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ARTICLE INFO ABSTRACT

Keywords: The Brazilian Atlantic coastal forest is one of the most heterogeneous morphoclimatic domains on earth and is
Anurans thus an excellent region in which to examine the role that habitat heterogeneity plays in shaping diversification
Cycloramphidae of lineages and species. Here we present a molecular phylogeny of the rock frogs of the genus Thoropa Cope,

Genetic diversity
Molecular markers
Thoropa

1865, native to the Atlantic forest and extending to adjacent campo rupestre of Brazil. The goal of this study is to
reconstruct the evolutionary history of the genus using multilocus molecular phylogenetic analyses. Our to-
pology reveals 12 highly supported lineages among the four nominal species included in the study. Species T.
saxatilis and T. megatympanum are monophyletic. Thoropa taophora is also monophyletic, but nested within T.
miliaris. Populations of T. miliaris cluster in five geographically distinct lineages, with low support for re-
lationships among them. Although all 12 lineages are geographically structured, some T. miliaris lineages have
syntopic distributions with others, likely reflecting a secondary contact zone between divergent lineages. We
discuss a biogeographic scenario that best explains the order of divergence and the distribution of species in
Atlantic forest and adjacent areas, and outline the implications of our findings for the taxonomy of Thoropa.

1. Introduction

The Brazilian Atlantic forest is a highly complex and heterogeneous
morphoclimatic and phytogeographic domain (Ab’Saber, 1977). It is a
global biodiversity hotspot (Mittermier et al., 1998; Morellato and
Haddad, 2000; Silva and Casteleti, 2003) and high habitat hetero-
geneity, resulting from topographic complexity and large latitudinal
range, is one of the main reasons proposed for its high biological di-
versity (Ribeiro et al., 2009; Rodriguez et al., 2015). Therefore, the
Atlantic forest is an excellent region to examine how heterogeneous
habitats contribute to diversification (Rodriguez et al., 2015). Habitat
heterogeneity has a potentially large effect on amphibian diversifica-
tion, due to their low vagility and often specialized habitat preferences
(Rodriguez et al., 2015). Indeed, the Atlantic forest is home to more
than 500 frog species (Haddad et al., 2013; Toledo et al., 2014), ac-
counting for 8.1% of the world’s known anuran diversity. More than
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75% of Atlantic forest anurans are endemic to the domain (Haddad
et al.,, 2013) and many of these endemic species inhabit montane en-
vironments (Cruz and Feio, 2007; Haddad et al., 2013).

Rock frogs in the genus Thoropa Cope, 1865, belong to the family
Cycloramphidae (sensu Frost, 2017) and include the following six spe-
cies endemic to Brazil: T. miliaris (Spix, 1824), T. petropolitana
(Wandolleck, 1907), T. taophora (Miranda-Ribeiro, 1923), T. lutzi
Cochran, 1938, T. megatympanum Caramaschi and Sazima, 1984, and T.
saxatilis Cocroft and Heyer, 1988. All species of the genus, except T.
megatympanum, inhabit rocky seashores, wet rocky outcrops, and
boulders and waterfalls in montane rocky streams of the Atlantic forest
(Bokermann, 1965; Cocroft and Heyer, 1988; Feio et al., 2006). Thoropa
megatympanum inhabits the Atlantic forest-Cerrado and Atlantic forest-
Caatinga ecotones (Caramaschi and Sazima, 1984) in the same kinds of
habitats as its congeners. Thoropa species have specialized breeding
requirements. Males are typically territorial and exhibit parental care of
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Fig. 1. Collection localities for Thoropa samples included in this study. Black crosses labelled TLI1-TL6 indicate type localities of T. saxatilis, T. megatympanum, T. miliaris, T. taophora, T.
lutzi and T. petropolitana, respectively. Elevation is shown in gray scale ranging from white (0-50 m above the sea level) to black (3900-3950 m above sea level).

egg clutches (Giaretta and Facure, 2004; Muralidhar et al., 2014;
Consolmagno et al., 2016), which are deposited on rocks in freshwater
seeps or at the humid rocky margins of shallow rivulets (Barth, 1956;
Bokermann, 1965; Rocha et al., 2002). Tadpoles are exotrophic and
semiterrestrial, hatching and developing in the water seeps (Barth,
1956; Bokermann, 1965).

A phylogeographic study of Thoropa miliaris and T. taophora showed
that populations of the southern T. taophora are monophyletic, and
nested within the northern T. miliaris, and inferred a north to south
expansion and differentiation within these two species (Fitzpatrick
et al., 2009). The relationships of these two species to the others in the
genus and the mechanisms potentially contributing to their
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diversification are still unknown. In this study we reconstruct a multi-
locus phylogeny for populations of all available species within the
genus Thoropa.

Our specific goals are to (1) describe the spatial distribution and
genetic diversity of species and cryptic lineages within the genus; (2)
infer the phylogenetic relationships of Thoropa species using mi-
tochondrial and nuclear markers and date divergences among species
and lineages; and (3) test for monophyly of the genus Thoropa and each
of the nominal species within the genus. We discuss our results in the
context of a biogeographic scenario that best explains the order of di-
vergence and the current distribution of species in Atlantic forest and
adjacent areas.
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2. Material and methods
2.1. Taxon sampling and data matrix assembly

The genus Thoropa is subdivided in two groups, based on morpho-
logical characters: the T. petropolitana group, with T. petropolitana and
T. lutzi, and the T. miliaris group, with T. miliaris, T. taophora, T.
megatympanum, and T. saxatilis (Feio, 2002). The Thoropa petropolitana
group is characterized by small adults (up to 30 mm), males with
nuptial spines only on finger II (numbers of fingers sensu Fabrezi and
Alberch, 1996), and tadpoles with a large abdominal disc surpassing the
lateral edge of the body and posterior portion of the abdomen (Feio,
2002). In contrast, species in the Thoropa miliaris group have medium to
large (more than 35 mm) adult body sizes, males with nuptial spines on
fingers II, III, and IV (numbers of fingers sensu Fabrezi and Alberch,
1996), and tadpoles with reduced abdominal disc (Feio, 2002). Al-
though these characteristics have been highlighted as important dif-
ferences between the two groups (Cocroft and Heyer, 1988), group
monophyly and the relationships among all nominal species have not
yet been established.

Species of the Thoropa miliaris group are common in their preferred
habitats throughout their range. Thoropa miliaris and T. taophora occur
in the Atlantic forest of southeastern Brazil: T. miliaris has a broader
distribution in the states of Bahia, Espirito Santo, Minas Gerais, and Rio
de Janeiro (Frost, 2017), occurring from rocky seashores to 1500 m
above sea level, while T. taophora is restricted to eastern mountains and
coastal areas in the state of Sao Paulo (Feio et al., 2006). Thoropa
megatympanum occurs in the Serra do Espinhago mountain range in the
states of Minas Gerais and Bahia, where they are found in campo ru-
pestre (rupestrian grasslands, sensu Silveira et al., 2015) at the ecotone
between the Atlantic forest and Cerrado (Caramaschi and Sazima,
1984). Thoropa saxatilis is the species with the southernmost distribu-
tion, occurring in the Serra Geral mountain range, in the states of Santa
Catarina and Rio Grande do Sul (Cocroft and Heyer, 1988).

Species of the Thoropa petropolitana group are far less common.
Thoropa petropolitana was known from mountain sites (more than 700 m
above the sea level) in the Serra dos C)rgéos, state of Rio de Janeiro, and
T. lutzi was known to occur in the states of Rio de Janeiro and Espirito
Santo (Bokermann, 1965). Thoropa petropolitana has not been recorded
for more than 40 years and T. lutzi disappeared from the state of Rio de
Janeiro, but can still be found in Parque Nacional do Caparaé and in the
municipalities of Alegre and Muniz Freire, state of Espirito Santo (Feio,
2002; J.L. Gasparini pers. obs.).

We sampled throughout the distributions of Thoropa saxatilis, T.
megatympanum, T. miliaris, and T. taophora (Fig. 1), including topotypic
specimens of T. miliaris (municipality of Rio de Janeiro, state of Rio de
Janeiro), T. megatympanum (Serra do Cip6, municipality of Santana do
Riacho, state of Minas Gerais), and T. taophora (Paranapiacaba, muni-
cipality of Santo André, state of Sao Paulo). We were unable to find
topotypic specimens of T. saxatilis (road from municipality of Bom
Jardim da Serra to municipality of Lauro Miiller, state of Santa Cat-
arina), and the closest locality sampled was from the municipality of
Timbé do Sul (state of Santa Catarina, around 60 km in straight line to
the type locality). We also included one tissue sample of a small juve-
nile stored directly in 100% ethanol, identified morphologically as T.
lutzi, collected in municipality of Alegre, state of Espirito Santo (Fig. 1).
We did not include topotypic specimens of T. lutzi (Recreio dos Ban-
deirantes, municipality of Rio de Janeiro, state of Rio de Janeiro) or any
specimens of T. petropolitana (municipality of Petrépolis, state of Rio de
Janeiro) because no other tissue samples are available for those two
rare species.

We gathered tissue samples from herpetological collections and
from our own field efforts, and supplemented those with sequences
obtained from GenBank. During field trips, we collected liver, muscle
tissue, or toe clips, stored in 100% ethanol at —20 °C. Voucher speci-
mens for most of the samples are deposited in Brazilian collections
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(Appendix A.1). Tissue samples without voucher specimens are ar-
chived in the tissue collection of Colecdo de Anfibios Célio F. B.
Haddad, Universidade Estadual Paulista, Rio Claro, Sao Paulo state
(CFBH-T) and at Cornell University (Ithaca, NY, USA).

2.2. Laboratory protocols

We assembled two multilocus matrices for analyses at two scales,
one to analyze genetic diversity and phylogenetic relationships between
species within the genus Thoropa (herein called matrix A) and the other
to test the monophyly of the genus (matrix B). Matrix A included five
gene fragments for 46 individuals of the Thoropa miliaris group (T.
megatympanum, T. miliaris, T. saxatilis, and T. taophora) and four
Cycloramphidae species (Cycloramphus boraceiensis, C. dubius, C. eleu-
therodactylus, and Zachaenus parvulus) plus Proceratophrys boiei as out-
group taxa. We rooted this tree with P. boiei (Appendix A.1). In contrast,
matrix B included ten gene fragments for 13 samples from the four
species of T. miliaris group (T. megatympanum, T. miliaris, T. saxatilis,
and T. taophora), the single sample of T. lutzi from the state of Espirito
Santo, and 33 species as outgroups (Appendix A.2). Outgroups for both
matrices were chosen based on phylogenies published by Frost et al.
(2006), Grant et al. (2006), Pyron and Wiens (2011), Fouquet et al.
(2013), Blotto et al. (2013), Faivovich et al. (2014), and Castroviejo-
Fisher et al. (2015).

We used the Qiagen DNeasy® Blood and Tissue kit (Qiagen Inc.) to
extract total DNA, following the manufacturer’s protocol. Extracted
DNA was used directly (or diluted to 0.5-1 ng/pl in Mili-Q® water) for
amplifications. For matrix A, we PCR amplified three mitochondrial and
two nuclear gene fragments: the 3’ fragment of the ribosomal gene
encoding 16S rRNA amplified with primers 16Sar-L and 16Sbr-H
(Palumbi et al., 1991) (16S-ARBR), a fragment of the gene encoding
NADH dehydrogenase subunit 2 (ND2), the 5’ region of the gene en-
coding cytochrome c oxidase subunit 1 (COD), a fragment of the intron 1
of the fibrinogen A alpha polypeptide gene (FGA), and a fragment of the
recombination activating gene 1 (RAGI). For matrix B we used eight
mitochondrial and three nuclear DNA fragments: 12S rRNA (12S),
tRNA-Val, 16S rRNA (16S), tRNA-Leul, NADH dehydrogenase the sub-
unit 1 (ND1), tRNA-Ile, COI, RAG1, a fragment of the proopiomelano-
cortin gene (POMC) and a fragment of exon 1 of the rhodopsin gene
(RHO) (Supplementary Material SI.1). PCR reaction conditions are in
Supplementary Material SI.2. We purified positive amplicons and se-
quenced them in both directions using BigDye v.3.1® (Applied Biosys-
tems) sequencing kits at Macrogen Inc. (Seoul, South Korea), Centro de
Estudos de Insetos Sociais (UNESP, Rio Claro, SP, Brazil), or at the
Cornell University Genomics Facility (Ithaca, NY, USA). We cleaned
sequences, removed primer sequences, and built consensus sequences
for each fragment and each individual using Sequencher v.4.5 (Gene
Codes). We aligned sequences of each fragment separately with the
software Muscle (Edgar, 2004) implemented in MEGA v.6 (Tamura
et al., 2013), using default parameters (gap open penalty: —400; gap
extend penalty: 0; maximum iterations: 8; clustering method: UPGMB).
We translated the coding genes (ND1, ND2, COI, POMC, RAG1, and
RHO) to verify the absence of frameshifts and premature stop codons.

2.3. Phylogenetic inferences and genetic diversity

For phylogenetic inferences using matrix A, we conducted four
different analyses: one concatenating mitochondrial and nuclear frag-
ments (16S-ARBR, ND2, COI, FGA, and RAG1), a second including only
the mitochondrial fragments (16S-ARBR, ND2, and COI), and one for
each nuclear fragment (FGA and RAGI). For phylogenetic inferences
using matrix B we conducted a single analysis with all gene fragments
concatenated. Concatenated matrices were built in Mesquite v.3.03
(Maddison and Maddison, 2015). We estimated the best-fit nucleotide
evolution model for each gene fragment (or codon position) and the
best partition strategy using Bayesian Information Criterion (BIC;
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Schwarz, 1978) in PartitionFinder v.1.1.1 (Lanfear et al., 2012).

We inferred phylogenies using MrBayes v.3.1.2 (Ronquist and
Huelsenbeck, 2003) with 100 million generations, two parallel runs,
and eight Markov chains for each run. The priors were unlinked for all
partitions, and as follows: Dirichlet distribution prior for state fre-
quencies and substitution rates; uniform distribution prior for gamma
shape and for the proportion of invariable sites; variable partition rates;
and branch lengths unconstrained. Trees were sampled each 1000
generations and the first 25% of trees were discarded as burn-in. Ana-
lyses were run at the CIPRES Science Gateway (Miller et al., 2010). To
diagnose convergence of the runs, we used four criteria: the standard
deviation of split frequencies (SDSF) lower than 0.01; the Potential
Scale Reduction Factor (PSRF +) close to 1.0; a stable plot of the gen-
erations versus the log likelihood values; and examination of the output
log in Tracer v.1.6 (Rambaut et al., 2014; Ronquist et al., 2005). We
inferred a 50% majority rule consensus tree and considered posterior
clade probabilities (PP) higher than 0.95 as indicative of strong nodal
support (Alfaro et al., 2003; Erixon et al., 2003). We visualized and
edited trees in FigTree v.1.4.2 (http://tree.bio.ed.ac.uk/software/
figtree).

To identify significantly divergent lineages in our tree, we used
geographic concordance, node support, branch lengths, and the tree
topology. To calculate average genetic distances within and between
species and within and between lineages for two fragments used in
matrix A (16S-ARBR and COI), we used uncorrected p-distance with
pairwise deletion and 1000 replicates of bootstrap in software MEGA
v.6 (Tamura et al., 2013).

2.4. Coalescent-based species tree

We reconstructed a coalescent-based species tree using *Beast
(Heled and Drummond, 2010), and estimated time to the most recent
common ancestor (tyrca), in the software BEAST v.2.3 (Bouckaert
et al., 2014). We prepared the input file with the BEAUti utility, using
only the 35 terminal taxa from matrix A that possessed all five gene
fragments sequenced (Appendix A.1).

We used the package bModelTest (Bouckaert, 2015) to find the best
models of nucleotide evolution for each gene fragment, partitioned or
not by codon positions, for each data set. BEAST v.2.3 runs the *Beast
analysis concomitantly with nucleotide substitution model selection
through the bModelTest package. Lineages were assigned as “species”
in a mapping file (required by BEAUti) following the phylogenetic tree
inferred using matrix A. We performed the analysis without outgroup,
and including sites with missing data. The best partition scheme did not
include partition by codon, and each fragment was set for an in-
dependent nucleotide evolution model. We used strict clock for 16S-
ARBR and ND2, and lognormal relaxed clock (Drummond et al., 2006)
for COI, FGA, and RAGI1. We also adopted the Yule speciation process
and unchecked the function “fix mean substitution rates” for each gene
partition. Rates of nucleotide evolution were set to “estimate”, except
for ND2 fragment, to which we applied the instantaneous rate of
0.00957 base changes per lineage per million years (Crawford, 2003).

The best-fitting parameters were established after preliminary
searches including different datasets (with and without outgroups and
sites with missing data), best model of molecular clock rate variation,
best tree model prior, and best partition schemes. Performance and
accuracy were checked in Tracer v.1.6 (Rambaut et al., 2014) and an
analysis was considered reliable if all ESS values were higher than 200
(Rambaut et al., 2014). Final analyses included one run of 100 million
generations, sampled each 10 000 generations. The final maximum
clade credibility tree was generated with TreeAnnotator v.2.3
(Bouckaert et al., 2014), discarding 10% as burn-in and using median
node heights.
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3. Results
3.1. Phylogenetic inferences and genetic diversity

For matrix A, including the outgroup, the mitochondrial con-
catenated alignment consisted of 2288 bp, the alignment of FGA was
535bp long, the alignment of RAG1 was 429 bp long, and the total
concatenated alignment (mitochondrial and nuclear) consisted of
3252 bp. For matrix B, also including outgroups, the mitochondrial
concatenated alignment consisted of 4330bp and the total con-
catenated alignment (mitochondrial and nuclear) consisted of 5576 bp.
The models of nucleotide substitution found for the fragments through
BIC (Schwarz, 1978) and the best partition scheme are shown in Sup-
plementary Material SI.3, for both matrices. The number of partitions
identified by PartitionFinder v.1.1.1 was eight both for matrix A and
matrix B.

3.1.1. Diversity of the Thoropa miliaris group

The Bayesian consensus tree inferred from the concatenated (mi-
tochondrial + nuclear) dataset of matrix A showed that Thoropa species
form a monophyletic group in relation to the outgroup species, with
high PP values (Fig. 2). The other trees (mitochondrial, FGA, and RAG1)
also recovered Thoropa as monophyletic (Supplementary Material SI.4,
SL.5, and SL.6). The nuclear gene trees recovered only T. saxatilis as
monophyletic. The species Thoropa megatympanum, T. saxatilis, and T.
taophora were recovered as monophyletic in all concatenated phylo-
genetic analyses (mitochondrial + nuclear, and only mitochondrial).
However, Thoropa miliaris was recovered as paraphyletic in relation to
T. taophora, and populations of this species clustered in five well sup-
ported cryptic lineages (Fig. 2).

Thoropa saxatilis included two well supported and distinct lineages,
both distributed in the slopes of the Serra Geral: sax-1, a northern
lineage from municipality of Timbé do Sul in the state of Santa
Catarina; and sax-2, a southern lineage distributed throughout the
states of Santa Catarina and Rio Grande do Sul (Fig. 3), approximately
40km distant from each other. Thoropa megatympanum included two
well supported lineages (meg-1 and meg-2; Fig. 2) distributed in the
northern and southern portions of Serra do Espinhaco, respectively
(Fig. 3). The topotype (from Santana do Riacho, Minas Gerais state)
belongs to the southern meg-2 lineage.

Thoropa miliaris is composed of five well-supported lineages, al-
though paraphyletic in their relationship to T. taophora (Fig. 2): lineage
mil-1, distributed in southern Espirito Santo state; lineage mil-2, dis-
tributed in montane regions of the states of Bahia, Minas Gerais,
Espirito Santo and Rio de Janeiro; lineage mil-3, distributed in central
and southern regions of Espirito Santo; lineage mil-4, located in
northern Serra dos Orgéos in the state of Rio de Janeiro; and lineage
mil-5 distributed primarily in the state of Rio de Janeiro, including
coastal populations and the topotype sample of T. miliaris (Fig. 3). Fi-
nally, Thoropa taophora is composed of three lineages: tao-1, distributed
in the northern coastal regions of the state of Sao Paulo; tao-2, dis-
tributed in southern coastal regions of the state of Sao Paulo, and in-
cluding the topotype specimen of T. taophora; and tao-3, from Estacao
Ecolégica Juréia-Itatins, a coastal site in southern Sao Paulo state.

We found five localities where lineages of T. miliaris were syntopic
(Santa Maria Madalena, Rio de Janeiro state; Santa Teresa, Cachoeiro
do Itapemirim, and Domingos Martins, Espirito Santo state; Carangola,
Minas Gerais state) and one region of syntopy of lineages mil-5 of T.
miliaris and tao-1 of T. taophora (Paraty, Rio de Janeiro state) (Fig. 2).

According to our analyses, the deepest phylogenetic split separates
Thoropa saxatilis from all other Thoropa, with T. megatympanum forming
the sister lineage to five lineages of T. miliaris plus T. taophora (Fig. 2).
Both nuclear fragments and the concatenated analyses recovered the
same results. Thoropa miliaris and T. taophora form a complex of poorly
resolved populations. Lineages mil-1 and mil-2 are sister lineages
(PP = 92), and combined form the sister taxon (PP = 100) to the
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Fig. 2. Phylogeny of Thoropa species based on concatenated (mitochondrial + nuclear) dataset (matrix A) and Bayesian Inference (50% majority rule consensus). Numbers at each node
represent posterior probabilities. Terminals in bold represent topotype specimens for T. megatympanum, T. miliaris, and T. taophora. The symbol // indicates branch lengths that are not to
scale. Samples CFBH 30,616 and CFBH 31,105 were identified as Thoropa miliaris because of their collection locality (Paraty, Rio de Janeiro), but belong to T. taophora, thus we renamed
them. The codes BA, MG, ES, RJ, SP, SC, RS refer to the states of Bahia, Minas Gerais, Espirito Santo, Rio de Janeiro, Sao Paulo, Santa Catarina, and Rio Grande do Sul, respectively.

remaining lineages (mil-3 + mil-4 + mil-5 + T. taophora). Mil-3, in
turn, is the sister lineage of mil-4 + mil-5 + T. taophora, again with low
support (PP = 69, Fig. 2). Mil-4 + mil-5 + T. taophora form a well-
supported clade (PP = 100).

The average genetic distances found between pairwise species
ranged from 4.4 to 8.1% for 16S-ARBR and 13.5 to 17% for COI
(Table 1). The intraspecific genetic distances ranged from 1.1 to 3.1%
for 16S-ARBR and from 3.5 to 11.4% for COI. The genetic distances
among lineages varied from 1.1 to 9.4% for 16S-ARBR and from 3.7 to
17.8% to COI (Table 1). Within lineages they varied from 0.0 to 2.0%
for 16S-ARBR and from 0.2 to 9.7% to COI (Table 1).

3.1.2. Monophyly of the genus Thoropa

The Bayesian consensus tree from the concatenated (mitochondrial
and nuclear) analysis of matrix B showed that the genus Thoropa is not
monophyletic, as T. lutzi was recovered as the sister lineage of
Cycloramphus + Zachaenus with high PP support (Fig. 4). The Thoropa
miliaris group is monophyletic, and the sister taxon of this clade is
composed of Cycloramphus + Zachaenus + T. lutzi. Within the T. miliaris
group, most of the relationships were recovered with PP higher than in
the analyses of matrix A. The only node with low PP was the node
uniting mil-5 and T. taophora (78%). The families Aromobatidae, Ba-
trachylidae, Bufonidae, Centrolenidae, Ceratophryidae, Cyclor-
amphidae, Dendrobatidae, Hylidae, Hylodidae, Leptodactylidae,
Odontophrynidae and Rhinodermatidae were each recovered as
monophyletic. Alsodidae is the only family not recovered as mono-
phyletic, because Limnomedusa macroglossa was recovered as the sister
taxon of Odontophrynidae.
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3.2. Coalescent-based species tree

The *Beast species tree showed a similar topology to the matrix A
phylogeny based on concatenated data, but with differences in PP
(Fig. 5). The best-fit models of nucleotide evolution inferred by bMo-
delTest are in SI.7. The topology recovered the two lineages of Thoropa
saxatilis (sax-1 + sax-2) form the sister group to the remaining species;
two lineages of T. megatympanum (meg-1 + meg-2) form the sister
group to T. miliaris + T. taophora; mil-3 as the sister lineage to the other
four lineages of T. miliaris + T. taophora; mil-1 as the sister lineage of
mil-2, mil-5, mil-4, and T. taophora; mil-2 as the sister lineage of mil-5;
mil-2 + mil-5 form the sister group to mil-4 and T. taophora; tao-1 as
the sister lineage to tao-2; and tao-1 + tao-2 as the sister group to tao-3.

Estimates of times to the most common ancestor (tyrca) showed
that divergences within Thoropa span a large timeframe, ranging from
the Oligocene to the Pleistocene (Fig. 5). The common ancestor of the
four species dates to the Oligocene. The common ancestor between the
two lineages of Thoropa megatympanum and the common ancestor
among the three lineages of T. taophora date to the Pliocene-Pleisto-
cene, and the common ancestor of tao-1 and tao-2 dates to the Pleis-
tocene.

4. Discussion

This is the broadest phylogenetic study of species in the genus
Thoropa published to date. Additionally, the inclusion of the single
available sample of T. lutzi raised doubts about the monophyly of the
genus (see discussion below). Combined, the trees derived from mi-
tochondrial and nuclear markers resolve relationships within Thoropa at
different levels of divergence. The mitochondrial tree showed the
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Fig. 3. Distribution of Thoropa samples, in different Brazilian states, identified to species (symbols) and to lineage (colors). Symbols labelled TL1-TL6 indicate type localities of T. saxatilis,
T. megatympanum, T. miliaris, T. taophora, T. lutzi and T. petropolitana, respectively. Black crosses represent type localities not sampled in this study. Localities where lineages occur in
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monophyly of T. saxatilis, T. megatympanum, T. taophora, and also
showed a paraphyletic T. miliaris with respect to T. taophora. The nu-
clear markers alone revealed well supported deeper divergences within
the genus, especially the early split of T. saxatilis and T. megatympanum
from other Thoropa.

4.1. Biogeography of diversification in Thoropa
Our data indicate that diversification of Thoropa began with a north-

south split (between T. saxatilis and the other species). The distribu-
tional gap between T. saxatilis and the most southern locality of T.
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taophora (Peruibe and Iguape, state of Sao Paulo) as well as its ancient
separation from other species in the group corroborate this observation.
This split was followed by a west-east division, with the separation
between T. megatympanum and the complex T. miliaris + T. taophora.
This pattern of diversification corroborates the hypothesis of allopatric
speciation of Thoropa species from a widespread ancestor proposed by
Cocroft and Heyer (1988), although the speciation events were older
than they postulated. Subsequently, the diversification of T. mili-
aris + T. taophora extended to the coast, in a process that likely in-
cluded both vicariance and dispersal. Despite the long process of di-
versification of lineages, the distribution of Thoropa species is still
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Table 1
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Average uncorrected p-distances (percentage, with standard errors in parentheses), within species (diagonal) and between species (below diagonal), and within lineages (diagonal) and
between lineages (below diagonal), calculated from 16S-ARBR and COI fragments. (a) Within and between species for 16S-ARBR fragment. (b) Within and between species
for COI fragment. (c) Within and between lineages for 16S fragment. (d) Within and between lineages for COI fragment.

(a) 16S-ARBR fragment, by species

Species N T. saxatilis T. megatympanum T. miliaris T. taophora
T. saxatilis 4 2.0 (0.4)

T. megatympanum 6 8.1 (1.0) 1.2 (0.3)

T. miliaris 27 6.7 (0.9) 6.4 (0.8) 3.1 (0.5)

T. taophora 9 7.4 (1.0) 7.4 (0.9) 4.4 (0.7) 1.1 (0.3)
(b) COI fragment, by species

Species N T. saxatilis T. megatympanum T. miliaris T. taophora
T. saxatilis 4 6.6 (0.8)

T. megatympanum 6 14.6 (1.2) 3.9 (0.5)

T. miliaris 24 16.3 (1.2) 16.0 (1.1) 11.4 (0.9)

T. taophora 7 17.0 (1.2) 15.9 (1.3) 13.5 (1.0) 3.5 (0.5)
(c) 16S-ARBR fragment, by lineage

Lineage N sax-1 sax-2 meg-1 meg-2 mil-1 mill-2 mil-3 mil-4 mil-5 tao-1 tao-2 tao-3
sax-1 1 -

sax-2 3 3.7 (0.9) 0.3 (0.2)

meg-1 2 9.4 (1.4) 7.2 (1.0) 1.1 (0.4)

meg-2 4 9.4 (1.4 7.9 (1.1) 1.7 (0.5) 0.7 (0.3)

mil-1 4 7.8 (1.2) 7.8 (1.1) 7.3 (1.0) 7.1 (1.0) 2.0 (0.4)

mil-2 10 7.0 (1.2) 6.6 (1.1) 6.0 (0.9) 6.6 (1.0) 3.6 (0.6) 1.3 (0.3)

mil-3 3 8.0 (1.3) 6.5 (1.1) 5.5 (0.8) 5.9 (0.9) 4.4 (0.8) 3.3 (0.6) 1.9 (0.49)

mil-4 2 6.7 (1.2) 5.9 (1.0) 6.0 (1.0) 6.3 (1.0) 3.9 (0.8) 3.0 (0.6) 3.1 (0.7) 0.2 (0.2)

mil-5 8 710.1) 6.0 (0.9) 6.0 (0.9) 6.3 (0.9) 4.0 (0.7) 3.8 (0.6) 4.0 (0.7) 2.5 (0.6) 1.6 (0.4)

tao-1 2 8.2 (1.2) 7.1 (1.1) 6.8 (0.9) 7.3 (1.0) 5.6 (0.9) 4.4 (0.8) 4.2 (0.8) 3.4 (0.8) 4.6 (0.8) 0.0 (0.0)

tao-2 5 7.5 (1.2) 7.4 (1.1) 7.1 (1.0) 7.4 (1.0) 5.6 (0.9) 4.3 (0.7) 4.6 (0.8) 3.4 (0.7) 4.4 (0.8) 1.1 (0.4) 0.5 (0.2)

tao-3 2 7.2 (1.1) 7.6 (1.1) 7.5 (1.1) 81(.1) 5.0 (0.8) 4.0 (0.7) 4.8 (0.8) 3.2(0.7) 4.2 (0.8) 2.0 (0.6) 1.7 (0.5) 0.0 (0.0)
(d) COI fragment, by lineage

Lineage N  sax-1 sax-2 meg-1 meg-2 mil-1 mil-2 mil-3 mil-4 mil-5 tao-1 tao-2 tao-3
sax-1 1 -

sax-2 3 10.7 (1.1) 2.5 (0.5)

meg-1 2 15.2 (1.5) 147 (1.3) 4.4 (0.8)

meg-2 4 15.0 (1.5) 143 (1.4) 5.4(0.7) 1.8 (0.4)

mil-1 3 16.4 (1.4) 16.3 (1.4) 16.9 (1.5) 16.8 (1.5) 5.7 (0.7)

mil-2 9 17.0 (1.4) 16.5(1.3)  15.5(1.3) 158 (1.4) 11.5(1.1) 6.8 (0.6)

mil-3 2 15.3 (1.49) 17.3(1.4) 159 (1.2) 16.4 (1.3) 13.2 (1.0) 141 (1.1) 9.7 (1.2)

mil-4 2 15.7 (1.5) 16.6 (1.3) 15.7 (1.3) 16.8 (1.4) 12.9 (1.2) 13.9 (1.3) 13.0 (1.2) 0.5 (0.3)

mil-5 8 15.3 (1.3) 15.8 (1.3)  16.3 (1.3) 155(1.3) 13.2(1.1) 13.4 (1.1) 133 (1.1) 123 (1.1) 5.3 (0.6)

tao-1 2 16.2 (1.5) 17.8 (1.3) 17.4 (1.5) 17.4 (1.5)  15.4 (1.3) 142 (1.2) 13.2(1.2) 12.0 (1.3) 11.9(1.1) 0.2(0.2)

tao-2 4 16.7 (1.5) 17.2 (1.4) 15.5 (1.4) 15.8 (1.5) 15.1 (1.3) 14.7 (1.2) 13.4 (1.1) 12.4 (1.2) 12.6 (1.1) 3.7 (0.7) 1.0 (0.3)

tao-3 1 143 (1.4) 16.2 (1.5) 13.8 (1.3) 13.9 (1.3) 15.2 (1.5) 13.3 (1.2) 11.8 (1.2) 10.7 (1.4) 11.4 (1.1) 6.8 (0.9) 6.3 (1.0) -

highly associated with rocky seashores or wet rocky outcrops near
mountain formations, which indicates that this habitat preference is
probably the ancestral state for the genus. The deep diversification
times found for Thoropa species are similar to those found in many
other South American amphibians, beginning in late Oligocene and
continuing through the early Pliocene (Rull, 2008). Similar temporal
patterns were found in Adenomera (Fouquet et al., 2014) and Lepto-
dactylus (Fouquet et al., 2013).

The disjunct distribution of Thoropa saxatilis in relation to other
species in this genus may be explained by paleogeographic changes to
the landscape during the Miocene and Pliocene (Rull, 2008). Thoropa
saxatilis and T. megatympanum have remained largely geographically
isolated from all other species, except for a small contact zone between
T. megatympanum and T. miliaris (mil-2), in Catas Altas, Minas Gerais
state, and other known localities in the Espinhaco mountain range in
Minas Gerais state (Feio et al., 2006). These cases of syntopy seem to
represent secondary contact of T. miliaris and T. megatympanum
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following the west-east vicariance.

Populations of Thoropa miliaris and T. taophora show a more com-
plex scenario of diversification. Given the largely allopatric geographic
distributions of T. miliaris lineages and T. taophora, and the paraphyly of
T. miliaris, we also consider vicariance for the split between the two
forms, followed by secondary contact of lineages in some localities
where the species are syntopic. This posterior contact may have oc-
curred naturally, following past expansion and retraction hypothesized
for Atlantic forest due to climatic oscillations (Carnaval and Moritz,
2008). Another possibility for syntopic distributions of T. miliaris
lineages is anthropogenic mediated migration, but this latter hypothesis
can only be ruled out after we have a better understanding of the
geographic distributions of lineages. The split between Thoropa miliaris
lineages and T. taophora occurred sometime between 15.5 and 4.0
million years in the late Miocene or early Pliocene (Fig. 5). However,
this split was not accompanied by morphological change, as T. miliaris
and T. taophora do not have any diagnostic morphological phenotypes
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(Feio et al., 2006).

The more recently derived lineages of Thoropa miliaris + T. taophora
complex (mil-5, tao-1, tao-2, and tao-3) include populations that reach
the coast of Brazil and inhabit rocky seashores. Seashores are an odd
environment for an amphibian and few species are known to tolerate
high-salinity habitats (Abe and Bicudo, 1991; Gordon et al., 1961;
Romspert and McClanahan, 1981). Nonetheless, the two lineages have
evolved to occupy saline microhabitats and although these populations
live in hostile environments, they are locally abundant (Bokermann,
1965; Brasileiro et al., 2010).

Additionally, Thoropa saxatilis, T. megatympanum, and T. taophora
may also be experiencing ongoing diversification as our topology
showed geographical structure within these species (sax-1 and sax-2;
meg-1 and meg-2; tao-1, tao-2, and tao-3). The north-south divergence
in T. taophora was identified by Fitzpatrick et al. (2009), with the
possibility of a southern Sao Paulo refugium forming the third lineage
(“Juréia” = tao-3; Carnaval et al., 2009). Our data including the four
Thoropa species corroborate that the distribution of habitats may play
an important role in genetic connectivity or discontinuity of lineages
and species (Fitzpatrick et al., 2009).

4.2. On the monophyly of Thoropa

Although Cycloramphidae was recovered as a monophyletic family,
its relationships with the other families remain poorly resolved, as
found in previous studies (Grant et al., 2006; Pyron and Wiens, 2011;
Fouquet et al., 2013; Blotto et al., 2013; and Faivovich et al., 2014).
Clearly, the higher-level systematics of Athesphatanura needs further
study.

The inclusion of a sample of T. lutzi resulted in the potential para-
phyly of the genus Thoropa (Figs. 2 and 4), with the single T. lutzi
sample more closely related to Cycloramphus plus Zachaenus than to
other members of the genus Thoropa. The position of this sample in the
phylogeny raises interesting questions about the phylogenetic re-
lationships of these three genera. For example, an externally non-visible
tympanum is a synapomorphy for Cycloramphus + Zachaenus (Verdade,
2005), and in our sample of T. lutzi, the tympanum is visible. This in-
dicates that this feature might have two independent origins in Cy-
cloramphidae and is thus not a synapomorphy for Cycloramphus, or that
the Cycloramphidae ancestor had a visible tympanic membrane but it
was lost in Cycloramphus + Zachaenus.

We cannot discard the possibility that our sample of Thoropa lutzi is
not T. lutzi sensu stricto, because we did not analyze samples from T. lutzi
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type locality. Feio (2002) studied the morphology of a population from
municipality of Muniz Freire (state of Espirito Santo), near the Alegre
population we sampled, and found some morphological differences
from the type series of T. lutzi. To test these relationships, we need more
extensive sampling, with systematic analyses of molecular and mor-
phological features, to infer the probable synapomorphies of Thoropa.
Meanwhile, we recommend that this sample be designated as Thoropa
cf. lutzi, until we can further clarify its taxonomic position.

4.3. Paraphyly and taxonomic considerations in Thoropa

Previous studies on the underestimation of diversity of frog species
revealed thresholds of uncorrected p-distances that could be used to
recognize “candidate species”, based on the most commonly used bar-
code gene fragments for amphibians (16S-ARBR and COI) (e.g., Vences
et al., 2005a; Vences et al., 2005b; Fouquet et al., 2007). For 16S-ARBR,
a threshold of 5% (Vences et al., 2005a) or 3% (Fouquet et al., 2007) of
divergence have been used, while for COI the proposed threshold is
10% (Vences et al., 2005b). These levels of sequence divergence be-
tween lineages might correspond to different species and not merely
intraspecific genetic variation.

If we analyze the four recognized species in our study, every value
calculated for 16S-ARBR is higher than 3% (threshold sensu Fouquet
et al., 2007), and only one value (4.4%, between Thoropa miliaris and T.
taophora) is slightly smaller than 5% (threshold sensu Vences et al.,
2005a). Thus, in general, the four nominal species are well supported,
although T. miliaris and T. taophora might be considered synonyms if
the threshold for 16S-ARBR is considered strictly. Our data show some
evidence of deep intraspecific divergences within species. When com-
paring lineages within each species, they all differ genetically by less
than 3% (sensu Fouquet et al., 2007) and less than 5% (sensu Vences
et al., 2005a) for 16S-ARBR, and less than 10% for COI, with one ex-
ception. The genetic distance of COI among lineages within T. miliaris is
slightly higher at 11.4%, which could indicate that T. miliaris contains

high internal diversity and represents a species complex.

With respect to genetic distances between species estimated from
the 16S-ARBR fragment, our values (4.4-8.1) are similar to those found
in studies of Proceratophrys (1-11%, Dias et al., 2013), Osteocephalus
(0.6-6.1%, Jungfer et al., 2013), Physalaemus (1.2-11.7%, Lourenco
et al., 2015), Ceratophryidae (0.4-7.2%, Faivovich et al., 2014), and
Oreobates (2.8-11.7%, Padial et al., 2008). For the COI fragment, our
between-species values (13.5-17.0) are higher than the values pub-
lished for species of Alsodes and Eupsophus (Blotto et al., 2013). Thus,
species delimitation in Thoropa is well defined, even considering the T.
miliaris + T. taophora complex.

Lineages of Thoropa miliaris and T. taophora may represent an on-
going diversification in this species complex, with T. miliaris being a
“paraphyletic species” (see Horandl and Stuessy, 2010; Schmidt-
Lebuhn, 2012; Stuessy and Horandl, 2014 for discussion). In a review of
the occurrence of paraphyly and polyphyly in animal phylogenies of
mitochondrial DNA, Funk and Omland (2003) found 21.3% of amphi-
bian topologies exhibiting paraphyly or polyphyly. Similarly, 22% of
Amazonia-Guianas amphibians exhibit a paraphyletic topology in
phylogenies (Fouquet et al., 2007). Even with high genetic distances,
the existence of syntopy between lineages of Thoropa miliaris and T.
taophora makes it difficult to infer species limits. Moreover, the T.
miliaris + T. taophora complex has high phenotypic variation (Feio
et al., 2006), precluding unambiguous diagnosis of species lineages,
because of extensive morphometric and morphological overlap found in
the OTUs (Feio et al., 2006). Thoropa miliaris and T. taophora surely
represent a species complex, and this lineage needs further study, with
a focus on systematics and population genetics.

Combined, our analyses underscore the high genetic diversity of
lineages endemic to the Atlantic forest and adjacent regions. The high
degree of geographic isolation among species and lineages and the re-
latively old age of these divergence events indicate that high habitat
heterogeneity and a dynamic history of climatic change have structured
diversification in this genus. Our study shows the importance of
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inferring these spatial processes to clarify taxonomy and species di-
versity, and the processes that might threaten species conservation in
tropical biomes.
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Appendix A

Appendix A.1. Samples of Thoropa and outgroup species used in this study (matrix A), with accession numbers, collection localities (“simplified
locality, municipality, state” or “municipality, state”), coordinates, GenBank accession numbers, and lineage membership. Samples in bold are
topotype specimens. Asterisks indicate samples used in Fitzpatrick et al. (2009). Crosses indicate samples used also in matrix B, and full circles
indicate samples used in coalescent species tree analysis. Samples originally recorded as T. miliaris, but considered as T. taophora because of their
topology position, are shown with superscript “a”. Voucher specimens are deposited in Cole¢do de Anfibios Célio F. B. Haddad, Universidade
Estadual Paulista, Rio Claro, Sao Paulo (CFBH); Museu Nacional, Universidade Federal do Rio de Janeiro, Rio de Janeiro (MNRJ); Museu de Zoologia
da Universidade de Sao Paulo, Sdo Paulo (MZUSP); Museu de Zoologia Jodo Moojen de Oliveira, Universidade Federal de Vigosa, Vicosa, Minas
Gerais (MZUFV); Colecao Herpetoldgica da Universidade Federal de Minas Gerais, Belo Horizonte, Minas Gerais (UFMG); Museu de Ciéncias Nat-
urais, Pontificia Universidade Catdlica de Minas Gerais, Belo Horizonte, Minas Gerais (MCNAM); and Museu de Ciéncias e Tecnologia, Pontificia
Universidade Catélica do Rio Grande do Sul, Porto Alegre, Rio Grande do Sul (MCP). Collection abbreviations follow Sabaj Pérez (2014).Appendix
A.2. Samples of Thoropa and outgroup species used in this study (matrix B) sorted by family, with collection numbers and GenBank accession
numbers. Samples in bold are Thoropa topotype specimens. Samples originally recorded as T. miliaris, but considered as T. taophora because of their
topology position, are shown with superscript “a”. Voucher specimens are deposited in Cole¢do de Anfibios Célio F. B. Haddad, Universidade
Estadual Paulista, Rio Claro, Sao Paulo (CFBH); Museu Nacional, Universidade Federal do Rio de Janeiro, Rio de Janeiro (MNRJ); Museu de Zoologia
da Universidade de Sao Paulo, Sao Paulo (MZUSP); and Museu de Ciéncias e Tecnologia, Pontificia Universidade Catélica do Rio Grande do Sul,
Porto Alegre, Rio Grande do Sul (MCP). Collection abbreviations follow Sabaj Pérez (2014).
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Telmatobius bolivianus/T. sibiricus/T.
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Appendix B. Supplementary material

Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.ympev.2018.01.017.
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