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Introduction

Explaining co-occurrence patterns of plant species in
diverse tropical forests is one of the primary challenges in
ecology (Wright 2002). Currently, it is widely accepted
that these patterns are mainly explained by chance events
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Abstract

Aim: Community assembly theory predicts that niche differentiation promotes
the spatial clustering of functionally dissimilar species, whereas habitat filtering
has the converse effect. We used these predictions to assess the relative effects of
habitat filtering and niche differentiation on recruit community assembly over
spatial (5- and 30-m neighbourhoods) and temporal (20-yr) scales in the Forest
Dynamics Plot at Barro Colorado Island.

Location: Barro Colorado Island, Panama.

Methods: We integrated data on the spatial patterns of >1 ¢cm DBH (diameter at
1.3 m above ground) recruits with data on seven functional traits for 64 species.
First, we quantified the interspecific association patterns of all species pairs i and
J using the K-function Kj(r) and the nearest-neighbour distribution function
Djj(r). Second, for those pairs with significant spatial associations, we calculated
an index of interspecific spatial association using the results of these two sum-
mary statistics. Finally, we examined the relationship between interspecific
spatial association and trait similarity using simple and partial Mantel tests.

Results: In all censuses, almost one-half of species pairs had no spatial associa-
tions, but for pairs that were significantly spatially associated, positive relation-
ships between trait similarity and spatial association occurred in 5-m and 30-m
neighbourhoods, whereas significant negative relationships only appeared in
5-m neighbourhoods. This suggests that habitat filtering was more important
than niche differentiation in assembling recruit communities at 5- and 30-m
scales. Habitat filtering mainly acted upon traits related to topographic habitat
preferences and dispersal mode, whereas spatial association was inversely
related to similarity in terms of wood specific gravity and shade tolerance.

Conclusions: Our findings suggest that both stochastic and deterministic pro-
cesses operate in species-rich ecological communities, but the role of habitat fil-
tering and niche differentiation as determinants of community assembly vary
over spatial and temporal scales. Species co-occurrence was driven by habitat fil-
tering at small and large scales, but also by a combination of niche differentiation
and weaker-competitor exclusion effects at small scales. Temporal variations in
the importance of habitat filtering and niche differentiation could be related to
the occurrence of disturbances such as tree falls. Our results emphasize the role
of trait-based processes in plant community assembly.

associated with seed dispersal and demographic stochastic-
ity (Volkov et al. 2009; Wiegand et al. 2012), but also by
deterministic processes such as habitat filtering and niche
differentiation (Leibold & Peek 2006). Habitat filtering
results from the interaction of plants with their abiotic
environment, whereas niche differentiation (also termed
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within-site niche differentiation; Cingolani et al. 2007),
results from biotic interactions among neighbouring indi-
viduals (Chase & Myers 2011). Habitat filtering and niche
differentiation can occur simultaneously in a plant com-
munity, but their relative importance usually varies at dif-
ferent spatial scales (Gotzenberger et al. 2012; Adler et al.
2013; May et al. 2013). Habitat filtering appears to be
more important at larger scales, at which predictable envi-
ronmental and topographic gradients occur (Shipley et al.
2012). Niche differentiation, on the other hand, is often
more important at smaller scales at which competitive
interactions and pathogen transfer among neighbours
increase in frequency and intensity (Kraft & Ackerly
2010).

The extent of habitat filtering and niche differentiation
can be evaluated through the measurement of the func-
tional traits of co-occurring species (Cornwell & Ackerly
2009; Shipley et al. 2012). Habitat filtering is expected to
limit the range of trait values among neighbouring individ-
uals, such that co-occurring species express similar func-
tional trait values (i.e. trait convergence; Paine et al.
2011). Conversely, niche differentiation should lead to
ecological differentiation of species along small-scale abi-
otic gradients, leading co-occurring species to exhibit dis-
similar functional trait values (i.e. trait divergence; Kraft
et al. 2008). To understand the relative importance of hab-
itat filtering and niche differentiation by examining trait
similarity, we must select the appropriate traits. To study
the role played by habitat filtering in the assembly of
diverse tropical forests, it is necessary to select traits such as
dispersal mode and seed mass, which affect dispersal and
establishment limitation (i.e. the failure of seeds to arrive,
or to establish as seedlings, respectively; Wright et al.
2005), and the light, soil moisture and nutrient preferences
of the species (John et al. 2007). Regarding niche differen-
tiation, we need to select traits such as wood density, leaf
mass per unit area, maximum height and seed mass, which
affect resource competition through the growth—survival
trade-off (Baraloto et al. 2007). Wood density, leaf mass
per area and seed mass also affect resistance to pests and
pathogens and are thus related to niche differentiation
(Westoby et al. 2002).

It is also important to note that functional traits are not
independent of each other. Indeed, seed dry mass is gener-
ally considered a good proxy of dispersal mode (Westoby
et al. 1996), wood specific gravity is associated with shade
tolerance (Muller-Landau 2004) and leaf mass per area is
significantly related to wood specific gravity and seed dry
mass (Wright et al. 2010). Moreover, the majority of these
traits are involved in more than one trade-off (Lavorel &
Garnier 2002), contributing to both habitat filtering and
niche differentiation (Adler et al. 2013). For all these
reasons, when studying the relationships between species
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co-occurrence and trait similarity it is necessary to analyse
the effects of each trait alone, the combined effects of all
traits together and the joint effects of correlated groups of
traits (Westoby 1998). Some functional traits such as plant
height and leaf mass per area also contribute to variation
in relative fitness differences among species (Chesson
2000). These traits are strongly related to biotic effects lead-
ing to weaker competitor exclusion (Grime 2006), and
may show similar (i.e. convergent) values among co-
occurring species at small spatial scales (Mayfield & Levine
2010). Moreover, species are not phylogenetically inde-
pendent of each other, thus, we need to exclude species
trait similarities that derive simply from shared evolution-
ary history (Legendre & Legendre 2012). It is also impor-
tant to study the relationships between spatial association
and phylogenetic relatedness because they contain valu-
able information on some important characteristics that
emerge from suites of traits, such as the susceptibility to
natural enemies (Kraft & Ackerly 2010).

Previous studies of community assembly have divided
permanent plots into non-overlapping quadrats, calculated
quadrat-level trait indices, and compared them to the val-
ues expected if the community was assembled without
regard to traits (Swenson & Enquist 2009; Kraft & Ackerly
2010; Shipley et al. 2012). The effect of scale on the rela-
tive importance of habitat filtering and niche differentia-
tion was determined by calculating trait indices in
increasingly large aggregations of neighbouring quadrats
(e.g. Swenson et al. 2012). An alternative approach is
given by recent techniques of spatial point pattern analysis
that can quantify pair-wise spatial associations between
species (i.e. how the individuals of one species are distrib-
uted within circular neighbourhoods around individuals of
other species) by contrasting them to suitable null models
(Ilian et al. 2008; Wiegand et al. 2007, 2012; Wiegand &
Moloney 2014). The number of species pairs showing non-
significant spatial associations is an indicator of the degree
to which community assembly is stochastic (Volkov et al.
2009). For each spatially associated species pair, we can
derive an index of spatial association, and studying the
relationship between this index and other of trait similarity
may reveal the relative importance of habitat filtering and
niche differentiation. A positive relationship will indicate
that neighbouring plants have similar trait values (i.e. trait
convergence) whereas a negative relationship will indicate
that they have dissimilar trait values (i.e. trait divergence).

In this study, we assess the relative effects of habitat fil-
tering and niche differentiation on the assembly of recruit
communities in the moist tropical forest of Barro Colorado
Island, Panama, by examining the relationship between
spatial association and trait similarity. In contrast to previ-
ous studies of larger trees, we focused on the distribution
of individuals recruiting into the 1-cm DBH size class, as
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their reduced access to resources makes them more sensi-
tive to shading, drought and pathogen attack (Comita &
Hubbell 2009). The spatial distribution of recruits is
strongly affected by stochastic processes, habitat filtering
and niche differentiation (Grubb 1996; Wright et al.
2005), which in turn influences forest composition and
dynamics. To examine the scale dependence of recruit
community assembly we focused on neighbourhoods of 30
and 5 m in radius because they are the scales at which
habitat preferences become evident (Harms et al. 2001)
and plant—plant interactions among saplings occur (Casper
et al. 2003), respectively. We characterized community
structure at three censuses over a 20-yr period, since biotic
and abiotic conditions in old-growth tropical forests fluctu-
ate through time (Metz et al. 2008) and we suspect that
they could affect recruit community assembly.

We hypothesize that; (1) at all spatial scales, stochastic
processes will influence co-occurrence of species, leading
to a large proportion of non-significant spatial association
patterns; (2) at 30-m neighbourhoods, habitat filtering will
structure communities more than niche differentiation,
and we will detect a positive relationship between spatial
association and trait similarity. (3) Conversely, at 5-m
neighbourhoods community assembly will be primarily
driven by niche differentiation, leading to a negative rela-
tionship between spatial association and trait similarity.
Functional traits may differentially contribute to commu-
nity assembly; (4) traits related to topographic habitat pref-
erences, dispersal and drought resistance will contribute to
habitat filtering, whereas (5) traits that affect resource
competition through the growth—survival trade-off such as
wood density and shade tolerance will contribute to niche
differentiation.

Methods
Study site

Our study was carried out in the 50-ha Barro Colorado
Island Forest Dynamics Plot (FDP), Panama (9°9’ N,
79°51" W, 120-155 m a.s.l.) and where rainfall averages
2600 mm-yr ', falling mainly between Apr and Nov. The
FDP contains semi-deciduous moist tropical forests, and in
the plot, all woody plant individuals >1 ¢cm DBH (diameter
at 1.3 m height above ground) have been mapped, mea-
sured and identified to species in 1982, and every 5 yr
since 1985 (Hubbell et al. 2005). Species-habitat associa-
tions affect the spatial distribution of adult trees (Harms
et al. 2001), but they are diffuse at the sapling stage
(Kanagaraj et al. 2011). The canopy of the FDP is more
open than in other tropical forests (Metz et al. 2008) and
tree-fall gaps and other canopy-opening disturbances are
relatively frequent, particularly in years following El Nino
events (i.e. 1982-83 and 1998), when dry seasons are
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unusually severe (Condit et al. 2004). Overall recruit den-
sities in the FDP are high, especially where canopy open-
ings increase light availability (Comita & Hubbell 2009).

Data collection

In this study we focused on recruits, defined as individuals
absent in the first census of each interval but present in the
second (Wiegand et al. 2009). They included mainly sap-
lings (tree individuals with 1-4 cm DBH), but also a few
juveniles (Kanagaraj et al. 2011). We analysed the 1985,
1995 and 2005 censuses because they spanned the moni-
toring period of the FDP and much of the among-year cli-
matic fluctuations in the Isthmus of Panama. We analysed
only species with >40 recruits in each of the three studied
censuses. With fewer recruits, stochasticity would have
precluded meaningful spatial point pattern analysis. This
criterion resulted in the inclusion of 64 species, out of the
320 found in the FDP. However, these 64 species com-
prised between 85% and 88% of the recruited individuals,
depending on the census.

We collected species mean data on functional traits of
interest from public data sets and the literature. We
obtained wood specific gravity, leaf mass per area, seed dry
mass and maximum height (i.e. the mean height of the six
largest individuals by DBH) from Wright et al. (2010). We
obtained shade tolerance index from Comita et al. (2010),
and drought sensitivity index from Engelbrecht et al.
(2007). Shade tolerance and drought sensitivity indices
were calculated specifically for tree species in the BCI plot,
and they were based on the species differences in relative
growth and mortality rates (Comita et al. 2010), and in the
effectiveness of physiological mechanisms of drought toler-
ance (Engelbrecht et al. 2007), respectively. We extracted
dispersal mode from the Smithsonian Tropical Research
Institute online database, and topographical habitat prefer-
ences from Harms et al. (2001). The latter two traits are
categorical, whereas the others are continuous. The trait
data are summarized in Appendix S4. Further details on
their sampling methods can be found in the aforemen-
tioned references.

Spatial point pattern analysis

We characterized interspecific spatial association patterns
in a total of 64 x 63 = 4032 species pairs at spatial neigh-
bourhoods from radius r = 1 to 50 m, but we focused on
that of radius r = 5 and 30 m. Note that for species i and j,
we differentiate between pairs ij and ji because species
interactions are frequently asymmetric (Vdzquez et al.
2007), but if reciprocal pairs (i.e. species pairs ij and ji)
showed the same coordinates in the two-axis scheme, we
selected just one.

Doi: 10.1111/jvs.12313 © 2015 International Association for Vegetation Science 3
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We used the approach of Wiegand et al. (2007, 2012)
to characterize interspecific spatial association patterns.
First, for each pair of species 7 and j in neighbourhood of
radius r, we computed the K-function Kj(r), which mea-
sures how individuals of species j are distributed within
neighbourhoods of radius r around individuals of species i
(Ripley 1981). This function would be sufficient to charac-
terize spatial association patterns if the spatial configura-
tion of recruits of species j around recruits of species i were
the same throughout the plot (Getzin et al. 2008). How-
ever, the same value of K;;(r) results if all neighbourhoods
within radius r around individuals of species i contain the
same number of individuals of species j, or if they vary
(Wiegand & Moloney 2014). To characterize this varia-
tion, we also computed the cumulative nearest-neighbour
distribution function Dy(r), which yields the probability
that individuals of species i has no neighbour individuals
of species j within radius » (Wiegand & Moloney 2004).

Second, to distinguish significant spatial associations
from those which arise by chance, we compared the
observed bivariate point patterns with those generated by
a null model in which the spatial locations of individuals of
the species i remained unchanged while those of the spe-
cies j were distributed randomly and independently of the
locations of species i (i.e. a homogeneous Poisson process;
Wiegand et al. 2012). For each species pair, we evaluated
significant departures from the null model by means of the
fifth lowest and the fifth highest values of 199 Monte Carlo
simulations in order to generate 95% simulation enve-
lopes, up to r = 50 m. We also determined whether depar-
tures from the null model were significant by performing a
goodness-of-fit (GoF) test (Loosmore & Ford 2006). This
test quantifies the fit of the null model in the Kj;(r) or Dy(r)
functions over the 1-50-m interval at a 5% error rate;
however, if we use both functions together the true error
rate may vary between 5% and 10%. Thus, only species
pairs that showed clearly significant spatial association pat-
terns (i.e. GOF > 190) were subsequently used to analyse
the relationships between the degree of spatial association
and trait similarity.

Third, we centered Dj;(r) and Ky(r) by subtracting their
expected values under the null model; Dy(r) = 1-exp
(—kjnrz) and Kj(r) = nr*. We log-transformed Kji(r) so that
Dyj(r) and Kj;(r) departure from the null model in the same
way (Wiegand et al. 2007, 2012; Wiegand & Moloney
2014). We then classified each species pair at each neigh-
bourhood scale, using the centered and log-transformed
statistics as positions on two axes:

(r) = Dy(r) = (1 — exp(—amr?))
(r) = In(K;(r)) — In(zr?)

2
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where the hat symbol indicates the observed value of each
species pair. These two axes allowed us to classify the spe-
cies pairs that departed significantly from the null model
into four interspecific spatial association patterns (Figs 1,
Appendix S6 and Appendix S7a). Species pairs located in
the upper-right quadrant have a positive spatial association
(mixing) because here recruits of species j occur more
often within neighbourhoods of radius r around recruits of
species i [M(r) > 0], and recruits of species i have more
neighbours of species j [P(r) > 0] than expected under the
null model. Conversely, species pairs located in the lower-
left quadrant have a negative spatial association (segrega-
tion) because there are fewer recruits of species j within
neighbourhoods of radius r around the recruits of species i
than expected under the null model M(r) <0 and
P(r) < 0]. Species pairs located in the upper-left quadrant
show a type of spatial association (partial overlap) in which
some individuals of species i contain more neighbours of
species j than expected by chance and others contain less
[M(r) > 0and P(r) < 0]. Species pairs located in the lower-
right quadrant show the opposite type of association
(opposite to partial overlap) [M(r) < 0 and P(r) > 0] but
they occur rarely (Wiegand et al. 2007, 2012).

Indices of interspecific spatial association and trait
similarity

To analyse the relationships between the degree of spatial
association and trait similarity, first, we calculated an
‘index of spatial association” (hereafter; A;), as the loadings
on the first axis of a PCA of the axes P(r) and M(r) for each
species pair (7j). The first axis of the PCA explained >75%
of the variance in the spatial association metrics in each
census and spatial scale considered. Positive and negative
values of Aj; correspond to species pairs located in the
upper-right and lower-left quadrants of the classification
scheme, respectively (Appendix S7b). Thus, species pairs
with positive spatial association show large positive values
of A;, whereas species pairs with negative spatial associa-
tion show large negative values of A;;. Species pairs located
in the upper-left and the lower-right quadrants, in con-
trast, have intermediate A; scores.

Second, we estimated the trait similarity of species pairs
by calculating the S; index of similarity (Appendix S1;
Podani 1999; Pavoine et al. 2009). To do so, we first com-
puted the Gower dissimilarity coefficient (D;; Laliberté &
Legendre 2010) with the gowdis function of R package FD
(R Foundation for Statistical Computing, Vienna, AT) and
then converted it to a similarity coefficient by using
§ = 1-D (Laliberté et al. 2014). The S;; index can be used
for both numeric and categorical traits. If it is used for only
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one categorical trait, it yields binary 0-1 values, which
express similar or dissimilar values of such trait, respec-
tively. This index was calculated for each particular species
pair () considering each trait individually, but also for all
traits together and for the leaf-height-seed (LHS) group of
traits (Appendix S2). This group is based on three traits that
are thought to represent the key axes of ecological strate-
gies among vascular plants; specific leaf mass area index
(calculated as the inverse of leaf mass per area), maximum
height and seed mass (Westoby 1998; Appendix S1).

Simple and partial Mantel tests

To examine the relationships between the indices of inter-
specific spatial association and trait similarity, we compare
spatial association and trait similarity matrices using simple
Mantel tests (Legendre & Legendre 2012). Here, the
Mantel correlation coefficient ry; indicates the strength of
the relationship between spatial association and trait simi-
larity among species pairs. A positive correlation would be
consistent with habitat filtering, whereas a negative corre-
lation would indicate niche differentiation (Appendix
S7c¢). To account for the potential phylogenetic signal in
species traits, we also performed partial Mantel tests
between interspecific spatial association and trait similarity
while controlling the effect of pair-wise phylogenetic relat-
edness. To calculate phylogenetic relatedness between
pairs of species we first assembled our species list to a mas-
ter phylogeny using the Phylomatic online tool (Webb &
Donoghue 2005). Second, we calculated the matrix of
phylogenetic distances (measured in millions of years
down to the common ancestor of two species) using the
phydist procedure of the Phylocom 4.1 software (Webb
et al. 2008). Third, we calculated the inverse pair-wise dis-
tances as a metric of phylogenetic relatedness (Vamosi
et al. 2009). The significance of the relationships in simple
and partial Mantel tests was tested with 10 000 permuta-
tions. In each test we calculate the one-tailed P-values for
the null hypotheses of ry <0 (trait convergence) and
v > 0 (trait divergence).

Point pattern analyses were performed with Programita
(Wiegand & Moloney 2014), which can be accessed at
www.programita.org. Trait similarity indices were calcu-
lated with the R package FD (Laliberté et al. 2014), and
Mantel tests were performed using the R package vegan
(Oksanen et al. 2012). We calculated the two-one-tailed
P-values of the Mantel coefficients with the function
permustats (Appendix S3).

Results

The two-axis classification schemes showed a large propor-
tion of spatially associated species pairs in 1985, however,
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across the 1995 and 2005 census periods, regardless of
spatial scale, roughly half of the species pairs did not show
significant associations. In all census periods, however, the
number of species pairs showing positive spatial associa-
tion (mixing) was highest in small neighbourhoods,
whereas the number of species pairs showing patterns of
negative spatial association (segregation) increased in
neighbourhoods >20 m in radius (Fig. 1b).

Results of Mantel tests were similar with and without
controlling for pair-wise phylogenetic relatedness, so we
only present the results without phylogenetic informa-
tion (Fig. 2, Appendix S5). Simple Mantel tests showed
that there were more positive relationships at 30- than at
5-m neighbourhoods in all censuses. Additionally, there
were more negative relationships at 5- than at 30-m
neighbourhoods in all censuses, but many of them were
not significant.

Results for the different traits slightly differed between
the three census periods but there were a few consistent
trends. At 30-m neighbourhoods, the spatial association
index was significantly and positively related to topo-
graphic habitat preferences and dispersal mode across all
censuses, to shade tolerance index in 1985 and 2005, and
to maximum height in 1995 (Fig. 2, Appendix S5), which
indicates trait convergence. At 5-m neighbourhoods, the
Mantel correlation coefficients were also significantly posi-
tive for topographic habitat preferences across all censuses
and for leaf mass area index in 1985 and 2005 (Fig. 2a, ¢).
Conversely, the spatial association index was significantly
and negatively related to shade tolerance index and wood
specific gravity in 5-m neighbourhoods in 1995, which
indicates trait divergence (Fig. 2b). The combination of all
traits together and LHS traits were significantly and posi-
tively related to the spatial association index only at 5 m in
2005 and at 30 m in 1995, respectively (Fig. 2, Appendix
S5). The Mantel correlation coefficients were generally
weak (i.e. 46 of 60 < 0.10; Appendix S5).

Discussion

We quantified the relative contributions of habitat filtering
and niche differentiation to the assembly of recruit com-
munities in the moist tropical forest of Barro Colorado
Island, Panama, by examining the relationships between
spatial association and trait similarity for species pairs over
a 50-m range of spatial scales, and over a 20-yr period. We
detected a large proportion of no significant spatial associa-
tion patterns, indicating an important role of stochastic
processes in structuring this forest. However, our results
for spatially associated species indicated that habitat filter-
ing and niche differentiation operate on the recruit com-
munity. Habitat filtering was important at both large and
small spatial scales, whereas niche differentiation only
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Fig. 2. Mantel correlations between interspecific spatial association and trait similarity matrices at Barro Colorado Island Forest Dynamics Plot (Panama) in
the 1985 (a), 1995 (b) and 2005 (c) censuses, at 5- and 30-m neighbourhoods, i.e. from small to large spatial scales. Positive correlations indicate that
spatially associated species are similar in terms of a given trait or trait combination (trait convergence), which suggests mainly habitat filtering. Negative
correlations indicate dissimilarity between spatially associated species (trait convergence), which suggests niche partitioning. The full results indicating the
number of species pairs and the exact values of the Mantel correlation coefficient ry and their one-tailed P-values for the null hypotheses of ry, < 0O (trait
convergence) and ry > 0 (trait divergence) in each Mantel test are presented in Appendix S5.

occurred at small spatial scales. Habitat filtering is associ-
ated with traits related to topographic habitat preference
and dispersal mode of the species, and niche differentiation
is associated with traits related to the growth-mortality
trade-off across a gradient of light availability. We also
determined that the relative importance of niche differen-
tiation and habitat filtering varied over the 20-yr period
studied.

Independent patterns and stochastic processes

Notably, across the 1995 and 2005 census periods and at
spatial neighbourhoods up to 50 m, roughly half of species
pairs showed non-significant spatial association patterns
(Fig. 1b). These findings indicate that, as we predicted in
our first hypothesis, stochastic processes play the most
important role in determining the assembly of recruit com-
munities in the BCI plot, particularly in 1995 and 2005.
According to Getzin et al. (2014), more than three quar-
ters of the species present in the BCI plot showed an inde-
pendent placement of recruits with respect to conspecific
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adults. A large proportion of non-significant spatial associ-
ation patterns have also been recently found in the tropical
forests of Costa Rica (Lieberman & Lieberman 2007), Sri
Lanka and BCI (Wiegand et al. 2012), and also in semi-
arid shrublands of southwest Australia (Perry et al. 2013).
These authors attributed non-significant spatial association
patterns to the fact that in species-rich communities, the
population density of individual species decreases and the
probability that trees of a given species combination will
occur as neighbours is exceedingly small. In that case,
chance events associated with seed dispersal and demo-
graphic stochasticity would overpower deterministic pro-
cesses, such as habitat filtering and niche differentiation, to
explain species co-occurrence patterns (Volkov et al.
2009).

Spatially associated patterns and deterministic processes

As predicted by our second and third hypotheses, we
found mainly positive relationships between spatial associ-
ation and trait similarity (trait convergence) at 30-m
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neighbourhoods, and mainly negative associations (trait
divergence) at 5-m neighbourhoods. However, the major-
ity of the negative relationships in 5-m scales were not sig-
nificant (except for the 1995 census). These results suggest
that habitat filtering drives the assembly of recruit commu-
nities in the BCI plot at both large and small scales,
whereas niche differentiation plays a less important role
and only appears at small scales. Our findings support
those of Swenson et al. (2012), who found trait conver-
gence at spatial scales of >20 m when inferring the mecha-
nisms responsible for the assembly of trees >1 cm DBH in
BCI. Surprisingly, habitat filtering at all spatial scales is as
evident in the BCI forest as in the subtropical wet forest of
Luquillo, Puerto Rico (Uriarte et al. 2010) and that of the
dry Costa Rican forest of San Emilio (Swenson & Enquist
2009). But BCI is less topographically heterogeneous than
Luquillo, and has less variation in soil moisture than San
Emilio. This suggests that habitat filtering on BCI is related
to factors other than topography and soil moisture, such as
spatial variations in soil nutrient availability, which is
rather marked in this forest (John et al. 2007). It is also
important to note that in 5-m neighbourhoods, trait simi-
larity in topographic habitat preferences was significantly
and positively related to the index of spatial association in
the 1985 and 2005 censuses. This finding suggests that spe-
cies habitat associations for recruits may be stronger than
previously thought (Kanagaraj et al. 2011).

Habitat filtering and niche differentiation associated to
different traits

Species pairs with matching dispersal modes or habitat
preferences were more likely to exhibit positive spatial
associations than were species pairs with divergent dis-
persal modes or habitat preferences. These results indicate
that, as we predicted in our fourth hypothesis, habitat fil-
tering is principally related to topographic habitat prefer-
ences and dispersal mode of the species, which provides
support for previous studies in BCI (Wright et al. 2005)
and in other Neotropical forests (John et al. 2007).

The relationships between the index of spatial associa-
tion and the indices of trait similarity in mean wood spe-
cific gravity and shade tolerance were consistently
negative at 5-m neighbourhoods across all census periods
(although they were significant only in 1995). This result
is explained by the close dependence between these two
traits (Muller-Landau 2004) in the BCI forest and suggests
that, as we predicted in our fifth hypothesis, niche
differentiation is mainly related to the growth-mortality
trade-off across a gradient of light availability. On BCI, this
gradient is mainly related to the occurrence of tree-fall
gaps and canopy openings (Riiger et al. 2009). Therefore,
our results also support the prediction of Grime (2006) that
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traits that diverge among co-existing species should be
related to regeneration and the tolerance of disturbance.
The index of spatial association was mainly positively
associated with the indices of trait similarity in maximum
height and leaf mass per area. In the case of leaf mass per
area, these relationships were significant at 5-m neigh-
bourhoods in the 1985 and 2005 censuses. These results
confirm that, as we predicted, these two traits, and particu-
larly leaf mass per area, contributed more to fitness than to
niche differences among the 64 finally selected species and
were, therefore, responsible for the exclusion of weaker
competitors at small scales (Mayfield & Levine 2010). It is
also important to note that the relationships between spa-
tial association and phylogenetic relatedness were not pre-
dominantly positive or negative, but either positive or
negative, and none of them significant, across all censuses
and spatial scales (Appendix S5). This finding highlights
the existence of a random phylogenetic structure among
recruits. As most functional traits are known to be phylo-
genetically conserved among trees at BCI (Swenson et al.
2007), this random structure reflects stochastic drift or a
mixture of phylogenetic clustering and overdispersion.

Temporal effects

We also detected interesting temporal trends. Shade toler-
ance were significantly and positively associated with inter-
specific spatial association in censuses 1985 and 2005 at
30-m neighbourhoods, but significantly and negatively
associated in 1995 at neighbourhoods of 5 m, together with
wood specific gravity (Fig. 2, Appendix S5). We suspect that
this stems from two unusually severe droughts associated
with El Nino events, which occurred in 1983 and 1999 and
increased mortality rates of adult trees >10 cm DBH by
>70% (Condit et al. 2004). Canopy openings resulting from
this mortality augmented light availability and recruit
emergence, particularly of those of light-demanding species
(Ruger et al. 2009), which provoked the spatial association
of species with similar shade tolerance in 1985 at the scale
at which canopy openings occur (i.e. 30 m). According to
Lobo & Dalling (2014), 83% of the tree-fall gaps in the BCI
plot have an area of <50 m?, which provides support for this
hypothesis. However, in these canopy openings, recruits of
light-demanding species have better access to light, grow
faster and experience strong competition for light among
each other. Ten years later, in 1995, mortality of recruits
rose as an outcome of this process, and species with differing
values of shade tolerance and wood specific gravity, which
are both involved in the growth-mortality trade-off,
appeared spatially associated at the small scales (i.e. 5 m;
Casper et al. 2003) at which plant-plant interactions occur.
The fact that significant negative relationships between spa-
tial association and trait similarity at 5-m neighbourhoods
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appeared only in the 1995 census, and for traits related with
resource competition, indicates that the relative importance
of niche differentiation at small scale can change over time
in relation to the occurrence of tree falls associated to unu-
sually severe droughts.

Limitations

Our quantification of the relative contributions of habitat
filtering and niche differentiation to community assembly,
via an examination of the relationship between spatial
association and trait similarity, has several limitations. First,
it can be argued that our approach, which considers 64 spe-
cies, could miss important aspects of species interactions,
which in turn would influence the detection of niche dit-
ferentiation (Swenson 2013). Had we included all species
in our analyses, however, the frequency of interspecific
encounters would have been so low that we would have
observed even more non-significant spatial association pat-
terns (Lieberman & Lieberman 2007; Wiegand et al.
2012). Therefore, it is unlikely that the exclusion of these
species affected the detection of habitat filtering and niche
differentiation. Second, it can be also argued that our find-
ings are not representative of the entire tree community
since they consider only recruits. However, similar analyses
focusing on juvenile (T. Wiegand, unpubl.) and adult trees
(Wiegand et al. 2012) showed higher proportions of spe-
cies pairs without significant interspecific spatial associa-
tion patterns. This fact, together with our findings,
indicates that deterministic processes such as habitat filter-
ing and niche differentiation drive community assembly
mainly at the recruitment phase. Finally, it is also impor-
tant to point out that relationships between the indices of
spatial association and trait similarity were weak, perhaps
because some functional traits are not independent of one
another and because any trait difference is likely to influ-
ence both habitat filtering and niche differentiation (Adler
et al. 2013). However, traits that are supposedly related,
such as dispersal mode and seed dry mass (Westoby et al.
1996), and leaf mass per area, wood specific gravity and
seed dry mass (Wright et al. 2010), showed relationships of
opposing sign with interspecific spatial association. More-
over, the combinations of all and LHS traits had relation-
ships of differing strength, sign and significance over all
censuses and spatial scales considered (Fig. 2, Appendix
S5). These findings imply that selected traits acted indepen-
dently to determine recruit community assembly.

Conclusions

Our results indicate that in the absence of strong top-down
forcing, stochastic processes are the most important deter-
minants of recruit community assembly in species-rich
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tropical forests such as that of Barro Colorado Island
(Chase & Myers 2011). This process, however, is also
simultaneously influenced by deterministic processes, such
as habitat filtering and niche differentiation, whose rela-
tive roles vary over spatial and temporal scales. Our study
confirms that at both larger and smaller spatial scales, spe-
cies co-occurrence is mainly driven by habitat filtering, but
at smaller scales it may also be explained from a combina-
tion of niche differentiation and weaker competitor exclu-
sion effects. Changes in the importance of habitat filtering
and niche differentiation over time are apparently influ-
enced by the occurrence of disturbances such as tree falls.
Similar conclusions were recently reported from a study
conducted in temperate grasslands (De Bello et al. 2013),
which suggests that our findings could apply to markedly
different plant communities. Our study points toward the
existence of multiple trait-based processes and emphasizes
their importance to determine species co-existence (Corn-
well & Ackerly 2009; Gotzenberger et al. 2012).
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