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Adaptive radiation is proposed to play a key role in generating differences
in species richness among lineages and geographical regions. Due to the
importance of ecological divergence in adaptive radiation, species richness
is predicted to be influenced by equilibrium diversity dynamics, although
the concept continues to generate much debate. An additional important
question is whether radiating clades have intrinsic biological characteristics
that make them particularly prone to diversify. We tackle these questions by
analysing (i) the temporal patterns of diversification of Caribbean Eleuthero-
dactylus frogs, and (ii) assembly of the complete native anuran community of
the Caribbean archipelago (197 species), testing for the presence of equili-
brium dynamics and whether diversification patterns of Eleutherodactylus
differ from those of the rest of the Caribbean anurans. Diversification rates
follow the predicted pattern of rapid diversification early in the radiation
which gradually decreases towards the present. Eleutherodactylus diversifica-
tion is significantly faster than that of the Caribbean anuran community,
and although equilibrium dynamics influence richness of all Caribbean
anurans, Eleutherodactylus shows higher carrying capacity. Our results indi-
cate that ecological opportunity per se is not sufficient for adaptive radiation
and that diverse lineages present intrinsic characteristics that enable them to
make the most of available opportunity.

1. Introduction

Identifying the causes of the heterogeneous distribution of species richness across
the branches of the tree of life, and across geographical regions, remains one of the
key unresolved questions in evolutionary biology [1]. One process proposed to
play a key role in generating differences in species richness is adaptive radiation,
a particular case of speciation by ecological divergence, in which lineages exhibit
rapid adaptive diversification to exploit distinct ecological niches [2-4]. Due to the
tight link between ecological divergence and speciation, adaptive radiation has
been proposed to be driven by access to ecological opportunity, that is niches
that are available to be filled, either because of lineages having invaded a habitat
with under-exploited resources or as a result of being able to exploit resources that
were hitherto inaccessible [5]. Thus, at the onset of adaptive radiation, diversifica-
tion is predicted to be rapid, as species invade available ecological niches. As the

© 2023 The Author(s) Published by the Royal Society. All rights reserved.
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number of diverging species increases, the number of accessi-
ble niches decreases and diversification rates are expected to
slow down [4,5].

Most well-studied cases of adaptive radiation come from
geographically restricted habitats, such as lakes or oceanic
islands [6,7], where two geographical attributes are proposed
to play a key role. The first is their isolation, which functions
as a filter for the mainland biota and allows early colonizers
to evolve free from the constraints of competition or predation
[6]. Second, the clear boundaries of these regions, which result
in colonization-diversification dynamics that tend toward
equilibria in species richness, likely determined to a certain
extent by the number of distinct ecological niches [6,8].
Indeed, during adaptive radiation species richness is proposed
to be determined by the number of available niches, and thus
ecological limits on diversity are expected to influence diversity
dynamics [4].

Although the concept of equilibrium dynamics in species
richness continues to generate much debate [9,10], studies of
radiations in islands or lakes have provided the strongest evi-
dence in its favour [11-14]. In fact, equilibrium dynamics are
a central part of the island biogeography theory of McArthur
and Wilson [8,15], which suggests that island biotas are a
result of the interplay between colonization and extinction,
and reach a dynamic equilibrium influenced by the distance
to the mainland and island size, where larger or less isolated
islands are expected to support greater species richness. Over-
all, the consistent and strong scaling of species richness with
island area [16] is difficult to reconcile with non-equilibrium
models for island community assembly [17]. Recent evidence
from island biota suggests that a dynamic equilibrium can be
achieved and maintained over evolutionary timescales, despite
the unpredictable nature of geological changes to which an
island is exposed [13,14]. At the same time, even within the
same insular system, both equilibrium and non-equilibrium
dynamics can be at play [12].

Despite the importance of ecological opportunity in fueling
adaptive radiation, another unresolved question is whether
the presence of such opportunity is sufficient to trigger adap-
tive radiation or whether radiating lineages are unusual in
their ability to make the most of the particular ecological scen-
ario [18]. Lakes or islands where adaptive radiations have been
documented were colonized by different lineages, only one of
which radiated and filled available niches. For example, recent
evidence suggests that intrinsic attributes of Anolis lizards, and
not the ecological or biogeographic context, played a promi-
nent role in enabling their radiation in the Caribbean islands
[18,19]. Similarly, although the Galapagos islands were colo-
nized eight times by different bird lineages, only Darwin’s
finches present high in-situ radiation, and their diversification
patterns are uncoupled from those of the avian community
of the archipelago [12].

Amphibians are particularly underrepresented within
the study of adaptive radiations, which is surprising given
the group’s broad diversity of life histories, ecological specializ-
ations, and variation in species richness among clades, offering
interesting opportunities to study the importance of adaptive
radiation in generating diversity [20]. Here, we focus on the
frog genus Eleutherodactylus, one of the largest extant island
radiations of vertebrates, which diversified mainly in the Carib-
bean archipelago, where approximately 167 species have been
described [21]. Eleutherodactylus belongs to the superfamily Bra-
chycephaloidea, a Neotropical group with direct development

(i.e. froglets emerge from eggs and thus avoid the tadpole
stage [22]), which includes over 1100 described species [21]
and represents roughly 28% of the amphibian diversity of the
Neotropics [22]. Direct development is suggested to be a key
innovation enabling the invasion of diverse terrestrial environ-
ments, as reproduction is no longer limited by access to water
bodies [22]. The diversity of Eleutherodactylus in the Caribbean
archipelago was recently proposed to be the result from parallel
adaptive radiations due to evidence of phenotypic ecological
specialization, and morphological evolutionary convergence,
resulting from independent colonization of the same
micro-habitats across the different islands [23]. Interestingly,
Eleutherodactylus frogs diversified in the same biogeographic
scenario as the parallel radiation of Anolis lizards [24],
where both groups most probably arrived by overwater disper-
sal [24-26]. The biogeographic configuration of the Caribbean
archipelago provides multiple opportunities for allopatric
speciation to occur [24], highlighting the Caribbean region
as a remarkable scenario for the study of evolution and
community assembly.

We analysed the temporal diversification patterns of
Caribbean Eleutherodactylus as well as community assembly
of the entire anuran fauna of the archipelago to test whether
these follow the patterns expected for an adaptive radiation
[4,7]. First, we tested for differences in diversification rates
among clades and whether rates varied through time.
Because island size is one potential predictor for speciation
and extinction rates [17,27], we expected to observe variation
in diversification rates across clades on different islands given
the large differences in island size in the Caribbean archipe-
lago. We also expected temporal variation in diversification,
with high rates early in the radiation followed by a progress-
ive decline, as predicted by theory [4]. Finally, we analysed
whether macroevolutionary dynamics of Caribbean Eleuther-
odactylus are uncoupled from the dynamics of the anuran
community where they evolved and whether species richness
in Eleutherodactylus reached a dynamic equilibrium, as pre-
dicted by the island biogeography theory, but also expected
during adaptive radiation [12,15]. These analyses allowed
us to address the question of whether Eleutherodactylus’s
high species richness is the result of its particular ability to
exploit ecological opportunity in the Caribbean archipelago
compared to other amphibians.

We first focused on Caribbean Eleutherodactylus to test hypotheses of
diversification patterns through time. We used the phylogeny recon-
structed by Dugo-Cota et al. [23], which is the most complete
regarding taxon sampling and genetic information. The phylogeny
includes 148 species (89%) out of the 167 Caribbean Eleutherodactylus
and was constructed with four mitochondrial and three nuclear
genes, and time-calibrated with a combination of fossil and geologi-
cal calibration points. First, we explored whether diversification
rates differed among Eleutherodactylus clades. We expected to find
higher rates of diversification in clades that colonized larger islands
such as Cuba or Hispaniola. We used BAMM version 2.5.0
(Bayesian Analysis of Macroevolutionary Mixtures [28]), which
can identify heterogeneity in diversification rates along the branches
of a phylogeny produced by a mixture of processes, such as
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diversity dependence, constant and time-varying diversification
[28]. BAMM uses reversible jump Markov chain Monte Carlo
(MCMC) [28] to explore a universe of alternative models that
differ in the number of macroevolutionary regimes. We used the R
package BAMMtools [29] to estimate suitable priors and to visualize
and manage the results. To account for missing species, we used
the global option implemented in BAMM, which corrects for
unsampled species across the phylogeny. We ran a total of six
chains with 10 million generations, sampled every 1000 generations
and discarded 10% of the chains as burn-in. Convergence was based
on an effective sampling fraction for the log likelihood and a number
of shifts greater than 200. Finally, we computed Bayes factors (BFs)
to compare between alternative models with different number of
rate-shift configurations.

We also analysed the temporal patterns of diversification in
Eleutherodactylus using the RPANDA package [30] in R. We com-
pared the fit of six birth-death and pure birth models, including
models with constant and time-varying speciation (1) and extinc-
tion (u) rates [30] (see electronic supplementary material,
methods ST1). To account for phylogenetic uncertainty, we
repeated the analyses with BAMM and RPANDA on a sample
of 20 trees from the posterior distribution.

(b) Assembly dynamics and carrying capacity of the

Caribbean anuran biota

(i) Data collection and phylogenies

We restricted our study area to islands regarded as the native
range of Caribbean Eleutherodactylus, which is the Greater and
Lesser Antilles, and the Bahamas. We considered all islands
as a single unit since previous studies have demonstrated the
importance of archipelagos as biogeographic units in studies
of community assembly [31] (see electronic supplementary
material, methods ST2). We searched the literature to compile a
checklist of all anuran species in the Caribbean, including whether
they were endemic to the Caribbean, to a certain island in the Car-
ibbean, or non-endemic (electronic supplementary material, table
S1 and figure 1a). For each clade or single species (figure 1a), we
obtained an estimated colonization age of the Caribbean islands
(we used of the divergence age from the continental sister
group), and branching times (i.e. cladogenetic events occurring
within the archipelago). For Eleutherodactylus, colonization and
branching times were based on the phylogeny by Dugo-Cota
et al. [23]. For most of the remaining Caribbean anuran fauna, we
used the phylogeny of Pyron [34], which was reconstructed
using nine nuclear and three mitochondrial genes and time-cali-
brated with a set of fossil constraints using a maximum-
likelihood approach. For Allobates chalcopis, the only species not
included in the phylogeny of Pyron [34], we used the divergence
age estimated by Fouquet et al. [35], who reconstructed the phylo-
geny using four mitochondrial and one nuclear gene, including
four calibration points from a combination of fossil and biogeo-
graphic information. Finally, to test the robustness of our results
to phylogenetic uncertainty due mainly to differences in estimated
divergence times, we repeated our analyses using the phylogeny of
Jetz & Pyron [33]. This phylogeny includes all the genera and prac-
tically all species considered in this study, but many are placed on
the phylogeny based on taxonomic information (16%).

(ii) DAISIE analyses

We were interested in testing whether Eleutherodactylus’s diversity
is the result of diversification patterns that are uncoupled from the
rates of the remaining anuran biota within the Caribbean
archipelago. At the same time, we explored whether species rich-
ness in anurans, but particularly in eleutherodactylids, shows
evidence of equilibrium dynamics, derived from diversity-
dependent processes. We applied DAISIE (Dynamic Assembly of

Islands through Speciation, Immigration and Extinction [12]), a n

likelihood-based phylogenetic approach that combines the
theory of island biogeography [15] with phylogenetic birth—
death models [32] within a dynamic stochastic biogeography
model [12]. For a given insular community consisting of multiple
colonizing lineages, DAISIE estimates rates of cladogenesis, ana-
genesis, colonization, extinction, as well as the presence of a limit
to species richness in each insular clade. In DAISIE, all estimated
parameters may depend on the number of species on the island
(diversity dependence), but that dependence is currently only
explicitly considered in the case of cladogenesis and colonization
[12] (i.e. under diversity dependence rates of cladogenesis and
colonization decrease as the number of species increases). We
used three different status for clades, following categories in
DAISIE: ‘Endemic’ for lineages with one or more species that
only occur in the archipelago; ‘Non-Endemic’ for lineages that
have populations on both mainland and the islands; and ‘Ende-
mic_MaxAge’ for endemic clades whose stem nodes are older
than the age of the islands (Peltophryne and Pristimantis) and in
the case of A. chalcopis, because the divergence time for this species
was estimated independently based on Fouquet et al. [35]. The
‘Endemic_MaxAge’ option in DAISIE integrates over the possible
colonization times between the specified upper bound and the
stem age of the clades.

Since island age may influence colonization dynamics, we
compared results using two estimates for the age of the Carib-
bean islands based on the paleogeographic reconstructions of
Iturralde-Vinent [36], who estimates a minimum of 40 Myr and
a maximum of 65 Myr for the presence of continuously emerged
land for the Greater Antilles. More recent studies of geomorphol-
ogy of the region exist, but they discuss processes that postdate
the formation of the archipelago (e.g. [37]). Colonization rate esti-
mates in DAISIE are also influenced by the mainland species
pool, thus we repeated analyses using two different mainland
pool sizes. The first estimate was of 2715 species, consisting in
an approximate number of anurans distributed from North Ama-
zonia through Central America to Southeast North America [21].
For the second estimate we restricted the area to Central America
and northern South America, where there are around 2195
anuran species [21].

We contrasted 17 alternative models (electronic supple-
mentary material, table S3) in DAISIE, for which we obtained
maximum-likelihood estimates for cladogenesis (1), anagenesis
(A7), extinction (1), colonization (y, here an estimate of colonization)
and carrying capacity (K, which is infinite when richness is
unbounded). Models with diversity dependence and a finite K
are equilibrium models with an upper bound to diversity.
In four equalrates DAISIE models, we assumed that the
entire Caribbean anuran fauna shares the same macroevolutionary
dynamics (M1-M4; electronic supplementary material, table S3).
In the remaining 13 models, we assume that Eleutherodactylus’s
(type 2 species) macroevolutionary dynamics are completely or
partially uncoupled from the dynamics of the other Caribbean
anurans (type 1 species; heterogeneous models, M5-M17; elec-
tronic supplementary material, table S3). For the heterogeneous-
rates models, the number of Eleutherodactylus species in the main-
land pool was based on the proportion of species from the
mainland pool that are part of the Brachycephaloidea superfamily,
which are 0.366 for a mainland pool size of 2715, and 0.215 for a
mainland pool size of 2195. As a test of the goodness of the fit of
the preferred model to the empirical data, we conducted 1000
island simulations based on the estimated ML parameters. We
plotted the resulting summary statistics to assess the accuracy of
the model to reproduce the observed data (electronic supple-
mentary material, figure S1). To obtain confidence intervals on
parameters estimates, we performed a parametric bootstrap analy-
sis by fitting DAISIE to these 1000 datasets and calculating
percentiles from the distribution of estimated parameters.
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Figure 1. Colonization times, representative branching events and species—area relationship in Caribbean anuran fauna. (a) Schematic representation of the colo-
nization times of the Caribbean archipelago and the major branching times associated with between-island colonization events. Numbers at the tips of each edge
represent the species richness represented by that branch. The branching events within islands are not shown. Edge colour and silhouettes represent the Caribbean
Island where the different clades diversified. Dashed vertical line indicates the estimated minimum age for the archipelago. Myr: million years. Divergence times are
based on the phylogenies of Dugo-Cota et al. [23] for Eleutherodactylus, Fouquet et al. [32] for A. chalcapis and Pyron [33] for the remaining anurans. A single
species, 0. septentrionalis, colonized both Cuba and the Bahamas, here only the former colonization is represented. (b) Species—area relationship of the entire anuran
fauna within the islands of the Caribbean archipelago, dashed line represents the OLS (ordinary least squares) regression line. Picture credits: Leptodactylus validus:
F. J. M. Rojas-Runjaic; Scinax ruber: Todd Pierson; Allobates chalcopis: Maél Dewynter; Leptodactylus fallax: Jake M. Hutton; Leptodactylus albilabris: Luis J. Villanueva-
Rivera; Eleutherodactylus limbatus: Alejandro Gonzalez-Voyer; Osteapilus septentrionalis: Will Flaxington; Boana heilprini: Harry W. Greene; Pristimantis shrevei: Robert
Powell; and Peltophryne taladai Thomas Brown.
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Figure 2. Speciation rate through time estimated in BAMM for Caribbean Eleutherodactylus. (a) Phylorate plot showing speciation rate across the Eleutherodactylus
phylogeny based on the maximum credibility set from the analyses with BAMM. Warmer colours indicate higher diversification rates, the scale bar represents
speciation rate per Myr. (b) Speciation rate through time for Eleutherodactylus, the shaded area represents the 95% confidence intervals of the estimated rate.

Pli = Pliocene, P = Pleistocene, H = Holocene.

3. Results
(a) Temporal patterns of diversification in
Eleutherodactylus

The analyses with BAMM indicated that the diversity of
Caribbean Eleutherodactylus accumulated with homogeneous
rates across coeval branches of the phylogeny, as we found
no evidence for diversification rate shifts. A scenario with
zero rate shifts was the best supported model with a posterior
probability of 85% (BF =1 indicating evidence in favour of the
model with zero rate shifts, compared with models with one
or more rate shifts, BF <0.3). Effective sample size for both
the log-likelihood and the number of rate shifts exceeded
5700. Nonetheless, the analyses showed temporal variation
in the diversification rate, as the mean of the marginal pos-
terior density for speciation along the phylogeny indicated
higher rates in the past (i.e. toward the root) and lower
rates toward the present (figure 24,b). Given that we find
no evidence for heterogeneity in diversification rates across
the Eleutherodactylus phylogeny, we focus on the Caribbean
radiation of the genus as a whole for the remaining analyses.

The temporal variation in diversification rates of
Eleutherodactylus was further confirmed by the results of the
pure birth and birth-death models. The model that best
fit the data corresponded to a pure birth model with an
exponential variation in speciation rate with time (AAIC >3,
relative to the constant speciation rate models; electronic sup-
plementary material, table S2), i.e. higher speciation towards
the root of the tree and a decrease toward the tips. By contrast,
birth-death models as well as those with constant rates of spe-
ciation had a poor fit to the data (electronic supplementary
material, table S2). The results are the same when repeating
the analyses (with BAMM and RPANDA) on a sample of 20
phylogenies from the posterior distribution (see electronic sup-
plementary material, results ST3, figures S2 and S3, and table
S8 for a summary of the results).

(b) Diversification dynamics of the Caribbean anuran

community assembly
In addition to the single colonization event by Eleutherodacty-
Ius (which generated 167 species), the Antilles have been
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Table 1. Maximum-likelihood parameters estimated in the macroevolutionary diversification analysis for the anuran community exduding Eleutherodactylus |}
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are in events per lineage per million years, except K, which is in number of species. Confidence intervals are the 2.5 and 97.5 percentiles from the bootstrap
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analysis.

LogLik BIC BlCw

—537.44 1172.34 0.965

3.48 x 10 (0.00002-0.0001)

parameter background Eleutherodactylus
A 0.057 (0.04-0.17) 0.455 (0.39-1.05)
u 0.007 (0-0.08) 0.007 (0-0.43)
41 3 - 6x10% 214 (4.98-217)
y 0.0001 (0.0001-0.0003)
Al 0.165 (0-1.95) 75.909 (3.8 x 1077 =5.03)

colonized at least nine times by members of seven other
anuran genera, leading to 30 native non-Eleutherodactylus
extant species (figure 1a). These genera have been present
in the Caribbean during a period similar or even prior to
the estimated colonization by Eleutherodactylus, indicating
that other anuran lineages evolved in the same biogeographic
context and probably had access to comparable ecological
opportunity. The results of the analyses with DAISIE indicate
that diversification dynamics of Eleutherodactylus are distinct
from those of the rest of the Caribbean anuran community,
since the best-fitting model is one where Eleutherodactylus
presents parameters that differ from those of the other
anuran lineages (model M5; table 1, including confidence
intervals, and electronic supplementary material, table S4
for the complete set of tested models). Eleutherodactylus
presented higher rates of cladogenesis and anagenesis (1°=
0.455; A% =75.909) as well as a higher carrying capacity (K=
214 species), compared to the rest of the anuran community
(A°=0.057; 27 =0.165; and K =41 species). At the same time,
in line with the expected equilibrium dynamics predicted
for island biota under island biogeography theory, both
Eleutherodactylus and the rest of the anuran community are
governed by equilibrium dynamics (electronic supplemen-
tary material, figure S4), although with different limits to
species richness (table 1, electronic supplementary material,
figure S4). In the preferred model, the equilibrium number
of species is determined by diversity dependence in rates of
cladogenesis and colonization. In other words, diversity
tends toward an equilibrium because the more species there
are on the island the lower the rates of cladogenesis and colo-
nization, and those rates will approach zero when the
carrying capacity (or diversity ‘limit’) is reached. Although
both groups are driven by diversity dependence, their diver-
sities are still below the estimated equilibrium diversity
limits. On the other hand, the estimated extinction and colo-
nization rates are very low (but non-zero) for both groups
(u=0.007, and y=3.48 x 10> for Eleutherodactylus; u =0.007,
and y=0.0001 for the rest of the Caribbean anurans). These
results were consistent when we repeated analyses varying
the island age (electronic supplementary material, table S5),
mainland pool size (electronic supplementary material,
table S6), as well as colonization and branching times (elec-
tronic supplementary material, table S7). Finally, the
simulated island set indicates that model M5 provides a
good fit to the empirical data (electronic supplementary
material, figure S1).

4. Discussion

The results of our analyses of temporal patterns of diversifica-
tion of Caribbean Eleutherodactylus showed high rates of
diversification early in the radiation with a gradual decrease
towards the present, as predicted for adaptive radiation
[4,7,38]. Interestingly, although we found temporal variation
in diversification rates of Caribbean Eleutherodactylus, said
rates were relatively homogeneous across the different
lineages, which is surprising given that the group colonized
islands that differ notably in size. Consistent with the described
slow-down in diversification, we also found support for the
presence of equilibrium dynamics influencing anuran richness,
as proposed by the island biogeography theory [4,15]. Finally,
our results indicate that the elevated species richness of
Eleutherodactylus in the Caribbean is likely the result of clade-
specific processes and intrinsic characteristics, as the genus
shows higher rates of speciation and higher carrying capacity
than other anurans that also colonized the archipelago at
comparable times and thus shared the same ecological setting.

(a) Diversification patterns in Eleutherodactylus

A key requirement for diversification through adaptive radi-
ation is the physical and evolutionary access to ecological
opportunity, that is, the availability of empty or underexploited
niches, and the evolutionary flexibility to explore new adaptive
zones [4,7]. Ecological opportunity is predicted to dictate the
temporal variation in diversification rates during adaptive radi-
ation, that is, high speciation rates when niches are abundant
and subsequent decrease as species accumulate and niches
become saturated [5,7]. This temporal sequence of events is
expected to leave signatures in the evolutionary history of the
radiating lineage, reflected by temporal changes in diversifica-
tion rates [38]. In line with this prediction, we found temporal
variation in the rate of diversification in Eleutherodactylus with
higher rates of diversification early in the radiation followed
by a gradual slow-down toward the present.

Previous studies have found a general trend for diversifica-
tion rates which slowdown with time [39-41]. Such temporal
declines in diversification rates are sometimes interpreted as
providing evidence for niche-filling, adaptive radiations [37]
or presence of ecological limits to diversity [40,42,43]. Alterna-
tive explanations have been offered for such patterns [43], one
of which is a decrease in global temperatures from the late
Cretaceous to the present [40]. In a study, spanning a broad
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range of taxa, Condamine et al. [41] analysed the temporal
patterns of diversification of Eleutherodactylidae, the family
to which Eleutherodactylus belongs, and found strong support
for a model with time-varying rates of diversification, consistent
with our results. This is not surprising since most of the
diversity in the Eleutherodactylidae (total 234 species [21]) is
represented by Eleutherodactylus (204 species [21]). A decrease
in the temporal pattern of diversification should not per se
be interpreted as signature of adaptive radiation, without
evidence of ecological diversification and adaptation [44].
However, for Eleutherodactylus evidence for adaptive
diversification comes from previous work [23] which shows sig-
nificant associations between phenotypes and the different
micro-habitats where species are found, and significant mor-
phological convergence among species having independently
colonized similar micro-habitats on the different islands.
Recently, Louca & Pennell [45] showed that a given pattern
of branching through time in a molecular phylogeny is equally
probable under a vast set of models, i.e. the parameters describ-
ing the rates may be non-identifiable [46]. Nonetheless, we
agree with others that—despite these concerns—the wholesale
abandonment of phylogenetic diversification studies is unwar-
ranted at the present time, and further, that some proposed
solutions—such as the use of ‘pulled” diversification rates—
does not necessarily add clarity to our understanding of macro-
evolutionary dynamics [46,47]. Furthermore, the issues raised
by Louca & Pennell [45] do not undermine the hypothesis-
driven model selection procedure widely applied in the field
[47], and by employing different approaches, which make
different assumptions about the data, greater confidence on
the results can be obtained when these converge on the same
conclusion (as they do in our case). We acknowledge that the
field is undergoing rapid changes and the development of
novel methods could lead to changes in our results but
remain confident the main conclusions will be unchanged.
We hypothesized that diversification rates would differ
among islands due to the large differences in geographical
area, in line with the island biogeography theory [15]. The
species richness of Caribbean Eleutherodyactylus scales with
island size, where larger islands, such as Cuba and Hispaniola,
harbour higher species richness (58 and 67 species, respect-
ively), while smaller islands such as Puerto Rico or Jamaica,
have lower richness (19 and 17 species, respectively;
figure 1b). The diversity of Jamaica emerged from a single colo-
nization event as also occurred in Anolis lizards [11].
Interestingly however, we did not find evidence for differences
in diversification rates between Eleutherodactylus clades occur-
ring on different islands. This contrasts with results for Anolis
lizards [11], which show differences in the temporal patterns
of species accumulation across the four major islands of
the Greater Antilles. Although we cannot rule out that
our analyses lacked the power to detect shifts in the rate of
diversification along the phylogeny, we think it is an unlikely
explanation for the results, as the Eleutherodactylus phylogeny
includes a higher number of species (148 compared with
117 for Anolis [11]), and because we were able to detect tem-
poral shifts in the rate of diversification from the root to the
tips of the phylogeny, a result that is corroborated by two
different analytical approaches. Instead, we propose that
the reason we do not detect heterogeneous diversification
rates for Caribbean Eleutherodactylus is the variation in coloni-
zation times for the different islands, with smaller islands
having been colonized more recently, in conjunction with

the temporal decrease in diversification rates. While the large
islands of Cuba and Hispaniola were first colonized before
20 Ma, the smaller islands of Puerto Rico and Jamaica
were first colonized around 15Ma and 7 Ma, respectively
[23]. We therefore suggest that a combination of time-for-
speciation resulting from different colonization times of the
different islands, coupled with dispersal events among
major islands from the Greater Antilles might explain our
finding of homogeneous diversification rates across the
Eleutherodactylus phylogeny.

Our analysis of the macroevolutionary dynamics of the
assembly of the anuran community indicates that the best-
supported model is one where Caribbean Eleutherodactylus
present diversification patterns that are decoupled from
those of the rest of the Caribbean anurans. The rates of specia-
tion for Caribbean Eleutherodactylus are nearly one order of
magnitude higher than those of the other Caribbean anurans,
with nearly identically low rates of extinction (table 1). At the
same time, our results indicate that both groups tend towards
a dynamic equilibrium, as predicted by island biogeography
theory [15], although with notable differences in the esti-
mated limits on diversity. The estimated carrying capacity
for Eleutherodactylus is more than five times higher than
that for the other Caribbean anurans. Together, these findings
suggest that intrinsic attributes of Eleutherodactylus enabled
them to make the most of the available ecological opportu-
nity in the Caribbean, as suggested for Anolis lizards [18].
In addition to Eleutherodactylus two genera presented in situ
diversifications in the Caribbean, Peltophryne and Osteopilus.
However, the resulting species richness of these two clades
(14 and 8 species, respectively) is comparably low. The
remarkable discrepancies in species richness and carrying
capacity between Eleutherodactylus and the other Caribbean
anurans, suggest that the limits to diversity are not only
determined by the availability of ecological opportunity, but
also by the intrinsic capacity of species to exploit it [18].
Key innovations are one such intrinsic characteristic which
has been proposed to facilitate access to ecological opportu-
nity in adaptive radiation [48]. Direct development, by
reducing dependency on water bodies for reproduction,
may enable species to invade a greater diversity of niches
[22,23]. Interestingly, Eleutherodactylus is not the only genus
with direct development to have invaded the Caribbean
archipelago. Pristimantis, another member of the Brachicepha-
lidae (the superfamily to which Eleutherodactylus belongs),
whose diversity in south America amounts to more than
500 species, is also found in the Caribbean but represented
by only two species (P. sherevei and P. eupronides). A possible
explanation is that Pristimantis did not have the physical
access to the same array of ecological opportunity as Eleuther-
odactylus. The former only reached the Lesser Antilles,
whereas the latter first reached Cuba and Hispaniola, and
then colonized the rest of the archipelago.

We are aware that using a contemporary diversity estimate
as the mainland pool in our analysis can be problematic. How-
ever, it is currently not possible to obtain an accurate estimate of
the number of species of neotropical amphibians in the
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mainland pool over the last 40-60 Myr. We thus favour using
the contemporary diversity as the mainland pool, as we
found that using a different smaller mainland pool did not
affect our main conclusions (electronic supplementary material,
table 56). Colonization rates in Caribbean anuran fauna are low
compared with other island colonist taxa such as birds [12,14],
which can be directly explained by the fact that anurans are
not a particularly dispersive group. Evidence suggests that
insular anuran fauna have emerged mainly through oceanic
overwater dispersal [25,26,34]. Such is probably also the case
for Caribbean Eleutherodactylus, as a South American origin
and overseas dispersal, probably on flotsam, has been proposed
based on divergence estimates from time-calibrated molecular
phylogenies [23,25] (figure 1a). The low dispersal estimates
from the DAISIE analyses, coupled by the fact that Eleutherodac-
tylus colonized the Caribbean archipelago only once, indicate
that colonization events from the mainland were rare, although
inter-island colonization has occurred multiple times. Since
most continental species are absent from the Antilles, island
colonists had access to very diverse resources [6,49]. In a similar
example, the anuran genus Limmnonectes is widespread in South
and Southeast Asia, but in the island of Sulawesi in central
Indonesia, where the anuran community is not as diverse as
in the neighbouring islands of Borneo and the Philippines, the
genus displays higher levels of species richness and morpho-
logical variation [49]. It is possible that low competition at the
onset of the radiation contributed to the ecological release of
Eleutherodactylus in the Caribbean.

In conclusion, our results using both a lineage-specific
and a community-wide approach highlight the remarkable
ability of Caribbean Eleutherodactylus to exploit available
ecological opportunity, as other anurans colonized the archi-
pelago at comparable times and thus probably had access
to comparable diversifying opportunity. The remarkable
differences in estimated carrying capacity between Eleuthero-
dactylus and the rest of the Caribbean anurans suggest that
the limits to diversity are not only determined by the avail-
ability of ecological opportunity, but also by the intrinsic
capacity of species to exploit it. This is supported by the

1. Niirk N et al. 2020 Diversification in evolutionary

taxa. J. Hered. 111, 1-20. (doi:10.1093/jhered/

fact that Eleutherodactylus is the only anuran lineage in the
Caribbean which has been found to invade a large number
of different micro-habitats [23]. Finally, this work also
shows the relevance of the Caribbean region for studying
macroevolutionary processes, given the fact that parallel
evolutionary radiations have occurred more than once (e.g.
[50]), which points to potentially fruitful avenues to further
explore the geologic and biogeographic attributes of the
Antilles that contribute to heterogeneous patterns of spatial
and phylogenetic biodiversity. Our work thus highlights
how the historical biogeographic scenario interacts with a
lineage’s evolutionary lability to spur the emergence of
heterogeneity in richness across space and throughout the
branches of the tree of life.
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