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Abstract
Recent advances in the field of landscape genetics provide ways to jointly analyze the role of present-day climate and
landscape configuration in current biodiversity patterns. Expanding this framework into a phylogeographic study, we
incorporate information on historical climatic shifts, tied to descriptions of the local topography and river configuration, to
explore the processes that underlie genetic diversity patterns in the Atlantic Forest hotspot. We study two montane, stream-
associated species of glassfrogs: Vitreorana eurygnatha and V. uranoscopa. By integrating species distribution modeling
with geographic information systems and molecular data, we find that regional patterns of molecular diversity are jointly
explained by geographic distance, historical (last 120 ky) climatic stability, and (in one species) river configuration.
Mitochondrial DNA genealogies recover significant regional structure in both species, matching previous classifications of
the northern and southern forests in the Atlantic Forest, and are consistent with patterns reported in other taxa. Yet, these
spatial patterns of genetic diversity are only partially supported by nuclear data. Contrary to data from lowland taxa,
historical climate projections suggest that these montane species were able to persist in the southern Atlantic Forest during
glacial periods, particularly during the Last Glacial Maximum. These results support generally differential responses to
climatic cycling by northern (lowland) and southern (montane) Atlantic Forest species, triggered by the joint impact of
regional landscape configuration and climate change.

Introduction

Climate and landscape configuration—and their changes
over time—jointly impact how organism occupy and move
through geographic space (Knowles 2001; Hewitt 2004).

By uncovering the spatial patterns of phylogeographic
structure emerging from these processes, and asking how
they correlate with descriptors of topography and the
environment, recent studies have explored the joint roles of
physical and climatic barriers on genetic structure (Gold-
berg and Waits 2010; Wang et al. 2013; Gutiérrez-Rodrí-
guez et al. 2017; Oliveira et al. 2018). This approach can be
especially insightful by elucidating the drivers of lineage
diversification, and hence guiding conservation, in mega-
diverse, threatened regions of the world.

Here, we apply it to one such biodiversity hotspot, the
Atlantic Forest of Brazil. Topographically complex and
environmentally heterogeneous, the Atlantic Forest harbors
one of the highest levels of biodiversity and endemism in
the world (Ribeiro et al. 2009). This forest domain is
characterized by strong seasonality, sharp environmental
gradients, and orographic-driven rainfall because of the
easterly winds from the tropical Atlantic (Fundação Insti-
tuto Brasileiro de Geografia e Estatística 1993). Both geo-
graphical and environmental features are expected to impact
patterns of genetic structure in Atlantic Forest taxa. On one
hand, river systems, mountains, and tectonic faults have all
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been shown to coincide with phylogeographic breaks in
terrestrial species, including pitvipers (Grazziotin et al.
2006), lizards (Pellegrino et al. 2005), birds (Cabanne et al.
2008; Amaral et al. 2013), mammals (Costa 2003), and
anurans (Brunes et al. 2010; Thomé et al. 2010). On the
other hand, paleodistribution models, coupled with genetic
data, suggest that current patterns of intraspecific genetic
variation in Atlantic Forest species may be explained by
demographic shifts in response to Late Quaternary climate
change (Cabanne et al. 2008; Carnaval and Moritz 2008;
Carnaval et al. 2009; Thomé et al. 2010). Paleoclimate
models suggest that presently lowland forest-dependent
species had their ranges reduced to refugial areas under
climatic conditions of the Last Glacial Maximum (LGM;

Carnaval et al. 2009). In contrast, paleoclimate, molecular,
and pollen data suggest that the montane forests, as well as
their associated taxa, persisted or expanded during the LGM
(Carnaval et al. 2009; Amaro et al. 2012; Leite et al. 2016).

In this paper, we seek to investigate the joint contribu-
tions of these elements—namely geographical distance,
landscape features, and climate—on the genetic structure of
the Atlantic forest biota. For that, we apply a multiple
matrix regression approach to DNA polymorphism data
from two small-sized species of stream-breeding glassfrogs
that partially co-occur in its montane environments:
Vitreorana eurygnatha and V. uranoscopa (Guayasamin
et al. 2009; Fig. 1). V. eurygnatha has been collected in the
vicinity of narrow streams and rivulets, up to 1700 m above

Fig. 1 a Maximum clade credibility mtDNA ultrametric tree obtained
in Beast v.1.8. Symbols in the nodes represent posterior support
(+>0.7 and *>0.9). The tree was rooted using Hyalinobatrachium
taylori as an outgroup (not depicted in the figure). Marked clades
correspond to groups as defined by the GMYC analysis. b, c Maps of
collected samples and corresponding groups according to the GMYC
analysis (black dots denote non-clustered individuals) for both V.
eurygnatha (b) and V. uranoscopa (c). Symbols for each species are
independent. Maps include rivers which are important drivers of
genetic differentiation in these groups, and the Brazilian states where

the studied species were sampled (Rio Grande do Sul, Santa Catarina,
Paraná, São Paulo, Minas Gerais, Rio de Janeiro, Espírito Santo, and
Bahia). Shadowed areas on the maps correspond to forest regions
defined by Carnaval et al 2014: southern (largely montane) Atlantic
Forest spaces in red, and northern (largely lowland) Atlantic Forest in
gray. d Coalescent-based species tree based on four nuclear genes
(CMYC, POMC, BDNF and RAG) in both species, reconstructed
using *BEAST. Numbers represent posterior support for nodes when
>60%
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sea level, while Vitreorana uranoscopa occurs in similar
habitats but also near larger rivers (Heyer 1985), and
reaches altitudes up to 1200 m. Given their association with
montane regions and rivers, and in the face of the limited
dispersal capacity and strong habitat dependence of
amphibians in general (Pounds and Crump 1994; Pounds
et al. 1999; Gardner 2001), we expect these species to
exhibit strong phylogeographic structure in response to
landscape and environmental conditions.

For that, we characterize not only contemporary climates
and present-day barriers to gene flow (e.g., Nielson et al.
2001; Pellegrino et al. 2005; Wang 2013; Manthey and
Moyle 2015), but also Late Quaternary climatic landscapes
in the Atlantic Forest. Because abundant data point to the
importance of past environmental conditions on the gen-
eration, maintenance, and erosion of lineage diversity
(Hewitt 2000; Knowles 2000; Carnaval et al. 2009), we
build on previous matrix regression studies (Wang et al.
2013) and explicitly include the distribution of historical
climates (over the past 120 ky) in our analysis of potential
drivers of phylogeographic structure.

We expect multiple processes to have contributed to
genetic structure within Vitreorana eurygnatha and V.
uranoscopa. Given these species’ present-day association
with cool, montane environments, we hypothesize that both
former and present-day climates had and have an important
role defining the geographic areas that allowed for long-
term persistence and accumulation of lineages. Because
these are small and stream-associated frogs, we also expect
local patterns of gene flow to be correlated with geographic
distance and mediated by the spatial configuration of river
basins. To verify how rivers may impact gene flow in these
taxa, we explore their role not only as corridors (to the
aquatic larvae of the species), but also as potential barriers
(to their terrestrial adults). Beyond isolation by distance, we
also hypothesize that topography itself has had an impact on
the distribution of genetic diversity within each species. We
expect so because of the topographical complexity of the
Atlantic Forest region, and the species’ association with
montane environments.

To ask whether we can find evidence of the impact of
these multiple forces on local genetic structure, we apply a
multiple matrix regression with randomization approach to
verify if and to what extent these elements explain the
patterns of genetic variation observed within these species
today. To describe phylogeographic structure, we present
new mitochondrial and nuclear DNA sequences from
Vitreorana tissues across the known range of these species
(IUCN, 2017), which are here analyzed under coalescent
and Bayesian approaches. To evaluate the extent to which
geography, landscape configuration, and historical climate
change explain intraspecific genetic patterns, we then gen-
erate and employ resistance layers to map how distance,

relief, rivers, long-term climatic stability (over the past
120 ky), and climatic extremes over this period each may
have impacted gene flow throughout the forest.

Materials and methods

DNA sampling, extraction and sequencing

Long-term collection efforts allowed us to gather 108 tissue
samples covering most of the known ranges of our target
taxa. This includes 34 samples of V. eurygnatha (17
localities; Fig. 1b) and 74 of V. uranoscopa (43 localities,
Fig. 1c). We also gathered two samples of Hyalinoba-
trachium taylori, a genus recovered as an outgroup of
Vitreorana (Castroviejo-Fisher et al. 2014), to root our
phylogenetic trees. Collection sites were either assigned to
geographic coordinates in the field, using a GPS, or geo-
referenced using collection notes (Supplementary Table 1).
Vouchers are housed in the following Brazilian institutions:
Célio F. B. Haddad amphibian collection in the Departa-
mento de Zoologia, I.B., Universidade Estadual Paulista,
Rio Claro, SP (CFBH); Museu de Ciências e Tecnologia da
PUCRS (MCP), Rio Grande do Sul; Museu Nacional Rio
de Janeiro (MNRJ); and Tissue Collection of the Herpe-
tology Lab, Instituto de Biociências, Universidade de São
Paulo (MTR).

Genomic DNA was extracted from ethanol-preserved
liver or muscle samples, with a high salt extraction method
(Miller et al. 1988). We used Polymerase Chain Reaction
(PCR) to amplify two mitochondrial and four nuclear gene
fragments. The mitochondrial DNA fragments consisted of
NADH Dehydrogenase Subunit 1 (ND1, 1014bp) and
cytochrome c oxidase subunit I (COI, 608 bp). The nuclear
fragments included the proto-oncogene cellular maelocy-
tomatosis (CMYC, 415 bp), the proopiomelanocortin A
gene (POMC, 589 bp), the recombination activating gene
(RAG, 444 bp), and the brain derived neurotrophic factor
(BDNF, 615 bp). Gene-specific primer sequences and
amplification programs (Supplementary Tables 2, 3) were
adapted from the literature (van der Meijden et al. 2007;
Guayasamin et al. 2008; Lyra et al. 2017).

DNA concentration was determined with Nanodrop
(Thermo Scientific), and aliquots were diluted to 100 ng/ml
for amplification. Polymerase Chain Reactions (PCRs,
12.5 µl total volume) contained 2.5 µl of 10x reaction buf-
fer, 1–3 mM MgCl2, 0.25 mM mixed dNTPs, 0.5 µM of
each primer, and 0.0625 of Promega Hot Start Taq. PCR
products were visualized in agarose gels, and purified with
ExoSap, following the manufacturer’s protocol (ExoSap-it,
GE Healthcare). Samples with unsuccessful PCRs were
amplified with Ready-to-go RT-PCR Beads (illustra, GE
Healthcare, Pittsburgh), following manufacturer’s protocol.
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Sequencing reactions and sequencing were outsourced to
Macrogen Corporation (www.macrogen.com) and GENE-
WIZ Inc. (www.genewiz.com).

Chromatograms were visually inspected for errors, and
contiguous sequences were assembled in Sequencher v4.1
(Gene Codes Corp. 2000, http://www.genecodes.com/) and
Geneious v5.4 (Biomatters, http://www.geneious.com). All
sequences were aligned using the MUSCLE algorithm in
Geneious, under default settings, and checked by eye.

Phylogeographic analyses

To compare patterns of genetic structure, and to delineate
target units for the study of diversity correlates, we first
estimated a mitochondrial (mtDNA) gene genealogy. We
combined the mitochondrial sequences of both species in a
single analysis, given that they had been already identified
as sister species (Castroviejo-Fisher et al. 2014), and
inferred a Bayesian tree in BEAST v 1.8 (Drummond and
Rambaut 2007). First, we selected the best partition scheme
(including genes and codon positions) for our dataset. We
then identified the model of nucleotide evolution best fit to
each partition, using the BIC criteria as implemented in
PartitionFinder V1.1.1 (Table S4, Lanfear et al. 2012).
Finally, we used a strict clock with mean substitution rate
fixed to 1, and ran the analysis for 100,000,000 generations,
logging every 10,000 generations. The use of a strict clock
is appropriate in this case given the recent divergence times
involved, and the close relationship between the species.
Under these conditions, molecular rate variation is expected
to be low across lineages, justifying the choice of clock
(Weir and Schluter 2008; Brown and Yang 2011). Chain
convergence was evaluated with Tracer v1.6 (Rambaut et al.
2014), both visually and numerically, ensuring a minimum
ESS value of 200. A maximum clade credibility tree was
estimated with Tree Annotator, applying a burnin of 10%.

To objectively identify regional mtDNA clusters and
singletons (i.e., sequences not belonging to any cluster), we
used the resulting mtDNA Bayesian tree for each species in
a single threshold General Mixed Yule-Coalescent approach
(GMYC, Pons et al. 2006). We implemented GMYC in the
SPLITS package for R (available from http://r-forge.r-
project.org/projects/split). To verify whether the clusters
identified through the mtDNA analysis were supported by
the nuclear dataset, we used two methodologies: a
coalescent-based species tree as implemented in *BEAST
(Heled and Drummond 2009), and a Bayesian clustering
method as implemented in Structure V2.3.4 (Pritchard et al.
2000) and Bayesian Analysis of Population Structure,
BAPS (Corander et al. 2008). Details of both analyses are
outlined below.

To use a *BEAST coalescent-based species tree to
evaluate whether the nuclear data supported the

mitochondrial clusters identified by GMYC (Heled and
Drummond 2009), we first selected the model of nucleotide
evolution that best fitted each nuclear gene, using the BIC
criteria as implemented in PartitionFinder V1.1.1 (Table S4,
Lanfear et al. 2012). Codon partitions were not included in
this analysis. Then, we used the mtDNA clusters and sin-
gletons, as determined by the GMYC analysis, as taxon sets
—with the exception of V. eurygnatha mtDNA cluster 2
(Fig. 1 yellow triangle) and singleton 17, and V. uranoscopa
singleton 22, which did not have a minimum of one
sequence per gene (e.g., cluster 2 has two samples but we
were unable to amplify sequences of BDNF for either one).
Files were prepared as per the *BEAST template for
BEAUti v2.4.4 (Heled and Drummond 2009), and the
species tree was reconstructed in Beast v2.4.4, with
50,000,000 generations, by sampling every 25,000 genera-
tions. Chain convergence was evaluated in Tracer v1.6
(Rambaut et al. 2014), and the tree was plotted with Den-
siTree v2.2.5 (Bouckaert and Heled 2014), applying a 10%
burn-in.

To evaluate the clustering of lineages based on the
nuclear data with Structure V2.3.4, we first performed a
statistical haplotype reconstruction of the nuclear fragments
(CMYC, RAG, BDNF, and POMC), under a Bayesian
framework, in the program PHASE v2.1.1 (Stephens et al.
2001; Stephens and Scheet 2005). For that, we used Seq-
PHASE (Flot, 2010) to generate PHASE input files for all
loci. We performed five independent runs of PHASE and
considered the gametic phases resolved whenever the pos-
terior probabilities were equal or higher than 0.9. For the
Structure analyses, we used an ancestry model that allowed
for admixture and a correlated allele frequency model. By
treating every single nucleotide polymorphisms (SNPs) in
the concatenated nuclear alignment as separate locus, we
used the distance between adjacent SNPs from a single gene
to create a “map distance” between loci. Because Structure
can be biased by the higher levels of hierarchy in a dataset,
we ran the analysis separately for each species, varying K
between one and the total number of mtDNA clusters and
singletons as determined by GMYC (i.e., ranging between 1
and 13 for V. eurygnatha, and 1 and 14 for V. uranoscopa)
(Kalinowski, 2011; Puechmaille, 2016). Analyses were
repeated ten times for every K value, including an initial set
of 100,000 generations that were discarded as burn-in,
followed by 100,000 generations. We calculated averages
of cluster membership coefficients from all runs for each K,
with the Software CLUMPP v.1.1.2 (Jakobsson and
Rosenberg, 2007), and plotted the data in R. For all ana-
lyses, we identified the best K through the Evanno method
(Evanno et al. 2005), as implemented in Structure Harvester
(Earl and VonHoldt, 2012). Because Structure is most
commonly used for marker data (instead of sequence
information; but see Falush et al. 2003), we ran BAPS
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(Corander et al. 2008) considering each gene as a single
locus. As in the structure analysis, we varied K between one
and the number of mtDNA clusters, and then applied the
clustering-with-linked-loci option. For each species, the
analyses for the best K (K= 3) and K= total number of
mtDNA clusters (that is, K= 13 or K= 14) were repeated
five times each.

To calculate the dependent matrix of genetic distances
for the analyses of matrix correlation (see below), we cal-
culated the between-group mean distance between each pair
of mtDNA clusters or singletons in Mega 7 (Kumar et al.
2016), using the Tamura-Nei model of substitution.

Landscape resistance layers

To assess the effect of geography, landscape configuration,
and historical climatic shifts on the intraspecific levels of
divergence in V. eurygnatha and V. uranoscopa, we first
created seven resistance layers. From them, we calculated
least-cost paths to gene flow. Each layer represented one
element that potentially impacts genetic structure within
these glassfrogs. They are: geographic distance (layer 1),
spatial distance given the topography (layer 2), river as
barriers (layer 3), rivers as corridors (layer 4), climate sta-
bility over the last 120 ky (layer 5), and climatic suitability
at both the most suitable (layer 6) and least suitable (layer 7)
climate period experienced over the past 120 kya.

To construct layer 1 (IBD), we created a resistance layer
that solely measures isolation-by-distance based on simple
geographical distances between points. To construct layer 2,
we created a topographic resistance surface, using a digital
elevation model of the region (Jarvis et al. 2008), to esti-
mate the physical distance (including changes in altitude) to
traverse through each pixel.

To construct layer 3, which maps the extent by which
river may acts as barriers to dispersal, we created a river-
based resistance layer. To build layer 4, a surface
depicting how rivers may act as corridors. For both, we
used a hydrographic information GIS layer from the
HydroSHEDS project, deriving hydrographic information
from topographic data (Lehner et al. 2008). For layer 3,
we considered all rivers as equal barriers to gene flow,
placing a single value of 100 on each one, whereas all
other cells were given a value of 1. For layer 4 we con-
sidered all rivers as equal corridors to gene flow, placing a
single value of 1 on each one, whereas all other cells were
given a value of 100. A more complex friction layer
created under the assumption of differential river perme-
ability (in which river size was taken into consideration
according to the Strahler number; Strahler 1957) was
highly correlated with the one which assumed rivers as
equal barriers to gene flow. For simplicity purposes, we
opted to utilize the equal permeability layer.

Building resistance layers from past climates

To evaluate the extent by which historical climate and cli-
matic shifts may have impacted the distribution of haplo-
types over time, we combined eight bioclimatic descriptors
related to temperature and precipitation and known occur-
rence data to build distribution models (SDM; Elith and
Leathwick 2009) for each species. Environmental infor-
mation used to build the SDMs consisted of bioclimatic
variables derived through the interpolation of weather sta-
tion data—including temperature, precipitation, and sea-
sonality from the Worldclim database (Hijmans et al. 2005).
To be able to generate projections over regular intervals of
time, we used the same eight variables for which multiple
past climate reconstructions are available, at 4 kya intervals,
through the Hadley Center Climate Model (HadCM3, Sin-
garayer and Valdes 2010). Those include four variables
related to temperature (Bio 1: Annual mean temperature,
Bio 4: Temperature Seasonality, Bio 10: Mean temperature
of the warmest quarter, Bio 11: Mean temperature of the
coldest quarter), and four variables related to precipitation
(Bio 12: Annual precipitation, Bio 15: Precipitation sea-
sonality, Bio 16: Precipitation of wettest quarter, Bio 17:
Precipitation of driest quarter). Present-day climate models
were trained with 1 km resolution data and projected to
snapshot simulations covering the last 120 ky, at 4 ky
intervals, using HadCM3 at 5 km resolution (Carnaval et al.
2014). To minimize the impact of sampling bias on the
SMDs, we used the spThin package in R (Aiello-Lammens
et al. 2015) to identify all occurrence records with a linear
distance of less than 5 km to each other, using just one for
model building. This resulted in a database of eight
occurrence records for V. eurygnatha, and 17 for V. ura-
noscopa (Table S1). We restricted model background
selection to an ecologically relevant dispersal limit con-
sisting of a minimum-convex polygon based on known
occurrences buffered by 100 km. Models were built using
Maxent version 3.3.3k (Phillips et al. 2006; Phillips and
Dudík 2008). Maxent parameters were tuned with the
ENMeval package for R (Muscarella et al. 2014), experi-
menting several combinations of three feature classes (“L”,
“LQ”, “H”, “LQH”, “LQHP”) and different regularization
multipliers (0.5–4 with 0.5 increases). For each species, we
selected the model with the lowest AICc as the one with the
best combination of parameters. All models and projections
were converted from continuous to binary predictions using
the 10th percentile training presence threshold (Pearson
et al. 2007), which indicates the lowest value of prediction
for 90% of the known presence localities used in training
the model.

With the optimized SDMs, we first estimated a species-
specific climatic stability map over the past 120 ky; from it,
we created a historical climatic resistance layer (layer 5).
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The latter represents how difficult or easy it has been for
each species, historically, to disperse through the Atlantic
Forest—based on climate. This estimate takes into account
the climatic niche occupied by the species today, and the
environmental shifts inferred as per the paleoclimatic
simulations employed. To create the historical climatic
resistance layer, we first prepared a climate stability map for
each species by summing all binary SDM projections, from
present time to 120 kya, at 4 ky intervals. This stability map
was then converted into a resistance layer by inverting the
pre-grid cell stability values in SDMtoolbox 1.1b (Brown
2014). With this step, areas of high stability became areas of
low friction.

Further exploring the binary SDM results, we also
selected, for each species, the two periods within the last
120 ky that allowed for their ranges to be the broadest and
the most contracted, respectively. Using SDMs from these
most impacting times, we estimated two landscape resis-
tance layers per species (layers 6 and 7) that represent,
respectively, how difficult and how easy it has been for each
taxon to disperse during those periods.

Multiple matrix regressions with randomization

To measure how much geography, landscape configuration,
and historical climate explain the genetic divergence pre-
sently observed within the target species, we created mixed-
models using multiple-matrix regressions with randomiza-
tion (MMRR), through the R function “MMRR” (Wang
2013) available from the Dryad Data Repository (Dryad
https://doi.org/10.5061/dryad.kt71r). This MMRR treats the
amount of genetic divergence observed between each pair
of mtDNA clusters and singletons, as defined by the GMYC
analysis, as a dependent (response) matrix. Seven matrices,
each describing an aspect of the environment (geography,
topography, rivers as barriers and rivers as corridors, cli-
mate stability, and climatic extremes), were input as the
independent (predictor) matrices.

To generate an independent matrix to represent each
landscape resistance layer, we calculated a cost-distance nxn
matrix for resistance layers 1–7, where n was the number of
mtDNA clusters and singletons identified by the GMYC
analysis (13 for V. eurygnatha and 14 for V. uranoscopa).
For each layer, we measured the dispersal cost between
each pair of mtDNA clusters to identify the most efficient
route, or the least-cost-path (LCP), connecting them. Least-
cost distances were calculated between all pairs of clusters,
for each species, using the pairwise distance matrix function
in SDMtoolbox v1.1a (Brown 2014). Whenever a cluster
was represented in more than one locality, the centroid of
the distribution of the cluster was used as a focal site. This
resulted in seven independent distance matrices per species,
each representing the least-cost distances connecting two

mtDNA clusters, given the Atlantic Forest geography
(matrix 1, which is the IBD matrix), landscape (including
rivers, matrices 2, 3, 4), and historical climates (matrices 5,
6, 7).

An MMRR is a multiple regression of distance matrices,
where significance is tested through random permutations of
the rows and columns of the dependent matrix, to assess the
regression and its coefficients (Manly 1991; Legendre et al.
1994). This method maintains the non-independence of the
matrix elements (Manly 1986, 1991; Smouse et al. 1986;
Legendre et al. 1994) and, because of this, does not suffer
from type I errors associated with randomizing matrix
values (Harmon and Glor 2010; Guillot and Rousset 2013;
Wang 2013). To properly run the MMRR, we first mea-
sured the amount of correlation between all independent
matrices. Whenever least-cost distance matrices 2, 3, 4, 5, 6,
or 7 were correlated to matrix 1 (that is, the IBD matrix),
they were regressed against the latter and only the residuals
were used for further analyses. When other variables were
correlated with each other, we deleted one variable from the
model. For consistency purposes, we opted to prefer cli-
matic stability (matrix 5) over climatic extremes (matrices 6
and 7). The uncorrelated matrices that resulted from this
verification step (either residuals or original), along with the
IBD least-cost-path matrix (matrix 1), were simultaneously
loaded as explanatory variables in a species-specific MMRR
to generate a full model.

The MMRR analyses were run iteratively, starting with
all matrices as predictor variables and then excluding all
that did not contribute significantly to the model (α= 0.05).
Exclusion steps happened until a final model was reached,
including only those explanatory variables that contributed
significantly to the results. Because both species have a
highly differentiated and largely isolated lineage in the
northernmost part of their distribution (the northern tip of
the state of Minas Gerais, in the case of V. eurygnatha, and
the northeastern state of Bahia, for V. uranoscopa; Fig. 1),
we also ran an MMRR, for each species, in which we
excluded these highly differentiated and isolated mtDNA
clusters. With this, we avoided the potential overwhelming
effect of geographical distance, given the geographical
distribution of the samples, on the MMRR analysis.

Results

Phylogenetic and population genetic analyses

Amplification and sequencing success varied across mar-
kers (RAG n= 108; POMC n= 108; CMYC n= 107;
BDNF n= 80; COI n= 106; ND1 n= 103; Table S1). The
results indicate that both species have spatially structured
mitochondrial clades along the latitudinal range of the
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forest. Vitreorana eurygnatha has a smaller range, and its
southernmost mtDNA clusters are distributed within the
range of the central clades of V. uranoscopa. A GMYC
analysis recognizes four unique mtDNA clusters within V.
eurygnatha (symbols in Fig. 1a, b; nine individuals (sin-
gletons) were left without a cluster), which are here
described. A southern mtDNA clade is distributed between
the Paranapanema and Tietê rivers in the state of São Paulo
(samples 17 and 24, Fig. 1a, b). A central mtDNA clade
includes representatives in the highlands of northern São
Paulo, Rio de Janeiro and Minas Gerais states (Fig. 1a, b;
green squares, yellow triangles, singleton 25). Further north,
a well-supported mtDNA clade includes samples from the
Caparaó mountain range near the border of the states of
Espírito Santo and Minas Gerais, as well as an individual
further north in Minas Gerais, by the Jequitinhonha river
(Fig. 1a, b; red circle, singletons 18 and 21). A fourth,
northernmost clade includes samples from the Caparaó
mountain range, inland and northern Minas Gerais (Jequi-
tinhonha, the Serra do Cipó National Park and Cardeal
Mota) and the coastal mountains of Espírito Santo (Santa
Teresa; Fig. 1a, b; blue pentagon, singletons 19, 20, 23, and
26).

In V. uranoscopa, the GMYC analysis also recovers a
well-supported mtDNA southern clade distributed from the
Uruguai river, in the south, to the Paranapanema river. It
includes representatives of two major lineages. One of
them, which is well-supported in the mtDNA Bayesian
analysis, includes specimens restricted to the state of São
Paulo (Fig. 1a, c, yellow square, inverted purple triangle,
red pentagon). The second southernmost clade includes
samples from the south of the State of São Paulo to the state
of Santa Catarina (Fig. 1a, c, green circle, white inverted
triangle, purple cross). The northern clade recovered by the
mtDNA phylogenetic reconstruction is split in two sub-
clades. A northernmost, geographically isolated, and well-
supported mtDNA subclade is restricted to the region
between the Pardo and Paraguaçu rivers, in Bahia (nearest
samples located more than 500 km away; Fig. 1a, c, yellow
pentagon). The other mtDNA clade, with lower support,
spans the central portion of the forest, including the coastal
regions from northern São Paulo to the state of Espírito
Santo, just south of the Doce river. The GMYC analysis
detected high levels of genetic structure within this dataset,
recognizing 12 mtDNA clusters within the clades described
above (two individuals, numbered 22 and 27, were not
clustered).

The use of nuclear data in a species-tree analysis of V.
eurygnatha recovers groupings that largely reflect the
southern, central, and northern clades detected by the
mtDNA—only analyses (although with lower support for
the southern and central groups). One V. eurygnatha clade
(posterior= 100) includes individuals collected near the

Jequitinhonha river in northern Minas Gerais, several of
which (all but sequence 21) correspond to the northernmost
mtDNA cluster (Fig. 1b, d, blue pentagon). Another clade
(posterior= 76) contains individuals from one mtDNA
cluster from the central region and two singletons from
southern Minas Gerais (Fig. 1b, green squares, singletons
23 and 26). A third clade (posterior= 88) contains indivi-
duals from one mtDNA cluster and two singletons from
Minas Gerais (Fig. 1b, d, red circle, singletons 18 and 19),
all south of the Doce river and north of the Grande river.
Clade relationships recovered by the species tree analysis
differ, however, from those inferred by the mtDNA data
(Fig. 1a). The incorporation of nuclear data through a spe-
cies tree analysis (Fig. 1d) also finds lower overall support
for the monophyly of V. eurygnatha (posterior= 48).

In V. uranoscopa, the analysis of the nuclear data
provides different insights relative to the mtDNA-only
data (Fig. 1). Although the northern individuals are placed
in a clade sister to the remaining samples, only the latter is
well-supported. Moreover, the analysis of the nuclear data
fails to find support for the clades identified by the
mtDNA-only Bayesian inference. All posteriors support
values within the nuclear data analysis of V. uranoscopa
were lower than 50.

Differently from the large number of clusters identified
by the mtDNA-based GYMC analysis, a Structure analysis
of the nuclear DNA found support for only two groups
within each species (that is, the minimum possible number
of clusters that can be determined with this algorithm; Fig.
S1 and Fig. S2). The BAPS analyses identified, however,
three groupings within each taxon. In V. eurygnatha, both
assignment analyses recognize the uniqueness of the
northernmost Minas Gerais sites (blue pentagon and
sequence 21 in Fig. 1a, b and Fig. S1). The Structure ana-
lysis assigned samples from all remaining localities within a
single population, whereas, in BAPS, a few singletons were
grouped in a third population. In V. uranoscopa, Structure
assigned all individuals from the northernmost and south-
ernmost sites into one population (Fig. S1c, green), whereas
BAPS distributed them into two groups. Central sites were
assigned to a unique population in both analyses (Fig. S1b,
blue).

When we force K to match the number of clusters and
singletons identified by the GMYC analysis, the V. eur-
ygnatha Structure outputs allows us to detect patterns that
match the four mitochondrial clusters identified with the
mtDNA data—a pattern not recovered by the BAPS ana-
lysis. However, this is not observed in V. uranoscopa. Only
one of the 11 mitochondrial clusters detected in V. ura-
noscopa is identified as genetically unique in the structure
analysis (Bahia samples: yellow pentagon; Fig. S1 c,d,
structure plots K= 13 and 14, respectively). When using
BAPS, the northernmost population can still be detected,
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and the southern and central clades are still apparent—with
several single samples assigned to unique populations.

Climate modeling, stability, and historical
demography

Present-day SDMs suggest a broader distribution for V.
eurygnatha compared to V. uranoscopa (Fig. 2a, b).
Climate-based stability maps of both species indicate the
persistence of suitable climate across time along most of
their present range (Fig. 2c, d). Both V. eurygnatha and V.
uranoscopa appear to have had large and continuous
stable areas in the southern half of the Atlantic Forest, with
some smaller and discontinuous stable areas to the north
(Fig. 2c, d).

Range projections under former climates suggest that the
distribution of suitable climates for both species of
Vitreorana expanded and contracted multiple times over the
past 120 ky. For both species, the most contracted potential
distribution was projected at 120 kya. Although similar to
the present-day extent of the species, their inferred ranges
during the last interglacial (120 kya) expanded slightly
towards the coast and the south (Fig. 3a, b). The models
suggest that the distributions of suitable habitat remained
small from 120 kya until around 100 kya, and were reduced
again starting ca. 12 kya, for both species. On the other
hand, an expansion of suitable habitats was inferred to have
happened, for both species, at 80 Kya, at 60–68, 32, and
21 kya. The broadest potential distribution was predicted
not to have happened at the Last Glacial Maximum (LGM,

Fig. 2 Left. Species distribution
models for Vitreorana
eurygnatha (a) and V.
uranoscopa (b). Darker colors
represent higher habitat
suitability, with black depicting
suitability= 1 in Maxent’s
logistic output. Right. Stability
maps for V. eurygnatha (c) and
V.uranoscopa (d). Stability
maps were obtained by adding
all model projections to the past
up to 120 kya every 4000 years.
Darker colors represent higher
stability, with black depicting
presence in all 30 layers
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~21 kya), but, instead, at 32 kya. For both species, the
inferred distribution at the LGM does not recover the same
level of connectivity between the south and north of the
forest that is inferred at 32 kya (Fig. 3a, b).

Multiple matrix regressions with randomization

Least-cost distance matrices were correlated with the IBD
matrix in both Vitreorana species, so we used the residuals
for further analyses. Climate suitability at 32 kya was highly
correlated with climate stability, in both taxa. Because of
this correlation, we only considered climatic stability in all
further analyses. In V. uranoscopa, suitability at 120 kya
was also highly correlated with climate stability, and hence
eliminated from downstream analyses.

In both species, the observed genetic structure was best
explained by a combination of variables. In V. eurygnatha,
the model that best explained genetic patterns included
geographic distance and climatic stability as explanatory
variables (R2= 0.24, p-value= 0.0003). This result held
true even after removing the highly differentiated and iso-
lated northernmost samples (R2= 0.26, p-value= 0.0003).
In V. uranoscopa, the model that best explained structure
across all sampled sites had geographic distance as a single
best explanatory variable (R2= 0.32, p-value= 0.001).
However, after removal of the highly differentiated north-
ernmost samples, the best model changed to include geo-
graphic distance, stability and rivers as barriers (R2= 0.36,
p-value= 0.0009). If we had only used distance to predict
this new set of samples, we would have found a significant

Fig. 3 Species distribution
model projections into the past,
for time periods inferred to have
resulted in the most contracted
distribution (120 kya) in a
Vitreorana eurygnatha and b V.
uranoscopa, and time inferred to
hae resulted in the broadest
distribution (32 kya) of c V.
eurygnatha and d V.
uranoscopa. Darker colors
represent higher habitat
suitability, with black depicting
suitability= 1 in Maxent’s
logistic output
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but poorer predictor of genetic diversity (R2= 0.23, p-value
= 0.0014). If only rivers were used as predictors, R2 would
have been smaller (0.13). If only stability had been used, R2

would have been smaller still (0.01).

Discussion

Multiple studies have discussed the potential influence of
landscape and climate changes on the spatial distribution of
genetic lineages in the Atlantic forest (e.g., Pellegrino et al.
2005; Cabanne et al. 2007; Thomé et al. 2010; Zamborlini
Saiter et al. 2016). Yet, none has, to date, simultaneously
evaluated the relative importance of geographical distance,
landscape configuration (topography, rivers), and historical
climate change (climatic stability, former environmental
suitability) as predictors of diversification patterns. While
doing so for Vitreorana eurygnatha and V. uranoscopa, we
found that genetic patterns are most strongly correlated with
geographic distance—despite the topographical complexity
and the historical climate dynamics of this area. We also
find evidence for the role of historical climatic stability in
predicting the genetic structure of both species. In one
species—V. uranoscopa, which is found along larger
streams (Heyer 1985)—river barriers also help to explain
the distribution of diversity. Yet, their contribution seems
relatively small.

These findings make sense in the light of previously
published data for Neotropical species. For instance, the
structuring role of geographic distance (or IBD) has been
demonstrated in frog species of the Northern Andes
(Guarnizo et al. 2015) and in plants in Central America
(Ortego et al. 2015). In the Atlantic Forest, the importance
of IBD in explaining genetic structure has been shown in
rodents (Colombi et al. 2010) and birds (Cabanne et al.
2007).

Rivers have also been frequently associated with dis-
tribution breaks in the Atlantic Forest and other Neotropical
systems. Originally postulated to explain the distributions of
monkeys in the Amazon (Wallace 1852), the riverine
hypothesis received variable support from studies of other
taxa (Gascon et al. 2000; Bates et al. 2004; Ribas et al.
2012). In the Brazilian Atlantic Forest, congruence between
the placement of phylogeographic breaks and that of rivers
has been noted in lizards (Pellegrino et al. 2005), frogs
(Thomé et al. 2010) and birds (Cabanne et al. 2007). Tests
of this hypothesis are rare, and it has been suggested that
this spatial congruence with river courses may in fact result
from other associated geological processes that acted as
barriers (e.g., tectonic faults, Thomé et al. 2014; Thomaz
et al. 2015), or from sparse sampling. In a very densely
sampled study of tree species in the central corridor of the
Atlantic Forest, for instance, it has been demonstrated that

turnover patterns in species composition reflect environ-
mental gradients, not river location (Zamborlini Saiter et al.
2016). In our analysis, rivers are correlated with lineage
structure in only one of the studied species, Vitreorana
uranoscopa. We were unable to find support for the
hypothesis that they promote connectivity within basin and
keep populations differentiated across basins. Instead, we
found support for the idea that they correspond to areas of
interrupted gene flow. The largest phylogeographic breaks
identified within both species are broadly coincident with
the location of two major rivers and, detected both in the
mitochondrial and nuclear datasets. The break between the
northern and central clades in both Vitreorana species
coincide with the Jequitinhonha and Doce rivers, with the
northern clades limited to the south by the Jequitinhonha,
and the southern clades limited to the north by the Doce.
The importance of these two rivers has been stated in the
literature; the Doce river has been identified as a contact
zone in multiple groups (Costa et al. 2000; De Mello
Martins 2011) and as a contact zone between the two types
of forest (Carnaval et al. 2014), and the Jequitinhonha river
has been highlighted as coincident with genetic breaks in
lizards (Pellegrino et al. 2005; Rodrigues et al. 2014).

In addition, both V. eurygnatha and V. uranoscopa share
a phylogeographic break in the south of the state of São
Paulo, as several other frog species (Fitzpatrick et al. 2009;
Brunes et al. 2010; Amaro et al. 2012), birds (Cabanne et al.
2008), and snakes (Grazziotin et al. 2006). This break,
however, does not seem to coincide with a major river,
topographic, or climatic shifts in the area. Instead, it is
largely (but coarsely) congruent with a NW-SE fault of the
Southern Brazil Continental Rift (Amaro et al. 2012).
Movement along this fault has been shown to have influ-
enced the configuration of hydrographic basins in the
Quaternary (Ribeiro 2006; Riccomini et al. 2010), and may
have promoted the structuring of genetic variation in these
stream-associated frogs.

Based on previous studies of montane or sub-tropical
Atlantic Forest species, we expected that past climates had
played an important role in structuring genetic variation in
Vitreorana species (Carnaval et al. 2009; Amaro et al. 2012;
Leite et al. 2016). We found support for this hypothesis: the
data show that climatic stability in the past 120 kya is an
important predictor of genetic variation. Moreover, for both
taxa, paleomodeling provides evidence of multiple range
expansions and contractions over the past 120 kya, with
stable areas including most of their presently restricted
range (Fig. 2). These data suggests that both montane spe-
cies have been limited to present (refugial) areas several
times in the past, yet likely able to explore currently
unsuitable (mostly lowland) regions and hence to expand
during colder periods, such as 32 kya. While this demo-
graphic syndrome may not appear intuitive for a tropical
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species, it is consistent with the fact that these taxa are
currently restricted to sub-tropical or tropical montane
areas.

Demographic expansions during the LGM are reflected
in the inferred history of this and other mostly southern or
montane species (Leite et al. 2016). Previous studies of
lowland species from the northern forest suggested perva-
sive climatic instability in the Quaternary and persistence of
species in wet forest stable refugia during presumably
colder periods (Carnaval et al. 2009; De Mello Martins
2011). Contrary to those findings, the SDMs here presented
suggest that glassfrogs encountered fairly stable habitats
throughout the late Pleistocene in the south of the Atlantic
Forest, with some smaller stable discontinuous areas in the
north. This supports the view that the Atlantic Forest does
not have a unique history, and that the northern (more
tropical) and southern (more sub-tropical) components of
the forest have responded differentially—and even in
opposite ways—to past climatic cycles. We argue that
Atlantic Forest species of distinct life habitat associations
have responded differentially to the many climatic changes
impacting this region over the Pliocene and Pleistocene
(D’Horta et al. 2011; Carnaval et al. 2014; Cabanne et al.
2016; Raposo do Amaral et al. 2016). Vitreorana hence
appears to function as a model for several other montane
and sub-tropical species distributed in the southern portion
of the forest.

Data archiving

DNA sequences for new mitochondrial DNA (COI and
ND1) and nuclear DNA (RAG, BDNF, POMC, and
CMYC) were deposited in GenBank under accession
numbers MH987782–MH988395. See Table S1 for a
detailed list. Voucher information and localities used for
constructing environmental niche models are provided in
Table S1. Climatic layers used for niche modeling are
available from worldclim.org.
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