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Abstract

Islands frequently harbour unique assemblages of species, yet their ecological 

roles and differences are largely ignored in island biogeography studies. Here, we 

examine eco- evolutionary processes structuring mammal assemblages on oceanic 

islands worldwide, including all extant and extinct late- Quaternary mammal 

species. We find island mammal assemblages tend to be phylogenetically clustered 

(share more recent evolutionary histories), with clustering increasing with island 

area and isolation. We also observe that mammal assemblages often tend to be 

functionally clustered (share similar traits), but the strength of clustering is weak 

and generally independent from island area or isolation. These findings indicate 

the important roles of in situ speciation and dispersal filtering in shaping island 

mammal assemblages under pre- anthropogenic conditions, notably through 

adaptive radiation of a few clades (e.g. bats, with generally high dispersal abilities). 

Our study demonstrates that considering the functional and phylogenetic axes of 

diversity can better reveal the eco- evolutionary processes of island community 

assembly.
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PHYLOGENETIC AND FUNCTIONAL CLUSTERING ILLUSTRATE THE ROLES OF ADAPTIVE RADIATION 
AND DISPERSAL FILTERING IN JOINTLY SHAPING LATE- QUATERNARY MAMMAL ASSEMBLAGES ON 

OCEANIC ISLANDS 

INTRODUCTION

Species diversity on oceanic islands has been ex-
plored throughout the history of island biogeogra-
phy (Palmgren, 1921; Rosenzweig, 1995; Whittaker & 
Fernández- Palacios, 2007), and the mechanisms of spe-
cies coexistence on island systems have attracted consid-
erable attention and debate (Diamond, 1975; Simberloff, 
1978). However, the ecological roles of species in assem-
blages are largely ignored in island biogeography stud-
ies (Warren et al., 2015). Functional and phylogenetic 
methods that incorporate species differences are being 
increasingly integrated into ecology (Cavender- Bares 
et al., 2009; McGill et al., 2006), including in studies 
examining oceanic islands (Emerson & Gillespie, 2008; 
Gillespie, 2004; Ottaviani et al., 2020; Sobral et al., 2016; 
Whittaker et al., 2014), and provide a powerful approach 
to assess community assembly mechanisms. Here, we ex-
plore the functional and phylogenetic structure of island 
mammal assemblages worldwide, and how this relates to 
island area and isolation at the global scale (Patiño et al., 
2017; Santos et al., 2016).

In contrast to assumptions of species neutrality im-
plicit in the theory of island biogeography (MacArthur 
& Wilson, 1963, 1967), ecological (e.g. competition 
and filtering) and evolutionary processes (e.g. in situ 
speciation) are frequently inferred to have been im-
portant in structuring species assemblages on islands 
(HilleRisLambers et al., 2012; Mittelbach & Schemske, 
2015). On oceanic islands, closely related species with 
similar ecological requirements or resource utilisa-
tion might be excluded by competitive interactions 
(Emerson & Gillespie, 2008). The resulting community 
structure would then comprise species more dissimilar 
in traits (the scaled Euclidean distance) or evolutionary 
histories (the amount of time separating species) than 
expected by chance sampling from the regional species 
pool (overdispersed). Alternatively, it is possible that 
only species with specific traits, such as the strong dis-
persal abilities that bats generally have compared to 
non- volant mammals, can successfully colonise islands 
(i.e. dispersal filtering) (Cardillo et al., 2008), or that 
island environments filter based on habitat affinities 
(i.e. environmental filtering) (Carvajal- Endara et al., 
2017). These again suggest non- random associations of 
species in traits or evolutionary histories, and here the 
expected assemblages are more functionally or phylo-
genetically clustered (species in an assemblage are more 
functionally or phylogenetically similar relative to null 
expectations). Phylogenetic clustering of island fau-
nas could be further generated endogenously through 
evolutionary processes (e.g. in situ speciation) (Vamosi 
et al., 2009), adding new species that have closely re-
lated sister taxa into the regional pool (Grant & Grant, 
2006; Mittelbach & Schemske, 2015). However, during 
island adaptive radiations, species coexistence is often 
enhanced through character displacement, either 

early in a radiation followed by subsequent filtering, 
or through repeated events (Grant & Grant, 2006; 
Schluter, 2000b). Such a process might lead to phyloge-
netic clustering and functional overdispersion (Cadotte 
et al., 2019), within the genetic and morphological con-
straints of the clade undergoing diversification (Davies 
et al., 2012) (Figure 1).

Island area and isolation might also influence partic-
ular ecological and evolutionary processes, leading to 
predictable functional and phylogenetic structures on 
different islands. For example, environmental filtering 
might be stronger on smaller islands because they likely 
contain fewer habitat or topographic types (Matthews 
et al., 2020; Si et al., 2017). Island isolation is also likely 
to result in greater functional clustering, by biasing colo-
nisation towards those species possessing long- distance 
dispersal capabilities (e.g. bats or migratory birds) (Si 
et al., 2017), which would also be reflected in greater phy-
logenetic clustering if the traits related to dispersal are 
phylogenetically conserved. Thus, where ecological pro-
cesses (environmental and dispersal filtering) dominate 
mechanisms structuring island assemblages, we predict 
greater functional or phylogenetic clustering on smaller 
(high habitat filtering) and more remote islands (select-
ing for good dispersers).

Similarly, island attributes could also shape evo-
lutionary processes. Larger and more remote islands 
should more often support in situ speciation (Rosindell 
& Phillimore, 2011). Large islands can sustain larger 
population sizes and environmental heterogeneity, both 
of which promote in situ speciation and diversification 
(Schluter & Pennell, 2017; Stuessy et al., 2006). Remote 
islands will also favour speciation via reproductive iso-
lation, where long- distance dispersal events are rare 
(Gillespie, 2004; Valente et al., 2020; Whittaker et al., 
2017). If in situ evolutionary dynamics dominate mecha-
nisms structuring island assemblages, we would predict 
that large and remote islands would show greater phylo-
genetic clustering. However, a strong divergent selection 
of closely related sister taxa should result in the rapid 
accumulation of niche and trait differences (Davies 
et al., 2007). We thus expect phylogenetic clustering to be 
stronger than functional clustering if adaptive radiation 
has been important in shaping mammal assemblages, as 
a single or few clades might expand to fill the available 
niches (Figure 1).

Here, we conduct a global analysis of terrestrial mam-
mals on oceanic islands to evaluate the relative role of 
ecological and evolutionary processes in structuring 
mammal assemblages. Mammals are one of the best- 
known groups with readily available data on traits, phy-
logenies, and species distributions, and have high- quality 
historical range data due to better fossilisation than 
other vertebrate groups (Benton, 2009). Island biotas 
have experienced dramatic human- linked global extinc-
tions (Alcover et al., 1998; Blackburn et al., 2004; Dirzo 
et al., 2014), that might be of a magnitude large enough to 
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alter inferences from macro- ecological analyses (Russell 
& Kueffer, 2019). In this study, we include extant native 
species as well as extinct native species known to have 
inhabited an island within the late Quaternary (the last 
~130,000  years). The exact extinction dates of many of 
these species are not known with certainty, but nearly all 
extinctions of mammals on oceanic islands took place 
in the Holocene (the last 11,650 years) (Turvey, 2009). By 
including these historical distributions, we avoid being 
misled by the massive anthropogenic extinctions and in-
troductions that occurred on islands worldwide (Davis 

et al., 2018; McCreless et al., 2016; Russell & Kueffer, 
2019).

We examine the global functional and phylogenetic 
structure of mammal assemblages on oceanic islands. 
Given the difference in life forms, we separate island 
mammals into bats and non- volant mammals, as bats 
generally have high dispersal abilities. By doing so, 
we can better explore unique mechanisms of commu-
nity assembly that might characterise volant versus 
non- volant mammals. We here address the following 
questions: (1) How does mammal community structure 

F I G U R E  1  Hypothesised effect of island area and isolation on terrestrial mammal community structure. Community structure is 
measured as the normalised deviation from null expectations randomly drawn from regional species pools (standardised effect size, SES) and 
deviations identified as more overdispersed (SES > 0) or more clustered (SES < 0) than null expectations. This framework is an extension of 
that presented in Si et al. (2017), and considers the importance of ecological and evolutionary processes in structuring mammal assemblages 
on global oceanic islands. We expect island assemblages to be more clustered on smaller (high habitat filtering) and more remote islands 
(selecting for good dispersers) if ecological filtering is dominant. Island assemblages will be more clustered on larger and more remote islands if 
in situ speciation through adaptive radiations is a dominant process. Under adaptive radiations on oceanic islands, we further expect stronger 
phylogenetic, but weaker functional clustering in island mammals, as a single or few clades might expand to fill the available niches. We also 
expect diversification rates to increases with island area and isolation. Hypothesised relationships indicated by dashed lines are uncertain
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on oceanic islands vary with area and isolation? (2) 
What are the relative contributions of ecological and 
evolutionary processes in shaping island mammal 
assemblages?

M ATERI A L A N D M ETHODS

Island data

We obtained island variables from a standardised data-
set of the world’s islands (Weigelt et al., 2013), including 
area, isolation and climatic factors (temperature and 
precipitation). Island area (km2) was measured as the 
polygon area of landmass surrounded by ocean using a 
cylindrical equal- area projection (Weigelt et al., 2013). 
Isolation (km) was calculated as the distance from an 
island’s mass centroid to the nearest mainland coast (ex-
cluding Antarctica, which is covered by ice permanently) 
(Weigelt et al., 2013). We included maximum values per 
island polygon of mean annual temperature (°C) and 
mean annual precipitation (mm) (Weigelt et al., 2013) as 
additional independent variables to adjust for potential 
confounding effects of climate on community structure 
(see more details about island variables in Appendix 
S1). To increase model fit, we log10- transformed island 
area, isolation and temperature. Specifically, tempera-
ture was transformed as: – 1 × log10(max(x) +1 –  x), where 
max(x) is the maximum value of temperature (in °C) for 
included islands, to avoid non- positive values in log10- 
transformation. Precipitation was rescaled as x/1000, 
where x is the original value of precipitation in millime-
tres. Although island variables were correlated (absolute 
values of Pearson’s r < 0.60, p < 0.05; Table S1), they con-
tribute to explaining unique variations in our statistical 
models.

We focus on oceanic islands, defined here as volcanic 
islands that emerged from the oceanic floor or continen-
tal islands that occur in the world’s oceans, and which 
were not connected to larger islands or nearby conti-
nental landmasses during the Last Glacial Maximum 
(LGM) (Whittaker & Fernández- Palacios, 2007). Thus, 
all continental fragments (e.g. New Guinea, Borneo, 
Great Britain, and Hainan Island) and volcanic islands 
(e.g. Honshu and Kyushu Islands of Japan, Kefallinia 
and Ikaria Islands of Greece) that were attached to 
larger islands or continental landmasses during the 
LGM were excluded, whereas islands containing conti-
nental plate fragments which have been isolated during 
the LGM (e.g. New Caledonia) were included. We exam-
ined the potential for island type (oceanic or continental) 
to have an effect on mammal diversity and community 
structure, and found that it did not influence the general 
patterns (see more details in Appendix S1: Island types).

Last, we excluded islands with area <100 km2 because 
it was not possible to obtain reliable data of species 
occurrence: mammal ranges in PHYLACINE 1.2 (see 
below) are rastered at a scale of 100 km, and for small 
islands adjacent to large islands (e.g., many islands in 
Indonesia), there is a lack of data on how humans may 
have modified mammal ranges.

Mammal data

Mammal occurrence data, mainly from Faurby and 
Svenning (2015a) and IUCN version 2016– 3, were ex-
tracted from the PHYLACINE 1.2 database (Faurby 
et al., 2018). These data contain the map of present- 
natural ranges (i.e. where species would live without 
anthropogenic pressures) (sensu Peterken, 1977) of all 
extant and extinct late- Quaternary mammal species in 

F I G U R E  2  The distribution of 212 oceanic islands included in this study. Isolation is measured as the distance from the centroid of an 
island to the nearest mainland coast
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the last ~130,000 years (we note, however, that the vast 
majority of island extinctions occurred in the Holocene, 
i.e. the last 11,650 years). Occurrences of extinct species 
on islands were based on fossil evidence. Our data thus 
represent estimated island occurrences in the absence of 
human modification (Faurby et al., 2018). We focus on 
terrestrial (non- marine) mammals, and thus excluded si-
renians, pinnipeds, cetaceans, and marine non- pinniped 
carnivores. Our study includes all oceanic islands world-
wide with areas ≥100  km2, ranging from 100.65  km2 
(Montserrat) to 5.91 × 105 km2 (Madagascar), and with 
at least two terrestrial mammal species (note that 39 is-
lands that exceeded our size threshold had only one spe-
cies), resulting in a total of 212 islands (Figure 2, Table 
S2). More details about the mammal occurrence data are 
provided in Appendix S1: Mammal data.

We obtained data on body mass (grams, log10- 
transformed), diet, foraging strata, and daily timing of 
foraging activity for all extant mammal species, and 
data on body mass and diet for extinct late- Quaternary 
mammal species. Foraging stratum and daily timing of 
foraging activity of extinct species were recorded as NA 
(189 of 1,050 species). We selected species traits primarily 
based on ecological relevance (Oliveira et al., 2016; Safi 
et al., 2011) and data availability, which was limited given 
the global scale of analyses, and the inclusion of recently 
extinct mammal species in this study. For example, body 
mass can reflect species’ dispersal abilities, which is also 
one of the most important traits defining the ecological 
niche in mammals. Specifically, body mass and diet were 
extracted from PHYLACINE 1.2 (Faurby et al., 2018), 
which was compiled from multiple resources (Faurby & 
Svenning, 2016; Kissling et al., 2014; Smith et al., 2003; 
Wilman et al., 2014). Body mass was recorded as a con-
tinuous variable, ranging from 1.8 g (Crocidura levicula) 
to 2,000,000 g (Stegodon florensis). Diet was recorded as 
the percentage of three categories (i.e. vertebrate prey, 
invertebrate prey and plants). Foraging stratum and the 
time of foraging activity were compiled from EltonTraits 
v1.0 (Wilman et al., 2014). Foraging stratum was coded 
as aerial, arboreal, ground- level or fossorial. We defined 
fossorial species as those that live in burrows and are 
capable of excavating burrows (Healy et al., 2014). The 
timing of daily foraging activity was coded as diurnal, 
nocturnal, crepuscular (active at dusk and dawn), or 
cathemeral (active at any time of day).

The PHYLACINE 1.2 database has a posterior dis-
tribution of 1,000 trees of all known extant and extinct 
late- Quaternary mammals (a total of 5,831 species) con-
structed using Bayesian methods (Faurby & Svenning, 
2015b). To derive phylogenetic structure metrics, we ar-
bitrarily selected the first tree of 1,000 posterior phylog-
enies (Alroy, 2019; Faurby et al., 2018). We then pruned 
the selected tree (5,831 species) to the set of terrestrial 
mammals on oceanic islands included in this study (1,050 
species), including 424 bat species and 626 non- volant 
mammals. We additionally examined 100 alternative 

tree topologies from the same pool of 1,000 posterior 
phylogenies (Faurby & Svenning, 2015b) to examine the 
robustness of phylogenetic summary metrics, and found 
results were qualitatively indistinguishable (Appendix 
S1: phylogenetic uncertainty). For simplicity, we present 
results here using the initial tree selected above (Figure 
S1).

To estimate functional metrics of each island, we used 
tree- based approaches that are easier to compare with 
phylogenetic metrics (e.g., Cadotte et al., 2009). We first 
computed functional distances between all species pairs 
using Gower’s distance, which can handle quantitative 
and qualitative variables (Gower, 1966), and constructed 
a functional dendrogram using hierarchical clustering 
and the Unweighted Pair Group Method with Arithmetic 
Mean (UPGMA) algorithm.

Standardised effect size of functional and 
phylogenetic metrics

We quantified community structure of each island as 
the departure of functional or phylogenetic distances 
of co- occurring species within an assemblage relative 
to a random sampling of species from a regional species 
pool (Webb et al., 2002). The analysis of functional or 
phylogenetic community structure can link community 
ecology with biogeography, which may help infer mecha-
nisms of contemporary coexistence (Webb et al., 2002) 
and character evolution (Vamosi et al., 2009).

We calculated the metrics of functional commu-
nity structure as the standardised effect size (SES) of 
the mean functional pairwise distances (SES.MFD), 
and the mean nearest functional taxon distance (SES.
MNFD), for each mammal assemblage relative to sim-
ulated communities randomly drawn from the species 
pool. Standardised effect sizes were calculated as: (ob-
served –  mean expected)/SD(expected), which is anal-
ogous to normalised Z- values. Expected values were 
calculated from 1,000 random communities (Gotelli 
& Graves, 1996), using the tip- shuffling null model 
(Kembel, 2009) that allows us to randomise species 
identity (i.e. the names of taxa on the phylogeny) while 
maintaining the community data matrix that captures 
the distribution of species richness and occurrence on 
individual islands (Swenson, 2014), which might be de-
termined more by ecological constraints of individual 
islands. Negative SES values indicate functional or phy-
logenetic clustering— species are more similar to each 
other than null expectations, and positive SES values 
indicate functional or phylogenetic overdispersion— 
species less similar to each other than null expectations 
(Webb et al., 2002). Phylogenetic community structure 
was calculated similarly as the SES of mean phylo-
genetic pairwise distances (SES.MPD), and the mean 
nearest phylogenetic taxon distance (SES.MNPD). We 
defined the mean of the pairwise distances (SES.MFD 
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and SES.MPD) as the index of the root- level commu-
nity structure, which is more sensitive to splits deeper 
in the phylogeny, closer to the root of the tree, reflect-
ing processes acting across the deeper structure of 
the functional and phylogenetic trees. In contrast, we 
defined the mean of the nearest neighbour distances 
(SES.MNFD and SES.MNPD) as the index of tip- 
level community structure, which is more sensitive to 
the terminal structure near the tips of the tree (Mazel 
et al., 2016; Swenson, 2014).

The definition of species pools can strongly influence 
the estimations of community structure and the interpre-
tation of the patterns (Carstensen et al., 2013; Graves & 
Rahbek, 2005). It is common to consider all species in a 
given region as potential colonisers, although this is not 
always well justified nor properly defined (Borregaard 
et al., 2020). We therefore used a more evolutionarily re-
alistic delineation of the regional species pool to reflect 
the variations in dispersal ability between species, de-
fined as the dispersion field (sensu Lessard et al., 2012). 
The dispersion field represents the pool of genera with 
geographic extents overlapping the focal assemblage. We 
used the genus level to better capture lineages with the 
potential to colonize a given island and the potential for 
evolutionary diversification within genera. Island colo-
nisations often result in the colonisers becoming differ-
entiated from the mainland source species, so defining 
species pools at the species level will therefore fail to ef-
fectively capture the potential source biota for a given 
island. Our dispersion- field species pool thus includes all 
species within the genera that occur at least once within 
the dispersion field (see R code for dispersion- field spe-
cies pools in Appendix S2).

Statistical analyses

We examined the functional and phylogenetic structure 
of island mammals using spatial error- type autoregres-
sive models (SARerr) (Kissling & Carl, 2008), regressing 
each metric of mammal community structure against is-
land variables, using the R function ‘errorsarlm’ in the 
‘spatialreg’ package (Bivand & Piras, 2015). Within each 
of the SARerr models, we varied the distances from the 
lower to upper distance bounds (e.g. minimum neigh-
bour distance × 1.1 = 25.83 km and maximum neighbour 
distance: 6330.18 km for all terrestrial mammals on 212 
islands) at 20 intervals using the row standardised weight-
ing scheme to identify the most appropriate neighbour 
distance. We used AICc (corrected Akaike’s informa-
tion criterion) and minRSA (minimum residual spatial 
autocorrelation) jointly in SARerr models to determine 
the most appropriate neighbour distance (Kissling & 
Carl, 2008). Moran’s I was used to measure the spatial 
autocorrelation in model residuals. Pseudo- R2  values 
(hereafter referred to R2) were calculated as the squared 

Pearson’s correlation between predicted and observed 
values (Kissling & Carl, 2008).

Finally, we ran an additional analysis to examine the 
relationships between diversification rates and island 
variables, which could shed additional light on the re-
lationship between island area, isolation, and the likeli-
hood of in situ speciation. We estimated a species- level 
metric of diversification rates— species tip DR (Redding 
& Mooers, 2006) — on the full 5,831 species trees, as the 
reciprocal of the equal splits metric of evolutionary dis-
tinctiveness. Species tip DR has been shown to correlate 
highly with model- based estimators of speciation rates 
(Quintero & Jetz, 2018; Title & Rabosky, 2019), and can 
be readily calculated across a large set of phylogenetic 
trees (Upham et al., 2019), such as across the 1,000 poste-
rior trees from the PHYLACINE database we used here. 
For each island, we calculated the average of species 
tip DR, providing a measure of the assemblage tip DR. 
Because we were most interested in the maximum diver-
sification rates, as these reflect more recent speciation 
events and better capture island limits to diversification, 
we took the average of the top 10% and 20% species tip 
DR on each island to represent the assemblage tip DR. 
This is qualitatively similar to conducting quantile re-
gression (Cade & Noon, 2003), but allows us to model 
assemblage tip DR in our spatial regression framework. 
We then regressed the log10- transformed assemblage tip 
DR against island variables using SARerr models, as 
above. We also generated models separately for bats and 
non- volant mammals.

RESU LTS

We recorded a total of 1,050 late- Quaternary native ter-
restrial mammals on 212 oceanic islands, with a mean 
of just under 13 species per island, representing 424 bats 
on 169 islands and 626 non- volant mammals on 107 is-
lands (Table S2). Our dataset included 17 bats and 116 
non- volant mammals that are now globally extinct 
(Appendix S1: current species). Diversification rates (i.e. 
top 10% quantile of tip DR estimates) were higher on 
larger islands for all mammals as well as for non- volant 
mammals separately, while there was no significant re-
lationship between area and diversification rate for bats 
(Table S4). Diversification was independent of island iso-
lation across all groups (Table S4).

Mammal assemblages on islands generally tended to 
be functionally and phylogenetically clustered (i.e. SES 
values <0), with a higher strength of phylogenetic clus-
tering than functional clustering (Wilcoxon signed- rank 
test, p  =  0.03) (Figure 3). However, non- volant mam-
mal assemblages demonstrated a tendency for func-
tional overdispersion (i.e. SES values >0) (Figure 3). The 
strength of functional and phylogenetic clustering for 
all mammals was stronger than for bats and non- volant 
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mammals separately, with more than 18% of islands 
being significantly clustered (Figure 4 and Table S5).

Phylogenetic clustering (SES.MPD and SES.MNPD) 
for all mammals and non- volant mammals, and clus-
tering of root- level functional (SES.MFD) and tip- level 
phylogenetic structure (SES.MNPD) for bats, increased 
with island area (Figures 5 and 6, Table S3). Trends with 
island isolation were less clear; however, clustering of 
tip- level phylogenetic structure (SES.MNPD) increased 
with island isolation for all mammals and bats (Figures 5 
and 6, Table S3). Thus, there was a general, but not a uni-
versal trend for species on more remote islands to show 
greater phylogenetic clustering.

DISCUSSION

Island assemblages frequently have unique functional 
and phylogenetic community structure; however, tradi-
tional island biogeography studies incorporating ecolog-
ical differences among species in communities indexed 
via species traits and phylogenetic distances are still lim-
ited due to the unavailability of large- scale datasets. We 
explored the functional and phylogenetic structure of is-
land mammal assemblages worldwide, focusing on all ex-
tant and extinct late- Quaternary island faunas, thus we 
accounted for the potential influences of anthropogenic 

extinctions and introductions. We found diversification 
rates (i.e. assemblage tip DR) increased with area, con-
sistent with expectations (Losos & Schluter, 2000). Island 
mammal assemblages generally tended to be function-
ally and phylogenetically clustered, which we suggest 
these patterns reflect the importance of in situ speciation 
and dispersal filtering in shaping mammal assemblages 
on oceanic islands across the globe.

Clustering of island mammal structure

Island mammal assemblages generally showed functional 
and phylogenetic clustering, with effect sizes stronger 
for phylogenetic than functional indices (Figure 3). The 
stronger clustering for all mammals relative to bats and 
non- volant mammals separately likely reflected the 

F I G U R E  3  The means and standard errors of the functional 
and phylogenetic community structure of all terrestrial mammals, 
bats, and non- volant mammals. We calculated root- level community 
structure as the standardised effect size of the mean functional and 
phylogenetic pairwise distances (SES.MFD and SES.MPD), and tip- 
level community structure as the standardised effect size of the mean 
nearest functional and phylogenetic taxon distances (SES.MNFD 
and SES.MNPD). Island mammal assemblages generally tend to be 
functionally and phylogenetically clustered, with a higher strength 
of phylogenetic clustering than functional clustering. The stronger 
clustering for all mammals relative to the sub- clades likely reflects 
overrepresentation of bats on islands, with strong functional and 
phylogenetic clustering of this species- rich group relative to other 
mammals
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PHYLOGENETIC AND FUNCTIONAL CLUSTERING ILLUSTRATE THE ROLES OF ADAPTIVE RADIATION 
AND DISPERSAL FILTERING IN JOINTLY SHAPING LATE- QUATERNARY MAMMAL ASSEMBLAGES ON 

OCEANIC ISLANDS 

overrepresentation of bats on islands (i.e. bats dominate 
the species pool of all mammals), with strong functional 
and phylogenetic clustering of this species- rich group 
relative to other mammals (see below). The large func-
tional and phylogenetic distance between bats and other 
mammals may have further contributed to the stronger 
clustering observed for all mammals— islands provide 
an environment that filters for bats.

The clustering of mammal assemblages may arise 
from both ecological processes (dispersal and environ-
mental filtering) and evolutionary processes (in situ 
speciation, such as intra- island or intra- archipelago 
cladogenesis). Dispersal ability and environment act 
as ecological filters, selecting for species with particu-
lar traits. For example, bat species with long- distance 
dispersal capacities are more likely to colonise remote 
islands, and their fit to local habitats determines the 
probability of successful establishment. If these disper-
sal and niche traits are phylogenetically conserved, there 
is indirect filtering for phylogenetic affinities, resulting 
in functional and phylogenetic clustering, especially for 
bat assemblages. Because filtering acts directly on traits, 
and only indirectly on phylogeny, we would expect fil-
tered assemblages to demonstrate greater functional 
clustering than phylogenetic clustering. However, it is 

possible that the traits on which filtering operated were 
not included in analyses, potentially weakening the link 
with functional clustering (Cadotte et al., 2019). In con-
trast, in situ speciation would drive strong phylogenetic 
clustering as newly emerged species are, by definition, 
most closely related to extant community members. 
However, if species radiate adaptively, we might not nec-
essarily observe strong functional clustering, as species 
may have diverged in their phenotypes. Under a scenario 
of adaptive radiation, we might then predict strong phy-
logenetic clustering (many young, closely related species) 
but little or weak clustering of traits.

The structure of mammal assemblages across 
island area and isolation

Phylogenetic clustering of all three groups (all mam-
mals, bats, and non- volant mammals alone) typically in-
creased with island area. The strong links between island 
area and clustering supported in situ speciation rather 
than environmental or dispersal filtering as the domi-
nant structuring process— large islands are likely to pro-
mote in situ speciation through intra- island cladogenesis 
(Emerson & Patiño, 2018), and this would be expected to 

F I G U R E  5  The functional community structure of all mammals, bats, and non- volant mammals on oceanic islands. Root- level functional 
structure is measured as the standardised effect size of the mean functional pairwise distances (SES.MFD), and tip- level functional structure is 
measured as the standardised effect size of the mean nearest functional taxon distances (SES.MNFD). Mammal assemblages often tend to be 
functionally clustered, but the strength of the clustering is weak, not ubiquitous, and generally independent from island area or isolation
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(a) Root−level functional structure
 (SES.MFD) of all mammals
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(d) Tip−level functional structure
 (SES.MNFD) of all mammals
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(b) Root−level functional structure
 (SES.MFD) of bats
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(e) Tip−level functional structure
 (SES.MNFD) of bats
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drive phylogenetic clustering. In contrast, if environmen-
tal or dispersal filtering was the primary process driving 
clustering, we would expect stronger filtering on small 
islands. For example, small islands would have, on aver-
age, more restricted or smaller numbers of habitat types 
(Matthews et al., 2020). However, patterns among bats 
were more nuanced than those for non- volant mammals. 
It is possible that bats are structured by both speciation 
and dispersal filtering because they tend to be relatively 
good dispersers. We found some direct evidence sup-
porting more rapid speciation on larger islands using 
a species- level metric of diversification rates, and this 
correlation was stronger for non- volant mammals, con-
sistent with diversification contributing more strongly 
to structuring non- volant mammal assemblages. The 
weaker relationship between area and diversification 
in bats could also help explain why this group showed 
a more variable relationship between area and strength 
of phylogenetic clustering. Larger islands also tended 
to have more narrowly distributed or endemic mammal 
species (Appendix S1: Species ranges), again likely sug-
gesting significant intra- island cladogenesis (Rosindell 
& Phillimore, 2011). The more mixed patterns of func-
tional dispersion observed for non- volant mammals, 
which showed some signal of overdispersion (Figure 3), 

might provide evidence for species coexistence through 
evolutionary character displacements (Schluter, 2000a) 
or adaptive radiation, in which island species rapidly 
diverge to fill available niches (Mittelbach & Schemske, 
2015), as documented in other studies of island biotas 
(Grant & Grant, 2006).

We were surprised that we did not observe a consistent 
trend in mammal community structure with island iso-
lation. Given the relatively low dispersal abilities of non- 
volant mammals, it is possible that they are more sensitive 
to the remoteness of islands –  dispersal events to islands 
are highly unlikely for non- volant mammals unless is-
lands are extremely close to the source species pool. The 
complexity of isolation measures (Weigelt & Kreft, 2013) 
and the potential influence of the paleo- configuration 
of islands (Norder et al., 2019) could further obscure the 
detection of isolation effects (see more discussions in 
Appendix S1: Isolation variables). However, there was 
some evidence for greater tip- level clustering on more re-
mote islands, especially for bats. Increased phylogenetic 
clustering in the absence of functional clustering could 
suggest a strong dispersal filter, leading to a species- 
poor community and subsequent speciation, followed by 
niche- filling in the community. Although we did not find 
evidence in our data for speciation rates increasing with 

F I G U R E  6  The phylogenetic community structure of all mammals, bats, and non- volant mammals on oceanic islands. Root- level 
phylogenetic community structure is measured as the standardised effect size of the mean phylogenetic pairwise distances (SES.MPD), and tip- 
level phylogenetic structure as the standard effect size of the mean nearest phylogenetic taxon distances (SES.MNPD). Phylogenetic structure of 
island mammal assemblages generally tends to be clustered, with clustering increasing with island area and isolation
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(a) Root−level phylogenetic structure
 (SES.MPD) of all mammals
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(d) Tip−level phylogenetic structure
 (SES.MNPD) of all mammals
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(b) Root−level phylogenetic structure
 (SES.MPD) of bats
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isolation, this result may be explained by the fact that 
mammals, especially non- volant mammals, generally 
have low speciation rates such that trends are difficult to 
detect. However, a positive relationship between specia-
tion rate and isolation has been reported in other taxa, 
such as in birds (Rosindell & Phillimore, 2011; Valente 
et al., 2020).

Anthropogenic effects on island faunas

Because of the widespread effects of human distur-
bances on islands (Nogué et al., 2021), we suggest that 
it is preferable to include recently extinct and extir-
pated species and exclude non- native species when 
searching for natural macroecological patterns in is-
land biogeography (see also discussions in Cardillo 
et al., 2008; Pyron & Burbrink, 2014). To further ex-
plore this concept, we conducted post hoc analyses on 
the current ranges of extant native species on oceanic 
islands (Appendix S1: current species). Around 12.7% 
of terrestrial mammals (133 species) on oceanic islands 
became globally extinct during the Holocene or Late 
Pleistocene, and community structure solely based 
on extant native mammals was more clustered rela-
tive to the intact fauna (Figures. S2 and S3; Appendix 
S1: current species). It is possible, therefore, that using 
current species distributions would not only underes-
timate natural island diversity, but also overestimate 
the pre- anthropogenic strength of clustering of com-
munity structure. However, we did not find that human 
activities were sufficient to significantly alter the rules 
of island biogeography explored here (Tables S6 and 
S7). An important challenge for the future is to evalu-
ate how anthropogenic pressures on island community 
structure (Helmus et al., 2014; Valente et al., 2017) might 
impact the integrity and functioning of island systems 
(Bellard et al., 2017; Faurby & Svenning, 2015a).

Limitations and future directions

Competition is often considered a key process driv-
ing functional overdispersion, through competitive 
exclusion of functionally similar species. We did not 
commonly observe overdispersion at the scale of our 
analysis, possibly because we lacked a fine- grained data-
set of global mammal traits that could be used to infer 
competition among species (e.g. Cadotte et al., 2009). 
However, it is possible that competition might mediate 
the effects of ecological filtering. Inferring competition 
from community dispersion metrics is fraught with chal-
lenges, because numerous processes can result in simi-
lar patterns (Davies, 2021; Münkemüller et al., 2020). It 
remains possible that larger islands provide an oppor-
tunity for spatial separation of functionally similar spe-
cies, and thus greater clustering at the island level and a 

positive clustering– area relationship. Therefore, we can-
not exclude competition as a minor structuring process 
on islands.

The fossil record used to infer the distribution of ex-
tinct mammals on islands is incomplete –  new fossils will 
be discovered in the future, meaning that we may thus 
underestimate total island diversity. However, missing 
species would not necessarily bias estimates of cluster-
ing, which is more sensitive to the phylogenetic place-
ment of species (Si et al., 2018). In addition, we note that 
the inclusion of islands with area <100 km2 may increase 
the role of environmental filtering and decrease the role 
of in situ speciation (which is less likely on small islands), 
although we currently lack reliable data on mammal oc-
currences on small islands to explore this further.

CONCLUSION

We found that late- Quaternary native island mam-
mal assemblages tend to be phylogenetically clustered, 
although individually, they are often not significantly 
different from null communities randomly drawn from 
the species pools. The clustering of phylogenetic struc-
ture increases with island area, suggesting the structure 
of mammal assemblages is influenced by an increasing 
predominance of in situ speciation. Evidence for phy-
logenetic clustering is stronger than that for functional 
clustering, further supporting the predominant role of 
evolution, notably through adaptive radiation of a few 
clades (such as the generally well- dispersing bats). Our 
results demonstrate the joint effects of adaptive radia-
tion and dispersal filtering in shaping island mammal 
assemblages. By incorporating species’ traits and evolu-
tionary histories, our study provides a novel conceptual 
framework for disentangling the complex interplay be-
tween ecological and evolutionary processes structuring 
community assembly.
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