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Among the factors that may lead to differences in resource use
among closely related species, body size and morphology have been
traditionally considered to play a role in community assembly. Here
we argue that for animals that live and forage in groups, level of
sociality, reflecting differences in group size and cooperative tenden-
cies, can be an additional and powerful dimension separating species
in niche space. We compare 50+ communities of the social spider
genus Anelosimus across the Americas against a null model that
accounts for known effects of biotic and abiotic factors on the distri-
bution of social systems in the genus. We show that these commu-
nities are more overdispersed than expected by chance in either or
both body size and level of sociality, traits we have previously shown
to be associated with differences in resource utilization (prey size,
microhabitat, and phenology). We further show that the contribution
of sociality to differences in the size of the prey captured is two to
three times greater than that of body size, suggesting that changes in
group size and cooperative tendencies may be more effective than
changes in body size at separating species in niche space.
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An important goal of community ecology is to understand the
mechanisms involved in the assembly of species into local

communities and the pattern of similarities or differences among
them. A local community is typically a subset of a larger pool of
species whose co-occurrence may be mediated by a set of physical
and behavioral characteristics (1, 2). Recent theory and empirical
work explain the assembly of species into local communities as an
interactive process where abiotic and biotic processes act on both
species ecological similarities and differences at various spatial
and temporal scales (3–6). For instance, environmental filtering is
a process by which abiotic factors prevent some species from
establishing locally (3, 7, 8). At the same time, through the prin-
ciple of limiting similarity, biotic processes may drive closely re-
lated species to differentiate in key phenotypic traits to reduce
resource use overlap (3, 9, 10). Because morphology typically
predicts a species’ use of resources (11), morphological mea-
surements have been typically used to test trait-based patterns of
community assembly in plants and animals. How species may di-
verge (or converge) in traits other than the traditional morpho-
logical ones is, however, far less understood in the context of
community assembly.
Traits that lead individuals to form groups and cooperate may

be particularly important in influencing a species’ use of re-
sources. Group foraging, in particular, may alter body size–prey
size relationships by allowing animals to access prey that are too
large, too fast, or too dangerous to be captured by solitary in-
dividuals of similar characteristics (12–15). By allowing access to
food resources virtually unattainable by solitary individuals,
group foraging may thus effectively move a lineage into a niche
potentially orders of magnitude away from that utilized by soli-
tary close relatives. Social groups may also differ in microhabitat
requirements relative to solitary species of similar body size (16).

Sociality thus has the potential to be an immediate and powerful
way to create large differences in resource and habitat use
among closely related species. Studies addressing how such social
traits scale up to influence niche use among co-occurring species
(15–18), and their potential role in community assembly, how-
ever, remain rare.
Spiders that live and forage in groups provide an ideal op-

portunity to explore the potential role of sociality in niche dif-
ferentiation and community assembly. Several spider genera
contain species with a range of social systems (19). In solitary and
subsocial species, colonies contain a single mother and her off-
spring, but in the former offspring disperse soon after hatching,
whereas in the latter offspring remain together for several instars
before dispersing to initiate their own nests. In both cases, col-
onies contain at the most a few dozen individuals. In social
species, in contrast, colonies contain multiple adult females and
their offspring. As offspring tend to mature and reproduce within
the natal nest, colonies may grow over multiple generations to
contain hundreds, thousands, or tens of thousands of individuals.
Finally, some species may exhibit intermediate characteristics
between social and subsocial, as colonies generally exhibit less
developed cooperative behaviors and may partially disperse every
generation or do so at smaller sizes (19, 20). Communities of the
spider genus Anelosimus throughout the Americas are particularly
well suited to explore the relative roles of morphology and be-
havior in niche differentiation, as they contain representatives of
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all these social systems while also exhibiting a range of body sizes
(21–23) (SI Appendix, Table S1-1). Furthermore, the social spe-
cies, all of which occur in the American continent, are for the most
part independently derived (22), thus providing multiple phylo-
genetically independent data points for comparative analyses.
Our earlier studies suggest that both level of sociality (15, 16, 24)

and body size (25) are associated with differential resource and
microhabitat use among co-ocurring Anelosimus species. At a site
in southern Brazil we found that the four co-occurring Anelosimus
species, each representing a different level of sociality (15, 16),
differed in the size of the prey they captured (15) and the substrate
and microhabitat their nests occupied (16). These differences were
associated with the size and age structure of their colonies (15, 16)
and the extent of cooperation among colony members (24), all
components of a species “level of sociality” (26). Extreme body size
differences, on the other hand, characterize Anelosimus communi-
ties at lowland tropical rainforests where only social species occur
(23, 25). These differences were also associated with differential
resource and microhabitat use, with the smallest species being a
canopy specialist (27), an intermediate species occurring exclusively
in the forest interior, and the largest species occurring primarily at
the forest edge (25). We further found that the intermediate species
had its prey size niche included within that of the largest one but was
more efficient capturing insects in its preferred size range (25).
Having shown that differences in sociality and/or body size are

associated with differential resource and microhabitat use in these
two spider communities, we now ask whether the distribution of
the two traits across Anelosimus communities in the Americas is
more overdispersed than expected by chance as would be predicted
by the theory of limiting similarity (7, 9, 10). For this we assembled
data on the composition of 53 communities across the Americas
containing at least two Anelosimus species and compared the ob-
served average dispersion of sociality and body size across the
observed communities with that expected under the hypothesis that
the communities would form irrespective of the value of the two
traits. In doing so, we considered the effect of differentially
weighting sociality and body size as factors in resource use separa-
tion, a correction rarely implemented in similar studies (28, 29). For
the latter, we used our own published or unpublished data on the
distribution of prey sizes captured by Anelosimus species of a range
of body sizes and all levels of sociality.
For our null model, we applied an environmental filter limiting

the distribution of the social systems to particular environments.
This filter is based on the observation that not all Anelosimus
social systems occur in all environments. Thus, only social Ane-
losimus occur in the lowland tropical rainforest, whereas higher
elevations and latitudes and dry environments contain only sub-
social and solitary species (23, 30). As reviewed in ref. 19, these
patterns appear to reflect the effects of latitude and elevation on
insect size distributions, precipitation intensity, and predation rate.
Thus, social spiders are present where warm temperatures, high
precipitation, and high productivity promote an abundance of
large insects (23, 30–33), whereas subsocial and solitary species are
excluded from areas of heavy rainfall and high predation (34, 35).
Areas of intermediate characteristics harbor all social systems (15,
16, 23). This is thus a broad scale filter, with each of the filtered
regions encompassing numerous communities and distributed
across the continent (23).
Using the randomly assembled communities as the null model,

we then considered whether the distribution of the two traits across
the 53 observed communities was more overdispersed than
expected by chance (as in refs. 36 and 37). Under the hypothesis
that communities are assembled to reduce resource use overlap, we
expect that co-occurring species with similar body sizes will differ in
their social system or, conversely, species with similar social system
will differ in body size. Communities could also differ along both
dimensions, given that separation along one trait dimension may be
exhausted as more species are added to a community.

Materials and Methods
Characterization of Local Communities and the Null Model. We gathered data
from the literature and our own field observations on the occurrence of
Anelosimus species across the Americas. After combining contiguous sites
with identical species compositions to avoid pseudoreplication, we obtained
a matrix of 53 sites (from 59 original sites) containing two or more co-
occurring Anelosimus species (Fig. 1 and SI Appendix, Table S1-2), for a to-
tal of 23 species (SI Appendix, Appendix S1). We used the total body length
of adult females to represent a species body size (SI Appendix, Table S1-1).
We obtained a continuous measure of sociality, ranging from 0.0 (low so-
ciality) to 1.0 (high sociality), by averaging with equal weight two compo-
nents of the Avilés et al. (26) “sociality index”—the proportion of the life
cycle spiders lived in groups and the proportion of nests in a population that
contained multiple adult females. We had field estimates of the two com-
ponents for more than half the species; for the others, we inferred a sociality
index from their level of sociality reported in the literature (solitary, sub-
social, intermediate, and social) and their phylogenetic position (SI Appen-
dix, Table S1-1). We used the four discrete categories—solitary (index value
0.1), subsocial (0.3–0.6), intermediate (0.7–0.8), and social (0.9–1.0)—for the
purposes of setting up the environmental filter for each of the communities.

To create our null communities we used as species pool the 23 species
found across the 53 sites, plus two additional species, Anelosimus analyticus
and Anelosimus vierae (SI Appendix, Table S1-1), which occur in singleton
communities, but have geographic ranges contiguous to our focal commu-
nities and thus the opportunity to colonize them. We nonetheless ran the
analyses with and without these additional species. Using these pools, we
created 53 null communities, each mimicking one of the original commu-
nities in terms of the number of species they contained and accepting spe-
cies based on restrictions imposed by the environmental filter—social only
(6 species), solitary or subsocial only (16 species), from solitary to interme-
diate social (19 species), or any social (25 species) (SI Appendix, Table S1-2).
Given such a filter, we filled each community by sampling with replacement
from the section of the species pool corresponding to the social systems
allowable in each habitat. Sampling was done with replacement under the
assumption that existing species are mere instances of the combination of
trait values (level of sociality and body size) that are possible in the genus, as
represented by species in the American continent. This produced one rep-
licate set of 53 random communities for which we calculated the average
functional dispersion (FDis), as done in the original dataset (see Trait Dis-
persion of Observed and Randomized Communities). We then repeated the
procedure 999 times to obtain a null distribution of the FDis test statistic.

Fig. 1. Geographical location of the 53 communities included in the study
and heat map (based on ref. 23) of the suitability of different regions across
the Americas for Anelosimus species of different social systems. Blue regions
are unsuitable for social species, whereas regions above 0.5 in the heat map
scale (yellowish green to red) are unsuitable for solitary and subsocial species.
Symbols mark locations of communities included in the analyses, all containing
two or more recorded Anelosimus species. Inset represents sites in Ecuador.
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Our choice of species pool follows the recommendations of Cornell and
Harrison (38) of (i) including in the pool the same species used to derive local
community richness, which these authors state is the “normal approach in
null model analyses of local community structure”; (ii) restricting the pool to
species that could potentially persist in a focal community, which we met by
applying the environmental filter discussed above; and (iii) including species
that could potentially disperse to a focal community. Regarding point iii,
species in the genus Anelosimus appear to have strong dispersal abilities, as
suggested by the worldwide distribution of the genus and the fact that
species in some regions have their closest relatives in a different continent,
rather than nearby (39). Furthermore, the habitats suitable for social and
subsocial species have, or had in the past (40), a more or less continuous
distribution, which would have facilitated colonization across the continent
(23). This is reflected in several social and subsocial species in the Americas
having distributions that span the entire region suitable for their social
system (21, 23). Thus, some subsocial species (e.g., Anelosimus studiosus and
Anelosimus baeza) occur from the southern United States or northern
Mexico through to southern Brazil or northern Argentina. Likewise, several
social species occur throughout the Amazon basin (Anelosimus eximius,
Anelosimus domingo, and Anelosimus rupununi) and on both sides of the
Andes (A. eximius and A. domingo) (21, 23). Finally, because the question of
community composition should also allow for species arising de novo
through speciation, it would have been possible to take an altogether dif-
ferent approach and consider all Anelosimus species across the globe as an
example of the combinations of body size and level of sociality that can
evolve in the genus. We did not take this approach, however, because the
distribution of body sizes and social systems across the globe likely reflect
the relative abundance of suitable and unsuitable habitat in different con-
tinents, which may not correspond to what is available in the Americas.
Thus, limiting our pool to species in the Americas seemed the most appro-
priate approach both from an ecological and evolutionary perspective.

Contribution of Body Size and Sociality to Prey Size Divergence. We assessed
the possibility that sociality and body size may contribute differentially to
interspecific differences in resource use, thus requiring different weights in
the trait dispersion analyses. For this, we used our own published and un-
published data on prey capture to characterize the prey size niches of
Anelosimus species in communities in Brazil, Ecuador, and Panama (SI Ap-
pendix, Table S1-3). Our studies in Ecuador and Brazil documented the size
distribution of insects captured by the natural range of colony sizes and age
structures of all species in a community, which would have reflected the
various species’ levels of sociality and body size. In communities in Ecuador,
colonies of all sizes and age structures are available year round. At Serra do
Japi, Brazil, where species exhibit a seasonal phenology (15, 16), data were
collected in early summer just before dispersal, which is the spiders’ most ac-
tive prey capture season. When data for more than one locality were available
for a given species, we calculated simple averages across localities. The
resulting dataset included nine species covering most of the body size range of
Anelosimus species and all levels of sociality (SI Appendix, Table S1-3).

We analyzed the contribution of traits to prey capture patterns using
phylogenetic generalized least squares (PGLS) regression to account for
possible phylogenetic nonindependence of the data (41, 42). For this we used
Agnarsson’s (43) phylogenetic hypothesis for New World Anelosimus, which
was developed using nuclear and mitochondrial gene markers (SI Appendix,
Fig. S1-1). We included in our analyses the subset of species for which we had
prey size data and used penalized likelihood rate smoothing to adjust
branch lengths of the time-calibrated phylogeny. To allow comparison be-
tween the traits and control for their different ranges, we scaled them to
have mean zero and unit variance before analyses. The sociality index was
arcsine transformed before scaling; body size did not require a log trans-
formation as the data were not skewed and the response was highly linear.

The slopes of the regressions of prey size on either level of sociality and
body size indicate the rate at which the size of the prey captured increases per
unit change in each of the traits. The ratio of these slopes can then be used to
differentially weight the contribution of the two traits to prey size differ-
entiation across species in our dispersion analyses (see below). For body size,
we first obtained separate regressions for (i) solitary and subsocial species
(n = 4) and for (ii) social species (n = 3), as these captured vastly different
prey size ranges. We then ran both PGLS and linear model (LM) analyses,
controlling for the two sociality categories (solitary/subsocial and social). This
allowed us to obtain a single estimate of the slope, as the interaction be-
tween body size and the two sociality categories was not significant (F1,3 =
4.41, P = 0.127). Intermediate/social species were not included in the body
size analyses as we had only two species in this category.

Trait Dispersion of Observed and Randomized Communities. To calculate the
dispersion of the n species within a given community in the 2D trait space,
we used the FDis method (36) with Gower dissimilarity coefficients (44, 45),
as implemented in the FD R package (46). As noted in ref. 46, the FDis index
has the advantage that “it can be computed from any distance or dissimi-
larity measure, it can handle any number and type of traits (including more
traits than species), and it is not strongly influenced by outliers.” Gower
coefficients standardize variables before calculation and allow for mixed
data types, as well as for differential weighting of the different variables. As
before, we used arcsine-transformed sociality index values and untransformed
body sizes. We made calculations considering both equal weighting of the two
traits, as well as greater weighting of sociality, which we found to have a
greater effect on resource use separation across species (see Results). Body size
and sociality were also analyzed individually to assess the dispersion of each
trait across our observed communities. We report the average FDis scores (±SE)
across the 53 communities for the traits considered together and individually.
Analyses did not consider species’ relative abundances, since such information
is unavailable for most species.

To obtain the expected trait dispersion under the null model, we estimated
the trait dispersion of each set of 53 randomly assembled communities using
the same relative weights for sociality and body size as above, extracted the
mean across all sites, and repeated the procedure for the 999 replicate sets
(using “sample” function in R software) (47). The observed mean trait dis-
persion was then compared with the distribution of trait dispersion values
obtained under the null model. The P value was calculated as the proportion
of iterations of the random null model that had an overall mean as extreme
as, or more extreme than, the observed mean trait dispersion. A P value lower
than 0.05 would suggest that co-occurring species have distributions of body
size and sociality significantly more dispersed than expected by chance. This
test was one tailed, since significant trait dispersion is expected to shift the
observed dispersion above the random distribution mean. All analyses were
conducted using the R software (47). The R code supporting this article has
been uploaded as part of the supplementary material (Dataset S1).

Results
We found that the distribution of level of sociality and body size
among co-occurring Anelosimus species in 53 communities across
the Americas was more overdispersed than expected by chance. In
areas where the environmental filter did not allow all social sys-
tems to be present, species tended to differ in body size, as in high
latitude or high elevation communities where only solitary and
subsocial Anelosimus occurred (e.g., Oaxaca, Mexico or Baños,
Ecuador), or areas in the Amazonian rainforest with only social
species (e.g., Jatun Sacha, Ecuador) (Fig. 2). In areas where all
social systems were present, multiple species of similar body sizes
occurred (e.g., Serra do Japi, Brazil; Fig. 2). Communities that
differed in both body size and sociality tended to contain the
largest number of species (average number of species in com-
munities where both traits vs. only one of the traits differed:
2.85 vs. 2.24, F1,51 = 12.6, P < 0.001), possibly reflecting the ability
for more species to be added to a community when the habitat
filter allowed the presence of all social systems, and thus two di-
mensions along which differentiation could occur.

Contribution of Body Size and Sociality to Interspecific Prey Size
Divergence. In addition to overdispersion in the two-trait param-
eter space, we also found that level of sociality was two to three
times more important than body size in creating differences across
species in the size of the prey captured. This was indicated by
the slopes of the (PGLS) regressions of mean prey size on each
of the traits (variables scaled, to be comparable): 2.78 ± 0.71 SE,
for the effect of sociality (t = 4.73, P = 0.006, Fig. 3A) vs. 1.33 ±
0.36 SE, for the effect of body size on prey size divergence (t =
3.75, P = 0.02, Fig. 3B), the latter controlling for solitary/subsocial
and social species in two categories (SI Appendix, Tables S1-4 and
S1-5). These results indicate that level of sociality contributes more
than twice as much as body size to the capture of larger prey across
Anelosimus species: ratio of slopes = 2.78/1.33 = 2.08, when solitary/
subsocial and social species combined were considered; 2.78/0.82 =
3.40, when only the solitary/subsocial species, which are less af-
fected by differences in colony size and level of cooperation (15,
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24), were considered (PGLS slope for solitary/subsocial species
only: 0.82 ± 0.42; t = 1.94, P = 0.19) (Fig. 3).

Trait Dispersion in Null vs. Observed Communities. Estimated trait
dispersion values across the 53 communities were significantly
greater than expected by chance, whether sociality was assumed to
be equally important or 3.4 times more important than body size
in causing prey size divergence [FDobserved (obs) = 0.132 ± 0.070 SD
vs. FDexpected (exp) = 0.113 ± 0.008 SD, P = 0.013, for the former,
and FDobs = 0.127 ± 0.083 SD vs. FDexp = 0.103 ± 0.009 SD, P =
0.005, for the latter]. These findings demonstrate that Anelosimus
communities across the 53 sites were more overdispersed than
expected by chance in the 2D space of body size and level of so-
ciality. When analyzing each trait individually, sociality was sig-
nificantly more overdispersed than expected by chance (FDobs =
0.124 ± 0.100 SD vs. FDexp = 0.094 ± 0.012 SD, P = 0.005),
whereas body size, for species of a given level of sociality, was not
(FDobs = 0.142 ± 0.076 SD vs. FDexp = 0.135 ± 0.012 SD, P =
0.29). Excluding from the null model the two species that occurred
only in single-species communities (A. analyticus and A. vierae) did
not substantially change significance levels in any of the afore-
mentioned analyses. We note that ours is a conservative test of the
hypothesis of overdispersion as the power to detect non-
randomness in the makeup of local communities is expected to be
low (high probability of type II error) when, as in our case, any
given community consists of a small subset of species in the global
pool (48).

Discussion and Conclusion
Co-occurring Anelosimus species across the Americas were more
overdispersed than expected by chance in the 2D space of soci-
ality and body size, with communities diverging in either one or
both traits depending on the range of social systems present in
individual communities as a function of the environmental filter.
We further found that sociality had a greater contribution than
body size to prey size divergence across Anelosimus species,
pointing to a potentially greater role of this trait in structuring
communities of social organisms.

That level of sociality may play a greater role separating species in
trait space is not surprising, given that groups can vary in size much
more broadly than individuals can. Thus, whereas adult Anelosimus
females range from roughly 1.8–5.5 mm in length (SI Appendix,
Table S1-1), colonies can range from one to tens of thousands of
individuals, depending on the species (14, 15). Larger spider colonies
have both more individuals available for prey capture (24) and larger
webs (15). Our finding that the regression of mean prey size on
spider body size had a slope close to 1.0 (Fig. 3B) is consistent with
observations in both vertebrate and invertebrate systems that
predator–prey size relationships tend to lie at or slightly under 1.0
(49–51). Dispersion as a function of individual size alone, there-
fore, appears limited in the degree of prey size separation it can
create. Increasing group size, on the other hand, can create dif-
ferences by orders of magnitude in the size of the prey captured
(e.g., ref. 14). As a result, dispersion in our communities on the
basis of level of sociality alone was just as significant as when we
analyzed both traits combined, whereas for a given level of soci-
ality, body size had a tendency to be more overdispersed than
expected by chance, but not significantly so (Results).
Four mechanisms have been proposed to promote coexistence

in ecological communities—resource partitioning, spatial and tem-
poral heterogeneity, and natural enemies (6). Several studies within
Anelosimus communities have found evidence linking body size or
sociality to the first three mechanisms. The studies have also found
that, in addition to differing in these two traits, species display a suite
of behavioral and morphological traits suggestive of adaptation
to particular niches within the communities. We have found, for
instance, that the four most common Anelosimus species at Serra
do Japi, Brazil, captured insects of increasing size not only as a
function of the size of their webs (15), but also of the degree of
cooperation among colony members (24). Differences in level of
sociality in this community were also associated with differences
in microhabitat use at multiple spatial scales (16). Thus, the two
more social species had greater affinity for the forest interior
where sturdier vegetation likely provides better support for their
larger and longer-lived colonies, whereas the two least social
species were more common on the herbaceous vegetation at the

Fig. 2. Species composition in 53 sites across the Americas showing species according to their sociality index and body size. Sites are shown by country from
north to south and west to east. Contiguous sites from the original dataset that had the same species composition were combined into one. For details on the
localities, see SI Appendix, Table S1-2.
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forest edge (16). Within microhabitats, species further differed in
the position they occupied on the plant substrate, with those with
larger and longer-lived nests (i.e., the more social species) oc-
cupying positions closer to the core of plants (16).
In the Amazonian lowland rainforest, where only social species

occur, on the other hand, extreme body size differences are asso-
ciated with differences in resource and microhabitat use. Here, an
intermediate-sized species (A. domingo, 3.2 mm) occurs exclusively
in the forest understory, whereas a large-sized one (A. eximius,
4.7 mm) occurs also at the forest edge (25). Both build webs with a
basal sheet not suitable for prey capture, topped by a tangle of prey
capture lines suspended from the vegetation above. The smallest of
all Anelosimus species (A. rupununi, 1.8 mm in length), on the other
hand, is a canopy specialist whose webs capture prey from all di-
rections and appear better able to retain prey (27). We have further
found that the intermediate species, which has its niche included
within that of the larger one, is more efficient at capturing small
prey by being generally faster, having greater density of individuals
within the nests, and exhibiting greater participation of all age
classes in prey capture activities (25). The three species, therefore,
appear uniquely adapted to the niches they occupy, both in terms of
the architecture of their webs and the behavior of the spiders.
In terms of temporal heterogeneity, we have found that spe-

cies in the seasonal environment of Serra do Japi were offset in
the peak of their reproductive seasons (16, 52), whereas in aseasonal
tropical environments colonies of all age structures are present year
round. Phenology appeared to be the main axis of differentiation
in a community of 10 Anelosimus species in Madagascar where
only subsocial species occur (18). Here, phenology was more
overdispersed and evenly spaced than expected by chance, but
neither body size nor a preference for close vs. open habitat was.

We are aware of only one other study, on sponge-dwelling
shrimp (17), where the roles of both sociality and body size have
been considered in the context of community assembly. There
are some important differences, however. In the shrimp system
there were only two social systems represented, solitary and
eusocial, and body size and sociality played different roles in the
assembly process, making it difficult to assess their relative im-
portance. Body size was involved in habitat filtering, as solitary
species assembled in communities based on their fit to the in-
terstitial spaces of the sponges. Eusocial species, on the other
hand, were involved in competitive exclusion, as only one of six
eusocial species was present in any one community (17). Finally, in
the shrimp system the habitat filter was inferred from the observed
dispersion patterns, whereas in our case it was based on prior
observations. Other studies have looked at the roles of body size
or sociality separately, as in studies looking at the role of body size
differences in ant assemblages (e.g., ref. 53) or dietary differences
across predatory mammals of different social systems (54, 55).
Further studies are needed to assess the relative importance of

the various coexistence mechanisms in structuring Anelosimus
communities and more rigorously test their association with body
size and sociality. A test of the habitat heterogeneity hypothesis,
for instance, could involve manipulative experiments to test
whether colonies of the various species have higher fitness in
microhabitats to which they appear better adapted. No studies
have yet directly tested for competition in Anelosimus communi-
ties, although competition for nest sites or resources among web
building spiders has been experimentally demonstrated in some
cases (56, 57). In the case of Anelosimus, we have observed that
individuals dispersing from a common source tend to become
established increasingly further away from the source as the sea-
son progresses, likely because nearby sites have already been oc-
cupied (58). There is also a pattern suggestive of competitive
exclusion between the social A. eximius and Anelosimus guaca-
mayos. In the close to 20 y since the discovery of A. guacamayos
(31), we have never seen the two species occur in sympatry, even
though they share an extensive boundary at the edge of their re-
spective ranges in eastern Ecuador. The two species have almost
identical nest architectures and similar body sizes, with A. guaca-
mayos occurring at higher elevations than A. eximius (31).
The role of processes such as species sorting, character dis-

placement (10), and sympatric speciation (59) in the assembly of
Anelosimus communities also needs to be assessed. Species sorting
occurs when multiple species colonize a region, but only those
sufficiently different from one another become established. In such
a case, we expect species to exhibit similar trait values across
habitats of similar characteristics. With character displacement, on
the other hand, species diverge once in sympatry, in which case we
expect potential competitors to exhibit more extreme trait values
when living together than in areas of no overlap. A third process,
not often considered in studies of community assembly, is sym-
patric speciation leading to divergence in traits associated with
resource use and reproductive isolation (59). Sympatric speciation
appears a possiblity in at least two of our communities, which
harbor sibling species pairs— Anelosimus dubiosus and Anelosimus
jabaquara, in Serra do Japi, Brazil, and A. guacamayos and Ane-
losimus elegans, in Cocodrilos, Ecuador (SI Appendix, Fig. S1-1). In
both cases, the species are almost identical in body size and mor-
phology, but differ in level of sociality (21), with the more social
species (A. dubiosus and A. guacamayos, respectively) having a
much more limited geographical distribution, suggestive of a recent
origin via sympatric speciation. That in both cases the species differ
in level of sociality further suggests that sociality may be a faster
and more effective way of separating species in niche space than
differences in body size or morphology. Addressing this latter
possibility, as well as the mechanism(s) by which the nonrandom
composition of these communities may have come about, are
promising directions for future research.

Fig. 3. Scatterplots of mean prey size (in millimeters) of Anelosimus species in
relation to their (A) level of sociality and (B) body length, for solitary/subsocial
(clear symbols, n = 4), intermediate/social (symbols with cross pattern, n = 2), and
social (black symbols, n = 3) species. In B, the dashed lines correspond to the
regressions for social (Upper line) and solitary/subsocial (Lower line) species
considered separately; the solid line shows the common slope for these sociality
categories combined (intermediate/social species not included, as there were only
two species in this category). Solid lines are PGLS estimates and dotted lines are
LM estimates. Slope values are as follows: (A) Solid line, 2.78 ± 0.71 SE; dotted
line, 2.44 ± 0.62. (B) Solid line, 1.33 ± 0.36 SE; Upper dotted line, 2.16 ± 0.22 SE;
Lower dotted line, 0.92 ± 0.47 SE. (C) Inferred phylogenetic relationships (based
on ref. 46) of the species included in these analyses, which were the subset of
species for which prey size estimates were available. For values of body size and
level of sociality for the remaining species, see SI Appendix, Fig. S1-1 and Table
S1-1 for a phylogeny including most of the additional species.
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Despite the potential importance of behavioral traits in niche
differentiation, there are remarkably few studies assessing the
relative roles of behavior and morphology in community as-
sembly. Behavioral traits, being more flexible and potentially
more labile (60), may allow faster colonization of novel niches
and greater flexibility in variable environments. Assessing the
relative contributions of these two types of traits would thus

enhance our ability to predict how animals will respond to novel
habitats and rapid environmental change.

ACKNOWLEDGMENTS. We thank Wayne P. Maddison and Matthew Pennell,
for discussion on the general approach and methodology; and members of
the L.A. laboratory—R. Sharpe, M. Robertson, Samantha Straus, Luis
Camacho, and A. González—for constructive comments on early versions
of the manuscript.

1. Diamond JM (1975) Assembly of species communities. Ecology and Evolution of
Communities, eds Cody ML, Diamond JM (Harvard Univ Press, Cambridge, MA), pp
342–444.

2. Weiher E, Keddy PA, eds (1999) Ecological Assembly Rules: Perspectives, Advances,
Retreats (Cambridge Univ Press, Cambridge, UK).

3. McGill BJ, Enquist BJ, Weiher E, Westoby M (2006) Rebuilding community ecology
from functional traits. Trends Ecol Evol 21:178–185.

4. Kraft NJB, Valencia R, Ackerly DD (2008) Functional traits and niche-based tree
community assembly in an Amazonian forest. Science 322:580–582.

5. Troia MJ, Gido KB (2015) Functional strategies drive community assembly of stream
fishes along environmental gradients and across spatial scales. Oecologia 177:
545–559.

6. Adler PB, Fajardo A, Kleinhesselink AR, Kraft NJB (2013) Trait-based tests of co-
existence mechanisms. Ecol Lett 16:1294–1306.

7. Weiher E, Keddy PA (1995) Assembly rules, null models, and trait dispersion: New
questions from old patterns. Oikos 74:159–164.

8. Kraft NJB, et al. (2015) Community assembly, coexistence and the environmental fil-
tering metaphor. Funct Ecol 29:592–599.

9. MacArthur RH, Levins R (1967) The limiting similarity, convergence, and divergence of
coexisting species. Am Nat 101:377–385.

10. Dayan T, Simberloff D (2005) Ecological and community-wide character displacement:
The next generation. Ecol Lett 8:875–894.

11. Davies TJ, Meiri S, Barraclough TG, Gittleman JL (2007) Species co-existence and
character divergence across carnivores. Ecol Lett 10:146–152.

12. Macdonald DW (1983) The ecology of carnivore social behaviour. Nature 301:
379–384.

13. Raffa KF, Berryman AA (1987) Interacting selective pressures in conifer-bark beetle
systems: A basis for reciprocal adaptations? Am Nat 129:234–262.

14. Yip EC, Powers KS, Avilés L (2008) Cooperative capture of large prey solves scaling
challenge faced by spider societies. Proc Natl Acad Sci USA 105:11818–11822.

15. Guevara J, Gonzaga MO, Vasconcellos-Neto J, Avilés L (2011) Sociality and resource
use: Insights from a community of social spiders in Brazil. Behav Ecol 22:630–638.

16. Purcell J, Vasconcellos-Neto J, Gonzaga MO, Fletcher JA, Avilés L (2012) Spatio-
temporal differentiation and sociality in spiders. PLoS One 7:e34592.

17. Hultgren KM, Duffy JE (2012) Phylogenetic community ecology and the role of social
dominance in sponge-dwelling shrimp. Ecol Lett 15:704–713.

18. Agnarsson I, Gotelli NJ, Agostini D, Kuntner M (2015) Limited role of character dis-
placement in the coexistence of congeneric Anelosimus spiders in a Madagascan
montane forest. Ecography 39:743–753.

19. Avilés L, Guevara J (2017) Sociality in spiders. Comparative Social Evolution, eds
Rubenstein D, Abbot P (Cambridge Univ Press, Cambridge, UK), pp 188–223.

20. Yip EC, Rayor LS (2014) Maternal care and subsocial behaviour in spiders. Biol Rev
Camb Philos Soc 89:427–449.

21. Agnarsson I (2006) A revision of the New World eximius lineage of Anelosimus
(Araneae, Theridiidae) and a phylogenetic analysis using worldwide exemplars. Zool J
Linn Soc 146:453–593.

22. Agnarsson I, Maddison WP, Avilés L (2007) The phylogeny of the social Anelosimus
spiders (Araneae: Theridiidae) inferred from six molecular loci and morphology. Mol
Phylogenet Evol 43:833–851.

23. Guevara J, Avilés L (2015) Ecological predictors of spider sociality in the Americas.
Glob Ecol Biogeogr 24:1181–1191.

24. Harwood G, Avilés L (2013) Differences in group size and the extent of individual
participation in group hunting may contribute to differential prey-size use among
social spiders. Biol Lett 9:20130621.

25. Guevara J, Avilés L (2011) Influence of body size and level of cooperation on the prey
capture efficiency of two sympatric social spiders exhibiting an included niche pat-
tern. Funct Ecol 25:859–867.

26. Avilés L, Harwood G, Koenig W (2012) A quantitative index of sociality and its ap-
plication to group living spiders and other social organisms. Ethology 118:1219–1229.

27. Avilés L, Salazar G (1999) Notes on the social structure, life cycle, and behavior of
Anelosimus rupununi. J Arachnol 27:497–502.

28. Petchey OL, Gaston KJ (2002) Functional diversity (FD), species richness and commu-
nity composition. Ecol Lett 5:402–411.

29. Laliberté E, Legendre P (2010) A distance-based framework for measuring functional
diversity from multiple traits. Ecology 91:299–305.

30. Majer M, Agnarsson I, Svenning JC, Bilde T (2013) Social spiders of the genus Ane-
losimus occur in wetter, more productive environments than non-social species.
Naturwissenschaften 100:1031–1040.

31. Avilés L, et al. (2007) Altitudinal patterns of spider sociality and the biology of a new
midelevation social Anelosimus species in Ecuador. Am Nat 170:783–792.

32. Powers KS, Avilés L (2007) The role of prey size and abundance in the geographical
distribution of spider sociality. J Anim Ecol 76:995–1003.

33. Guevara J, Avilés L (2007) Multiple techniques confirm elevational differences in in-
sect size that may influence spider sociality. Ecology 88:2015–2023.

34. Purcell J, Avilés L (2008) Gradients of precipitation and ant abundance may contribute
to the altitudinal range limit of subsocial spiders: Insights from a transplant experi-
ment. Proc Biol Sci 275:2617–2625.

35. Hoffman CR, Avilés L (2017) Rain, predators, and spider sociality: A manipulative
experiment. Behav Ecol 28:589–596.

36. Schamp BS, Chau J, Aarssen LW (2008) Dispersion of traits related to competitive
ability in an old-field plant community. J Ecol 96:204–212.

37. Jung V, Violle C, Mondy C, Hoffmann L, Muller S (2010) Intraspecific variability and
trait-based community assembly. J Ecol 98:1134–1140.

38. Cornell HV, Harrison SP (2014) What are species pools and why are they important?
Annu Rev Ecol Evol Syst 45:45–67.

39. Agnarsson I, Kuntner M, Coddington JA, Blackledge TA (2010) Shifting continents,
not behaviours: Independent colonization of solitary and subsocial Anelosimus spider
lineages on Madagascar (Araneae, Theridiidae). Zool Scr 39:75–87.

40. Hoorn C, et al. (2010) Amazonia through time: Andean uplift, climate change,
landscape evolution, and biodiversity. Science 330:927–931.

41. Grafen A (1989) The phylogenetic regression. Philos Trans R Soc Lond B Biol Sci 326:
119–157.

42. Freckleton RP, Harvey PH, Pagel M (2002) Phylogenetic analysis and comparative data:
A test and review of evidence. Am Nat 160:712–726.

43. Agnarsson I (2012) Systematics of new subsocial and solitary Australasian Anelosimus
species (Araneae: Theridiidae). Invertebr Syst 26:1–16.

44. Villéger S, Mason NW, Mouillot D (2008) New multidimensional functional diversity
indices for a multifaceted framework in functional ecology. Ecology 89:2290–2301.

45. Legendre P, Legendre LF (2012) Numerical Ecology (Elsevier, Amsterdam).
46. Laliberté E, Legendre P, Shipley B (2014) FD: Measuring functional diversity from

multiple traits, and other tools for functional ecology. R package Version 1.0-12.
Available at https://cran.r-project.org/web/packages/FD/index.html. Accessed March
18, 2018.

47. R Development Core Team (2013) R: A Language and Environment for Statistical
Computing (R Foundation for Statistical Computing, Vienna). Version 4.2. Available at
https://www.r-project.org/. Accessed March 18, 2018.

48. Kraft NJB, Cornwell WK, Webb CO, Ackerly DD (2007) Trait evolution, community
assembly, and the phylogenetic structure of ecological communities. Am Nat 170:
271–283.

49. Vézina AF (1985) Empirical relationships between predator and prey size among
terrestrial vertebrate predators. Oecologia 67:555–565.

50. Warren PH, Lawton JH (1987) Invertebrate predator-prey body size relationships: An
explanation for upper triangular food webs and patterns in food web structure?
Oecologia 74:231–235.

51. Brose U, et al. (2006) Consumer-resource body-size relationships in natural food webs.
Ecology 87:2411–2417.

52. Marques ESA, Vasconcelos-Netto J, Britto de Mello M (1998) Life history and social
behavior of Anelosimus jabaquara and Anelosimus dubiosus (Araneae, Theridiidae).
J Arachnol 26:227–237.

53. Fayle TM, Eggleton P, Manica A, Yusah KM, Foster WA (2015) Experimentally testing
and assessing the predictive power of species assembly rules for tropical canopy ants.
Ecol Lett 18:254–262.

54. Azevedo FCC, et al. (2006) Dietary breadth and overlap among five sympatric prairie
carnivores. J Zool (Lond) 269:127–135.

55. Hayward MW, Kerley GIH (2008) Prey preferences and dietary overlap amongst Af-
rica’s large predators. S Afr J Wildl Res 38:93–108.

56. Spiller DA (1984) Competition between two spider species: Experimental studies.
Ecology 65:909–919.

57. Herberstein ME (1998) Web placement in sympatric linyphiid spiders (Arachnida,
Araneae): Individual foraging decisions reveal inter-specific competition. Acta Oecol
19:67–71.

58. Powers KS, Avilés L (2003) Natal dispersal patterns of a subsocial spider Anelosimus cf.
jucundus (Theridiidae). Ethology 109:725–737.

59. Pfennig DW, Pfennig KS (2010) Character displacement and the origins of diversity.
Am Nat 176(Suppl 1):S26–S44.

60. Blomberg SP, Garland T, Jr, Ives AR (2003) Testing for phylogenetic signal in com-
parative data: Behavioral traits are more labile. Evolution 57:717–745.

Fernandez-Fournier et al. PNAS | June 5, 2018 | vol. 115 | no. 23 | 6015

EC
O
LO

G
Y

https://cran.r-project.org/web/packages/FD/index.html
https://www.r-project.org/

