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Avariety of factors can affect the biodiversity of tropical mammal communities,
but their relative importance and directionality remain uncertain. Previous
global investigations of mammal functional diversity have relied on range
maps instead of observational data to determine community composition. We
test the effects of species pools, habitat heterogeneity, primary productivity
and human disturbance on the functional diversity (dispersion and richness)
of mammal communities using the largest standardized tropical forest camera
trap monitoring system, the Tropical Ecology Assessment and Monitoring
(TEAM) Network. We use occupancy values derived from the camera trap
data to calculate occupancy-weighted functional diversityanduseBayesian gen-
eralized linear regression to determine the effects of multiple predictors.
Mammalcommunity functionaldispersion increasedwithprimaryproductivity,
while functional richness decreased with human-induced local extinctions and
was significantly lower in Madagascar than other tropical regions. The signifi-
cant positive relationship between functional dispersion and productivity was
evident only when functional dispersionwasweighted by species’ occupancies.
Thus, observational data from standardizedmonitoring can reveal the drivers of
mammal communities in ways that are not readily apparent from range map-
based studies. The positive association between occupancy-weighted functional
dispersion of tropical forest mammal communities and primary productivity
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suggests that unique functional traits may be more ben-
eficial in more productive ecosystems and may allow
species to persist at higher abundances.
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1. Introduction
A broad range of factors can affect the structure of biodiversity
in communities [1–4]. Comparative studies have shown that
historical, environmental and anthropogenic factors can alter
community taxonomic composition and abundances [5–7].
In addition to taxonomic approaches, the assembly of bio-
logical communities can also be assessed using trait-based
approaches. Traits are relevant ecological characteristics
of species, such as physiological attributes and resource
acquisition strategies, that can provide a more mechanistic
understanding of community responses to assembly processes
[8]. Incorporating traits can improve on taxonomically
oriented approaches because some deterministic assembly
processes, such as environmental filtering and biotic
interactions, act on traits rather than species’ identities. Under-
standing the relative influences of historical, environmental
and anthropogenic factors on communities of mammals is of
particular interest because mammals perform unique and
vital functions in their environment due to their large range
in body sizes, dietary requirements and home range sizes [9].
Moreover, mammals are severely impacted by anthropogenic
change due to these attributes [10], particularly in tropical eco-
systems [11]. Here, we examine four potential drivers of
tropical mammal community assembly.

First, the species pool hypothesis states that the number
of species in a community is proportional to the number
of species that occur in the larger region encompassing the
community, or the species pool [12,13]. A variety of broad-
scale ecological and evolutionary patterns influence species
pools, including speciation, migration and extinction [14]. In
this way, species pools capture differences in the regional evol-
utionary context from which realized communities form.
In general, species pool size, both in number of species and
number of traits, contributes to how much of the available
niche space can be occupied [4,15,16]. Small species pool func-
tional richness can result in communities with open niches
while large species pool functional richness can allow for
more complete filling of available niches.

Secondly, spatial environmental heterogeneity can
increase an ecosystem’s capacity for biodiversity [17,18]. The
greater the environmental and habitat diversity, the greater
variety of functional traits a system can contain [19]. Habitat
heterogeneity is capable of promoting greater coexistence of
species with a wide array of traits through species sorting
[1,3,20]. Niche packing and specialization associated with
high diversity of species in the tropics could be a result of
high habitat heterogeneity and species sorting, with each
species possessing functional traits that confer high fitness in
a specific set of conditions [21].

Thirdly, primary productivity is an important correlate
of plant and animal biodiversity across large spatial scales
[22–24], potentially due to increased energetic capacity of
the ecosystemandgreaterenergyallocation to individual organ-
isms [25]. Two hypothesized mechanisms of the diversity–
productivity relationship are based on resource availability
and niche diversity. Resource availability in high productivity
systems could benefit all species indiscriminately [23,26] result-
ing in consistent functional diversity regardless of productivity.
Alternatively, productivity could favour species with unique
functional traits, resulting in increased functional diversity in
high productivity systems [25,27,28]. The relationship between
community weighted functional diversity and productivity
remains unexplored and could address the ecological mechan-
ism of the species–productivity relationship by incorporating
relative abundances of different species in the community [29].

Finally, disturbance can play an important role in commu-
nity assembly and has been shown to both increase trait
diversity in some systems and decrease trait diversity in
others. Natural disturbance, such as fire, can create novel habi-
tats that support new functional traits [19] and prevent
competitive exclusion [30]. Anthropogenic disturbance, how-
ever, tends to negatively affect biodiversity through the
selection of homogenized disturbance-adapted traits [31]
resulting in local extinctions. In the tropics, increased anthropo-
genic disturbance has been linked to decreased mammal
trait diversity [32,33]. Comparing protected areas exposed to
different degrees of anthropogenic disturbance may reveal
the relative importance of anthropogenic disturbance in
tropical mammal community assembly in comparison to
other drivers.

While species pools, habitat heterogeneity, primary
productivity and anthropogenic disturbance are known dri-
vers of community assembly, their relative importance and
directionality in structuring mammal communities in the
tropics remains uncertain. Previous studies have shown that
tropical mammals have low functional dispersion (i.e. mean
distance of individual species to the centroid of all species
in a community along functional trait dimensions; [34]) in
comparison with temperate communities [35], and that pro-
ductivity is negatively associated with functional dispersion
globally [36]. However, most previous investigations of
global patterns of mammal functional diversity have not
used observational data but have instead relied on range
maps to determine community composition and calculate
functional diversity [28,35–37, but see 38]. Range map-based
analyses are unable to assess realized community composition
or incorporate abundance data. Species abundances likely
respond to local assembly processes and, therefore, may
reveal aspects of community assembly that cannot be
disentangled from range map data.

Here, we test for effects of species pools, habitat heterogen-
eity, primary productivity and anthropogenic disturbance on
the functional diversity of global tropical mammal commu-
nities in 15 protected areas using standardized in situ camera
trap data from the Tropical Ecology Assessment and Monitor-
ing (TEAM) Network. We evaluate these four non-mutually
exclusive hypotheses to assess their importance in determin-
ing functional diversity of mammals in tropical rainforest
protected areas around the world. We predict that functional
diversity will increase with species pool functional richness,
habitat diversity and productivity, but decrease with human
disturbance. We investigate functional diversity using two
metrics—functional dispersion and functional richness—to
address potential effects on functional trait abundances
and functional trait composition, respectively. Lastly, we
evaluate the contributions of occupancy as a proxy for
abundance to functional diversity, by testing if and how occu-
pancy affects associations between functional dispersion and
environmental or anthropogenic variables.



Table 1. Description of traits obtained for each species in the study. Values
were drawn from published literature (see electronic supplementary
material, table S3) and determined as the mean and/or consensus values
from these published sources.

functional traits and value descriptors

body mass

calculated as average adult body mass

diet

binary values for five diet categories

graze

browse

fruits/seed

invertebrates

vertebrates

given a 1 if diet category composed >25% of average diet, 0 if diet

category composed <25% of average diet

social

binary: given 1 if social, 0 if found solitarily or in pairs.

substrate use

binary: given 1 if able to climb, 0 if restricted to terrestrial surfaces

activity period

binary values for three activity periods

diurnal

crepuscular

nocturnal

given a 1 if known to be consistently active during the time period, 0

if known to not be consistently active during the time period

litter size

calculated as average number of offspring produced in a litter
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2. Material and methods
(a) Study sites
We examined mammal communities from 15 moist tropical forest
protected areas around the world, including sites in Africa, Asia,
Madagascar and the Neotropics (electronic supplementary
material, table S1). All sites have been part of the TEAMNetwork
and followed a standardized annual camera trapping protocol to
monitor terrestrial (i.e. ground-dwelling) mammals [39]. We con-
sidered each site to be a community and were not able to
account for variation within protected areas.

(b) Data
Weused species-specific protected area-level occupancy estimates
derived from TEAM camera trap data from Beaudrot et al. [40] as a
proxy for abundances. Occupancy is not equivalent to abundance
[41] but was used because of its practical advantages for infre-
quently detected tropical mammal species [42]. Our use of
occupancy-weighted functional diversity is particularly suitable
for identifying underlying community assembly processes for
two reasons. First, camera traps capture the realized local commu-
nity, whereas range maps typically overestimate the geographical
distribution of species by including potentially non-suitable habi-
tat areas [43]. Secondly, by estimating imperfect detection, the
occupancy values we used accounted for biases that result from
imperfect detection and would otherwise skew results in favour
of species that were more likely to be detected by camera traps.
We used species occupancy values from the most recent year of
TEAM data with occupancy estimates available, which varied
among sites from 2012 to 2014. We included terrestrial mammal
species with an average body mass greater than 1 kg that were
monitored by the TEAM network camera traps. We did not con-
sider strictly arboreal mammals, semi-aquatic mammals, volant
mammals or mammals less than 1 kg, which could limit compar-
ability to global studies that include additional mammals. The
observed mammal communities ranged in species richness
among protected areas from five to 31 species [38,40].

We collected functional trait data for all study species through
a search of published literature and databases (table 1; electronic
supplementarymaterial, tables S2 and S3).We chose six functional
traits to calculate functional diversity: (i) average body mass,
(ii) diet composition, (iii) social or asocial behaviour, (iv) scansorial
or entirely terrestrial substrate use, (v) activity period, and
(vi) average litter size. These functional traits relate to both the
response of the species to environmental conditions (response
traits) and to the role of the species in an ecosystem (effect traits;
[44]). Body mass affects the quality and quantity of resources
necessary for survival, and also approximates the impact that the
species may have on the ecosystem in terms of spatial range use,
nutrient dispersal and trophic regulation. Diet composition charac-
terizes the resources a species requires, but also identifies other
taxa in the ecosystem with which a species potentially interacts.
Social group size can alter species’ allocation of time to different
behaviours including foraging, predator avoidance and care of off-
spring, and also indicates how the species’ impact will be
distributed in space. Substrate use characterizes where a species
can obtain resources and where a species will directly interact
with an ecosystem. Activity period characterizes when a species
obtains resources and interacts with an ecosystem. Finally, litter
size characterizes the life-history strategy of a species and indicates
how the ecological impact of a species can vary temporally based
on population dynamics. As with any functional trait study, our
results are in part dependent upon the traits considered and the
diversity encompassed by functional metrics can change with
the inclusion or exclusion of specific traits [45]. Traits used in this
study were gathered at the species level and multiple traits were
reduced to binary variables, which may reduce the breath of trait
variation to some extent.
To preserve total inertia and distance between the same
species occurring in different assemblages (e.g. [46]), we calcu-
lated functional dispersion [34] and functional richness [47] for
all sites and species pools in a single trait space (figure 1) using
the dbFD function from the ‘FD’ R package [48]. The traits
were weighted such that all six traits contributed equally to
both calculations. Functional dispersion measures the distribu-
tion of species in trait space or how similar a community is in
terms of its functional traits. Functional dispersion can either be
unweighted, with all species accounted for equally, or weighted
by species abundances, with distance from the community cen-
troid to abundant species in trait space contributing more to the
metric than distances from the community centroid to rare species.
Functional richness measures the volume of the convex hull
encompassing all species in a community in trait space. The func-
tional richness metric is incapable of taking species abundances
into account and neither metric can infer mechanistic links
between individual traits and environmental drivers.

We quantified species pool functional richness, habitat
heterogeneity, primary productivity and two measures of anthro-
pogenic disturbance to use as predictors of functional richness
and occupancy-weighted functional dispersion. The species pool
included all forest-dwelling, terrestrial species over 1 kg that may
inhabit the park based on their geographical ranges, which we
extracted for each protected area using global mammal ranges
from the IUCN Redlist [49]. Species pool functional richness was



Asian elephant
Elephas maximus

tiger
Panthera tigris

common opossum
Didelphis marsupialis

chimpanzee
Pan troglodytes

Ogilbyi’s duiker
Cephalophus ogilbyi

Figure 1. Total trait space occupied by species found in realized communities of all TEAM sites. Grey shading indicates the three-dimensional convex hull of this trait
space, which represents the first three axes used in the functional diversity calculations. Black points represent species. Example species represented by coloured dots
with silhouettes correspond with coloured circles in trait space. Opossum image created by Sarah Werning, licence available at https://creativecommons.org/licenses/
by/3.0/. (Online version in colour.)
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calculated using the same function as realized community func-
tional richness. We calculated habitat heterogeneity as the
Shannon diversity of landcover types within a 2 km buffer of the
minimum convex polygon surrounding the camera traps at each
site. We obtained land cover types from Copernicus satellite data
from 2015 and followed classifications according to the Copernicus
Global Land Service Dynamic Landcover Map at a 100 m
resolution (CGLS-LC100, [50]). We used published primary pro-
ductivity values for TEAM sites from Rovero et al. [38],
specifically the normalized difference vegetation index (NDVI).
We also used Rovero et al. [38] values for human density within
the zone of interaction, which incorporates land cover, elevation,
waterways and anthropogenic developments to delineate the
spatial extent expected to impact natural processes inside the pro-
tected area [51]. Finally, we included the impact of local species
extinction on functional richness as an additional measure of
anthropogenic disturbance and as an offset to control for losses
in functional richness due to extirpations that have been documen-
ted at four TEAM sites over recent decades. Specifically, Korup,
Cameroon, lost the leopard, golden cat and giant pangolin; Barro
Colorado Island and Soberania National Park, Panama, lost the
white-lipped peccary, giant anteater and likely the jaguar;
Bwindi Impenetrable Forest, Uganda, lost the buffalo, leopard
and giant forest hog;NamKading, Laos, lost both the tiger and leo-
pard [38]. We note that local extinctions may not necessarily
impact functional diversity because of the functional redundancy
that occurs in tropical forest mammal communities [52]. We quan-
tified local extinction for each TEAM site as the difference in
functional richness between the functional richness of the current
realized community and the functional richness of current
realized community as well as the recently extirpated species.
For ranges of protected area-level characteristics among sites, see
electronic supplementary material, table S4.
(c) Analysis
We modelled occupancy-weighted functional dispersion and
community functional richness as a function of environmental
and anthropogenic predictor variables using Bayesian generalized
linear regression. None of the predictor variables were highly
correlated (r < 0.6) and all continuous variables were scaled and
centred to produce standardized β coefficient estimates with a
mean of zero and standard deviation of 1. Given the left-skew in
the distribution of both functional diversity metrics, we specified
a Weibull distribution for both of our models. The global model
consisted of all predictor variables described above aswell as a cat-
egorical fixed effect for biogeographic region (Neotropics, Africa,
Asia, Madagascar) to account for region-specific patterns in func-
tional diversity. We used the brm function from the brms [53]
package in R to fit the models. We visually assessed model trace
plots (electronic supplementary material, figure S1), used Rhat cri-
teria (less than 1.05) to assess convergence and performed
graphical posterior predictive checks on model distributions and
error (electronic supplementary material, figure S2). We inter-
preted a significant contribution of a predictor variable to
functional diversity if the 95% credible interval of a parameter’s
posterior distribution did not include zero.

To assess the importance of occupancy in functional dispersion,
we also ran regression models for two additional unweighted
functional dispersion calculations. Unlike occupancy-weighted func-
tional dispersion, the additional calculations treated all species
equally and did not incorporate variation in species abundances. As
a result, they likely omit important ecological information about the
relative abundances of functional traits. We calculated unweighted
functional dispersion using (i) presence data of the observed commu-
nity from camera trap data, and separately using (ii) presence data
extracted from IUCN range maps. See electronic supplementary
material, appendix S10 for full materials and methods.
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Figure 2. Results of global tropical mammal functional richness and functional dispersion regression models. Credible interval plots show the effect size of predictors of
occupancy-weighted functional dispersion (a) and functional richness (c). The distribution indicates the full posterior of the parameter. Points indicate medians, thin black
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3. Results
The regression model predicting occupancy-weighted func-
tional dispersion produced a significant effect for NDVI
(β = 0.07, Err = 0.03) with a 95% credible interval that did
not overlap zero (figure 2a), which indicates that the occu-
pancies of species with unique functional traits increased as
productivity increased. Communities at lower productivity
sites comprised species with high occupancy clustered
together in trait space (e.g. figure 2b Volcán Barva), indicating
that a large proportion of individuals within the community
had similar functional traits to each other. Communities at
high productivity sites had species with high occupancies
distributed throughout trait space (e.g. figure 2b Barro Color-
ado), meaning that many individuals within the community
had functional traits that were relatively unique.

In contrast with the significant, positive association of
occupancy-weighted functional dispersion of the realized
mammal community with NDVI, neither of the unweighted
functional dispersion measures (i.e. using presence-only
data based on observed species or based on IUCN range
maps) were significantly associated with NDVI (figure 3).

All four TEAMsites that experienced recent local extinctions
showed declines in functional richness. Specifically, Korup lost
33.4% (3.9 × 10−3 units) of its functional richness, Barro Color-
ado lost 7% (6.9 × 10−4 units), Bwindi lost 4.6% (6.8 × 10−4



occupancy weighted 
functional dispersion

realized community 
unweighted functional 

dispersion

range map
unweighted functional 

dispersion

b effect size of NDVI
0.1 0.20

Figure 3. Credible intervals showing the effect size of the NDVI parameter on
three different measures of functional dispersion. The distribution represents
the full posterior of the NDVI parameter from three different generalized
linear regression models predicting (i) occupancy-weighted functional dis-
persion, which was calculated using occupancy estimates from the camera
traps, (ii) realized community-unweighted functional dispersion, which
used presence-only data from the realized community observed by camera
traps in each site, and (iii) species pool unweighted functional dispersion,
which was calculated for the mammal community defined by presence-
only data of species assumed to occur at the site based on range map overlap
with the protected area. Dark grey distributions indicate a non-zero 95%
credible interval, while light grey distributions indicate the 95% credible
interval includes zero.
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units) and Nam Kading lost 7.2% (1.1 × 10−3 units). The
regression model predicting community functional richness
contained a significant negative effect for local extinction
(β =−0.18, Err = 0.06, figure 2c), which indicates that human-
induced extirpations have had a significant impact on tropical
mammal functional richness. There was also a significant nega-
tive effect for Madagascar (β =−2.60, Err = 0.47), indicating that
functional richness was significantly lower at the Malagasy site
than sites in other regions.

To assess whether weighting traits equally in the dbFD
function affected the directionality and significance of the pre-
dictors of functional diversity, we comparedmodel resultswith
and without equal weighting of traits. Functional richness was
unaffected by trait weighting, but functional dispersion with-
out trait weighting had additional significant predictors.
Specifically, local extinctions and the Madagascar bioregion
emerged as significant negative predictors of functional dis-
persion when weights to treat traits equally were excluded
(electronic supplementary material, figure S3). Notably, these
additional predictors were also significant predictors of func-
tional richness. We retained the weights, which considered
all traits equally, to adhere to the precedent established in
previous studies of mammal functional diversity [28,35,37].
4. Discussion
We tested four non-mutually exclusive hypotheses to assess the
importance of historical, environmental and anthropogenic
factors in determining the observed functional diversity of
mammal communities in tropical forest protected areas
around the world. We found that occupancy-weighted func-
tional dispersion was positively associated with productivity,
while functional richness was negatively associated with
local extinctions and was lower in Madagascar than other tro-
pical regions. The lack of significant effects for Africa, Asia and
the Neotropics suggests that the effects of productivity and
local extinction were similarly influential across very different
systems and, therefore, that consistent mechanisms may be
operating across diverse tropical regions. Our results failed to
support the role of habitat heterogeneity in driving functional
richness or occupancy-weighted functional dispersion, which
may reflect that landcover classifications were too coarse to
capture habitat heterogeneity at scales relevant to tropical
forest mammals or that the spatial arrangement of habitat
types rather than their composition could affect functional
diversity. Species pools were also not a statistically significant
driver of either functional diversity metric, but did have a posi-
tive effect on functional richness. The sample size in this study
may have been too small to detect a significant effect of species
pools. Nevertheless, the non-significant positive effect suggests
that larger species pool functional richnessmay facilitate larger
realized community functional richness if it increases the like-
lihood that a pool contains species with functional traits that
can occupy all available niches in a community [1]. Thus, we
found that global variation in tropical mammal functional
diversity can be attributed to energetic and anthropogenic
influences and varies among biogeographic regions likely
due to unique historical and evolutionary influences.
(a) Functional dispersion
Our model of occupancy-weighted functional dispersion ident-
ified the importance of productivity in tropical mammal
functionaldispersion.The strongpositive relationship lends sup-
port to the niche diversity mechanism of diversity–productivity
relationships, in which higher productivity leads to greater suc-
cess of species with diverse niches, represented here by unique
functional traits. According to this proposed mechanism, high
productivity increases theavailabilityof all resources, butdispro-
portionally favours species based on the uniqueness of their
functional traits and the resources they exploit [25]. Species
with unique functional traits can persist at higher relative abun-
dances because they face less interspecific competition than
species with more typical traits [54]. Our results suggest that as
productivity increases, species with unique traits are relatively
more abundant in tropical forest mammal communities, result-
ing in an increase in occupancy-weighted functional dispersion.

Notably, the positive relationship between occupancy-
weighted functional dispersion and productivity differs from
global-scale relationships between unweighted mammal func-
tional dispersion and productivity [28,36]. Multiple studies
have reported low mammal functional dispersion in tropical
rainforests, which is typically attributed to niche packing and
high functional redundancy [35,36]. Taken together, the high
productivity of tropical rainforests may support species that
are more functionally redundant than in other biomes while
also supporting higher abundances of species with unique
functional traits.

Measures of functional diversity that incorporate occu-
pancy or abundance from observational data provide
important information beyond what is possible from range
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map-based studies because weighting species by their relative
abundances details how functions are distributed among indi-
viduals in a community from population-level data. When we
tested whether occupancy affected the relationship between
functional dispersion and NDVI, we found that functional dis-
persion was only significantly associated with NDVI when
species occupancies were incorporated. Standardized in situ
camera trap data collected at a global scale have, therefore, pro-
vided insight into community assembly processes that could
not be identified from species lists or range map data alone.

(b) Functional richness
Our results indicate that recent, human-induced local extinc-
tions in part determined mammal functional richness in the
tropical forest protected areas we surveyed. The relatively
high degree of functional redundancy that occurs in tropical
mammal communities has the potential to prevent local extinc-
tions from decreasing functional diversity [52]. Therefore, the
significant negative effect of known recent extirpations on func-
tional richness is an important finding because it indicates that
local species losses have significantly reduced the functional
richness of tropical forest mammal communities. Declines in
functional diversity may in turn impact ecosystem functioning.
Notably, sites that experienced local extinctions all lost their top
predator. Previous research has shown that top predators are
often extirpated first from systems under anthropogenic
pressure, and that their loss often has disproportionate effects
on the ecosystem due to cascading impacts on lower trophic
levels and ecosystem services [55,56]. Korup, which lost its
top predator aswell as its only other obligate carnivore (African
golden cat) and a unique specialist species (giant pangolin), had
the greatest decline in functional richness. Our study reinforces
that the loss of top predators and specialists will likely result in
disproportionate losses of functional diversity as anthropogenic
influences continue to alter tropical mammal communities
[32,33]. Lastly, the negative effect of Madagascar on functional
richness is likely a result of the unique biological and geological
history of Madagascar [57]. The fact that the single Malagasy
TEAM site, Ranomafana, had substantially lower species rich-
ness [58] and functional diversity than TEAM sites in other
biogeographic regions may also be partly attributable to the
small size and insular nature of Madagascar.
5. Conclusion
This study suggests that higher productivity in tropical moist
forests may allow greater success of mammal species with
diverse niches and support more functionally diverse com-
munities as a result. At the same time, anthropogenically
induced extirpations may be causing significant declines in
functional diversity in these communities, despite their
high functional redundancy. Based on these findings, we
strongly encourage the continuation and expansion of stan-
dardized monitoring studies to allow a greater
understanding of community assembly and disassembly in
the Anthropocene.
Data accessibility. All data used in this project are published in the Dryad
Digital Repository at https://doi.org/10.5061/dryad.f1vhhmgv0
[59]. All code used in the analysis and figuremaking are published
on github at https://github.com/DanielGorczynski/Global-Func-
tional-Diversity. Methods for occupancy estimates are available in
Beaudrot et al. [40]. Methods for calculating additional site-level pre-
dictor variables are available in Rovero et al. [38]. Raw camera trap
data from the TEAM Network are available at Wildlife Insights.

Authors’ contributions. D.G. provided conceptualization, data collection
(trait data), data processing and analysis, initial drafting and revision
of this manuscript. C.H. and J.T.L. performed data acquisition and
analysis on the species pools and habitat heterogeneity variables as
well as provided feedback and revision on the draft. J.A., S.E., S.J.,
F.R. and F.S. provided data collection, management and processing
and provided significant feedback on manuscript draft. M.H.A.,
J.H.A., P.A.J., C.K., M.G.M.L. and J.S. provided data collection, man-
agement and processing. L.B. provided project supervision,
conceptualization, writing and significant editing for the project. All
authors gave final approval for publication and agree to be held
accountable for the work performed.

Competing interests. We declare we have no competing interests.
Funding. This study was partially funded by these institutions: the
Gordon and Betty Moore Foundation, HP, Northrop Grumman Foun-
dation and other donors.

Acknowledgements. All TEAM data were provided by the Tropical Ecol-
ogy Assessment and Monitoring (TEAM) Network, a collaboration
between Conservation International, the Smithsonian Institute and
the Wildlife Conservation Society. We thank all TEAM staff and affili-
ates. We also thank Dr Amy Dunham, Dr Volker Rudolf, Dr Daniel
Kowal, Dr Tom E.X. Miller and Carsten Grupstra for feedback and
discussion.
References
1. Spasojevic MJ, Catano CP, LaManna JA, Myers JA.
2018 Integrating species traits into species
pools. Ecology 99, 1265–1276. (doi:10.1002/
ecy.2220)

2. Ricklefs RE. 1987 Community diversity: relative roles
of local and regional processes. Science 235,
167–171. (doi:10.1126/science.235.4785.167)

3. Chase JM, Myers JA. 2011 Disentangling
the importance of ecological niches from
stochastic processes across scales. Phil. Trans. R. Soc. B
366, 2351–2363. (doi:10.1098/rstb.2011.0063)

4. Cornell HV, Harrison SP. 2014 What are species
pools and when are they important? Annu. Rev.
Ecol. Evol. Syst. 45, 45–67. (doi:10.1146/annurev-
ecolsys-120213-091759)
5. Graham CH, Moritz C, Williams SE. 2006 Habitat
history improves prediction of biodiversity in
rainforest fauna. Proc. Natl Acad. Sci. USA 103,
632–636. (doi:10.1073/pnas.0505754103)

6. Gaston KJ. 2000 Global patterns in biodiversity.
Nature 405, 220–227. (doi:10.1038/35012228)

7. Hautier Y, Tilman D, Isbell F, Seabloom EW, Borer
ET, Reich PB. 2015 Anthropogenic environmental
changes affect ecosystem stability via biodiversity.
Science 348, 336–340. (doi:10.1126/science.
aaa1788)

8. McGill BJ, Enquist BJ, Weiher E, Westoby M. 2006
Rebuilding community ecology from functional
traits. Trends Ecol. Evol. 21, 178–185. (doi:10.1016/
j.tree.2006.02.002)
9. Owen-Smith RN. 1988 Megaherbivores: the influence
of very large body size on ecology. Cambridge, UK:
Cambridge University Press.

10. Dirzo R, Young HS, Galetti M, Ceballos G, Isaac NJ,
Collen B. 2014 Defaunation in the Anthropocene.
Science 345, 401–406. (doi:10.1126/science.1251817)

11. Pimm SL et al. 2014 The biodiversity of species and
their rates of extinction, distribution, and protection.
Science 344, 1246752. (doi:10.1126/science.
1246752)

12. Taylor DR, Aarssen LW, Loehle C. 1990 On the
relationship between r/K selection and
environmental carrying capacity: a new habitat
templet for plant life history strategies. Oikos 58,
239–250. (doi:10.2307/3545432)

https://doi.org/10.5061/dryad.f1vhhmgv0
https://github.com/DanielGorczynski/Global-Functional-Diversity
https://github.com/DanielGorczynski/Global-Functional-Diversity
http://dx.doi.org/10.1002/ecy.2220
http://dx.doi.org/10.1002/ecy.2220
http://dx.doi.org/10.1126/science.235.4785.167
http://dx.doi.org/10.1098/rstb.2011.0063
http://dx.doi.org/10.1146/annurev-ecolsys-120213-091759
http://dx.doi.org/10.1146/annurev-ecolsys-120213-091759
http://dx.doi.org/10.1073/pnas.0505754103
http://dx.doi.org/10.1038/35012228
http://dx.doi.org/10.1126/science.aaa1788
http://dx.doi.org/10.1126/science.aaa1788
http://dx.doi.org/10.1016/j.tree.2006.02.002
http://dx.doi.org/10.1016/j.tree.2006.02.002
http://dx.doi.org/10.1126/science.1251817
http://dx.doi.org/10.1126/science.1246752
http://dx.doi.org/10.1126/science.1246752
http://dx.doi.org/10.2307/3545432


royalsocietypublishing.org/journal/rspb
Proc.R.Soc.B

288:20202098

8
13. Eriksson O. 1993 The species-pool hypothesis and
plant community diversity. Oikos 371 374. (doi:10.
2307/3544854)

14. Mittelbach GG, Schemske DW. 2015 Ecological and
evolutionary perspectives on community assembly.
Trends Ecol. Evol. 30, 241–247. (doi:10.1016/j.tree.
2015.02.008)

15. Vellend M. 2016 The theory of ecological
communities (MPB-57). Princeton, NJ: Princeton
University Press.

16. Zobel M. 1997 The relative of species pools in
determining plant species richness: an alternative
explanation of species coexistence? Trends Ecol.
Evol. 12, 266–269. (doi:10.1016/S0169-
5347(97)01096-3)

17. MacArthur RH, MacArthur JW. 1961 On bird species
diversity. Ecology 42, 594–598. (doi:10.2307/1932254)

18. Kerr JT, Packer L. 1997 Habitat heterogeneity as a
determinant of mammal species richness in high-
energy regions. Nature 385, 252–254. (doi:10.1038/
385252a0)

19. Questad EJ, Foster BL. 2008 Coexistence through
spatio-temporal heterogeneity and species sorting
in grassland plant communities. Ecol. Lett. 11,
717–726. (doi:10.1111/j.1461-0248.2008.01186.x)

20. Tilman D, Pacala S. 1993 The maintenance of
species richness in plant communities. In: Species
diversity in ecological communities: historical
and geographical perspectives (eds RE Ricklefs,
D Schluter), pp. 13–25. Chicago, IL: University of
Chicago Press.

21. de Mazancourt C, Johnson E, Barraclough TG. 2008
Biodiversity inhibits species’ evolutionary responses
to changing environments. Ecol. Lett. 11, 380–388.
(doi:10.1111/j.1461-0248.2008.01152.x)

22. Hutchinson GE. 1959 Homage to Santa Rosalia or
why are there so many kinds of animals? Am. Nat.
93, 145–159. (doi:10.1086/282070)

23. Brown JH. 1981 Two decades of homage to Santa
Rosalia: toward a general theory of diversity. Am.
Zool. 21, 877–888. (doi:10.1093/icb/21.4.877)

24. Chase JM. 2010 Stochastic community assembly
causes higher biodiversity in more productive
environments. Science 328, 1388–1391. (doi:10.
1126/science.1187820)

25. Evans KL, Warren PH, Gaston KJ. 2005 Species–
energy relationships at the macroecological scale: a
review of the mechanisms. Biol. Rev. 80, 1–25.
(doi:10.1017/S1464793104006517)

26. Wright DH. 1983 Species–energy theory: an
extension of species–area theory. Oikos 41,
496–506. (doi:10.2307/3544109)

27. MacArthur RH, Pianka ER. 1966 On optimal use of a
patchy environment. Am. Nat. 100, 603–609.
(doi:10.1086/282454)

28. Oliveira BF, Machac A, Costa GC, Brooks TM,
Davidson AD, Rondinini C, Graham CH. 2016 Species
and functional diversity accumulate differently in
mammals. Global Ecol. Biogeogr. 25, 1119–1130.
(doi:10.1111/geb.12471)

29. Pakeman RJ et al. 2008 Impact of abundance
weighting on the response of seed traits to climate
and land use. J. Ecol. 96, 355–366. (doi:10.1111/j.
1365-2745.2007.01336.x)

30. Cadotte MW. 2007 Concurrent niche and neutral
processes in the competition colonization model of
species coexistence. Proc. R. Soc. B 274, 2739–2744.
(doi:10.1098/rspb.2007.0925)

31. McKinney ML, Lockwood JL. 1999 Biotic
homogenization: a few winners replacing many losers
in the next mass extinction. Trends Ecol. Evol. 14,
450–453. (doi:10.1016/S0169-5347(99) 01679-1)

32. Laméris DW, Tagg N, Kuenbou JK, Sterck EHM,
Willie J. 2020 Drivers affecting mammal community
structure and functional diversity under varied
conservation efforts in a tropical rainforest in
Cameroon. Anim. Conserv. 23, 182–191. (doi:10.
1111/acv.12526)

33. González-Maya JF, Martínez-Meyer E, Medellín R,
Ceballos G. 2017 Distribution of mammal functional
diversity in the Neotropical realm: influence of land-
use and extinction risk. PLoS ONE 12, e0175931.
(doi:10.1371/journal.pone.0175931)

34. Laliberté E, Legendre P. 2010 A distance-based
framework for measuring functional diversity from
multiple traits. Ecology 91, 299–305. (doi:10.1890/
08-2244.1)

35. Safi K, Cianciaruso MV, Loyola RD, Brito D, Armour-
Marshall K, Diniz-Filho JAF. 2011 Understanding
global patterns of mammalian functional and
phylogenetic diversity. Phil. Trans. R. Soc. B 366,
2536–2544. (doi:10.1098/rstb.2011.0024)

36. Feng G, Zhang J, Girardello M, Pellissier V, Svenning
JC. 2020 Forest canopy height co-determines
taxonomic and functional richness, but not
functional dispersion of mammals and birds
globally. Global Ecol. Biogeogr. 29, 1350–1359.

37. Penone C et al. 2016 Global mammal beta diversity
shows parallel assemblage structure in similar but
isolated environments. Proc. R. Soc. B 283,
20161028. (doi:10.1098/rspb.2016.1028)

38. Rovero F et al. 2020 A standardized assessment of
forest mammal communities reveals consistent
functional composition and vulnerability across
the tropics. Ecography 43, 75–84. (doi:10.1111/
ecog.04773)

39. Jansen PA, Ahumada J, Fegraus E, O’Brien T. 2014
TEAM: a standardized camera trap survey to monitor
terrestrial vertebrate communities in tropical forests.
In Camera trapping: wildlife research and
management (eds P Meek, P Fleming, A Claridge, D
Swann, G Ballard, J Sanderson, P Banks), pp.
263–270. Collingwood, Australia: CSIRO Publishing.

40. Beaudrot L, et al. 2016 Standardized assessment of
biodiversity trends in tropical forest protected areas:
the end is not in sight. PLoS Biol. 14, e1002357.
(doi:10.1371/journal.pbio.1002357)

41. MacKenzie, D I, Nichols JD. 2004 Occupancy as a
surrogate for abundance estimation. Anim.
Biodivers. Conserv. 27, 461–467.

42. O’Brien TG, Baillie JEM, Krueger L, Cuke M. 2010
The wildlife picture index: monitoring top trophic
levels. Anim. Conserv. 13, 335–343. (doi:10.1111/j.
1469-1795.2010.00357.x)
43. Pimm SL, Harris G, Jenkins CN, Ocampo-Peñuela N,
Li BV. 2017 Unfulfilled promise of data-driven
approaches: response to Peterson et al. Conserv.
Biol. 31, 944–947. (doi:10.1111/cobi.12928)

44. Weiss KC, Ray CA. 2019 Unifying functional trait
approaches to understand the assemblage of ecological
communities: synthesizing taxonomic divides.
Ecography 42, 2012–2020. (doi:10.1111/ecog.04387)

45. Pollock LJ, Thuiller W, Jetz W. 2017 Large conservation
gains possible for global biodiversity facets. Nature
546, 141–144. (doi:10.1038/nature22368)

46. Villéger S, Maire E, Leprieur F. 2017 On the risks of
using dendrograms to measure functional diversity and
multidimensional spaces to measure phylogenetic
diversity: a comment on Sobral et al. (2016). Ecol. Lett.
20, 554–557. (doi:10.1111/ele.12750)

47. Mason NW, Mouillot D, Lee WG, Wilson JB. 2005
Functional richness, functional evenness and
functional divergence: the primary components of
functional diversity. Oikos 111, 112–118. (doi:10.
1111/j.0030-1299.2005.13886.x)

48. Laliberté E, Legendre P, Shipley B, Laliberté ME. 2014
Package ‘FD’. Measuring functional diversity from
multiple traits, and other tools for functional ecology.

49. IUCN. 2019 The IUCN Red List of Threatened
Species. Version 2019-2.

50. Buchhorn M, Smets B, Bertels L, Lesiv M,
Tsendbazar N, Herold M, Fritz S. 2019 Copernicus
global land service: land cover 100 m: epoch 2015:
globe. Dataset of the Global Component of the
Copernicus Land Monitoring Service.

51. DeFries R et al. 2010 From plot to landscape
scale: linking tropical biodiversity measurements
across spatial scales. Front. Ecol. Environ. 8,
153–160. (doi:10.1890/080104)

52. Gorczynski D, Beaudrot L. 2021 Functional diversity
and redundancy of tropical forest mammals over
time. Biotropica. 53, 51–62.

53. Bürkner PC. 2017 brms: an R package for
Bayesian multilevel models using Stan.
J. Stat. Softw. 80, 1–28. (doi:10.18637/jss.
v080.i01)

54. Abrams PA. 1995 Monotonic or unimodal diversity–
productivity gradients: what does competition
theory predict? Ecology 76, 2019–2027. (doi:10.
2307/1941677)

55. Ripple WJ et al. 2014 Status and ecological effects
of the world’s largest carnivores. Science 343,
1241484. (doi:10.1126/science.1241484)

56. Estes JA et al. 2011 Trophic downgrading of planet Earth.
Science 333, 301–306. (doi:10.1126/science.1205106)

57. McConnell WJ. 2002 Madagascar: emerald isle or
paradise lost? Environ. Sci. Policy Sustain. Dev. 44,
10–22. (doi:10.1080/00139157.2002.10544685)

58. Beaudrot L et al. 2016 Limited carbon and biodiversity
co-benefits for tropical forest mammals and birds.
Ecol. Appl. 26, 1098–1111. (doi:10.1890/15-0935)

59. Gorczynski D et al. 2021 Tropical mammal
functional diversity increases with productivity but
decreases with anthropogenic disturbance. Dryad
Digital Repository. (https://doi.org/10.5061/dryad.
f1vhhmgv0)

http://dx.doi.org/10.2307/3544854
http://dx.doi.org/10.2307/3544854
http://dx.doi.org/10.1016/j.tree.2015.02.008
http://dx.doi.org/10.1016/j.tree.2015.02.008
http://dx.doi.org/10.1016/S0169-5347(97)01096-3
http://dx.doi.org/10.1016/S0169-5347(97)01096-3
http://dx.doi.org/10.2307/1932254
http://dx.doi.org/10.1038/385252a0
http://dx.doi.org/10.1038/385252a0
http://dx.doi.org/10.1111/j.1461-0248.2008.01186.x
http://dx.doi.org/10.1111/j.1461-0248.2008.01152.x
http://dx.doi.org/10.1086/282070
http://dx.doi.org/10.1093/icb/21.4.877
http://dx.doi.org/10.1126/science.1187820
http://dx.doi.org/10.1126/science.1187820
http://dx.doi.org/10.1017/S1464793104006517
http://dx.doi.org/10.2307/3544109
http://dx.doi.org/10.1086/282454
http://dx.doi.org/10.1111/geb.12471
http://dx.doi.org/10.1111/j.1365-2745.2007.01336.x
http://dx.doi.org/10.1111/j.1365-2745.2007.01336.x
http://dx.doi.org/10.1098/rspb.2007.0925
http://dx.doi.org/10.1016/S0169-5347(99)01679-1
http://dx.doi.org/10.1111/acv.12526
http://dx.doi.org/10.1111/acv.12526
http://dx.doi.org/10.1371/journal.pone.0175931
http://dx.doi.org/10.1890/08-2244.1
http://dx.doi.org/10.1890/08-2244.1
http://dx.doi.org/10.1098/rstb.2011.0024
http://dx.doi.org/10.1098/rspb.2016.1028
http://dx.doi.org/10.1111/ecog.04773
http://dx.doi.org/10.1111/ecog.04773
http://dx.doi.org/10.1371/journal.pbio.1002357
http://dx.doi.org/10.1111/j.1469-1795.2010.00357.x
http://dx.doi.org/10.1111/j.1469-1795.2010.00357.x
http://dx.doi.org/10.1111/cobi.12928
http://dx.doi.org/10.1111/ecog.04387
http://dx.doi.org/10.1038/nature22368
http://dx.doi.org/10.1111/ele.12750
http://dx.doi.org/10.1111/j.0030-1299.2005.13886.x
http://dx.doi.org/10.1111/j.0030-1299.2005.13886.x
http://dx.doi.org/10.1890/080104
http://dx.doi.org/10.18637/jss.v080.i01
http://dx.doi.org/10.18637/jss.v080.i01
http://dx.doi.org/10.2307/1941677
http://dx.doi.org/10.2307/1941677
http://dx.doi.org/10.1126/science.1241484
http://dx.doi.org/10.1126/science.1205106
http://dx.doi.org/10.1080/00139157.2002.10544685
http://dx.doi.org/10.1890/15-0935
https://doi.org/10.5061/dryad.f1vhhmgv0
https://doi.org/10.5061/dryad.f1vhhmgv0

	Tropical mammal functional diversity increases with productivity but decreases with anthropogenic disturbance
	Introduction
	Material and methods
	Study sites
	Data
	Analysis

	Results
	Discussion
	Functional dispersion
	Functional richness

	Conclusion
	Data accessibility
	Authors' contributions
	Competing interests
	Funding
	Acknowledgements
	References


