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Understanding the role of competition in explaining phenotypic diversity is a challenging problem, given that the most divergent
species may no longer compete today. However, convergent evolution of extreme body sizes across communities may offer
evidence of past competition. For example, many treefrog assemblages around the world have convergently evolved species with
very large and small body sizes. To better understand this global pattern, we studied body-size diversification within the small,
endemic radiation of Caribbean treefrogs (Osteopilus). We introduce a suite of analyses designed to help reveal the signature of
past competition. Diet analyses show that Osteopilus are generalist predators and that prey size is strongly associated with body
size, suggesting that body-size divergence facilitates resource partitioning. Community assembly models indicate that treefrog
body-size distributions in Jamaica and Hispaniola are consistent with expectations from competition. Phylogenetic analyses show
that similar body-size extremes in Jamaica and Hispaniola have originated through parallel evolution on each island, and the rate
of body-size evolution in Osteopilus is accelerated relative to mainland treefrogs. Together, these results suggest that competition
may have driven the rapid diversification of body sizes in Caribbean treefrogs to the extremes seen in treefrog communities around

the world.
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Competition is considered to be an important force driving evolu-
tionary diversification (Schluter 2000a,b) and has been shown to
be prevalent in present-day communities (Connell 1983; Schoener
1983; Gurevitch et al. 1992). However, identifying the role of past
competition can present a methodological conundrum: how does
one test if competition is responsible for creating present patterns
of phenotypic diversity if taxa have diverged such that they are
no longer competing today (Connell 1980)? Many studies have
shown experimental evidence for current competition among taxa
(e.g., Gurevitch et al. 1992; Schluter 2000b; Pfennig et al. 2007).
However, evidence of current competition does not necessarily in-

dicate that competition was important in the past, nor does a lack
of competition today prove that it was unimportant in the past.
Although experimental studies within modern species are critical
for understanding ecological and evolutionary processes, many
assumptions are required to extrapolate their results to explain
patterns that arose millions of years ago, and they are only one of
many types of evidence that should be considered. Thus, explain-
ing present-day patterns of phenotypic diversity in communities
and clades also requires comparative approaches that address past
diversification among species. Here, we study the repeated evolu-
tion of similar extremes of body sizes among species in different
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communities as a potential signature of competitively driven di-
vergence. To do this, we develop a general comparative method-
ology for inferring past competition that combines analyses of
resource use, community assembly models, phylogeny, and rates
of body-size evolution.

Body size determines patterns of resource use in many or-
ganisms (e.g., Fisher and Dickman 1993; Woodward and Hildrew
2002; Duellman 2005). Given this, many studies in community
ecology have examined body-size similarity or dissimilarity as
a metric of current or past competition, respectively (reviewed
in Strong et al. 1984; Dayan and Simberloff 2005). Basing their
expectations on the idea that species that are most similar in
body size will compete the most strongly (MacArthur and Levins
1967; May and MacArthur 1972), these studies sought evidence
of past and present competition by examining patterns of body
sizes among species within communities. Such studies looked
for even spacing between the body sizes of co-occurring species,
a lack of overlap in intraspecific body-size distributions, and/or
similar ratios of body sizes among pairs of sequentially larger
coexisting species (reviewed in Dayan and Simberloff 2005).

There are a number of thoroughly studied examples of even
spacing between body sizes among species within communities
(reviewed in Schoener 1974; Dayan and Simberloff 2005). How-
ever, there are also many assemblages lacking these patterns (e.g.,
Duellman and Mendelson 1995; Duellman 2005; Lim and Eng-
strom 2005; Ridgely et al. 2005; Rodrigues et al. 2005; Vernes
et al. 2006). In these latter communities, either there are many
species that have very similar body sizes, or else there is uneven
spacing between the mean body sizes of different species. Does
this really mean that competition had no role in generating the
body-size diversity seen in those communities today?

Focusing on body-size extremes across communities may
reveal a signature of competitively driven divergence that is less
likely to be “erased” by subsequent processes within a commu-
nity. For example, adaptive diversification in body size may be
important upon initial colonization of a region, whereas at later
stages processes such as allopatric speciation, extinction, and dis-
persal may be more influential in determining local species com-
position and body-size distributions (Cornell and Lawton 1992).
Alternatively, divergence in different aspects of the niche might
allow similar-sized species to coexist after the initial body-size
diversification. In both situations, despite the important role of
competitive diversification early in the history of the clade in the
region, even-spacing between the mean body sizes of species may
no longer occur in the community today. In contrast, the body-size
extremes should continue to persist.

No studies to date have focused specifically on the evolu-
tion of the minimum and maximum body sizes among species
within a clade or guild in a community context (we use “guild”
sensu Root 1967). Because competition is potentially a diversi-
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fying force (Slatkin 1980; Taper and Case 1985; Doebeli 1996;
Schluter 2000b), competitive interactions may result in the evolu-
tion of similar body-size extremes across communities. Under this
model, an ancestral species that initially colonizes a region may
rapidly diversify to create a set of species with a broad range of
body sizes. These species can then collectively use the full range
of resources in the environment (for that clade), given selection to
reduce competition (e.g., ecological character displacement, sensu
Schluter 2000a). Alternately, competition might create a similar
pattern but without evolutionary diversification, if size-mediated
establishment success only allows species larger or smaller than
those within a community to successfully colonize, thus increas-
ing the body-size extremes is seen within the community (i.e., size
assortment; Losos 1990). Another possibility is that competition
is not important at all, and that both body-size evolution and com-
munity assembly are random or determined by other processes.

Given these considerations, we make four general predictions
regarding competitively driven divergence in body sizes across
communities. First, there should be evidence that body-size diver-
gence facilitates resource partitioning within the group. Second,
in evolutionarily young communities within a group (e.g., those
with very few species but due to limited time for speciation, and
not extinction), there should be nonrandom patterns of even body-
size spacing, suggesting competitively driven evolution to reach
the extreme body sizes, even if this body-size spacing is absent
in older communities. Third, phylogenetic analysis should show
that similar body-size extremes have evolved repeatedly in differ-
ent geographic locations, indicating that deterministic processes
(e.g., competition) drive this pattern and that size assortment is
not responsible. Fourth, phylogenetic analyses of rates of body-
size evolution should show exceptionally rapid evolution of body
size in the clades making up these young communities, relative to
clades in older communities in which there are multiple similarly
sized species. In this study, we test these predictions in Caribbean
treefrogs (genus Osteopilus). This set of analyses can be viewed
as a general comparative approach for testing the possible role of
past competition in explaining present-day patterns of phenotypic
diversity. Our approach follows those of Losos (1990) and Gille-
spie (2004) in combining phylogenetic analyses and traditional
community assembly models, but adds analyses of resource use
and rates of character evolution between clades making up differ-
ent communities.

Treefrogs represent a guild of animals in which body-size
extremes among species within communities may be shaped by
competition. Treefrogs are anuran amphibians that are special-
ized for arboreal habitat use (e.g., modified toe pads; Pough et al.
2002), and which belong to several different clades (e.g., Hylidae,
Mantellidae, Rhacophoridae; Duellman and Trueb 1986). Here,
we show that throughout the world’s tropics, the treefrog species
within a given region show similar body-size extremes to those
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Figure 1. Body-size extremes of treefrog assemblages around the world. Dashed lines delineate approximate boundaries of regions of
independent treefrog evolution (see Materials and Methods). Body sizes of cartoon frogs are directly proportional to the body size of
the largest and smallest species within the each group (corresponding to Table 1). Note that lines leading from each legend point to
arbitrary locations within regions. We use Brevicipitidae sensu Bossuyt et al. (2006).

seen in other regions (Fig. 1, Table 1, see Materials and Methods
and Results for details). This pattern is replicated despite differ-
ences in the geographic location and species richness of these
assemblages. Most importantly, our examination of the phyloge-
netic composition of these assemblages (see Materials and Meth-
ods) indicates that these body-size extremes have independently
evolved multiple times throughout the world. The regional body-
size extremes occur in many local communities within each region
(Table 1), suggesting the possible importance of local-scale inter-
actions between species. Finally, treefrogs in general appear to be
dietary generalists (on arthropods) in which prey size is strongly
associated with body size (e.g., Duellman 2005; see Results).
Thus, differences in body size should allow species to reduce
competition for food. Although these patterns are suggestive, a
deeper investigation of the evolution of body-size extremes is
necessary to test competition’s role in producing the body-size
extremes seen across tropical treefrog assemblages.

Caribbean treefrogs (genus Osteopilus and Hypsiboas heil-
prini; nine species total) represent a relatively simple system
in which to examine the evolution of body-size extremes. One
species (Osteopilus septentrionalis) occurs in Cuba, the Bahamas,
and the Cayman Islands. Jamaica and Hispaniola each have a
different set of four endemic species (Jamaica: O. brunneus,
O. crucialis, O. marianae, O. pulchrilineatus; Hispaniola: H.
heilprini, O. dominicensis, O. pulchrilineatus, O. vastus). In
Jamiaca and Hispaniola, these sets of species are each sympatric
across most of the islands (Schwartz and Henderson 1991; IUCN
et al. 2006), span nearly the entire range of treefrog body sizes
observed globally (Table 1), and have similar body-size distribu-
tions (i.e., each island shows an approximately even number of

species across nonoverlapping body-size categories). This indi-
rect evidence supports the idea that these communities may be
structured by competition, with resource partitioning based on
body size. Additionally, the graph of time-of-colonization versus
regional species richness in Wiens et al. (2006b) indicates that
assemblages in the Caribbean are relatively young (as opposed to
the low diversity being explained primarily by extinction). This
observation suggests that these Caribbean assemblages represent
an early stage in the process of community evolution in tropical
treefrogs. By studying Osteopilus, we may be able to understand
how the evolutionary radiation of body sizes began in older, more
complex assemblages.

In the current study, we review the evidence for conver-
gence in body-size extremes in treefrog communities across
the world, and then analyze the patterns within the Caribbean
treefrogs in depth. We first analyze morphological variation within
Osteopilus, showing that overall body-size is the major axis of
phenotypic diversity within this genus. We then examine patterns
of dietary resource use, showing that Osteopilus are generalists
in which prey size is strongly influenced by body size. Next, we
characterize the apparent nonrandomness of the body-size distri-
butions of species on Hispaniola and Jamaica, establishing a link
between body-size extremes within a community and even repre-
sentation of species across body-size classes (a more traditional
indicator of past competition; reviewed in Dayan and Simberloff
2005). To do this, we compare the fit of a statistical distribution
that assumes no constraint on multiple species co-occurring within
a given size category (i.e., no competition) versus one which does.
We then estimate the phylogeny of Caribbean treefrogs to address
the question of whether the similar body-size distributions in
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Jamaica and Hispaniola evolved in replicate or if species of sim-
ilar body size on different islands are closely related; the former
pattern would provide the strongest evidence for the determinis-
tic evolution of body-size extremes. Subsequently, we estimate
the rate of body-size evolution within Caribbean treefrogs and
compare it to the South American hylids from which Caribbean
treefrogs are derived. We predict that the absence of other hylid
clades in the Caribbean might lead to an accelerated rate of body-
size evolution among Osteopilus species, driving them to reduce
competition by evolving to the extremes seen in mainland tropi-
cal South America (and in other assemblages around the world).
Alternatively, the absence of such an increased rate in Osteopilus
might suggest that the extremes of body size on Hispaniola and
Jamaica evolved (or were otherwise assembled) randomly rather
than deterministically. Finally, we discuss alternate explanations
that might explain patterns of treefrog body sizes apart from com-
petition, and find little evidence to support them.

Materials and Methods

BODY-SIZE EXTREMES IN TREEFROG ASSEMBLAGES
To assess the similarity of body-size extremes found across
treefrog assemblages, we compiled previously published body-
size data and species lists for regional assemblages throughout
the world and for local sites within regions. We use the term
“treefrog” in a general sense, indicating the treefrog ecomorph
rather than a specific clade of frogs (i.e., arboreal frogs with en-
larged toe pads; Pough et al. 2002). It should be noted that we
excluded some lineages that might be considered “treefrogs” by
some criteria; we detail these exceptions and our justification for
their exclusion in Supporting Appendix S1.

We divided the world into eight regions. Each region was con-
sidered to be largely independent because nearly all of its treefrog
fauna arose from either (1) a single hylid treefrog colonization
within the region (Holarctic, Middle America, Australasia, the
Caribbean; Wiens et al. 2006b), or (2) an independent evolu-
tionary origin of the treefrog ecomorph (Africa, Madagascar,
Southeast Asia, South America; Bossuyt et al. 2006; Roelants
et al. 2007; Wiens 2007). We also present two examples of well-
sampled local sites within each region to document that local
assemblages may also exhibit the size extremes typical of the re-
gional fauna. A more detailed explanation of our literature search
methods is available in Supporting Appendix S1.

We used snout-to-vent length (SVL) as a metric of body size
(see next section). Because most sources of local species composi-
tion did not list the SVL data for local populations, we used maxi-
mum reported SVL for all species to maintain consistency. Note
that this means that our “minimum body size” for a clade or region
is the maximum size of the smallest species (i.e., a minimum max-
imum size). Maximum SVL data were gathered primarily from

field guides or surveys that covered broad regions, as follows:
Africa (Schigtz 1999; Channing 2001), Madagascar (Glaw and
Vences 1994), Holarctic (Conant and Collins 1998; Fei et al. 1999;
Arnold 2003; Stebbins 2003; Goris and Maeda 2004; Lannoo
2005), Southeast Asia and India (Berry 1975; Manthey and Gross-
man 1997; Daniel 2002), Australasia (Barker et al. 1995; Menzies
2006), Middle America (Duellman 2001), South America (many
sources; see Table S1 of Supporting Information), and the
Caribbean (Trueb and Tyler 1974; Schwartz and Henderson
1991).

MORPHOMETRICS

To ascertain whether body size is an important axis of morpholog-
ical differentiation between Caribbean treefrog species (compared
to a trait like gape width, for example), we measured specimens
at the U.S. National Museum of Natural History (see Supporting
Appendix S2 for specimen numbers). With one exception, be-
tween four and 10 individuals of each sex of each species were
measured, depending on specimen availability. Morphometric
data consisted of 12 linear measurements typically used to quan-
tify body shape and size in treefrogs (e.g., Duellman 2001): (1)
snout-to-vent length (SVL; tip of snout to anterior margin of
cloaca), (2) tibia length (tip of knee to tip of heel), (3) foot length
(proximal edge of inner metatarsal tubercle to tip of fourth toe),
(4) head length (posterior corner of jaw to tip of snout), (5) head
width (distance between posterior corners of jaw), (6) interor-
bital distance (width of bone between two orbits), (7) internarial
distance, (8) eye-to-nostril distance (posterior tip of nostril to an-
terior corner of eye), (9) eye diameter (distance between anterior
and posterior corners of eye), (10) hand length (proximal edge
of outer palmar tubercle to tip of third finger), (11) thumb length
(insertion point of thumb into hand to tip of thumb), and (12)
radioulnar length (elbow to distal edge of outer palmar tubercle).
All measurements were In-transformed before analysis.

Because these measurements are potentially correlated with
one another, we partitioned them into orthogonal axes of varia-
tion by performing principal components analysis (PCA; Manly
1994) on the correlation matrix. We examined the proportion of
variation explained by each component and examined the load-
ings for each variable to interpret each component in terms of the
original variables. The PCA was conducted in JMP IN (Version
4.0.4, SAS Institute, Inc., Cary, NC, 2001). Based on these analy-
ses (see Results), we use SVL as a standard measure of body size
throughout the article.

RESOURCE-USE DIVERGENCE

Within an island, different species of Osteopilus seem to use sim-
ilar habitats and microhabitats (USNM specimen records docu-
ment multiple different species collected at the same site on the
same date, results not shown; Schwartz and Henderson 1991).
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Thus, diet appears to be the most obvious resource axis on which
adults might potentially compete. To assess the influence of body
size on resource use in Osteopilus, we examined the diet of Os-
teopilus species and tested for (1) general overlap in the types of
items consumed by each species, and (2) a correlation between
body size of individuals and the size of the prey they consumed. If
different Osteopilus species overlap in prey type and show a strong
relationship between body size and prey size, then this would lend
support to the idea that differences in body size between species
may facilitate resource partitioning (i.e., all species potentially
eat the same prey but reduce overlap in diet by consuming prey
of different size).

To evaluate these two questions, we gathered data on the type
and size of prey items for each species by examining the gut con-
tents of wet-preserved (in ethanol) museum specimens. Sample
sizes for each species varied based on both specimen availability
and presence/absence of contents within each specimen’s gut. We
report sample sizes as the number of specimens we examined that
contained food items within their stomachs. Sample sizes varied
from N = 4 to N = 34, with a mean of 13.14. In total, we exam-
ined 227 individuals (89 with prey items) across seven species of
Osteopilus (very few specimens of O. crucialis exist in museum
collections, and none that we examined contained prey).

For each specimen, we first measured its SVL. We then ex-
cised its stomach and emptied the contents (intestinal contents
were too digested to diagnose prey items). We identified each
prey item to its taxonomic order (for Insecta and Arachnida) or
class (Mammalia and Myriopoda), using Borror and White (1970)
and Grimaldi and Engel (2005). If possible, we then measured the
minimum size of each prey item by measuring its largest intact
body part, although in many cases we were able to measure the
entire organism. We used the largest body part as an index of prey
size because this is the minimum size of prey that passed into the
frog’s digestive system without breaking (i.e., it would not have
been consumed in multiple bites).

If Osteopilus are dietary generalists, we would expect that
the diversity of prey taxa found in the diet of a given species would
be related to the number of prey items sampled for that species.
That is, we expected a correlation between the number of prey
items for a species and the number of different types of prey (a
sampling effect; reviewed in Hill et al. 1994; Rosenzweig 1995;
Lyman and Ames 2007). For this analysis, we simply counted the
number of prey items for each species and examined whether it
was correlated with the number of orders/classes of prey items
in the diet of that species. Because we found prey diversity to be
linearly related to the log of sampling effort (see also, for exam-
ple, the simulations of Hill et al. [1994]), we first In-transformed
the number of prey items for each species. We then estimated
a Pearson product-moment correlation on these data to best es-
timate the effect of sampling on prey diversity (using JMP IN;
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see above). We also estimated a Spearman’s rank correlation to
test the robustness of these data to parametric assumptions. Note
that the explanatory variable we use here indicates the number of
prey items found for each species. However, it is conceivable that
this might violate assumptions of independence, as an individual
with multiple prey items might have specialized on certain prey
types (Bolnick et al. 2003) or may have consumed all its prey in
a single location in which that type of prey was abundant. Thus,
we also conducted analyses using the number of frog individuals
in each species that had at least one prey item (“sample size,” i.e.,
as defined above rather than the total number of prey items in a
species). Results were qualitatively identical, so we only present
results from the former analyses.

Second, we examined the diet overlap of each species, ex-
pecting that most species would be relatively similar in the pro-
portions of each type of prey in their diet (across individuals). We
used an index of proportional resource overlap

1
ny =1- 5 Z |px,i - Py,i|

to quantify the overlap of each pair of species, where p, ; and p,,;
denote the proportion of the diets of species x and y, respectively,
that is in category i (Schoener 1970; Colwell and Futuyma 1971).
C takes values between 0 (no overlap) and 1 (complete overlap).
Note, however, that we use this as a rough estimate of prey-type
overlap, as this index is quite sensitive to sample size (as is any
model of random sampling in which raw data are converted to
proportions; F. J. Rohlf, pers. comm.), which was low for a few
species. We also note that the abundance of each prey type may
change along different areas of the prey-size spectrum, and this
may strongly influence our results. For example, the diet of the
smallest species, Osteopilus wilderi, showed a preponderance of
leathoppers (Hemiptera: Cicadellidae), insects that are all gen-
erally very small (Borror and White 1970). We did not conduct
statistical analyses of these data because the null distribution to
which we would compare our observed overlap values is not clear.

Finally, we examined the potential correlation between body
size (SVL) and prey size. If body size in Osteopilus is related
to dietary resource use, we expect body size to be positively
correlated with prey size across and within species. Thus, we
conducted a correlation analysis on In-transformed body-size and
prey-size data, using the same procedure as outlined above for the
sampling effect on prey diversity. Because the influence of body
size on prey size should be both an intraspecific and interspecific
phenomenon, we conducted two types of correlation analyses.
First, we conducted correlation analyses on minimum prey size,
mean prey size, and maximum prey size for each individual across
all species. Note, however, that because many individuals had
only one prey item, these three measures are not independent. We
simply assessed all three to demonstrate the influence of body
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size on all aspects of the diets of individuals. Second, because
individuals within a species and species within a clade may not
be independent due to evolutionary history (Felsenstein 1985),
we also conducted correlation analyses on the mean prey size
and body size of species. For this analysis, we conducted both
standard correlation analyses (i.e., using only body and prey size
data) and phylogenetic generalized least squares (PGLS; Martins
and Hansen 1997) correlation analyses. These latter analyses were
conducted in COMPARE (Martins 2004), which allowed us to
incorporate data on intraspecific variation by using it to specify
the variances in the error matrix of the PGLS model (Martins
and Hansen 1997). We used the topology from our combined
Bayesian analysis of Osteopilus and the branch lengths from the
r8s analysis using the younger root date (see below).

COMMUNITY ANALYSES

To investigate whether body sizes of the treefrog faunas in Jamaica
and Hispaniola are each structured nonrandomly, we compared
two models of community assembly (i.e., the process by which
species are added to a local assemblage). These analyses can also
be viewed as models of body-size evolution, where species are
assumed to form a star phylogeny (cf. Schluter 1990). Regard-
less, we use the term “assembly” for brevity. Note, however, that
our analyses of the rate of body-size evolution provide a more
realistic analysis of community asssembly through evolutionary
diversification (see below).

First, in a random assembly model, the probability of oc-
currence of a certain body size in a local assemblage (here, Ja-
maica and Hispaniola) is directly proportional to the frequency
of that body size within the source pool. We use mainland (South
American) hylids as the species pool, given that the Caribbean
species clearly are derived from South American species (Wiens
et al. 2006b; this study) and to avoid the “Narcissus effect” of
assembly models (i.e., a reduction in the power of the meth-
ods due to potentionally sampling from a postcompetition pool
when the pool is restricted to those species that actually ar-
rived; see Colwell and Winkler 1984). We used the hypergeo-
metric distribution as our model of random assembly (Sokal and
Rohlf 1995; see Supporting Appendix S1). Under this distribu-
tion, species are assumed to be sampled without replacement
from a larger treefrog species pool, which we categorized into
four body-size classes based on Duellman (2001; small: X <
30 mm, medium: 30 < X < 50 mm, large: 50 < X < 80 mm,
and very large: X > 80 mm). For the species pool, we used
maximum reported SVL for each species, obtained from litera-
ture sources for all nine Caribbean species as well as for 445 of
the 453 South American species of the family Hylidae listed in
Frost (2007). SVL data and references are presented in Table S1
of Supporting Appendix S1. Hypergeometric probabilities of
body-size distributions for Jamaica and Hispaniola were cal-

culated by hand. Specific details of the analysis, including the
derivation of the probability models, can be found in Supporting
Appendix S1.

In an alternative model, the frequency of different body-size
classes in a community may significantly differ from those ex-
pected based on the source pool. For example, body sizes that
are underrepresented in the mainland source pool may have a
greater chance of becoming established in the island community,
either through in-situ evolution or dispersal. This biased assem-
bly of the community may occur because of competition among
species of similar body sizes (e.g., although very large species
of treefrogs are relatively rare, they may have greater odds than
medium-sized species of invading or evolving in a community in
which a medium-sized species already exists). One can view this
biased assembly model as a test of random versus biased dispersal
or body-size evolution. To assess the probability of a biased as-
sembly model, one must incorporate parameters that differentially
weight the odds of different body sizes occurring in the assembled
community (i.e., the “bias” parameters; see below). For example,
if relatively many small species occur in a resulting community
but relatively few small species occur in the overall source pool,
small species have been sampled from the source pool more fre-
quently than the random expectation. A model that can account for
this “sampling bias” is termed the noncentral hypergeometric dis-
tribution (McCullagh and Nelder 1989; see Supporting Appendix
S1). In our implementation of this model, three sampling bias pa-
rameters were estimated, each representing the sampling bias of
one body-size category relative to the largest body-size category
(see Supporting Appendix S1 for the justification of this parame-
terization). Thus, a significant departure from 1.0 for any of these
parameters indicates a sampling bias in favor of a certain body
size relative to another. Maximum-likelihood estimates (MLESs)
and confidence intervals of the bias parameters were calculated in
MatLab (version 6.5, The MathWorks Inc., Natick, MA), with the
bias parameters (\{/;) for a given size assumed to be equal across
the two islands. MatLab code is available from the authors upon
request.

The two models were compared via a likelihood ratio (LR)
test, which can be used to compare nested models. These two
models are nested because the noncentral hypergeometric distri-
bution becomes the hypergeometric distribution when all the bias
parameters (as parameterized here) equal one. The LR is asymp-
totically distributed as X2, o, where p is the number of free para-
meters differing between the two models and o is the desired level
of statistical significance. In this case, p = 3 and we set o = 0.05.

One criticism of this approach would be that previous phylo-
genetic analyses indicated that most of the Caribbean species form
a clade (Faivovich et al. 2005; Wiens et al. 2006b), and thus an
assembly model assuming multiple invasions from South Amer-
ica or a model of evolution under a star phylogeny is not realistic
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(see Losos 1990 for a similar example). Although we concur with
this criticism, we emphasize that this test is only documenting the
low probability of seeing the even body-size spacing in Caribbean
communities, given the frequencies of possible hylid body sizes;
it is not meant to realistically model the actual assembly or evolu-
tion of Caribbean communities. The results of this test show that
distributions of body sizes in West Indian treefrogs species differ
from those in South American treefrogs and in a way that is con-
sistent with competititively driven divergence to achieve a wide
array of body sizes. We also provide a test of community assem-
bly through random body-size evolution in the section on rates of
body-size evolution. This latter test complements the community
assembly analyses and presents a more realistic scenario, given
our phylogenetic results (see below).

PHYLOGENETIC ANALYSES

We estimated the phylogenetic relationships of Osteopilus to test
whether the body-size extremes of species in Jamaica and Hispan-
iola each evolved in replicate. Seven of eight treefrog species on
these two islands are within Osteopilus, and they represent both
the largest and smallest treefrog species on each island. If the
phylogeny suggests that both islands were each colonized once
by Osteopilus, and the one colonizing lineage gave rise to both the
largest and smallest species on that island, then body-size diversi-
fication has occurred independently on the two islands. Alterna-
tively, multiple colonizations of an island, with each species shar-
ing a most recent common ancestor with a similar-sized species
from another island, would support the idea that the body-size ex-
tremes in Jamaica and Hispaniola did not evolve independently.
Note that island monophyly is not necessarily required for repli-
cate body-size diversification. For example, if the species of one
island were paraphyletic with respect to a monophyletic set of
species on the other island, there might still be replicate evolution
of body-size extremes on each island.

To test these scenarios, we estimated the phylogenetic rela-
tionships within Osteopilus using a partitioned Bayesian analysis
of combined nuclear and mitochondrial DNA sequence data. We
generated new sequence data using standard protocols for five mi-
tochondrial (128, cyt b, COI, ND1, ND2) and four nuclear genes
(c-myc, POMC, RAG-1, TNS3) for all nine Caribbean species
and for 14 other species of the hylid clade Lophiohylini (sensu
Faivovich et al. 2005), in which Osteopilus is nested. To extend
our sampling of Lophiohylini beyond those species available to us,
additional taxa (13 species) and genes (one mitochondrial [16S],
three nuclear [TYR, RHO, SIA]) were obtained from Faivovich
et al. (2005), but there was also overlap between studies for 10
species and three genes. Sequence data from the current study and
previous studies were combined into a single matrix.

Our primary estimate of phylogeny was based on a parti-
tioned Bayesian analysis of all the genes combined, but parsimony
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analyses were also conducted. We generally prefer Bayesian anal-
yses over parsimony because Bayesian analyses are model-based
and therefore better able to account for the heterogeneous substitu-
tion processes of the 13 different genes analyzed here. Molecular
and phylogenetic methods generally followed recent phyloge-
netic analyses of hylid frogs (cf. Smith et al. 2005, 2007; Wiens
et al. 2005, 2006b). Expanded methods are available in Support-
ing Appendix S1, including methods of taxon sampling, molec-
ular data collection, partitioning strategies, and phylogenetic
analysis.

Because we needed phylogenies with branch lengths to es-
timate the rate of body-size evolution in non-Osteopilus hylids,
we also conducted Bayesian analyses to estimate phylogenies
of Cophomantini, the Dendropsophus clade (sensu Wiens et al.
2006b), Phyllomedusinae, and the Scinax clade (sensu Wiens et al.
2006b). We used data from the 325-taxon dataset for hylid frogs
and outgroups assembled by Wiens et al. (2006b), which had been
analyzed using only parsimony.

RATE OF BODY-SIZE EVOLUTION

To test whether the rate of body-size evolution is accelerated in Os-
teopilus, we estimated the rate of body-size evolution within this
clade and then compared it to tropical South American clades. Os-
teopilus are derived from a predominantly South American clade
(Lophiohylini) and understanding the evolution of Osteopilus
communities may offer insights into the early stages of the evolu-
tion of older treefrog assemblages, such as those in South America
(see Discussion).

Comparing rates of evolution requires trees with comparable
branch lengths (i.e., in the same units) for all the relevant clades.
Because somewhat different molecular datasets were available
for different clades (e.g., Lophiohylini vs. other clades), we ob-
tained comparable branch lengths across all clades by estimating a
chronogram separately for each clade and then combining branch
lengths across the tree by using time as a common currency (see
Wiens et al. 2006a). We converted the molecular branch lengths
from the Bayesian analysis of the combined data into units of time
using a penalized likelihood method (PL; Sanderson 2002) in the
program r8s (version 1.6 for Unix; Sanderson 2003). Wiens et al.
(2006b) estimated a chronogram for 124 hylids using nine fossil
calibration points, including all relevant hylid fossils. However,
the taxon sampling for each clade was limited. We estimated a
Bayesian phylogeny for each relevant South American clade and
then used the age of that clade estimated by Wiens et al. (2006b)
to calibrate the ultrametric trees produced by r8s (Table 3). Wiens
et al. (2006b) presented two sets of dates (age of Neobatrachia
of 100 or 160 million years), and we used both to estimate two
sets of divergence times for each clade. Individually estimated
Bayesian phylogenies and chronograms were manually added to
the dated “backbone” chronogram from Wiens et al. (2006b) to
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produce a complete tree of the South American Hylidae (see
Figs. S1 and S2 in the Supporting information).

To calculate rates of body-size evolution, we used the likeli-
hood method of O’Meara et al. (2006) in the program Brownie.
The parameter calculated by this method (c?) is the variance of
character change that accumulates at each step of a Brownian
motion random-walk model of trait evolution (Felsenstein 1985).
Because this parameter influences the rate at which the overall
character variance in a clade accumulates, it can be thought of as
the rate of morphological evolution (Martins 1994; Collar et al.
2005). Rates were calculated for (1) Osteopilus, (2) Lophiohylini
exclusive of Osteopilus, (3) Cophomantini, (4) Dendropsophus,
(5) the Scinax clade, (6) Phyllomedusinae, and (7) all major South
American clades combined, exclusive of Osteopilus (i.e., groups
2-6 above).

To test for a significantly higher rate of body-size evolu-
tion in Osteopilus, we conducted a censored test (O’Meara et al.
2006) between Osteopilus and other South American hylids, from
which Osteopilus is derived. Censored tests prune the clade of
interest (here, Osteopilus) from the tree, estimate rates for the
pruned subtree and for the larger tree without the subtree, and
then compare the likelihoods of the one-rate (for the entire tree)
and two-rate (as above) models. To compare the likelihoods, we
used a likelihood-ratio (LR) test. We used maximum SVL of the
species (i.e., regardless of sex) as a standard index of body size.
Analyses using only male maximum SVL yielded similar results.
SVL data were In-transformed prior to analysis. These analyses
of the rate of body-size evolution are explained in further detail
within Supporting Appendix S1.

A significantly higher rate of body-size evolution in Os-
teopilus would imply a higher probability of seeing the observed
body-size extremes than if body size evolved in Osteopilus under
the lower rate for South American and Caribbean hylids com-
bined. However, we note that this, by itself, is not a direct test of
how unlikely it is that we see such extremes. Thus, we calculated a
simple odds ratio of the probability of seeing such extremes given
the rate of body-size evolution from the two-rate model (a separate
rate is estimated for Osteopilus) versus the one-rate model (one
rate for all South American and Caribbean hylids). This analy-
sis provides a more realistic test of random community evolution
than the community assembly models described above. Instead of
simply comparing the body sizes in West Indian treefrogs to those
in South America, we now ask: what is the probability of seeing
the observed range of body sizes in West Indian treefrog assem-
blages given the rate of evolution in the South American clades?
To do this, we calculated the probability of obtaining body sizes
equal to or more extreme than the smallest and largest species in
Jamaica and Hispaniola (four total) by sampling from a normal
distribution with mean equal to the mean of all Osteopilus and
variance obtained in one of two ways. In both cases, the variance

was calculated as the product of the root-to-tip distance on the
ultrametric Osteopilus phylogeny and the rate of evolution. In
the first case, we used the rate estimated for Osteopilus in the
above two-rate model of evolution. In the second, we used the
rate estimated from the one-rate model. We then calculated an
odds ratio (simply the ratio of the two probabilities) to compare
the probability of seeing the observed body-size extremes within
the Caribbean based on the two rates. Note that although we used
this test because it may be more intuitive than the rates analyses
per se, it is not independent of the rates analyses, as the body-size
extremes tested here were used to estimate the rates.

Results

REPEATED EVOLUTION OF BODY-SIZE EXTREMES IN
TREEFROG ASSEMBLAGES AROUND THE WORLD
Combining data on local and regional species composition with
body-size data from treefrogs around the world revealed similar
body-size extremes in nearly every major region. Most regional
assemblages (seven of eight) have a smallest species < 30 mm and
alargest species > 100 mm, despite differing species numbers and
ages (Table 1). This pattern is also present in local assemblages
ranging from four species (Jamaica; Schwartz and Henderson
1991) to 36 species (Santa Cecilia, Ecuador; Duellman 1978).
However, within the single temperate region (Holarctic), this pat-
tern did not hold (Table 1), in that very large species (> 80 mm)
are absent. Because regions were chosen as areas of independent
diversification (based on phylogenetic information), our results
indicate that the large body-size range characteristic of tropical
assemblages has evolved a minimum of seven times, including the
Caribbean, South America, Middle America, Southeast Asia and
India, sub-Saharan Africa, Madagascar, and Australasia (Fig. 1).

MORPHOMETRIC ANALYSES

PCA indicated that overall body size is the major source of mor-
phometric variation among species within Osteopilus. The first
PC axis (PC1) accounted for 97.7% of the variation, with all other
axes each accounting for < 1% of the total variation. The loadings
for PC1 were all positive and similar for all variables (mean =
0.2887, range = 0.2829-0.2913), so we consider this axis as a
measure of overall body size. Thus, body size seems to be the ma-
jor axis of morphometric differentiation within Osteopilus. Given
that all other variables were strongly correlated with SVL (re-
sults not shown) and that SVL data were available for hundreds
of hylid species (whereas data from PC1 were only available for
Osteopilus), we simply used SVL as a standard proxy for body
size in subsequent analyses.

DIVERGENCE IN DIETARY RESOURCE USE
Within Osteopilus, we found many different prey types (13 or-
ders/classes total), but most species consumed a high proportion
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Figure 2. (A) Plot of total number of prey items sampled versus
the number of different types of prey (identified to taxonomic
order or class) found for each species. (B) Plot of body size versus
mean prey size for resource-use analysis. Body size is represented
as In(snout-to-vent length in mm), and prey size is additionally
In-transformed. Bars represent one standard error of the mean for
both body size and prey size.

of coleopterans (beetles) and orthopterans (crickets, grasshop-
pers). We found a strong correlation between the number of prey
items found within each species and the prey diversity for that
species (Pearson correlation (r) = 0.94, P = 0.0017; Spearman’s
rank correlation (r;) = 0.90, P = 0.0056; Fig. 2A). Prey type
overlap was generally quite high among species (Table S2 in the
Supporting Information), with the exception of O. pulchrilinea-
tus (which had no coleopterans, but few samples; N = 6) and O.
wilderi (which consumed many homopterans, which are generally
much smaller [here, < 4.73 mm] than the smallest prey consumed
by the individuals of most other species; Fig. 2). These obser-
vations support the idea that Osteopilus are dietary generalists
that use the same general prey types. Finally, across all individ-
uals sampled (i.e., across and within species), we found a strong
correlation between body size and prey size within Osteopilus
(N = 89; minimum prey size: r = 0.55, P < 0.0001; r; = 0.60,
P < 0.0001; mean prey size: r = 0.56, P < 0.0001; r; = 0.63,
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Table 2. Results of community assembly analyses: noncentral
model parameter estimates (MLE), 95% confidence intervals for
each parameter, and results of model comparisons using the like-
lihood ratio (LR) test. p denotes the number of free parameters
in each model, whereas P is the traditional P-value. MLEs of the
bias parameters indicate that very large species are more com-
mon in Caribbean communities relative to their frequency in South
America compared to small, medium, and large species. Bias pa-
rameter confidence intervals that exclude 1.0 indicate statistical
significance (i.e., when all ¥; = 1.0, the noncentral model col-
lapses to the standard hypergeometric). This result suggests that
the even distribution of body sizes observed within the Caribbean
is not expected by chance. The lack of statistical significance of
the LR-test is likely due to the small number of species within the
Caribbean (see Results for details).

Parameter MLE 95% CI

Yo 0.099 (0.006,0.790)
Py 0.108 (0.012,0.668)
P2 0.180 (0.023,1.112)
Model In likelihood p LR
Hypergeometric —7.95 0 6.24
Noncentral Hypergeometric —4.83 3

P =0.10.

P < 0.0001; maximum prey size: r = 0.55, P < 0.0001;
rg = 0.61, P < 0.0001). This correlation was even stronger
in interspecific correlation analyses of mean treefrog body size
and mean prey size (Fig. 2B; standard correlation: r = 0.90,
P =0.0053; PGLS: r = 0.90, P = 0.0053).

COMMUNITY ASSEMBLY ANALYSES

A comparison of the body-size distributions of species in Jamaica
and Hispaniola with that of South American hylids in general sug-
gests that Caribbean assemblages have a more even representation
of species across body-size classes than expected by random as-
sembly or by evolution. Although the LR-test was not significant
(Table 2), two of the individual bias parameters were significantly
different from 1, indicating a statistically significant bias in fa-
vor of oversampling the underrepresented very large species and
undersampling the highly represented small and medium species
(Table 2). Thus, in Caribbean assemblages, fewer species than ex-
pected under the random assembly model occur within the small
and middle size classes, whereas more species than expected oc-
cur within the very large body-size category. The discrepancy
between the significance of the bias parameters and the lack of
support for the overall biased model is most likely due to a lack of
statistical power as a consequence of the small number of species
on each island in the Caribbean (e.g., artificially doubling the
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Figure 3. Phylogeny of Lophiohylini (Hylidae) based on combined Bayesian analysis of seven nuclear and six mitochondrial genes.
Values above branches indicate the Bayesian Pp, and those below branches indicate parsimony bootstrap proportions for concordant
clades. Nodes that were also recovered in separate Bayesian analyses of the mitochondrial and/or nuclear data are labeled with symbols.

Unlabeled nodes were unique to the combined data analysis.

number of species in the Caribbean assemblages produced both
highly similar bias parameters and a significant LR-test in favor
of the biased assembly model).

PHYLOGENY WITHIN MAJOR SOUTH AMERICAN
CLADES

Bayesian analyses of Cophomantini, the Dendropsophus clade,
the Scinax clade, and Phyllomedusinae are generally congru-
ent with previous analyses of these clades based on parsimony
(Faivovich et al. 2005; Wiens et al. 2006b). Bayesian posterior
probabilities (Pp) were high throughout most trees for Cophoman-
tini, Scinax, and Phyllomedusinae, whereas resolution was weakly
supported for some deep nodes within the Dendropsophus clade.
The phylogenies for these clades are depicted in Figures S1 and
S2 of Supporting Appendix S1.

PHYLOGENY OF OSTEOPILUS AND COMMUNITY
ASSEMBLY WITHIN THE CARIBBEAN

Of 9618 base pairs (bp) of combined data, we excluded 419 due to
ambiguous alignment in the 12S and 16S genes. Of the remaining
characters, 2590 were parsimony-informative. Separate Bayesian
analyses of the 4172 bp of nuclear data and the 5446 bp of mito-
chondrial data were mostly congruent (Fig. 3), with no strongly
supported incongruence. Separate parsimony analyses of the two
datasets were generally concordant with the Bayesian results.
Additionally, the Bayesian analysis of the combined data pro-
duced a topology with many strongly supported nodes that were
congruent with trees from the separate analyses of the nuclear
and mitochondrial data (Fig. 3). Parsimony bootstrap proportions
generally were low for deep nodes, but most previously recog-
nized subclades (Faivovich et al. 2005) were strongly supported
(Fig. 3).
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Figure 4. Body-size evolution and biogeography of Greater Antillean treefrogs (Osteopilus and Hypsiboas heilprini). The phylogeny
is from the Bayesian analysis of the combined data (Fig. 3), with branch lengths proportional to time (as determined using penalized-

likelihood analysis). The scale bar indicates branch lengths resulting from the younger calibration point in dating analyses, in millions

of years ago (mya). Note that the branch leading to H. heilprini stems from the South American clade Cophomantini and is not drawn
proportional to time, but it is included to illustrate all native species of hylids inhabiting the Greater Antilles. Body sizes of cartoon frogs

are directly proportional to the maximum body size of each species, demonstrating the diversity of body sizes within islands and among

closely related species.

Osteopilus and an Osteocephalus—Tepuihyla clade were
strongly supported as sister taxa. Congruent with the topology of
Faivovich et al. (2005), we found strong support for a clade of Tra-
chycephalus and Phrynohyas, but with each genus polyphyletic.
This result supports the proposed synonymy of Phrynohyas with
Trachycephalus (Faivovich et al. 2005).

Osteopilus was strongly supported as monophyletic by both
Bayesian Pp and parsimony bootstrap. Within Osteopilus, most
nodes were strongly supported by Bayesian Pp, but only the sis-
ter relationship of O. brunneus and O. crucialis was strongly
supported by parsimony. The low parsimony support seems to
be associated with the mitochondrial data; parsimony analysis
of the nuclear data alone gives a tree similar to the combined
Bayesian phylogeny, and with relatively strong support (results
not shown). Based on the Bayesian analysis of the combined data,
the species of Jamaica are monophyletic and nested within a para-
phyletic grouping of Hispaniolan Osteopilus. The Cuban species
O. septentrionalis is sister to the Jamaica—Hispaniola clade. These
results suggest that body-size diversification in Jamaica and
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Hispaniola occurred in replicate on each island, as predicted under
the model of competitively driven divergence (Fig. 4).

RATES OF BODY-SIZE EVOLUTION
Comparison of rates of body-size evolution within Osteopilus and
South American treefrog clades showed a highly elevated rate
within Osteopilus. The rate within Osteopilus (0.0150) was more
than twice that of any other South American hylid group (range =
0.0019-0.0072; all rates presented here are for the younger set of
divergence dates and are in units of [In mm]? per million years;
see Table 3 for full results). A likelihood-ratio test indicated that
a two-rate model for body-size evolution within South American
and Caribbean hylids, with one rate for Osteopilus and one for
the other hylids, significantly fit the data better than a model with
a single rate for the entire group (LR = 9.79 > X21,0.05 = 3.84,
P =0.0016; two rates: Osteopilus = 0.0150, SA hylids = 0.0040;
single rate: 0.0045).

The odds ratios indicated that it was much more likely for
the extreme body sizes on Hispaniola and Jamaica to evolve when
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Table 3. Mean of maximum snout-to-vent length (SVL) of species within a clade and maximum-likelihood estimates of rates of body-
size (maximum SVL) evolution in clades of South American and Caribbean treefrogs. Despite considerable diversity in SVL across South
American groups, rates of body-size evolution are substantially lower within South American groups than within Osteopilus, considered
both individually (individual rate estimates) and together (LR-tests).

Ages? Rates

Group SVL! Younger root Older root Younger root Older root
Cophomantini 533+ 174 51.67 73.55 0.00330 0.00227
Dendropsophus 289 + 8.4 35.65 50.02 0.00193 0.00138
Phyllomedusinae 62.0 £22.7 34.39 49.76 0.00621 0.00429
Scinax clade 339 %85 53.77 75.95 0.00237 0.00169
Lophiohylini (without Osteopilus) 57.1 £24.5 35.90 48.59 0.00720 0.00522
Osteopilus 86.3 + 46.1 24.35 32.51 0.01500 0.01128
South American hylids? 45.3 + 20.6 64.97 92.90 0.00404 0.00284

LR* 9.79 10.62

P= 0.0016 0.0008

TReported as mean (+ one standard deviation) SVL of entire clade, calculated as the average of the maximum reported SVL of each species within each

clade.

2Ages of the most recent common ancestor of all the species sampled within this study, in millions of years ago. Root categories refer to the two sets of

root dates used to calibrate the chronograms for clades (see text for details).

3Includes the Cophomantini, Dendropsophus, Phyllomedusinae, Scinax clade, and Lophiohylini (without Osteopilus)
4Likelihood-ratio tests (LR, as defined in Supporting Appendix S1) refer to a comparison of a two-rate model (one for Osteopilus, one for South American

hylids) to a one-rate model (a single rate for both groups)

Osteopilus had its own rate of evolution than under the common
rate for South American and Caribbean hylids together. For the
younger set of divergence dates, the odds in favor of the two-rate
model were 1.52 x 10?2 to 1. For the older dates, the odds were
1.36 x 103¢ to 1. That is, if we assume in the West Indian treefrogs
the rate of body-size evolution estimated for all treefrogs, there is
a very low probability of observing the extreme body sizes we see
in Osteopilus. Thus, taking an evolutionary view of community
assembly, the body-sizes observed in the West Indian treefrogs
are more divergent than expected.

Discussion

Competition is thought to be an important force driving divergence
among species (Taper and Case 1985; Doebeli 1996; Schluter
2000b). However, experimental studies of this phenomenon may
be problematic in that the taxa that have diverged the most by
this process are expected to compete the least today. As a re-
sult, phylogeny-based investigations that link replicated patterns
in communities to the evolutionary processes that produce them
offer an important but underutilized approach to reveal the role
of different processes as they relate to present-day phenotypic
diversity (Losos 1994, 1996). Here, we introduce the idea of
studying the evolution of body-size extremes within and among
assemblages as a way to infer past competition. Competitive di-
versification of a trait should be in the direction of extreme trait

values (e.g., away from an intermediate initial phenotype; Ta-

per and Case 1985; Doebeli 1996), leading to the prediction that
communities in which competition has been historically important
are expected to converge on similar body-size extremes. In this
study, we examine the evolution of body-size extremes in treefrogs
to link community patterns to the mechanisms that might be
producing them.

We have shown that body-size extremes are similar across
tropical treefrog assemblages around the world (Fig. 1; Table 1).
Furthermore, the extremes of body size within these assemblages
have been realized through convergent body-size evolution a min-
imum of eight independent times (six outside the Caribbean and
two within).

We can begin to understand the evolutionary origins of the
typical body-size extremes in treefrog communities through ex-
amining body-size diversification within the simplified system of-
fered by Caribbean treefrogs. Based on studies of other treefrogs
(e.g., Duellman 2005), we predicted that Osteopilus species were
dietary generalists that overlapped substantially in prey type (e.g.,
different insect orders), but which avoid dietary overlap by con-
suming prey of different sizes, depending on their body sizes. Our
analyses of diet are consistent with the idea that Osteopilus species
diverge in body size to use prey of different sizes. Our commu-
nity assembly analyses suggest that Caribbean communities have
more very large and fewer small- and medium-sized species than
expected based on the body-size distribution of South American
treefrogs (Table 2). This result illustrates that we see very large
species (i.e., those representing the upper size extremes) despite
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the fact that very large species are rare among the South Amer-
ican hylids from which Osteopilus is derived. Conversely, we
see fewer small- and medium-sized species, despite the fact that
such species have evolved the most frequently in South America.
Furthermore, the phylogeny of Osteopilus shows that the diversi-
fication of body sizes in Jamaica and Hispaniola each occurred in
replicate, with species on the same islands more closely related
than species of similar body size on different islands (Fig. 4). In
particular, our phylogeny suggests that Jamaica and Hispaniola
were each colonized only once by Osteopilus species, and that
each colonizing lineage evolved to produce both the largest and
smallest species on their respective islands. Concordant with these
results, the rate of body-size evolution is very high in Osteopilus
relative to all other major South American hylid clades, consid-
ered individually and together (Table 3). Our results suggest rapid,
deterministic phenotypic diversification in Osteopilus following
colonization of a region in which hylid treefrogs did not previously
occur, leading to a range of extreme body sizes among species
similar to those seen in older communities in South America and
elsewhere around the world.

CAUSES OF BODY-SIZE DIVERSIFICATION WITHIN
THE CARIBBEAN

We suggest that our results are most consistent with the idea
that competitive interactions may have been the primary force
driving body-size diversification in treefrogs, or at least within
Osteopilus. Other processes besides competition, such as diver-
sification driven by predators or by physiological differences,
seem to be less parsimonious explanations for the overall patterns
of body-size evolution (discussed in detail below). Many theo-
retical (e.g., Slatkin 1980; Taper and Case 1985, 1992; Doebeli
1996; Dieckmann and Doebeli 1999) and empirical (e.g., Schluter
2000a; Gray and Robinson 2002; Bolnick 2004) studies have
demonstrated the effects of competition on phenotypic diversi-
fication. Upon invading a new habitat, such as an island in the
Caribbean, abundant ecological opportunity may be present. As
competition intensifies within the ancestral colonizing body size
(i.e., from an increasing number of individuals within a species
or from multiple species of similar size), selection for larger or
smaller individuals may exist to exploit underutilized resources
(Simpson 1953; Schluter 1988, 1996, 2000a,b; Losos et al. 2006).
This selection would favor an expansion of the body-size range
among or within species regardless of the size of the original
colonist, because expanding the body-size range within a com-
munity can be the result of decreasing minimum size, increasing
maximum size, or both. Note, also, that the idea of ecological
release suggests that a lack of competition experienced by an
ancestral colonizing species may allow for “exploration” of the
resource spectrum, with drift leading conspecifics or other species
to different sizes initially (Arthur 1987).
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Ecological studies to further test the competition hypothe-
sis would be valuable. For example, one could conduct a ma-
nipulative experiment in which degree of body-size similarity
among species is compared to a fitness proxy under resource-
limited conditions (e.g., for food; see below). Alternatively, one
could estimate selection on body size in different populations of a
widespread species that occurs both allopatrically and sympatri-
cally with other species of Osteopilus (e.g., O. brunneus), with
the expectation that stabilizing selection may be stronger in pop-
ulations that co-occur with both larger and smaller species than in
populations that are allopatric. Unfortunately, many of the most
interesting and relevant ecological studies of Osteopilus would be
difficult given the recent declines and current rarity of many of
the largest and smallest Hispaniolan and Jamaican species TUCN
et al. 2006).

The few studies of competition in adult frogs have shown
dramatic effects of interspecific competition on the abundance of
species with similar habitat and resource use (Inger and Green-
berg 1966), including studies in hylid treefrogs (Meshaka 2001).
In particular, exotic populations of O. septentrionalis in Florida
may compete strongly with co-occurring hylid species (Meshaka
2001). If body-size divergence is still an ongoing process within
Osteopilus, we might expect to see current evidence of competi-
tion. However, we also emphasize that although current competi-
tion among species would further support the role of competition
in body-size evolution, this would not directly demonstrate what
happened in the deep history of Osteopilus. That is, it does not
directly follow that processes that occurred millions of years ago
are still important agents of selection today, especially given a
dramatic evolutionary response to that past selective pressure.
For example, a deep history of body-size divergence might be the
case if the divergence was associated with speciation in Osteopilus
and occurred at a similar point in the past.

Given our hypothesis of competitive diversification in
Caribbean treefrogs, for what resource might they be competing?
We suggest that competition for food may be the primary driver of
body-size diversification. In amphibians in general and treefrogs
in particular, prey size is strongly associated with body size
(e.g., Toft 1980, 1985; Lima and Moreira 1993; Duellman 2005)
and few instances of prey specialization have been documented
(Inger and Greenburg 1966; Toft 1981, 1985; Duellman 2005; but
see Lima and Magnusson 1998). We found similar results in Os-
teopilus, with no discernible specificity in diet among species and
prey sizes that are strongly positively correlated with body size
(see also Meshaka [2001] for similar results in O. septentrionalis
alone]. Thus, resource partitioning in Osteopilus is most likely
to be determined by prey size rather than type. Because gape
width may limit the size of the largest prey item consumed by
an individual, larger body size allows an individual to potentially
consume a greater range of prey items (Schoener and Gorman
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1968; Gittleman 1985). At the other end of the size spectrum,
small body size may confer a selective advantage in feeding on
small prey, as it is energetically inefficient for sit-and-wait preda-
tors (such as treefrogs; Duellman and Trueb 1986) to consume
prey that are small relative to their body size (Griffiths 1980). Be-
cause the positive prey-size/body-size relationship holds for many
insectivorous tetrapods (e.g., birds: Brandl et al. 1994; lizards:
Roughgarden 1974; Schoener 1967, 1968; Vitt et al. 2000, 2005;
Duellman 2005; mammals: Fisher and Dickman 1993; Church-
field et al. 1999; salamanders: Burton 1976; Krzysik 1979; Toft
1985), competitive diversification along a body-size continuum
may be a general phenomenon (e.g., Losos 1994; Radtkey et al.
1997; Melville 2002; Kozak et al. 2005).

We acknowledge that multiple agents of selection may have
influenced body-size evolution in Osteopilus. However, other fac-
tors seem unlikely to explain the repeated evolution of extreme
body sizes, for a variety of reasons. For example, all other things
being equal, larger body size generally confers higher resistance to
evaporative water loss in frogs (Shoemaker 1992). Thus, species
of different body sizes might partition habitats based on humid-
ity, with smaller species constrained to remain within more mesic
habitats and large species allowed to utilize comparatively drier
habitats. However, in both Hispaniola and Jamaica, the largest
and smallest species are the most restricted in geographic dis-
tribution, occurring primarily within montane mesic forest, with
only the intermediate-sized species inhabiting the xeric areas of
each island (Schwartz and Henderson 1991).

A second alternative explanation is predation. For exam-
ple, large body size may offer a refuge from small predators
(Sondaar 1977), and small body size may have evolved to facil-
itate hiding from predators. However, even though predation has
been shown to affect morphological diversification (e.g., Hendry
et al. 2006; Langerhans et al. 2007), it is not clear how preda-
tion would lead to the evolution of a dramatic range of body
sizes in sympatry, as the body size morph that experiences the
most predation would presumably be lost. Indeed most previous
studies have demonstrated the influence of predation on mor-
phological divergence between populations in different locations
(e.g., Hendry et al. 2006; Langerhans et al. 2007), but have not
shown that it yields a range of different phenotypes in sympatry
(as we see in Osteopilus and other treefrogs; but see Nosil and
Crespi 2006).

Third, body-size evolution could be a consequence of repro-
ductive character displacement (sensu Gerhardt and Huber 2002)
during speciation or secondary contact after speciation. For ex-
ample, body size may be important in reproductive isolation in
frogs through its effects on the dominant frequency of mating calls
(Ryan 1988). Indeed, body-size divergence has been associated
with reproductive character displacement in frogs (Hoskin et al.

2005; Pfennig and Pfennig 2005). However, in these cases, body-
size changes are much smaller than we see across Osteopilus (20%
in Hoskin et al. 2005; ~8% in Pfennig and Pfennig 2005; but an
average of 57% between successively larger Osteopilus species;
Table S6 in the Supporting Information). Thus, it appears that re-
productive isolation can be achieved with minor changes in body
sizes, and that reproductive character displacement is unlikely to
explain the vast range of body sizes that has evolved repeatedly
in Osteopilus. Furthermore, both cases involve changes primarily
in male size (Hoskin et al. 2005; Pfennig and Pfennig 2005). In
Osteopilus, the large range of body sizes has evolved in both sexes
(Jamaica: males = 27.3—-100 mm, females = 28.7—-122 mm; His-
paniola: males = 39.5-108.8 mm, females = 42.8-141.9 mm).
Additionally, the rate of body-size evolution in male Osteopilus is
similar to that for females (0.0103 vs. 0.0150, respectively; DSM,
unpubl. data ), especially compared to the rates for South Ameri-
can clades (range: 0.0019-0.0072; see “Results”). These patterns
are consistent with body size changing to reduce competition in
diet, but not reproductive character displacement. Finally, we are
unaware of any evidence that assigns a primary role to repro-
ductive character displacement in structuring the body sizes of
entire assemblages, particularly in the case in which body-size
distributions are convergent. Thus, although reproductive char-
acter displacement might have played some role in the history
of body-size evolution in Osteopilus, we do not expect this pro-
cess to have played a major role in producing the large range of
body-sizes in both males and females that we see today.

Finally, other explanations for trends in body-size evolution
onislands, such as selection for smaller size due to resource limita-
tion on islands (Wassersug et al. 1979; Lomolino 1985), typically
focus on unidirectional size changes between island and mainland
populations, rather than the diversification of a range of body sizes
on a single island, and are thus unlikely to apply here. Although
a combination of factors could also have an important influence
on body-size evolution, it seems less likely that this would lead
to similar patterns around the world than a simpler explanation
that is also consistent with this pattern (i.e., competitively driven
divergence).

We have assumed that competition within and between
Caribbean hylid species was important in driving their body-
size evolution, as was the absence of other hylid clades in the
Caribbean. Competition (or lack thereof) with other groups of
organisms seems unlikely to have been important. For exam-
ple, the only arboreal frogs in the West Indies are hylids and
Eleutherodactylus (Schwartz and Henderson 1991), and we have
no evidence that Eleutherodactylus have influenced patterns of
body-size evolution in Osteopilus. Furthermore, Eleutherodacty-
lus co-occur with hylids in South and Middle America as well
(e.g., Duellman 2001, 2005).
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COMPETITION AS A CONSTRAINT ON FURTHER
BODY-SIZE DIVERSIFICATION

Although our analysis of Caribbean treefrogs suggests that com-
petition may drive body-size divergence, it also suggests that com-
petition may constrain body-size divergence within South Amer-
ica. The hylids of Hispaniola and Jamaica show similar ratios
between the body sizes of successively larger species (Table S6),
with only a single instance of the evolution of each general body
size class on each island. An examination of the mean body
size and rates of evolution in the major hylid clades of South
America (Table 3) indicates that although body size is diverse
across clades, its rate of evolution has been low within clades.
Thus, in South American hylids, body size apparently diversi-
fied in the early history of the major clades, but has evolved
little since; species of different body-size classes are largely con-
fined to distinct clades. At most localities in South America, the
smallest species are of the genera Dendropsophus and/or Scinax,
and the largest species are from Cophomantini, Phyllomedusi-
nae, and/or Lophiohylini (e.g., Duellman 1978, 2005; Heyer et al.
1990). Because all of the South American communities we re-
viewed here contain members of these major clades, we expect
that this general taxonomic composition of communities may be
very old. Thus, the long sympatry of many hylid clades, each
filling a different generalized body-size role within a community,
may have led to limited selection for body-size diversification
within the major clades of hylids in South America. In this way,
competition may be secondarily acting to constrain body-size
diversification.

Despite the limited body-size divergence within South Amer-
ican hylid clades over time, there has been considerable diversifi-
cation of species within these clades (all South American groups
in Table 3 have at least 55 species). Our results add to the increas-
ing number of studies that have found a pattern of species diver-
sification with limited phenotypic diversification after an initial
diversification of morphotypes, including studies of Anolis lizards
(Losos et al. 2006) and Desmognathus salamanders (Kozak et al.
2005). In many cases, the recent species diversification has been
shown to have occurred primarily as allopatric speciation with rel-
atively little phenotypic differentiation. In the same such cases, the
phenotypically undifferentiated species have remained allopatric,
such that sympatric species still show no ecological overlap (see
Losos et al. 2006 for an extensive discussion of this phenomenon).
In contrast, in South American hylid treefrogs, many species of
the same clade and body-size class co-occur within present-day
assemblages (see, for example, Duellman 1978, 2005; Heyer et al.
1990). Thus, the pattern in hylid treefrogs seems to be different
from those documented previously. The generality of this pattern
in hylids could be studied in other regions in which hylids are the
predominant treefrogs, such as Middle America and Australasia.
In both regions, hylids have diversified to the typical body-size
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extremes (Table 1) and have speciated extensively (Wiens et al.
2006b).

UNRESOLVED QUESTIONS

Our finding of the similarity of body-size extremes across tropical
treefrog assemblages opens up a number of interesting questions
for future research. What ecological, evolutionary, and develop-
mental factors influence the extremes of body size that are so
common across treefrog communities? For example, why do we
often see ~20-30 mm as the smallest size and ~100 mm as the
largest size? Why are there no species within the largest size class
in temperate regions?

Similarly, other aspects of Caribbean treefrog diversification
present interesting unanswered questions. First, how did speci-
ation happen within Osteopilus? Given the within-island diver-
sification found in this study, extensive distributional overlap of
Caribbean treefrogs (Schwartz and Henderson 1991), and little
evidence for vicariance events in Jamaica and the main landmass
of Hispaniola (Glor et al. 2003; Losos 2004), it would seem that
Caribbean treefrogs may be a candidate for sympatric speciation
and divergence (see also Hedges 1989 for Eleutherodactylus and
Losos 2004 for Anolis). However, there are relatively few strongly
supported cases of sympatric speciation (Coyne and Orr 2004),
and more evidence is necessary to rule out the possibility of al-
lopatric divergence (Losos 2004).

Second, given four species of treefrogs in both Jamaica and
Hispaniola, why are there no native treefrogs in Puerto Rico and
only one in Cuba? This is particularly surprising given that op-
portunities for allopatric speciation (in the form of vicariance)
are well documented for Cuba (Glor et al. 2004). Additionally,
O. septentrionalis is the most basal species of Osteopilus; thus,
relative to other Osteopilus, this species has had ample time for
speciation (Stephens and Wiens 2003).

Finally, at a larger scale, why are there so few species of
treefrogs within the Caribbean? This is surprising given the ex-
tensive diversification of other Caribbean taxa, such as Anolis
lizards (143 species; Williams 1983; Losos and Schluter 2000),
Sphaerodactylus geckoes (75 species; Hass 1991), and Eleuthero-
dactylus frogs (147 species; Hedges 1989; IUCN et al. 2006;
Heinicke et al. 2007). Wiens et al. (2006b) found a strong cor-
relation between species richness and the timing of colonization
of regions in which hylid frogs occur, with the Caribbean being
one of the most recent regions to be invaded by hylids. Further
research should examine whether this relationship occurs within
the Caribbean across different groups of organisms, such as Anolis
and Eleutherodactylus.

CONCLUSIONS AND PROSPECTS
In this article, we develop a general methodology to study the role
of past competition in explaining evolutionary divergence among
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species. Our approach is complementary to experimental studies
of the role of competition in character divergence, but may be
particularly applicable to cases in which competition is currently
weak, absent, or difficult to measure. We apply this four-part
approach to the evolution of body-size extremes in treefrog com-
munities and find support for a strong role of competition in the
evolutionary divergence of body size in Osteopilus. Although we
cannot prove that competition caused selection for extreme body
sizes over millions of years, our data and analyses suggest that it
is the best-supported explanation for the pattern of body-size di-
vergence among extant Caribbean treefrog species. The replicate
evolution of similar body-size extremes may be relevant to many
systems, including communities that no longer show classic sig-
natures of competition in body size (e.g., even spacing) or clades
that consist of a single ecomorph that has diversified in body size.
Additionally, although we focus on body-size evolution here, our
approach can be extended to many other characters. In particu-
lar, our approach can be used in any system in which significant
niche-partitioning among species may be achieved through diver-
gence in a single, quantitative character (e.g., trophic morphology,
habitat use).
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by placing on an ultrametric phylogeny (with branch lengths in units of time) of the Hylidae, as estimated by Wiens et al. (2006b).
Table S1. Maximum snout-to-vent length (SVL) data used to determine SVL ranges of treefrog assemblages and the species pool
of the community analyses. SVL,x in millimeters (mm).

Table S2. Proportion of diet overlap, as assessed by Schoener’s (1970) index of proportional overlap (see Methods).
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