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Abstract

Replicate radiations, the repeated multiplication of species associated with ecological divergence,
have attracted much attention and generated as much debate. Due to the few well-studied cases, it
remains unclear whether replicate radiations are an exceptional result of evolution or a relatively
common example of the power of adaptation by natural selection. We examined the case of
Eleutherodactylus frogs, which radiated in the Caribbean islands resulting in more than 160 species
that occupy very diverse habitats. A time-calibrated phylogeny revealed that these frogs indepen-
dently diversified on all larger islands producing species that occupy a broad range of microhabi-
tats in different islands. Using phylogenetic comparative methods, we found an association
between morphological traits and particular microhabitats, and for most microhabitats detected
significant morphological convergence. Our results indicate Caribbean Eleutherodactylus are a
novel example of replicate radiations, and highlight the predictability of evolutionary processes, as
similar ecological opportunities can lead to similar outcomes.
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INTRODUCTION

One of the main aims in evolutionary biology is to identify
the mechanisms responsible for the spectacular diversity of life
on Earth. Because speciation is the end result of divergence
between evolutionarily distinct lineages, much research effort
has focused on the mechanisms generating isolation, be they
natural barriers, adaptation to ecologically distinct niches or
sexual selection (Coyne & Orr 2004). Ecological divergence is
thought to play a key role in speciation. Adaptive radiation is
a particular case of speciation by ecological divergence, in
which lineages exhibit exceptional adaptive diversification to
exploit distinct ecological niches (Schluter 2000; Gavrilets &
Losos 2009). As such, adaptive radiation is a primary repre-
sentation of Darwin’s ‘principle of divergence’ (Glor 2010)
and has long captured the interest of evolutionary biologists.
Indeed, it is considered by some of foremost importance and
potentially responsible for most of the ecological and pheno-
typic diversity of life (Gavrilets & Losos 2009). Nonetheless,
the importance of adaptive radiation in explaining current
diversity has long been debated, and given there are but a few
well-studied cases, it is still unclear how far these can be gen-
eralised (Schluter 2000; Futuyma 2003).
Some of the most iconic examples of adaptive radiation are

the so called replicate radiations, such as Greater Antillean
anoles (Losos 2009), postglacial lakes fishes (Snorrason &
Sk�ulason 2004) and African rift-lake cichlids (Salzburger
2009). These rare examples of adaptive radiation have
attracted much interest because of their replicated nature,
with convergence in species that have independently invaded
similar niches resulting in similar phenotypes. Replicate radia-
tions offer what is arguably the strongest evidence that

Darwinian natural selection acting on organisms exposed to
similar selection pressures can sometimes overwhelm historical
and ecological contingencies (Losos 2009; Glor 2010).
Nonetheless, as elegantly pointed out by Futuyma (2003): ‘the
cases of parallel radiation are as exquisitely appealing as great
works of art, but whether or not they are equally exceptional
remains to be seen’. The exceptionality of these radiations
calls into question the role they may play in explaining diver-
sity patterns worldwide. Therefore, comparisons across differ-
ent taxa are much needed to determine whether similar
ecological opportunities, within a given geographical setting,
can lead to equivalent outcomes.
We focus our study on frogs of the genus Eleutherodactylus,

which currently includes 199 species (Frost 2018) distributed
from southern North America (south of the United States and
Mexico) to northern Central America (Belize and Guatemala),
although the vast majority of the diversity (84% of all species)
is found in the Caribbean (the Antilles biogeographic region).
The extraordinary species richness of the Caribbean Eleuthero-
dactylus was suggested in previous works to be the result of
an adaptive radiation (Hedges 1989a,b; Hass & Hedges 1991;
Hedges et al. 2008; Ricklefs & Bermingham 2008), although
this has never been formally tested (but see Kaiser 2002 for
Lesser Antillean Eleutherodactylus), which is surprising given
the large body of work dedicated to the Caribbean Anolis
lizard radiation (e.g. Williams 1983; Pinto et al. 2008; Losos
2009; Mahler et al. 2010, 2013). Eleutherodactylus frogs are an
excellent study system to test whether the multiplication of
species was the result of an adaptive process to different
niches with accompanying convergent evolution across the dif-
ferent islands. The adaptive radiation of the Caribbean Anolis
unfolded in the same geographic region and we may ask
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whether the ecological and paleogeographical setting of the
Caribbean has set the stage for replicate radiations in distinct
lineages.
To test whether the diversification of the Caribbean

Eleutherodactylus resulted from replicate radiations, we con-
structed the most complete time-calibrated phylogeny for the
genus. We then performed a historical biogeography analysis
to describe the sequence of island colonisation and in-situ
radiations. We collected ecological information from the liter-
ature and our own field experience for all species to determine
their microhabitat use. To describe a species’ morphology, we
used 26 linear measurements and then tested for associations
between particular morphological traits and microhabitats.
Finally, we tested for morphological convergence for each
microhabitat between the different islands and quantified its
strength using recently developed phylogenetic comparative
analyses.

MATERIAL AND METHODS

Genetic and morphological data

We collected nuclear and mitochondrial sequences from pub-
lished data sets (e.g. Hedges et al. 2008; Padial et al. 2014) for
the Eleutherodactylidae family. Our molecular data set com-
prised four mitochondrial genes and three nuclear genes
belonging to 151 Caribbean Eleutherodactylus taxa (three of
them corresponding to species awaiting formal description),
four continental Eleutherodactylus and eight taxa of the three
other genera included in the same family (Adelophryne, Dias-
porus and Phyzelaphryne). We also included 19 Brachycephali-
dae species and two hylids (Agalychnis callidryas [Cope, 1862]
and Litoria caerulea [White, 1790]) as outgroups. A complete
list of genes used per species with their GenBank accession
numbers is available in Table S1.
We examined 1876 adult specimens from 162 species of Car-

ibbean Eleutherodactylus belonging to 19 zoological collec-
tions from four different countries (see Appendix S1 for
complete list). Sex was determined by the presence of sec-
ondary sexual characters (vocal sac and slits) and/or direct
examination of gonads by making a small posterolateral inci-
sion. When available, at least six adult males and six adult
females from each species were measured.
To characterse the body shape and size of the specimens,

we recorded 26 linear measurements for each individual, some
of which were combined to create comprehensive variables
(Fig. S1) resulting in 10 morphological traits: snout-vent
length (SVL, from the tip of the snout to the cloaca), head
width (HW, at the widest point of the head), tympanum
length (TyL, maximum diameter), forearm length (FaL, from
elbow to the proximal edge of thenar tubercle), hand length
(HaL, from the proximal edge of thenar tubercle to the proxi-
mal edge of the first subarticular tubercle on the third finger),
total finger length (TF, sum of all the finger lengths), total fin-
ger pad (TFP, sum of all the finger pad widths), total limb
length (TLL, sum of thigh, tibia and foot length), total toe
length (TT, sum of all the toe lengths) and total toe pad
(TTP, sum of all the toe pad widths). These morphological
variables were chosen based on their putatively adaptive

potential, since they have been associated with important bio-
logical functions as jumping, swimming, climbing, burrowing,
clinging or foraging (Emerson 1976, 1978, 1985, 1991; Emer-
son & Diehl 1980; Lutz & Rome 1994; Nauwelaerts et al.
2005; Manzano et al. 2008), and thus could contribute to
adaptation to specific microhabitats. All measurements were
taken by ADC to ensure consistency using a Mitutoyo digital
caliper to the nearest 0.01 mm.

Phylogenetic and biogeographical reconstructions

Sequences were aligned using MAFFT (Katoh & Standley
2013). We then removed poorly aligned positions in our
matrices using the Gblocks (v0.91b) (Talavera & Castresana
2007) web server, and concatenated them into a super-matrix
using Mesquite (v3.03) (Maddison & Maddison 2015). We
identified a two-partition scheme as best for our data using
PartitionFinder (v1.1.1) (Lanfear et al. 2012): one partition
for mitochondrial genes and the other for the nuclear genes,
and a GTR+I+G model of substitution for both partitions,
allowing for independent estimates of model parameters for
each partition. We generated a time-calibrated phylogenetic
reconstruction from the collected genetic data using BEAST
v.1.8.2 (Drummond et al. 2012). We performed two indepen-
dent runs, each for 30 000 000 generations, sampling every
3000 generations. We calibrated the phylogeny using three cal-
ibration points following Heinicke et al. (2007) (see Figure S2
for details). The convergence of both independent runs was
verified with Tracer v1.5. Both runs were combined with
LogCombiner v1.8 and we obtained a consensus tree from the
combined runs, which was used for all subsequent compara-
tive analyses.
To infer the origin and the pattern of colonisation and

inter-island dispersal, and thus determine whether species rich-
ness on each island was the result of a single or multiple sepa-
rate radiations, we performed a historical biogeography
analysis using the R (R Core Team 2015) package BioGEO-
BEARS (Matzke 2013). The method compares across a num-
ber of models (DIVALIKE, DEC and BAYAREA) of how
biogeography evolves along a phylogeny and estimates ances-
tral geographical ranges, accounting for founder-event specia-
tion (+J), a potentially important process in island clades
(Matzke 2014). We used AIC to assess model fit. We imple-
mented a time-stratified analysis, based on Caribbean geologi-
cal history (Iturralde-Vinent 2006), with four different time
periods starting at 34 Mya. For each period, we defined a dis-
persal rate matrix between regions, which ranged from 0 when
one of the two regions was not emerged, making colonisation
impossible, to 0.75 for contiguous land-connected regions (see
Table S2 for details). Analyses without time-stratification gave
qualitatively similar results (not shown). Due to difficulties in
identifying the origin of some species present on more than
one island, the Lesser Antilles were considered a single entity.
The Virgin Islands were included with Puerto Rico (hereafter,
Puerto Rico Bank) since they formed a single emerged land-
mass during the last glacial maximum. Geological intra-island
histories were not considered since our interest here was to
describe the pattern of island colonisation. Thus, nine regions
were defined: North/Central America, South America, Cuba,
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Bahamas, Jamaica, Hispaniola, Mona, Puerto Rico Bank and
Lesser Antilles (see map in Fig. 1). The maximum range size
for one species was set to two regions, since only a single spe-
cies (Diasporus quidditus [Lynch, 2001]) from the entire family
Eleutherodactylidae currently inhabits two regions.

Microhabitats

We categorised species based on their microhabitat use and
behaviour (when available), as reported in the literature and
our own (AR) fieldwork experience. We included 10 microhabi-
tat categories: bromelicolous, arboreal, semiarboreal, terrestrial,
leaf-litter, petricolous, cave-dwelling, stream-dwelling, fossorial
and riparian (see Box 1 for a description of each microhabitat).
Such categorisation is obviously a rough rendering of the habi-
tat use and behaviour of these frogs and might be inaccurate for
those species that have been poorly studied in the field. Thus,
we also conducted an additional set of analyses using a low-
resolution classification, including only five microhabitats,
which allowed us to account for uncertainty in microhabitat
classification. We combined arboreal and bromelicolous, petri-
colous and cave-dwelling, terrestrial and leaf-litter, and stream-
dwelling and riparian species into the tree-, rock-, ground- and
water-related microhabitats respectively. We also re-assigned
semiarboreal species mainly occurring on herbaceous vegeta-
tion to the ground and those found in bushes or trees to the tree
microhabitat (microhabitat classifications and sources are listed

in Table S3). All microhabitats have been previously used in
published works to classify Caribbean Eleutherodactylus (e.g.
Hedges 1989a,b; D�ıaz & C�adiz 2008).
To estimate the ancestral microhabitat use and determine

whether the observed distribution of microhabitats across the
different islands in Caribbean Eleutherodactylus was the result
of independent colonisation events, we performed a microhab-
itat ancestral state reconstruction with all the species of the
family Eleutherodactylidae included in our phylogeny using
the function rerootingMethod in phytools (Revell 2012) under
a model with symmetric transition rates among ecotypes, as it
was the best-fitting model.

Morphological analyses

Morphological variables were log transformed to approach
normality after restricting the data matrix to the 148 named
Caribbean Eleutherodactylus species represented in the
phylogenetic reconstruction. In addition, to control for the allo-
metric relationship of all measures with body size, we size-cor-
rected species mean values performing phylogenetic linear
regression of each trait on body size (lnSVL) to obtain residual
values (Revell 2009; Mahler et al. 2013). As principal compo-
nent analysis (PCA) might result in undesirable statistical arte-
facts during evolutionary model fitting (Uyeda et al. 2015), we
used body size and size-corrected values of the phenotypic traits
for all subsequent analyses. To estimate the phylogenetic signal
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of the continuous traits used in the analyses, we calculated
Pagel’s k (Pagel 1999), the best-fitting model of trait evolution
for all morphological traits (see Table S4). We estimated the
maximum likelihood value of k and compared the log-
likelihood with that of a model where k was fixed at 0, no phy-
logenetic signal, using a log-likelihood ratio test.
To evaluate whether microhabitats were associated with dif-

ferences in morphological traits, we conducted univariate and
multivariate ANOVAs using the novel RRPP method (Collyer &
Adams 2018), a refined method of residual randomisation
using permutations which shows higher statistical power than
phylogenetic ANOVA in highly aggregated groups across the
phylogeny (Adams & Collyer 2018b). We performed 1000 per-
mutations for each analysis using the R package RRPP (Col-
lyer & Adams 2018). We created a projection of the
phylogeny in morphospace (phylomorphospace) for combina-
tions of body size and other size-corrected traits. Finally, we
also ran a discriminant function analysis (DFA) including all
size-corrected traits and body size (SVL). Estimates of k and
phylomorphospace analyses were done in the package phytools
(Revell 2012) and DFA in the package MASS (Venables &
Ripley 2002) in R.

Convergence analyses

To analyse the convergence, we used a distance-based method
implemented in the R package convevol, based on the idea
that convergence results in two taxa evolving to become more
similar to each other than their ancestors were (Stayton 2015).

The method quantifies the amount of convergence by compar-
ing the current phenotypic distance between two lineages
(Dtip), measured as Euclidean distances, to the maximum dis-
tance between them in the past (Dmax), based on ancestral
state estimates. An index of convergence (C1) is produced
(C1 = 1 – (Dtip/Dmax)), scaled to permit comparisons among
different taxa. The observed degree of convergence was com-
pared to a null model (no convergence), based on 1000 simu-
lations under a Brownian motion model of trait evolution.
We did not use the alternative SURFACE method as it can
suffer from model over-fitting (see Khabbazian et al. 2016;
Adams & Collyer 2018a). Following the method’s guidelines,
clades of species in the same microhabitat were collapsed and

Table 1 Morphological and genetic data collected for Caribbean

Eleutherodactylus for each region

Region

Morphological data
Genetic data

Species Specimens Species

(% from

total)

(range,

mean/species) (% from total)

Hispaniola 64 (96) 695 (1�20, 10.9) 57 (85)

Cuba* 57 (97) 683 (3�26, 12) 52 (88)

Puerto Rico Bank† 19 (100) 223 (1�21, 11.7) 17 (89)

Jamaica 17 (100) 215 (10�18, 12.6) 17 (100)

Lesser Antilles 5 (100) 60 (10�13, 12) 5 (100)

Total 162 (97) 1876 (1�26, 11.6) 148 (89)

*Includes the only Bahamian species (E. rogersi).

†Includes the only species from Mona (E. monensis).

Box 1

Description of microhabitat classifications and ecomorphs for Caribbean Eleutherodactylus. The classification is based on the most
frequent microhabitats where species have been observed and, when available, their behaviour. The ecomorphs are defined based
on the results of the comparative analyses of associations between microhabitats and morphology as well as the convergence analy-
ses.

Microhabitat Description Ecomorph

Arboreal Usually active in vegetation (0–6 m) during the night, with diurnal

retreat sites in vegetation or on the ground

Species are medium in size, have a wide head,

a small tympanum, long fingers, and large pads

Bromelicolous Develop most of their nocturnal activity in the forest canopy diurnally

retreating in bromeliads

Species are medium in size, have a wide head,

a small tympanum, long fingers, and large pads

Cave-dwelling Usually active and with reproductive behaviour (calls, egg deposition, clutch

attendance) and retreat sites inside, and frequently deep into caves.

Species are large, have a large tympanum,

and elongated forearms.

Fossorial Commonly found in underground chambers or burrows used for calling,

breeding and retreat

Species are large, with a large tympanum,

and elongated forearms, and large hands

Leaf-litter Ground species that are found active and with retreat sites in the leaf-litter,

including species frequently found under moss

Species are small to very small in size, with a

large tympanum, short fingers and small pads

Petricolous Commonly found active in rocky outcrops, boulders, or karstic habitats

and with retreat sites in crevices or caves

Species are medium to large, with a large

tympanum, elongated forearms, and long

fingers with large pads

Riparian Commonly found along water bodies with retreat sites in the ground Species are medium to large, have large hands, long

hind limbs, long toes, and reduced pads

Semiarboreal Frequently found active in low vegetation (< 1.5 m) but also on the

ground, retreating diurnally to the ground

Species are small to medium in size, with a

small tympanum, long fingers, and large pads

Stream-dwelling Commonly found in mountain streams often immersed in water Species are medium to large in size, with

large hands, large pads, and long toes and fingers

Terrestrial Frequently found active and retreating in the ground Species are small to medium in size, with a

large tympanum, and small pad
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represented by the group average as it makes little sense to
estimate convergence for clades where terminals and ancestors
occupy the same microhabitat. The fossorial microhabitat
appeared only once in the phylogeny so its morphological
convergence could not be tested.
Finally, we applied the Wheatsheaf index (Arbuckle et al.

2014) to evaluate the strength of morphological convergence
for taxa assigned to the same microhabitat. This method pro-
vides a simple index to quantify the strength of convergent
evolution incorporating both phenotypic similarity and shared
ancestry. The Wheatsheaf index estimates the strength of con-
vergence as the ratio of the average pairwise distance between
all taxa, to the average pairwise distance between ‘focal’ spe-
cies (i.e. those in a given microhabitat) accounting for
phylogenetic relatedness (Arbuckle et al. 2014). We calculated
this index for each trait in each microhabitat using the R
package windex (Arbuckle & Minte 2015). To assess the sta-
tistically significance of the results, we performed 1000
bootstrap replicates.

RESULTS

Genetic and morphological data

Our morphologic data set included 162 Caribbean Eleuthero-
dactylus species, representing 97% of the species in the region.
For 148 of them, genetic information was also available. All
biogeographic regions (islands or island groups) were well-
represented in our data set and in all cases 85% or more of
the species identified in each region were included in the anal-
yses (Table 1).

Phylogenetic and biogeographical reconstructions

The BioGeoBEARS analyses suggest that the best-fit model
for ancestral range estimation was DIVALIKE+J (AICc
weight = 0.69) followed by DEC+J (AICc weight = 0.30),
while the remaining models had negligible support (see
Table S5). Both preferred models propose almost identical
ancestral range estimations (see Fig. S3), we therefore present
a consensus biogeographical history (summarised in Fig. 1),
with dates obtained from our time-calibrated phylogeny (see
Fig. S2). Our results suggest that Eleutherodactylus diverged
from their sister genus Diasporus about 25 Mya (95%
CI � 20–30 Mya). Although the Antillean geographical origin
of Eleutherodactylus is uncertain, the most likely ancestral
ranges are Cuba or Hispaniola. The Caribbean Eleuthero-
dactylus diversification began around 22 Mya (95% CI � 18–
26 Mya), when the group split into two major clades, most
likely inhabiting Hispaniola and Cuba. The Western Clade
(subgenera Euhyas and Syrrhophus) presumably originated
and mostly diversified in Cuba, and colonised Hispaniola at
least four times. One of these Hispaniola subclades later
reached the Puerto Rico Bank and Mona. The monophyletic
Jamaican radiation also appears to have derived from this
Cuban clade. Similarly, our results suggest a Cuban origin for
the mainland Eleutherodactylus included in this study (see
Fig. 1), although this result must be taken with caution as few
mainland species were included. However, we expect that the

addition of more mainland species would not alter this result,
since these species have a common origin, based on taxonomic
criteria. Meanwhile, the Eastern Clade (subgenera Eleuthero-
dactylus, Pelorius and Schwartzius) presumably originated and
mostly diversified in Hispaniola, dispersed twice to Cuba and
the Puerto Rico Bank, and also colonised the Lesser Antilles.
The estimated dates for the transitions between islands suggest
that they took place when islands were likely no longer inter-
connected, and thus we can assume that the events were more
likely the result of dispersal rather than vicariance. The only
case that could be compatible with vicariance is the separation
of the Western and Eastern clades, as the land connection
between eastern Cuba and northern Hispaniola was inter-
rupted by the expansion of the Windward Passage, during the
Lower Miocene (Iturralde-Vinent 2006).

Microhabitats

The total number of Caribbean Eleutherodactylus belonging
to each microhabitat varied from 37 species for the terrestrial
microhabitat to just five species for the stream-dwelling one
(Table S6, which includes all Caribbean Eleutherodactylus, not
only those represented in the phylogeny). Most microhabitats
can be found on almost all islands or island groups, except
for the fossorial one, which only occurs in a single clade in
Hispaniola. The proportion of species in each microhabitat is
variable across regions, and the microhabitats are not evenly
distributed along the phylogeny (Fig. 1). For example, the
Eastern Clade included most of the tree-dwelling species
(arboreal, bromelicolous and semiarboreal), and all the fossorial
species. The Western Clade, on the other hand, is less homo-
geneous, including all riparian and most of the ground-dwell-
ing (terrestrial and leaf-litter) and petricolous species.
Accordingly, the common ancestor of the Eastern and the
Western Clades were tree-dwelling and terrestrial species
respectively, as suggested by Hedges (1989a). The different
islands in each clade were most probably colonised by species
of these microhabitats (Fig. S4). Finally, across the different
islands species have independently colonised the diverse
microhabitats, and on the larger islands, often more than once
(Fig S4). The minimum number of evolutionary transitions
(as estimated under maximum parsimony) between microhabi-
tats along the phylogeny is 64, much higher than the number
of transitions among regions (16) estimated by our biogeo-
graphical reconstruction.

Morphological analyses

All of the morphological variables presented significant phylo-
genetic signal (i.e. k > 0). Maximum likelihood estimates of k
ranged from 0.67 to 0.89, except for hand length and total toe
length which showed a weaker phylogenetic signal, although
still significantly different from 0 (k = 0.49, P < 0.001 and
k = 0.39, P = 0.05 respectively) (see Table S7 for the complete
results).
The phylomorphospace and the scores of the first two dis-

criminant functions (Fig. 2, see Fig. S5 for other trait combi-
nations in the phylomorphospace) showed that most species
found in the same microhabitat tended to group together,
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although with notable overlap between microhabitats. The
observation that species using the same microhabitat had
somewhat similar morphology is all the more notable when
taking into account that groups are not composed of close

relatives. In many cases, species with similar morphologies
derive from ancestors that possessed distinct morphologies
and lived on different islands, as can be seen for example for
the stream-dwelling species (Fig. 2, in blue).
The results of the multivariate ANOVA confirmed the exis-

tence of significant morphological differences between species
living in different microhabitats (F9,138 = 4.23, R2 = 0.22,
Effect size (Z) = 4.78, P = 0.001). Furthermore, pairwise com-
parisons showed significant differences in 17 of the 45 pair-
wise microhabitat comparisons. Finally, when contrasting
mean trait values between microhabitats, we found significant
morphological differences in SVL, HW, FaL, HaL, TF, TFP,
TTP and only marginally significant for TyL (see Table S8 for
complete results).

Convergence analyses

The results of the convevol analyses indicate that all microhab-
itats showed evidence of statistically significant morphological
convergence with the exception of the stream-dwelling and
riparian species (Table 2), likely due to the low number of
species in those categories, especially the latter. Species from
the same microhabitat have an average morphological

(b) Discriminant Function Analysis
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(b) Discriminant function analysis plot with 75% confidence ellipses showing partial differentiation in morphology between the frogs using different
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Table 2 Degree of morphological convergence among Caribbean

Eleutherodactylus species inhabiting similar microhabitats

Microhabitat

(High-resolution) C1 P-value

Microhabitat

(Low-resolution) C1 P-value

Stream-dwelling 0.401 0.110 Water 0.423 0.010

Riparian 0.268 0.130

Arboreal 0.400 < 0.001 Tree 0.274 0.022

Bromelicolous 0.396 0.001

Semiarboreal 0.475 < 0.001

Terrestrial 0.406 < 0.001 Ground 0.262 0.010

Leaf-litter 0.390 < 0.001

Cave-dwelling 0.433 0.009 Rock 0.165 0.838

Petricolous 0.413 < 0.001

C1, proportion of the maximum morphological distance between the taxa

belonging to a given microhabitat that has been reduced by convergence.

Significant results (P < 0.05) are shown in bold (see Table S9 for complete

results).

© 2019 John Wiley & Sons Ltd/CNRS

6 �A. Dugo-Cota et al. Letter



distance that is 27 to 48% smaller than that estimated for
their putative ancestors, as a result of convergence. Conver-
gence was highest in semiarboreal (C1 = 47.5%) and lowest
among riparian species (C1 = 26.8%). Results were qualita-
tively similar when condensing microhabitats to five categories
(see Table S9).
The results from the Wheatsheaf index analysis indicate that

the number of traits with significantly strong convergence dif-
fered between microhabitats (Table 3). At one extreme, petri-
colous species showed strong convergence in seven traits (TyL,
FaL, TLL, TF, TFP, TT and TTP) while at the other
extreme, in cave-dwelling, riparian and stream-dwelling species,
only a single trait presented strong convergence (FaL, TFP
and TF respectively). Note the very high convergence for TF
in stream-dwelling species (Table 3).

DISCUSSION

A case of replicate radiations

Several lines of evidence indicate that the extraordinary spe-
cies richness of Caribbean Eleutherodactylus is the result of
replicate radiations accompanied by morphological conver-
gence. Across the Caribbean islands, these radiations were
accompanied by remarkable ecological divergence, as most
include species occupying distinct microhabitats. These ecolog-
ical diversifications have taken place at least once in each of
the Greater Antilles (Cuba, Hispaniola, Jamaica and Puerto
Rico) and the Lesser Antilles. Furthermore, species inhabiting
the same microhabitats have emerged independently on
almost all the islands, with the exception of the fossorial spe-
cies, which are restricted to Hispaniola (Fig. 1). Finally, the
independent invasions of the different microhabitats resulted
in morphological similarities across distantly related species,
as shown by the multivariate ANOVAs (Table S8) and phylo-
morphospaces (Fig. 2a, Fig. S5). Such morphological similari-
ties are likely due to similar selection pressures acting on
particular, putatively adaptive, traits.
The suggestion that morphological similarities are a response

to similar selection pressures is further supported by the
presence of significant morphological convergence across
most microhabitats. Virtually all microhabitats involve signifi-
cant morphological convergence, with the exception of the
species-poor stream-dwelling and riparian ones. Species having

colonised similar microhabitats reduced their morphological
distance by 39–48% compared to that between the putative
ancestors (Table 2). Furthermore, at least one trait (range 1–7)
was found to present strong morphological convergence in all
microhabitats (Table 3). Perfect convergence was not expected,
firstly because we analysed the same putatively adaptive traits
across all microhabitats and, as suggested by our results, it is
highly that combinations of traits might be involved in adapta-
tion to different microhabitats. Secondly, species may present
different morphologies adapted to the same microhabitat
(Ridley 1983; Losos 2011), as observed in labrid fishes (Alfaro
et al. 2004). With respect to Eleutherodactylus, it is worth not-
ing that the geographic distribution of microhabitats is not
homogeneous and this might result in intra-island variation in
the selection pressures. Cuba is a good example of the uneven
distribution of the microhabitats; karstic landscapes (providing
cave and rock microhabitats) are abundant in the West and
Central regions while mountains and streams are concentrated
in the East. Such small scale intra-island processes undoubtedly
deserve further study.

Caribbean Eleutherodactylus ecomorphs

Our results also indicate that species occupying different micro-
habitats may be considered ecomorphs, as suggested by Hedges
(1989a,b) based on a qualitative morphological study. The eco-
morph concept was introduced by Williams (1972, 1983) for
Anolis lizards to describe species with similar behaviour and
morphologies resulting from convergent adaptation to a given
niche. Based on the results of our analyses, we present a
description of the morphological characters which define spe-
cies living in the different microhabitats (Box 1).
We note that, in particular cases, the assignment of species to

microhabitats must be taken with caution. All species were clas-
sified into one of 10 microhabitats (Table S3), which results in
conservative analyses as misclassifications would increase noise
and reduce the likelihood of detecting an association between
morphological traits and microhabitats. Besides possible mis-
classifications due to equivocal or ambiguous ecological and
behavioural data, this classification does not consider potential
species singularities, that is species occupying microhabitats not
captured precisely by our 10 categories (as is often the case in
Anolis, Losos 2009), as such the grass-specialist frogs of the E.
varleyi (Dunn, 1925) complex, the marsh-dwelling E.

Table 3 Microhabitats’ Wheatsheaf indices for each morphological trait

Traits Stream-dwelling Riparian Arboreal Bromelicolous Semiarboreal Terrestrial Leaf-litter Petricolous Cave-dwelling

Snout-vent length 4.012 1.031 1.319 1.920 1.729 0.976 0.840 0.974 1.561

Head width 1.397 0.955 1.233 1.137 1.219 0.635 0.812 1.039∙ 1.127

Tympanum length 0.998 1.075 1.080 1.867 0.973 0.929 0.796 1.301 1.705

Forearm length 6.762∙ 0.977 0.945 1.031 1.364∙ 0.752 0.535 1.268 3.255

Hand length 1.123 0.491 0.826 0.910 1.172 1.015 0.619 0.943 1.760

Total limb length 1.762 1.160 1.085 1.337 1.548 0.569 0.590 1.240 2.034

Total finger length 21.364 1.170 1.095 1.139 1.408∙ 0.663 0.572 1.337 1.638

Total finger pad 2.724 2.159 1.238 1.993 1.158 1.012 1.021 1.374 1.008

Total toe length 3.765 1.176 1.300 1.497 1.739 0.673 0.591 1.235 1.730

Total toe pad 3.923 1.097 0.965 1.616 1.177 0.977 1.040 1.323 1.014

Statistically significant values (P < 0.05) are shown in bold and the results marked with a dot (∙) have a P-value < 0.1
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juanariveroi (Rios-L�opez and Thomas, 2007), the mangrove-
specialist E. caribe (Hedges and Thomas, 1992), the
moss-related E. unicolor (Stejneger, 1904) or the terrestrial bro-
meliad-dweller E. schwartzi (Thomas, 1966). Apart from classi-
fication-related problems, some species present morphological
characteristics that are unique compared to other species in the
same microhabitat, for example the giant terrestrial E. inopta-
tus (Barbour, 1914), the large leaf-litter E. dimidiatus (Cope,
1862) or the cave-dweller E. cooki (Grant, 1932) with large
finger and toe pads. Future studies on the ecology and habitat
use of Eleutherodactylus frogs might result in changes in the
microhabitat classification of some species, particularly for
some lesser-known Hispaniola species.

The role of ecological opportunity

As previously shown in other adaptive radiations (Losos
2010; Stroud & Losos 2016), our results also suggest that eco-
logical opportunity likely played a key role in the Caribbean
Eleutherodactylus radiation, by far the most diverse genus of
anurans in the Caribbean archipelago. Only six genera of anu-
rans besides Eleutherodactylus inhabit the Caribbean, and
none comes even close to the species richness or ecological
diversity found in Eleutherodactylus. For example, Peltophryne
is represented by only 12 species, Osteopilus by eight species,
while the rest of the genera include three or fewer species
(Frost 2018). The available information suggests that Pel-
tophryne possibly colonised Cuba and Hispaniola c. 19.7–
33.1 Mya (Alonso et al. 2012), while Osteopilus colonised
these islands 21.7–31.9 Mya (Duellman et al. 2016). Previous
estimates of divergence times pointed to earlier colonisation
of the Caribbean by Eleutherodactylus (29–47 Mya, Heinicke
et al. 2007) and the difference with our results (22.1–24.7) is
probably due to our increased taxon sampling, including the
key sister lineage Diasporus. Taken together, these estimated
dates place the colonisation of the Caribbean islands by
Osteopilus, Peltophryne and Eleutherodactylus in a similar time
frame (18–33 Mya), and it is hence possible that Eleuthero-
dactylus were not the first anurans to colonise the Caribbean.
Nonetheless, they seem to have been particularly successful in
their ability to colonise very diverse habitats, which was previ-
ously suggested to be associated with high diversity in Ter-
raranans, of which Eleutherodactylus is part (Gonzalez-Voyer
et al. 2011). It is also possible that direct development facili-
tated the invasion of such a striking diversity of microhabitats
by Eleutherodactylus, as this reduces their dependence on
water for reproduction, potentially allowing for greater disper-
sion over land and to exploit a greater diversity of habitats
(Hedges et al. 2008). In sum, Eleutherodactylus’ ecological
opportunity may have come from the colonisation of an
almost empty archipelago in conjunction with the potential
key innovation of direct development.

Eleutherodactylus and Anolis: similar evolutionary histories

Overall, our results highlight the extraordinary similarity in the
evolutionary history of Eleutherodactylus and that of its lizard
counterpart, Anolis (Losos 2009; Mahler et al. 2010; Alf€oldi
et al. 2011). Both diversifications seem to be the outcome of

replicate radiations, which have produced several recognisable
ecomorphs. Furthermore, both patterns of colonisation show
several similarities. Caribbean Eleutherodactylus seem to have
originated from a single colonisation of the Antilles, in contrast
with the two colonisations inferred for Caribbean Anolis, but
while one of them was into the southern Lesser Antilles, it is
exclusively the second that produced the diverse adaptive radia-
tions throughout the rest of the Caribbean. In both cases the
two larger islands of the Caribbean, Hispaniola and Cuba,
appear to have played a key role in the diversification, as pri-
mary locations of the radiation, and as sources for the colonisa-
tion of other Caribbean islands. There were some
cross-colonisations between Cuba and Hispaniola, and also a
back-colonisation of the mainland where both lineages have
also diversified (exemplified by the species-rich Norops clade in
the case of Anolis and most of Eleutherodactylus species belong-
ing to subgenus Syrrhophus). In both Anolis and Eleuthero-
dactylus, Jamaica is the only one of the larger islands which was
colonised only once, and its diversity is the result of an in-situ
diversification following a colonisation event from Cuba. It is
not surprising that Jamaica is the only large island to have been
colonised only once, as paleogeographic evidence suggests it
had no connection to the other islands or to the continent, at
least during the time the Eleutherodactylus radiation took place,
also its relatively recent emergence likely made repeated inva-
sions unlikely (Iturralde-Vinent & McPhee 1999; Iturralde-
Vinent 2006). Other similarities are a colonisation of the Lesser
Antilles, at least two colonisations of Puerto Rico from Hispan-
iola, and dispersal to Bahamas from Cuba.
Given the similarities between the Anolis and Eleuthero-

dactylus radiations in the Caribbean islands, the differences in
the estimated timing of the diversifications are striking. Carib-
bean anole divergence has been recently estimated to have
taken place c. 38 Mya (Rom�an-Palacios et al. 2018), while
our results suggest a more recent diversification time for Car-
ibbean Eleutherodactylus frogs, similar to that suggested by
Losos (2009) for Anoles in view of geological information.
This would confer special significance to the morphological
convergence of Eleutherodactylus since anurans are compara-
tively less labile in body shape conserving their overall body
plan since the early Jurassic (Shubin & Jenkins 1995).
The observation of astonishingly similar evolutionary pat-

terns in two highly different lineages within the same biogeo-
graphical stage, leads one to wonder what sets the Caribbean
islands apart from other insular systems where no such strik-
ing examples of parallel radiations have been reported. The
two parallel evolutionary histories also emphasise the idea
that evolution can be relatively predictable, even at long time-
scales (contra Gould 1989). In sum, our results recall Futuy-
ma’s elegant statement, but suggest that parallel radiations
may not be so exceptional in the right geographic scenario,
although undoubtedly they are ‘great works of art’, and possi-
bly the strongest evidence of Darwinian theory.
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