). Adjusted R2

values in bold are statistically greater
than expected based on permutation
tests.

Adjusted R2 P-value 95% confidence intervals of adjusted R2

Names/fractions

Environment (ENV) 0.350 0.000 0.237 0.514

Historical (HIS) 0.452 0.000 0.331 0.649

Spatial (SPA) 0.596 0.000 0.498 0.760

ENV�HIS 0.516 0.000 0.418 0.722

ENV�SPA 0.616 0.000 0.558 0.784

HIS�SPA 0.647 0.000 0.602 0.807

ENV�HIS�SPA 0.668 0.000 0.635 0.847

Independent fractions

a. ENV|(HIS�SPA) 0.021 0.279 -0.003 0.080

b. HIS|(ENV�SPA) 0.052 0.159 0.009 0.147

c. SPA|(ENV�HIS) 0.152 0.012 0.064 0.284

Shared fractions

d. (ENV�HIS)|SPA -0.001 0.531 -0.052 0.079

e. (HIS�SPA)|ENV 0.113 0.005 -0.001 0.278

f. (ENV�SPA)|HIS 0.043 0.034 -0.019 0.136

g. ENV�HIS�SPA 0.287 0.000 0.161 0.421

Unexplained variation

h. 1 – ( ENV�HIS�SPA) 0.332 1.000 0.153 0.365

�, intersection; �, union; |, after controlling for.

Taxonomic and phylogenetic structure of Neotropical primate communities

Global Ecology and Biogeography, ••, ••–••, © 2012 Blackwell Publishing Ltd 9



better explained by historical and spatial predictors, with no

environmental effects.

Environmental control, historical and spatial
processes structuring communities

At large spatial scales encompassing entire regions, as in this

study, species distributions are largely determined by processes

that affect speciation, extinction and dispersal dynamics (Rick-

lefs, 1987; Cavender-Bares et al., 2009). In our study, most vari-

ation of taxonomic and phylogenetic structure in Neotropical

primate communities was explained uniquely by purely spatially

structured variation, which may be related to dispersal limita-

tion of certain clades. For instance, platyrrhine clades are not

homogeneously distributed throughout tropical forests and this

uneven distribution is probably related to differences in the

location of centres of origin, diversification and dispersal rates

among groups (da Silva & Oren, 1996; Rosenberger et al., 2009).

Some clades tend to be more dispersal-limited than others,

which can generate patterns among clades and certain regions

determined by neutral dynamics (Beaudrot & Marshall, 2011).

Furthermore, even though primates are known to be highly

mobile and able to travel large distances, species are known to

restrict their movements to known areas of forest to increase

their foraging efficiency thus reducing their predation risk

(Janson & Chapman, 1999). Kamilar & Guidi’s (2010) findings

of a lack of phylogenetic structure in Neotropical primate

communities support our results, suggesting that deterministic

processes such as environmental filtering and competition play a

lesser role in structuring primate communities, particularly

when analysed at a regional scale.

Based on the small amount of variance in taxonomic struc-

ture explained by environmental variables, our results suggest

ecological flexibility of some species (i.e. the ability to tolerate a

broader set of climatic conditions due to their generalist habits),

whereby their presence may be determined principally by dis-

persal history or the presence of barriers (Kamilar, 2009).

Moreover, that our study group is represented by endotherms

that may be less susceptible to environmental variation is con-

sistent with these results. Qian & Ricklefs (2012) find that global

patterns of turnover of mammals and birds, which have larger

ecological tolerance ranges than ectothermic vertebrates, are less

related to environmental distances than to geographical dis-

tances, suggesting that dispersal-based processes have played an

important role in determining faunal similarity among endo-

thermic vertebrate assemblages. However, environmental varia-

tion could have an indirect effect on primate distribution, as it is

variables such as seasonality and precipitation that determine

the type and amount of resources available for food and shelter,

influencing inter- and intraspecies competition (Janson &

Chapman, 1999). For our data, communities composed of

small-range specialist species such as Callithrix, Saguinus and

Pithecia tend to be found in areas where environmental condi-

tions are highly stable throughout the year (central-western

Amazon). In contrast, large-ranged medium to large-bodied,

generalist species (Alouatta, Cebus) are represented in commu-

nities with high seasonality, where they are able to cope with

variation in temperature and precipitation regimes that in turn

affect resource availability and activity patterns (Janson &

Chapman, 1999).

Geographic variation in mammal diversification rates has

been related to features of the environment such as topographic

diversity or available energy (Hawkins et al., 2007). The signifi-

cant fraction of independent variation in ATA explained by

environmental variables may reflect such a relationship. Climate

may influence net species proliferation rates, enhance speciation

through adaptive responses to climatic changes, introduce

vicariant barriers as climate zones shift across an area, or
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Figure 5 Percentage of variation
explained (adjusted R2 ¥ 100) by
environmental, historical and spatial
predictors represented by fractions of
partitioning analysis. (a) Stacked-bar plot
showing partitioning explained variation
of taxonomic and phylogenetic
community structure. (b) Area graph
representing change in variation
explained by each fraction associated
with different metrics of phylogenetic
community structure. PD, phylogenetic
diversity; ATA, average taxon age; MPD,
mean pairwise distance; MNTD, mean
nearest taxon distance.
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promote dispersal as populations track preferred climates

(Davies et al., 2007; Gillman et al., 2009). Furthermore, the

influence of environmental variables in the conservatism of

niches of taxa is a widely known phenomenon (Hawkins et al.,

2007; Stevens, 2011). Although environmental conditions may

determine the species that are absent from a region due to physi-

ological tolerances, they do not necessarily predict the ones that

are present. However, the degree to which ecological processes

such as habitat filtering can account for phylogenetic commu-

nity structure will be largely dependent on the discrepancy

between species fundamental and realized niches and the

strength of the phylogenetic signal in species realized niches,

which are largely determined by environmental conditions

(Cardillo, 2011).

Lastly, historical events explained small fractions of inde-

pendent variation in both taxonomic and phylogenetic struc-

ture, while most of their effects were reflected in the shared

fractions between spatial and environmental variables. In the

Neotropics, riverine barriers may influence community compo-

sition particularly for small, less mobile primate species such as

tamarins and marmosets by directly limiting their dispersal

(Ayres & Clutton-Brock, 1992), while large-scale biogeographic

changes associated with the uplift of mountain ranges and

inherent habitat changes during times of climatic fluctuations

may have played a prevailing role in the distribution of larger

species such as howlers (Cortés-Ortiz et al., 2003). However, the

direct influence of these historical events on community com-

position has rarely been studied. In Primates, such events prob-

ably represent productive avenues for future research.

The present study demonstrates the importance of analys-

ing simultaneously multiple mechanisms of assembly of com-

munities to obtain a more comprehensive understanding of

current patterns of biodiversity. For Neotropical primates,

spatial effects, probably linked to differences in species dispersal

abilities and history of lineage diversification, were the most

important predictors of taxonomic composition. However phy-

logenetic diversity and structure appeared to be more related to

ecological and spatial processes interacting in complex ways.

Further research incorporating information such as species

abundances, species-specific dispersal rates, habitat heterogene-

ity and palaeoclimatic information may increase our under-

standing of primate community assembly. In addition, direct

investigation of the effects of biotic interactions by examining

species co-occurrence (see Kamilar & Ledogar, 2011) will be

likely to provide insightful information regarding the roles of

competition and biotic interactions in the structure of primate

communities.
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