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a b s t r a c t

The Atlantic Forest (AF) of Brazil has long been recognized as a biodiversity conservation hotspot. Despite
decades of studies the species inventory of this biome continues to increase with the discovery of cryptic
diversity and the description of new species. Different diversification mechanisms have been proposed to
explain the diversity in the region, including models of forest dynamics, barriers to gene flow and disper-
sal. Also, sea level change is thought to have influenced coastal diversification and isolated populations on
continental islands. However, the timing and mode of diversification of insular populations in the AF
region were rarely investigated. Here, we analyze the phylogeography and species diversity of the
small-sized direct-developing frog Ischnocnema parva. These frogs are independent from water bodies
but dependent on forest cover and high humidity, and provide good models to understand forest dynam-
ics and insular diversification. Our analysis was based on DNA sequences for one mitochondrial and four
nuclear genes of 71 samples from 18 localities including two islands, São Sebastião, municipality of
Ilhabela, and Mar Virado, municipality of Ubatuba, both in the state of São Paulo. We use molecular tax-
onomic methods to show that I. parva is composed of six independently evolving lineages, with the nom-
inal I. parva likely endemic to the type locality. The time-calibrated species tree shows that these lineages
have diverged in the Pliocene and Pleistocene, suggesting the persistence of micro-refuges of forest in the
AF. For the two insular populations we used approximate Bayesian computation to test different diver-
sification hypotheses. Our findings support isolation with migration for São Sebastião population, with
�1 Mya divergence time, and isolation without migration for Mar Virado population, with �13 Kya diver-
gence time, suggesting a combination of different processes for diversification on AF islands.

� 2017 Published by Elsevier Inc.
1. Introduction

The Atlantic Forest (AF) of Brazil has long been recognized as a
biodiversity conservation hotspot given the threat its last rem-
nants are experiencing, its high species diversity, and the high
degree of endemism of its fauna and flora (Myers et al., 2000).
Given its relatively simple geography, with a rather linear north-
south extension along a latitudinal gradient, the AF has also served
to develop models of species diversification (Carnaval et al., 2009;
Martins, 2011). Hypotheses of diversification mechanisms for AF
rely mostly on allopatric models. These models invoke the role of
riverine and geomorphological barriers (Wallace, 1852;
Pellegrino et al., 2005; Thomé et al., 2014), or the role of Quater-
nary climatic oscillations on population isolation (Haffer, 1969;
Vanzolini and Williams, 1981; Carnaval and Moritz, 2008;
d’Horta et al., 2011). Models that rely on dispersal suggest pro-
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cesses of faunal exchange between AF and Amazon (Costa, 2003;
Batalha-Filho et al., 2013). These explanations are not mutually
exclusive and might also act in combination, resulting in complex
evolutionary scenarios (Costa, 2003; Grazziotin et al., 2006).

Regardless of which diversification mechanisms are acting on
the AF, they certainly generated high levels of diversity. Consider-
ing the amphibians, the biome harbors approximately 550 species
(Haddad et al., 2013). The AF also seems to hold higher amphibian
within-species genetic diversity in comparison to open areas, a
pattern that is shared with two other tropical regions, Cuba and
Madagascar (Rodríguez et al., 2015). Despite several decades of
intensive studies on the AF, new species are still regularly discov-
ered and named, while other well-established species are recog-
nized as species complexes containing numerous candidate
species that await formal description (Santana et al., 2012;
Gehara et al., 2013, 2014; Condez et al., 2014; Lourenço-de-
Moraes et al., 2014; Tonini et al., 2014; Ribeiro et al., 2015). This
trend agrees with results from many other regions of the world
where a routine application of molecular screening uncovers
unprecedented levels of genetic diversity of amphibians, and inte-
grative and molecular approaches lead to ever increasing rates of
species description (Meegaskumbura et al., 2002; Stuart et al.,
2006; Fouquet et al., 2007a, 2007b; Vieites et al., 2009; Funk
et al., 2012; Rowley et al., 2015).

Because the AF extends along Brazil’s coast, the evolutionary
history of its biota has also been influenced by sea-level changes
that often led to the isolation of populations on continental islands.
Diversification of some mainland lineages of AF amphibians was
likely influenced by marine introgressions (Fitzpatrick et al.,
2009; Bell et al., 2012). It has been suggested that cyclical sea-
level changes influenced diversity and generated high endemism
of freshwater fishes (Thomaz et al., 2015). Also, this process is
thought to have triggered vicariant speciation of endemic island
taxa. One extreme case is the rodent Cavia intermedia, a species
endemic to one island of Moleques do Sul archipelago, in the state
of Santa Catarina. The species has a very small habitat (9.86 ha)
and an estimated population of around 40 individuals (Salvador
and Fernandez, 2008). Other examples are two snakes of the
Bothrops jararaca complex, Bothrops alcatraz and Bothrops insularis,
which are endemic to two different islands of São Paulo State, Alca-
trazes and Queimada Grande, respectively (Grazziotin et al., 2006).
Those two islands were connected to the continent by a land
bridge during the Last Glacial Maximum (LGM) (Fleming et al.,
1998; Suguio et al., 2005), and they also harbor endemic species
of hylid frogs of the Scinax perpusillus group (Brasileiro et al.,
2007a, 2007c). However, in both cases (Scinax and Bothrops),
despite the evident morphological differences found between
mainland and island species, genetic differences are very low
(see Grazziotin et al., 2006; Bell et al., 2012). Conversely, for frogs
of the Thoropa miliaris species complex, mitochondrial genes are
sorted in some continental islands of the coast of São Paulo State,
but there is a lack of clear morphological differentiation
(Fitzpatrick et al., 2009). The studies above indicate the possibility
of isolation of island populations before the LGM, but also after the
LGM, and the process through which they diversified remains
unknown. Are these diversifications on islands consistent with iso-
lation without gene flow after the LGM? Or do they reflect older
isolation, maybe combined with exchanges of migrants among
the continent and the islands during glaciation events?

In this study we focus on the small leaf-litter frog, Ischnocnema
parva, to investigate diversification processes in the coast of AF.
The species, as currently understood, is distributed in the south-
eastern AF, along the Serra do Mar corridor, Serra da Mantiqueira
massifs and surroundings, as well as in continental islands, com-
prehending the states of Rio de Janeiro (RJ), São Paulo (SP), Minas
Gerais (MG), and Espírito Santo (ES). Their independence from
water bodies and their dependence on humid forests make them
good models to understand forest dynamics and insular diversifi-
cation in the AF. Additionally, the presence of cryptic diversity in
the genus Ischnocnema is suggested by recent taxonomic reviews
(Canedo and Haddad, 2012; Brusquetti et al., 2013). The genus
belongs to the direct-developing frogs in the family Brachycephal-
idae (Padial et al., 2014), a Neotropical group known to contain a
large number of morphologically similar anuran species (e.g.
Gehara et al., 2013).

To clarify the diversification of I. parva, we generated DNA
sequences of one mitochondrial and four nuclear genes from sam-
ples across the range of the species, including the type locality and
two continental islands. We then used model-based molecular tax-
onomy to identify independently evolving populations and to elab-
orate hypotheses on the taxonomic status of the species (see Fujita
et al., 2012). We subsequently used approximate Bayesian compu-
tation (ABC) to test three hypotheses of diversification on islands
here defined as: Post-glacial isolation (PostLGM-IS), Pre-glacial iso-
lation (PreLGM-IS), and Pre-glacial isolation with migration
(PreLGM-IM). The PostLGM-IS hypothesis represents diversifica-
tion where insular populations got isolated after the LGM and there
was no gene flow since isolation. The PreLGM-IS hypothesis
assumes an older isolation before the LGM, and the PreLGM-IM
represents the same older diversification, but with gene flow
between mainland and island. Our results contribute to the under-
standing of AF biodiversity by finding new undescribed species and
by bringing new insights on forest stability and insular diversifica-
tion mechanisms along the AF coast.
2. Material and methods

2.1. Data collection

The focal species of this study, Ischnocnema parva, is locally
abundant. It is mostly found on leaf litter in rainforest, feeds on a
variety of small arthropods, and lays 22–40 eggs (Martins et al.,
2010). Calling activity is continuous over the year (Bertoluci and
Rodrigues, 2002) and occurs in the late afternoon and at night
(Heyer et al., 1990). Mean body size is 13 mm in males and
19 mm in females (Martins et al., 2010). We analyzed samples of
71 individuals of this species that were collected during various
field expeditions from 18 localities in São Paulo and Rio de Janeiro
States in Brazil (Fig. S1; see Table S1 for a full list of samples and
the corresponding detailed map). Specimens and tissues are depos-
ited in Célio F. B. Haddad collection (CFBH), Departamento de
Zoologia, I.B., UNESP, Rio Claro, SP, Brazil, or in the herpetological
collection of Museu Nacional – UFRJ (MNRJ).

We extracted total genomic DNA from leg muscle using a stan-
dard salt extraction protocol (Bruford et al., 1992). Sequences of
segments of the mitochondrial gene 16S rRNA (16S) and of the
nuclear genes Histone 3 (H3), proopiomelanocortin (POMC),
recombination activating gene 1 (RAG1) and Tyrosinase (Tyr) were
amplified using PCR (for details see ‘PRC protocol’ in Appendix S1
and Table S2 in Supplementary material) and directly sequenced
on a capillary sequencer (ABI 3130XL). All newly determined
sequences were submitted to GenBank (see Table S1 for accession
numbers).

Sequences were checked and trimmed using CodonCode Aligner
3.7.1 (CodonCode Corporation, Dedham, MA, USA). We assumed
heterozygosity for nuclear sequences when the sequences of the
chromatogram contained strong equal double peaks, typically of
50% the height of neighboring homozygotic peaks. Subsequently,
we aligned sequences using the ClustalW algorithm implemented
in the software MEGA 5.0 (Tamura et al., 2011) and adjusted them
manually. We found indels in the 16S alignment and removed
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them using GBLOCKS 0.91b (Castresana, 2000; Talavera and
Castresana, 2007), available as a web server (http://molevol.
cmima.csic.es/castresana/Gblocks_server.html). We used the
default options and parameter values in GBLOCKS: number of
sequences for a conserved position (36), minimum number of
sequences for a flanking position (60), maximum number of con-
tiguous nonconserved positions (eight), minimum length of a block
(10), and allowed gap positions (none). The nuclear sequences
were phased by the PHASE algorithm (Stephens et al., 2001) using
the program DNAsp 5 (Librado and Rozas, 2009). To estimate the
best substitution model of each gene segment (Table S3) we used
the Bayesian Information Criterion (BIC, Sullivan and Joyce, 2005)
implemented in jModelTest 2.1.4 (Darriba et al., 2012).

2.2. Gene trees and haplotype networks

We estimated gene trees independently for mitochondrial and
nuclear genes using Bayesian inference in BEAST 1.8.0 software
(Drummond et al., 2012). To evaluate whether all the samples
included in the dataset form a monophyletic group representing
Ischnocnema parva, we included I. holti, I. guentheri, I. verrucosa
and I. nanahallux as outgroups in the 16S tree. We used the most
appropriate substitution model for each gene (Table S3) and ran
20,000,000 generations sampled every 2,000 generations, yielding
five gene trees. We visually assessed convergence of the MCMC
runs and effective sample sizes (ESS values � 200) using TRACER
1.5 (Rambaut and Drummond, 2009). We discarded 10% of gener-
ations as burn-in, and the consensus tree for each locus was
inferred with Tree Annotator 1.8. We used these gene trees (with-
out outgroups) to estimate haplotype networks in HAPLOVIEWER
(http://www.cibiv.at/~greg/haploviewer). Individuals were
assigned to populations following BPP results (see Section 2.3).
Additionally, for the lineage SP1 (see Section 3), which contains
insular populations, we generated separate haplotype networks
following the same protocol to inspect the level of haplotype shar-
ing between island and mainland.

2.3. Population assignment and species delimitation

To identify genetic breaks in our dataset we performed two
analyses: (i) a population assignment test using STRUCTURE v2.2
(Pritchard et al., 2000) and (ii) the Bayesian implementation of
the Generalized mixed Yule-coalescent species delimitation
method (bGMYC) (Reid and Carstens, 2012; Fujisawa and
Barraclough, 2013). For the STRUCTURE analysis, in order to take
advantage of the entire information content of the sequence data,
we used as input a genotype matrix of all nuclear loci, which
was generated following Falush et al. (2003). To identify the num-
ber of populations, we ran a series of analyses with different num-
bers of clusters (K; from 1 to 12). We assumed a linkage model
with correlated allele frequencies and ran the analyses for
100,000 generations after a burn-in period of 100,000 generations.
We calculated the number of populations (K) according to Evanno
et al. (2005) using StructureHarvester v0.6.9 (Earl and vonHoldt,
2012). STRUCTURE assigns individuals into populations based on
Hardy-Weinberg equilibrium, an assumption often violated by
the type of data used here. Also, it does not perform well when
sample size is uneven (Puechmaille, 2016). Therefore, we used
the bGMYC species-delimitation method on our 16S data as an
alternative approach to delimit populations. The bGMYC is a
coalescent-based method to delimit species accounting for topo-
logical uncertainty. We selected the bGMYC inputs by randomly
sampling, after a 20% burn-in, 100 trees from the population of
10,000 gene trees estimated in the BEAST analysis (see Section 2.2).
For each tree we ran an MCMC chain of 50,000 steps with 40,000
steps of burn-in and a thinning interval of 100 steps. Populations
were defined using a threshold of 0.5 on probability of member-
ship of individuals, as recommended in the bGMYC manual. As
bGMYC is a single-locus method for species delimitation, it is sen-
sitive to processes that generate gene tree-species tree discordance
(Degnan and Rosenberg, 2009) and may lead to generalized over-
splitting (Miralles and Vences, 2013).

The two methods described above have their own caveats and
neither can be considered optimal for the discovery of new lin-
eages (Carstens et al., 2013). Thus, because both methods showed
largely concordant results (see Fig. 1 and Section 3 for more
details), we combined all the genetic breaks found by both meth-
ods and tested them using the Bayesian Phylogenetics and Phylo-
geography species delimitation method (BPP3) (Yang and
Rannala, 2010). BPP is a multi-locus method that implements a
reversible jump MCMC algorithm under the multispecies coales-
cent model to estimate jointly the number of species and the spe-
cies tree. It has been shown that populations that exchange one or
more migrants per generation are lumped in a single species
(Zhang et al., 2011; Rannala, 2015). Therefore, BPP is a molecular
method that can objectively validate lineages that are evolving
independently and are not exchanging migrants at a high rate.
For this analysis we used only three nuclear genes because, for
individuals from one of the groups (representing the type locality),
we had no data for the POMC fragment. The mitochondrial gene
fragment was not included because preliminary analysis including
this fragment showed poor chain mixing. We ran BPP with four dif-
ferent prior combinations for population size (theta) and diver-
gence time (tau) parameters (Leaché and Fujita, 2010): (i) large
ancestral population sizes and ancient divergence [G(1,10) for both
parameters]; (ii) large population sizes and recent divergences [G
(1,10) for theta; and G(2,2000) for tau]; (iii) small population sizes
and recent divergences [G(2,2000) for both parameters]; and (iv)
small population sizes and deep divergences [G(2,2000) for theta;
and G(1,10) for tau]. We ran all prior combinations at least three
times using both algorithms (0 and 1) and adjusted the fine-
tuning to ensure swapping rates between 0.30 and 0.70. Each run
consisted of a burn-in phase of 100,000 iterations followed by a
sampling phase of 1,000,000 iterations, with a frequency of 100
iterations per sampling.
2.4. Species tree analysis and divergence times

We estimated a dated species tree using the mitochondrial 16S
segment and all nuclear segments of all samples in *BEAST 1.8.0
software (Drummond et al., 2012). We grouped the individuals
into 10 populations maximizing the number of breaks according
to the results of the STRUCTURE and bGMYC analyses. To calibrate
the gene tree we estimated substitution rate for the 16S and RAG1
fragments for terraranas, i.e., frogs of the Brachycephaloidea group.

For each gene we downloaded sequences of several species of
terraranas (Table S4). We calculated the best substitution model
using jModelTest. For both genes we used the GTR+I+G substitu-
tion model, a Yule speciation tree prior, and a lognormal relaxed
clock model. To calibrate the trees we applied uniform priors on
four divergence times following Heinicke et al. (2007) for both
analyses: (i) maximum divergence time of 10 Mya for the Jamaican
radiation of the subgenus Euhyas; (ii) maximum divergence time of
10 Mya for the Hispaniolan South Island radiation of Euhyas; (iii)
minimum divergence time of 15 Mya between Eleutherodactylus
and Pelorius; and (iv) a minimum of 35 Mya and maximum of
70 Mya for the divergence between South American and Australian
hylids. For each analysis we ran the MCMC for 20,000,000 genera-
tions sampling every 2,000 generations. We used the posterior
mean of the ucld.mean parameter as an estimate of substitution
rate after 10% of burn-in.

http://molevol.cmima.csic.es/castresana/Gblocks_server.html
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To run the species tree we fixed the substitution rates of RAG1
and 16S accordingly at 0.0015/site/Mya and 0.006/site/Mya,
respectively. Substitution rates of the other gene segments were
coestimated by the program. We assumed a relaxed clock model
with uncorrelated lognormal distribution for the mitochondrial
segment and a strict clock for the nuclear segments, and a birth–
death tree prior (see Table S3 for details about substitution mod-
els). We ran the MCMC chain for 100,000,000 iterations, sampling
every 10,000 iterations, fromwhich 10% were discarded as burn-in.
To check for convergence of results, we performed four indepen-
dent analyses using different seed numbers. Parameter sampling,
convergence and chain mixing were visually checked using TRA-
CER. The species tree was summarized in Tree Annotator and visu-
alized in FigTree 1.5 (Rambaut, 2014).

2.5. Migration

Populations that were lumped by BPP into a single species are
likely exchanging high levels of migrants among each other, while
migration is probably absent or low between highly supported spe-
cies (see Rannala, 2015). Thus, for the four lineages that were
joined into a single species in São Paulo coast (SP1), we ran
MIGRATE-N 3.6 (Beerli, 2006) to test if the migration rates are in
agreement with the expectations of non-independently evolving
populations. Two of these lineages are found only on the mainland
of São Paulo State (SP1b and SP1d; see Figs. 2 and 3, and Section 3
for more details); one lineage occurs at the São Sebastião island
(SP1c; Fig. 2); and one lineage occurs in the mainland and in Mar
Virado island (SP1a; Fig. 2). We considered the four lineages plus
the population of Mar Virado island as an additional population
in MIGRATE-N analyses, making five populations altogether.
MIGRATE-N implements an island model to estimate population
sizes and migration rates. A full-migration model with five popula-
tions has a large amount of parameters (five Ne parameters and 20
migration parameters), which are difficult to estimate with the
data at hand. Therefore, we implemented a five-populations island
model with two parameters only, one population size and one
migration rate. In this case, the estimated population size repre-
sents the average size among all populations. Similarly, the migra-
tion rate represents the average migration among all populations.
We ran the Bayesian version of MIGRATE-N using the default uni-
form prior for population size and specified uniform prior on
migration rates (0–10,000). We set up a fixed mutation rate for
each gene according to the mean of the posterior estimate of the
clock rates estimated by *BEAST (Table S5). We set up an MCMC
with 1,000,000 iterations (10,000 samples; 100 thinning), and dis-
carded the first 100,000 steps as burn-in.

2.6. Mode and time of diversification on continental islands

To test the mode and time of diversification between islands
and mainland we used approximate Bayesian computation (ABC).
The ABC method uses simulations to infer model probabilities
and the respective parameters without likelihood. We performed
coalescent simulations of two-population divergence models that
represent three hypotheses: (a) PreLGM-IS, where populations
got isolated before the LGM, from 20 to 2,500 Kyr, without gene
flow; (b) PreLGM-IM, where populations got isolated in the same
time but with the presence of gene flow along the process; and
(c) PostLGM-IS, where populations on island got isolated recently
without gene flow, from 5 to 20 Kyr (see Fig. 3 and Section 3 for
more details). These hypotheses were tested for two sets of data:
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(i) the divergence between all individuals of population SP1c (São
Sebastião island) and SP1d (mainland) (Figs. 2a–c and 3); and (ii)
the divergence between the two localities where population SP1a
occurs, Mar Virado island and Picinguaba, both in the municipality
of Ubatuba, state of São Paulo (Figs. 2a–c and 3). We used the beta
version of PipeMaster 0.0.7 R-package (Gehara et al., unpublished)
(R Core Team, 2016) available in Github (http://github.com/ge-
hara/PipeMaster) to sample parameters from uniform prior distri-
butions, to simulate data and to calculate summary statistics.
PipeMaster simulates data using ms coalescent simulator
(Hudson, 2002), which is implemented as a function in Phyclust
0.1–16 R-package (Chen, 2011), and pass ms outputs to PopGen-
ome 2.1.6 R-package (Pfeifer et al., 2014) for summary statistics
calculation. For each parameter we assumed fairly wide uniform
priors that encompassed the estimated Ne and migration from
the MIGRATE-N results (see Table S6 for details). For each simula-
tion we sampled a single value for population parameters and
specific mutation rates for each gene. We used the mutation rates,
inheritance factors of each gene and number of base pairs to
rescale the population parameters to coalescent values according
to themsmanual. For each gene we calculated a group of summary
statistics: (i) number of segregating sites per population and over-
all; (ii) nucleotide diversity per population and overall; (iii) haplo-
type diversity per population and overall; (iv) haplotype-based
fixation index, Fst; and (v) the distance-based fixation index
(PHIst). The values were averaged across all genes, and we used
the same approach to calculate the statistics on our observed data.
We performed 1,000,000 simulations per model and evaluated the
model-fit using a principal component analysis (PCA) on 10,000
simulations and the observed data (Fig. S5). We performed the
ABC rejection and regression algorithms to evaluate the probability
of each model and to estimate model parameters using the abc 2.1
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R-package (Csilléry et al., 2012). We used the same package to per-
form a leave-one-out cross-validation to calculate the misclassifi-
cation proportions (Fig. S6). To infer the probability of each
model we used the Neural Network machine-learning algorithm
on the �300 closest simulations (0.0001 tolerance level) obtained
using the rejection algorithm, both implemented in the abc R-
package. As Neural Network settings we used 20 neural nets and
10 layers with maximum 2,000 iterations and no correction for
heteroscedasticity. The same settings were used to estimate the
parameters of the model with the highest probability.

3. Results

The final alignment for the mitochondrial gene (16S) preserved
�82% (371 bp) of its original size after gap exclusion by GBLOCKS.
The 16S gene tree recovers all samples a priori assigned to Ischnoc-
nema parva as a monophyletic group with 0.98 posterior probabil-
ity (Fig. S2). Alignments of the nuclear gene segments included
372 bp of H3 (26 variable sites), 415 bp of POMC (89 variable sites),
548 bp of RAG1 (85 variable sites), and 548 bp of Tyr (114 variable
sites).

3.1. Population assignment, species delimitation and overall migration

The population assignment test of STRUCTURE identified an
optimal value of two clusters with additional suboptimal peaks
on four and seven clusters (Fig. 1a and Fig. S3; see also Table S1).
The bGMYC analysis identified nine mitochondrial clusters
(Fig. 1a and Fig. S4; see also Table S1). The two analyses revealed
largely congruent breaks (Fig. 1a), with STRUCTURE showing one
additional break between the mainland and São Sebastião island
not identified by the bGMYC (SP1c and SP1d; Figs. 1a and 2a–c).
In turn, the bGMYC revealed two coexisting lineages in the locality
of Petrópolis, state of Rio de Janeiro (RJ3a and RJ3b;
Figs. 1a and 2a, b, and d); grouped individuals from the type local-
ity in an additional cluster (Figs. 1a and 2a, b, and d); and revealed
two coexisting lineages in the coast of São Paulo state (SP1a and
SP1b; Figs. 1a and 2a–c).

All of the four prior combinations used in BPP grouped the two
lineages RJ3a and RJ3b in a single species with a probability of 1.0
(Fig. 1a). The runs using the combination of small population size
and recent divergence [G(2,2000)] grouped the lineages SP1a,
SP1b, SP1c, and SP1d into a single species with probability > 0.96
(Fig. 1a). Therefore, BPP analyses recognized six lineages with high
posterior probability (see Fig. 1a). For those grouped lineages from
São Paulo State, the MIGRATE-N estimate of overall migration rate
was in agreement with a high exchange of migrant allele copies per
generation (2Nm = 1.9; CI = 1–4.7), which justifies grouping them
in a single species.
3.2. Species tree and divergence times

*BEAST and BPP recovered the same species tree topology
(Fig. 2a). In accordance with the BPP results, *BEAST estimated
low probabilities for the internal nodes splitting SP1a, b, c and d.
The resulting tree from *BEAST shows an early ancient divergence



Table 2
ABC parameter estimates using the Neural Network regression for divergence
between Picinguaba and Mar Virado island under the PostLGM-IS model (Fig. 3b).
Ne1: effective population size of the mainland population (Picinguaba); Ne2: effective
population size of Mar Virado island population; T2: divergence time between Mar
Virado and mainland.

Ne1 Ne2 T2

Min. 284,174 260,999 3,772
Weighted 2.5% Perc. 408,758 393,897 9,427
Weighted median 615,849 600,764 13,537

74 M. Gehara et al. /Molecular Phylogenetics and Evolution 112 (2017) 68–78
between species from São Paulo and Rio de Janeiro states around
4.1 Mya. While posterior probabilities for the São Paulo group are
high (p = 1.0), the node support for the Rio de Janeiro group is rel-
atively low (p = 0.71). Early diversification within the Rio de
Janeiro group predates the Pleistocene and is estimated at around
3.2 Mya and 2.7 Mya. Conversely, the São Paulo group started to
diversify much later, during the Pleistocene around 1.3 Mya
(Fig. 2a), at approximately the same time as the later diversifica-
tions of Rio de Janeiro group (�1.5 Mya).
Weighted mean 621,902 610,771 13,418
Weighted mode 611,417 599,485 13,402
Weighted 97.5% Perc. 862,169 787,936 16,221
Max. 951,453 1,157,962 23,346
3.3. Haplotype networks

Haplotype networks showed a high genetic variation in nuclear
gene haplotypes of I. parva (Fig. 1b), but only a few of these haplo-
types were shared among individuals of different lineages. We
observed 12 distinct haplotypes for H3, of which four showed
instances of haplotype sharing, 31 haplotypes for POMC (2 shared),
47 haplotypes for RAG1 (1 shared), and 76 haplotypes for Tyr (1
shared). Haplotype sharing among lineages from states of São
Paulo versus Rio de Janeiro was observed only for H3 and POMC.

In general, all samples from one locality belonged to only one
lineage. However, in one instance we observed sympatry of two
lineages. Of six samples from the location Caraguatatuba-SP, one
was assigned to SP2 (CFBH-T3829) and five to SP1 (CFBH-T3816,
T3817, T3819 T3822, T3823), without any indication of admixture
(no haplotype sharing for H3, POMC, and RAG1, one haplotype
shared for Tyr).

Haplotype networks for lineage SP1 showed several instances of
haplotype sharing between mainland and continent. The networks
also showed a high amount of incomplete lineage sorting, indicat-
ing the presence of gene flow and/or recent divergence relative to
population size (Fig. 3a).
3.4. Mode and time of diversification on continental islands

The ABC diversification models showed a good fit to the data as
seen by the PCA (Fig. S5). The models are well differentiated and
correctly classified for most cases, particularly when using the
Neural Network regression (Fig. S6). For São Sebastião island, the
model with the highest probability is the PreLGM-IM (PP = 0.91),
which assumes ongoing migration throughout the diversification
process (Fig. 3c). For Mar Virado island we found that the model
with the highest probability is the PostLGM-IS (PP = 0.95), which
assumes a later divergence without migration after isolation
(Fig. 3b). The mode of the posterior densities for effective popula-
tion size for SP1d (mainland) was�290,000 while for São Sebastião
island it was�789,000 (Table 1). Divergence time was estimated at
�1,000,000 years, and migration was somewhat asymmetric, with
more gene flow towards the island (2Nm = 1.6) versus the conti-
nent (2Nm = 0.9) (Table 1). Effective population-size estimates
for Mar Virado island and Picinguaba (both from lineage SP1a)
were similar, �600,000 and �611,000, respectively. Divergence
time estimate was at �13,400 years (Table 2).
Table 1
ABC parameter estimates using the Neural Network regression for divergence between ma
population size of the mainland population; Ne2: effective population size of São Sebastião
number of migrant gene copies moving into São Sebastião population per generation; 2Nm

Ne1 Ne2

Min. �2,610 193,627
Weighted 2.5% Perc. 123,070 409,380
Weighted median 294,188 700,350
Weighted mean 316,931 694,090
Weighted mode 289,249 788,944
Weighted 97.5% Perc. 681,480 986,655
Max. 954,357 1,087,831
4. Discussion

4.1. Diversification of Ischnocnema parva complex in the southern
Atlantic forest

We found six independently evolving populations in a small
area of southern AF. This suggests low or no long-term gene flow,
even between proximate localities, a pattern also encountered in
other amphibian species with similar biology (Fouquet et al.,
2012; Gehara et al., 2013; Tonini et al., 2013; Firkowski et al.,
2016). Frogs of the I. parva complex are forest-dwellers and depend
on moist leaf-litter for reproduction (Martins et al., 2010). It is very
unlikely that they could survive long periods of drought. Also, eco-
logical studies report higher estimates of population density of I.
parva for higher altitudes, which suggests that these species are
better adapted to colder humid climates (Rocha et al., 2001,
2007; Siqueira et al., 2009; Martins et al., 2010). Therefore, species
of the I. parva complex can be considered good indicators of
humidity and forest stability. The Pliocene and Pleistocene diver-
gences among highland lineages may indicate an influence of cli-
matic cycles and a role of mountains in diversification
mechanisms. During the Pliocene the temperature was 2–3 �C
higher than today (Robinson et al., 2008), and some studies indi-
cate that the climate of Brazil’s southeast was drier (Simpson,
1979; Vasconcelos et al., 1992). With the transition to the Pleis-
tocene, climate started to oscillate with periods of wet climate
intercalating periods of drier climate. It has been suggested that
montane tropical forests were less affected by aridification and
could remain more stable during climatic shifts (Haffer, 1969;
Wilmé et al., 2006). Thus, temperature warming and/or forest frag-
mentation in the lowland could have caused extinctions in the
lowlands and vertical displacement of populations to the high-
lands, promoting diversification in isolated mountain refugia
(Smith et al., 2007; Wollenberg et al., 2008; Wiens et al., 2010;
d’Horta et al., 2011; Velo-Antón et al., 2013).

The persistence of ancient diversified lineages of I. parva in SP,
and particularly in RJ, supports the existence of stable refuges that
could sustain viable populations of I. parva in the southern portion
of the AF, at least in the highlands. Hence, mountains may have
played an important role in the diversification of cold-adapted
inland and São Sebastião island under the PreLGM-IM model (Fig. 3c). Ne1: effective
island population; T1: divergence time between São Sebastião and mainland; 2Nm2:
1: number of migrant gene copies moving into mainland population per generation.

T1 2Nm1 2Nm2

�52,729 �0.28 �0.91
464,046 0.21 0.56
1,326,353 1.11 2.01
1,378,790 1.25 2.12
1,022,691 0.91 1.60
2,376,150 3.36 4.01
2,883,480 4.33 5.31
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populations in southern AF by allowing vertical displacement
throughout temperature cycles (Carnaval et al., 2014). The phylo-
geographical patterns found in other frogs with similar distribu-
tions, particularly other direct-developing frogs, corroborate this
hypothesis (Clemente-Carvalho et al., 2011; Amaro et al., 2012;
Gehara et al., 2013; Menezes et al., 2016).

4.2. Insular diversification in the AF

We found that populations of I. parva on continental islands of
the AF have originated before and after the LGM. In São Sebastião
island, the insular population has a pre-LGM divergence history
with the mainland (�1 Mya), while in Mar Virado island the diver-
gence happened after the LGM (�13 kyr). Thus, our results indicate
the existence of relatively old divergence histories of frog popula-
tions on continental islands with gene flow with the mainland, but
also instances of recent insular colonization during the LGM. The
LGM was the last time most continental islands were connected
to the mainland. They became again completely isolated during
the Holocene when the relative sea level rose from about �60 m
to current levels (Fleming et al., 1998; Suguio et al., 2005). The esti-
mated divergence time between mainland and Mar Virado popula-
tions falls close to the beginning of the Holocene (�13,402 years
before present; CI: 9,427–16,221; Table 2), being remarkably con-
cordant with the sea-level rise. Insular colonization during the
LGM might have happened in other species and other continental
islands of the Brazilian coast. For instance, tree frogs from Mar Vir-
ado island of the species Scinax perpusillus also present low genetic
and morphological differentiation, consistent with colonization
during the LGM and Holocenic isolation (Bell et al., 2012).

Differently, in the case of São Sebastião island, the best model
suggests pre-LGM divergence with gene flow between continental
island and mainland. This is in agreement with a dynamic process
of isolation and reconnection of continental islands during climatic
cycles of the Pleistocene. In this scenario, populations got isolated
during interglacial times but gene flow happened during glacial
periods. Therefore, although the colonization of São Sebastião
island is relatively ancient, �1 Mya, migration prevented the com-
plete speciation of populations (Table 1). The pattern found in frogs
of the Thoropa miliaris species complex from São Sebastião island is
also consistent with the same process. This species shows sorted
mitochondrial genes and relatively deep divergence between
mainland and insular populations of São Sebastião island
(Fitzpatrick et al., 2009).

According to island biogeography, island size and distance from
the mainland influence species richness and abundance
(MacArthur and Wilson, 1967; Brown, 1978; Heaney, 2007). Small
distant islands will have high extinction rates and lower coloniza-
tion rates. Both islands analyzed here have approximately the
same distance from mainland (no more than 3 km) and ocean
depth is also similar (Suguio et al., 2005), but Mar Virado island
is much smaller than São Sebastião island (�1 versus �350 km2).
Thus, it is less probable for individuals to reach Mar Virado island
than São Sebastião island during glaciations, simply because of
size. Also, newly colonized populations have a higher probability
of extinction on small islands such as Mar Virado than on larger
islands such as São Sebastião. Thus, the recent colonization of
Mar Virado does not necessarily indicate that the island was only
recently populated, but might also mean that ancient populations
or ancient alleles went extinct along the Pleistocene. In São Sebas-
tião island, populations might have persisted just because the
extinction rate is lower. Because of the combined effects of lower
dispersal probability and higher extinction probability of small
islands, we might expect a higher proportion of recent colonization
events in small islands and a higher proportion of ancient coloniza-
tions on larger islands of AF.
Although we have not performed an extensive morphological
analysis, preliminary data suggest no clear morphological differ-
ence between insular and mainland populations. The same lack
of morphological differentiation is found in frogs of the Scinax per-
pusillus group from Mar Virado island, as well as for populations of
Thoropa miliaris from São Sebastião island. However, there are
cases of morphologically differentiated endemic species in other
continental islands, e.g. frogs of the genus Cycloramphus
(Brasileiro et al., 2007b) and Scinax (Brasileiro et al., 2007a,
2007c). Besides morphological differentiation, there are cases of
endemic insular species that show evidence of adaptations. For
instance, the viper Bothrops insularis from Queimada Grande island
has arboreal behavior and feeds on migratory birds, while its clos-
est relative on the mainland, B. jararaca, is terrestrial and feeds pri-
marily on small mammals. Likewise, B. alcatraz from Alcatrazes
island is pedomorphic and feeds on ectothermic prey. In Moleques
do Sul islands in the coast of Santa Catarina state, in Brazil, an
endemic species of rodent (Cavia intermedia) shows a series of eco-
logical adaptations typical for insular populations (Salvador and
Fernandez, 2008). Those species complexes that show insular
endemism and adaptations are interesting models to understand
selection and morphological differentiation. With the advance of
molecular technologies we can now use thousands of loci not only
to investigate the mode and timing of diversification, but also to
investigate adaptation in continental islands.

There are several continental islands with different sizes in the
coast of Brazil; many of those islands are poorly known in terms of
diversity. A more detailed survey on the AF coast may reveal addi-
tional endemic species with insular adaptations. Known examples
like those of Queimada Grande, Alcatrazes and Moleques do Sul,
represent unique genetic entities with high conservation priorities,
and they are natural evolutionary experiments with high value for
scientific studies of ecology and evolutionary biology.

4.3. Taxonomic and conservation implications

Understanding the true diversity of species and assessing their
distributions constitute two of the major challenges in efficient
conservation of tropical amphibian diversity, given the immense
proportion of cryptic diversity uncovered by recent studies (e.g.
Meegaskumbura et al., 2002; Stuart et al., 2006; Fouquet et al.,
2007a, 2007b; Vieites et al., 2009; Funk et al., 2012; Rowley
et al., 2015). Here we have used multilocus sequence data and
molecular species delimitation to demonstrate that Ischnocnema
parva comprises six species. We hypothesize that there are five
new species among populations currently assigned to Ischnocnema
parva, the nominal I. parva being the lineage found at the type
locality. The species was described from ‘‘Rio de Janeiro” by
Girard (1853), and it is uncertain in which collection the types have
been deposited (Frost, 2016). The BPP results and the almost com-
plete lack of haplotype sharing in nuclear genes suggest very lim-
ited or no gene flow among these lineages (Fig. 1). We consider
that the lineages thereby defined constitute independently evolv-
ing units and thus qualify as separate species deserving a formal
taxonomic description (de Queiroz, 2007; Padial et al., 2010;
Weisrock et al., 2010).

A preliminary morphological screening of 17 voucher speci-
mens from the CFBH collection, representing all of these candidate
species, revealed a large amount of variation in color and partly in
size, but no diagnostic characters. All specimens were apparently
adults and agreed in morphology with the known characters of I.
parva (e.g. distinct pointed toe discs with circumferential grooves;
Heyer et al., 1990). Specifically, none of them had a calcar tubercle
diagnostic for the recently described I. nanahallux (Brusquetti et al.,
2013). This morphological feature and the genetic data exclude the
possibility of confusion with this species, which probably repre-
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sents the sister taxon of the I. parva complex (Brusquetti et al.,
2013; Padial et al., 2014).

Our data serve to outline priorities for a future taxonomic revi-
sion of the I. parva complex. According to our data, there is a strong
concordance between mitochondrial and nuclear genetic differen-
tiation in this species complex, suggesting that a preliminary
screening for a simple mtDNA marker will be sufficient to assign
specimens to lineages and to improve our knowledge on their geo-
graphic distributions. Sampling should focus especially on south-
ern Rio de Janeiro State to fill gaps between RJ and SP lineages,
and on northern Rio de Janeiro State and adjacent Minas Gerais
State, where I. parva is known to occur but has so far not been sam-
pled for molecular analysis. Given that it is unlikely to find unam-
biguous morphological characters to diagnose the various species
in the complex, a priority should be obtaining recordings of adver-
tisement calls from genotyped specimens in order to understand
possible premating isolating barriers between them. Of particular
interest are areas of sympatry or syntopy of various lineages,
because evidence for syntopic occurrence without admixture
would conform to the biological species criterion and thus conclu-
sively demonstrate species status.

The results presented herein also bear relevance on the conser-
vation status of Ischnocnema parva. At present, the species is con-
sidered Non Threatened in the IUCN Red List (Van Sluys and Da
Rocha, 2010), although local declines have been noted (Eterovick
et al., 2005). According to current information, several of the spe-
cies identified herein are relatively widespread (e.g. SP1 and
SP2), although their range is distinctly smaller than that of I. parva
as defined by current taxonomy. Several other species might be
true microendemic, and their threat status need to be carefully
revisited. We expect that some of them might qualify for one of
the threatened categories of IUCN.
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