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Abstract
In the last decade, phylogeographic studies have revealed a complex evolutionary history of the Brazilian Atlantic Forest (AF) biota. Here, we investi-
gated the evolutionary history of Rhopias gularis, an endemic bird of the AF, based on sequences of two mitochondrial genes and three nuclear introns
from 64 specimens from 15 localities. We addressed three main questions: (1) Does the genetic diversity of R. gularis exhibit a distribution pattern
congruent with the refuge hypothesis postulated for the AF? (2) Is the population genetic structure of R. gularis congruent with those observed in other
AF species? (3) What were the possible historical events responsible for the population structure of this species? Our mtDNA data revealed two phy-
logroups: (1) phylogroup central-south, with samples from the central and southern parts of the range; (2) and phylogroup north, which included indi-
viduals from southern Bahia. Nevertheless, nuclear loci did not reveal any evidence of population structure. Bottleneck tests indicated that the central-
south lineage experienced demographic expansion, starting around 20 kya, which coincides with the end of the last glacial maximum. However, there
was no evidence of population growth in phylogroup north. Isolation with migration analysis indicated that these phylogroups split c.a. 304 kya, with
limited gene flow among them. Palaeodistribution models indicated that R. gularis had a reduced distribution in the south and central AF during the
last glacial maximum. Our results support a diversification scenario that is in accordance with proposed Pleistocene refugia. The phylogeographic
results from our study exhibited spatial and temporal concordances and discordances with previous studies of organisms from the AF. Differences in
habitat requirements of these species could be behind this complex scenario. Future studies correlating variables of the niche of these species with the
observed phylogeographic patterns may help understand why there are congruent and incongruent results.
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Introduction

The Brazilian Atlantic Forest (AF) is widely known for its high
levels of biodiversity and threat (Myers et al. 2000; Ribeiro et al.
2009). While its biota holds ancient lineages (Fjelds�a et al. 2012;
Fouquet et al. 2012), palaeomodelling and phylogeographic stud-
ies (Cabanne et al. 2008; Carnaval and Moritz 2008; Carnaval
et al. 2009; Martins et al. 2009; Ribeiro et al. 2010; d’Horta
et al. 2011; Maldonado-Coelho 2012) have shown that forest
refugia, which are hypothesized to have occurred during the late
Pleistocene (Haffer 1969; Vanzolini and Williams 1970), may
have played an important role in the diversification within the
AF. Yet, other possible explanations could have been rivers act-
ing as barriers to gene flow for terrestrial animals (Wallace
1852). Although some recent studies showed that rivers played
an important role for diversification in Amazonian birds (Ribas
et al. 2012), in AF birds it seems to have played a less strong
role (Cabanne et al. 2007; Maldonado-Coelho 2012).

Palaeopalynological records showed that during the last glacial
maximum (LGM, 18 to 48 thousand years ago – kya), a large
area in the AF was predominantly covered by grasslands, which
extended from latitude 28°/27°S to at least 20°S (Behling and
Lichte 1997; Behling 2002; Behling et al. 2004, 2005). More-
over, these studies suggest that the temperatures in these regions
were between 5 and 7°C colder than the present (Mayle et al.
2009). Despite pronounced climatic change associated with the
LGM, some phylogeographic studies suggested diversification
before the Pleistocene (Grazziotin et al. 2006; Thom�e et al.
2010; Amaro et al. 2012; Amaral et al. 2013) and demographic
stability during the LGM (Batalha-Filho et al. 2012; Cabanne
et al. 2013) within the AF. Therefore, it remains unclear what

role glacial refugia played in the evolutionary history of many
taxa in the AF.

Carnaval and Moritz (2008) – hereafter the CM model – pro-
posed a palaeogeographical hypothesis for the AF based on eco-
logical niche modelling, which suggested that during the LGM,
the humid forest persisted in the northern and central portions of
the biome, indicating the presence of forest refugia in these
areas. Thus, according to the CM model, the southern part of the
AF is expected to show a signal of demographic expansion as a
consequence of postglacial expansion of the forest in this region,
while in the north of the AF the model predicts the persistence
of forests during the LGM. Therefore, the absence of demo-
graphic expansion signals is expected in this area. Whereas some
phylogeographic studies supported this hypothesis (Cabanne
et al. 2008; Carnaval et al. 2009; Martins et al. 2009; Ribeiro
et al. 2010; d’Horta et al. 2011; Martins 2011; Maldonado-
Coelho 2012), other studies showed that the southern AF holds
high levels of genetic diversity and possibly also maintained for-
est refuges during the LGM (Thom�e et al. 2010; �Alvarez-Presas
et al. 2011, 2014; Batalha-Filho et al. 2012). These results indi-
cate that although some organisms share a common history of
diversification, there seems to be a complex set of diversification
patterns and processes within the AF. This complexity is possi-
bly related to differential ecological dependencies and habitat
requirements inherent to the idiosyncrasies of each organism
(Batalha-Filho et al. 2012). Therefore, only by performing
microevolutionary studies of many endemic taxa will it be possi-
ble to reach an overview of mechanisms that have promoted the
diversification of the AF biota that we observe today.

Here, we analyse the phylogeographic structure, historical
demography and the palaeodistribution of the Star-throated
Antwren, Rhopias gularis (Passeriformes: Thamnophilidae). This
passerine species is a Brazilian endemic that is restricted to the
central-southern AF. This bird lives inside dense rainforest and is
often found close to streams and rivers. It occurs from the south-
ern state of Santa Catarina to Minas Gerais and Esp�ırito Santo

Corresponding author: Henrique Batalha-Filho (henrique.batalha@
outlook.com)
Contributing author: Cristina Y. Miyaki (cymiyaki@usp.br)

J Zoolog Syst Evol Res (2016) 54(2), 137--147

Accepted on 5 November 2015
© 2016 Blackwell Verlag GmbH J Zoolog Syst Evol Res doi: 10.1111/jzs.12118



states (Ridgely and Tudor 1994; Sick 1997). In addition, popula-
tions were found in the south of the state of Bahia (Silveira et al.
2005) (Fig. 1a). However, there are no records between Esp�ırito
Santo state (left bank of Doce River) and Bahia state (right bank
of Jequitinhonha River). Thus, it is possible that populations
northwards from Jequitinhonha River might be disjunct from
southern populations. The species was included in the genus
Myrmotherula, but recent molecular phylogenies showed that
Myrmotherula is polyphyletic (Irestedt et al. 2004; Belmonte-
Lopes et al. 2012; Bravo et al. 2012), thus suggesting that the
species belongs to a monotypic genus now named Rhopias (Bel-
monte-Lopes et al. 2012).

To help elucidate the evolutionary history of the AF, we gen-
erated DNA sequences of mitochondrial and nuclear genes for
samples of R. gularis distributed along the central-south region
of the biome. We investigated the genetic structure, historical
demography and palaeodistribution of this species, and then we
compared our results with previous studies of AF organisms. For
this purpose, we addressed three main questions:(1) Does the
genetic diversity of R. gularis exhibit a distribution pattern con-
gruent with the refuge hypothesis postulated for the AF? (2) Is
the population genetic structure of R. gularis congruent with
those observed in other AF species? and (3) What were the pos-

sible historical events responsible for the diversification of this
species in the AF?

Materials and methods

Sampling and molecular procedures

Samples (muscle and blood) of 64 specimens from 15 localities in Brazil
were collected between 2008 and 2012 (Table 1, Fig. 1a). Laboratory
procedures for extraction and amplification of DNA followed Batalha-
Filho et al. (2012). We obtained sequences of two mitochondrial genes:
cytochrome b (cytb) with primers L-14841 and H-16065 (Lougheed et al.
2000); and NADH dehydrogenase subunit 2 (ND2) with primers Lmet
(Hackett 1996) and H6313 (Johnson and Sorenson 1998). We also
sequenced three nuclear introns: intron 11 of glyceraldehyde-3-phospho-
dehydrogenase (G3PDH) with primers G3PL890 and G3PH950 (Friesen
et al. 1997); intron 5 of transforming growth factor beta (TGFB2) with
primers TGFB2-5F e TGFB2-6R (Primmer et al. 2002); and intron 5 of
laminin receptor precursor P40 with (LRPP40) primers LRPP40-F and
LRPP40-R (Primmer et al. 2002). PCR conditions followed Batalha-Filho
et al. (2012), varying the annealing temperature of nuclear introns:
G3PDH – 62°C; TGFB2 and LRPP40 – 61°C. Sequencing protocols for
cytb followed Batalha-Filho et al. (2012). Sequencing of the remaining
markers was performed by Macrogen Inc. (Seoul, South Korea). Both
DNA strands were sequenced using the amplification primers. All the

Fig. 1. Sampling localities of Rhopias gularis and haplotype networks from mitochondrial and nuclear genes. (a) Map showing the localities sampled.
The circles on the map indicate sampling sites, and their colours correspond to the mitochondrial phylogroups. The grey area represents the limits of
the Atlantic Forest, and the dotted line shows the approximate limit of the species distribution based on Ridgely and Tudor (1994). Numbers at sam-
pling sites follow Table 1. (b) Haplotype network based on 2025 bp of concatenated cytb and ND2. (c) Haplotype network based on 335 bp of
LRPP40. (d) Haplotype network based on 389 bp of G3PDH. (e) Haplotype network based on 576 bp of TGFB. In the haplotype networks, each cir-
cle corresponds to one haplotype, and its size is proportional to its frequency; each line connecting the haplotypes refers to a mutational step; marks in
the lines are indicated when more than one mutation was found. Colours correspond to mitochondrial phylogroups: black – central-south, grey – north.
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sequences used in this study were deposited in GenBank under the
following accession numbers: cytb, KT869796–KT869857; ND2,
KT869975–KT870035; G3PDH, KT869858–KT869918; TGFB2,
KT870036–KT870093; LRPP40, KT869919–KT869974.

Sequence edition, phase and recombination test

Electropherograms were inspected and assembled in contigs using
CodonCode ALIGNER v. 3.7 (CodonCode Inc.). Sequences were aligned
using CLUSTAL W (Higgins et al. 1994) in MEGA5 (Tamura et al. 2011). All
the alignments were inspected and corrected visually. Given that mito-
chondrial genes are linked, they were concatenated and analysed as a sin-
gle locus (mtDNA). For nuclear introns, we codified double peaks
present in both strands in the electropherograms of the same individual
as ambiguous sites according to the IUPAC code. Nuclear sequences that
contained heterozygous indels were analysed using the algorithm Process
Heterozygous Indels in CodonCode ALIGNER v. 3.7. The gametic phase of
heterozygote individuals was resolved using the algorithm PHASE (Ste-
phens et al. 2001) with the default settings in DNASP 5 (Librado and
Rozas 2009) and 0.9 as the minimum probability. Individuals with lower
probabilities were removed from further analyses (four for LRPP40 and
three for TGFB2). We used the PHI test in SPLITSTREE4 (Bruen et al.
2006; Huson and Bryant 2006) to check for recombination in nuclear
introns. This test was used due to its power to distinguish recombination
events from homoplasies (Bruen et al. 2006).

Population structure tests

We generated median-joining networks (Bandelt et al. 1999) using NET-

WORK 4.6.1.0 (www.fluxus-engineering.com) for each locus to study the
relationships between haplotypes and their geographic distribution.
Uncorrected genetic distance (p-distance) among observed phylogroups
was calculated using MEGA5, and its standard error was estimated based
on 1000 bootstrap replicates.

To check the level of population genetic structure among localities
based on mtDNA data, we performed a spatial analysis of molecular vari-
ance (SAMOVA) using SAMOVA 1.0 (Dupanloup et al. 2002). This method
defines genetic groups that are geographically homogeneous and maxi-
mally differentiated from each other (Dupanloup et al. 2002). We tested
for the presence of two to five groups (k), based on 1000 simulations of
the annealing process for each. We then compared fixation indices (ΦCT

– structure among groups; ΦST – structure among localities among
groups) and percentage of variation between ks and chose the k with the
highest structure. For this analysis, we used localities with at least two
individuals.

In addition, to infer the level of genetic structure in R. gularis based
on nuclear introns, we applied the Bayesian clustering method available
in STRUCTURE 2.3.3 (Pritchard et al. 2000). The analysis adopted the
admixture model and assumed that genotype frequencies among popula-
tions were not correlated. The runs were implemented by testing the
number of clusters (k) ranging from one to five, and each of these runs
was repeated 10 times. For each run, we ran a Markov Chain Monte
Carlo (MCMC) process for 6 million generations, discarding the first mil-
lion generations as burn-in. To obtain the most likely number of k, we
estimated the Pr(k) by the Bayes rule following Pritchard et al. (2010),
using the mean values of log-likelihood from the posterior probabilities
of the ten runs for each k. We applied this method to obtain the number
of k as it allows k = 1 in the calculations.

Summary statistics and historical demography analyses

We estimated nucleotide diversity per site (p) and number of haplotypes
(h) for each locus using DnaSP5. To detect signals of demographic
expansion, we applied the neutrality test Fu’s Fs (Fu 1997) and the popu-
lation size change test R2 (Ramos-Onsins and Rozas 2002) in DNASP5.
The significance of these tests was obtained based on 10000 coalescent
simulations.

We also inferred the population size dynamics through time for all loci
combined by using the Extended Bayesian Skyline Plot method (EBSP;
Heled and Drummond 2008) implemented in BEAST 1.6.2 (Drummond
and Rambaut 2007). This method reduces the stochastic effect from the
coalescent process by combining different genes trees in a nonparametric
approach of coalescence to estimate fluctuation of the effective popula-
tion size through time (Ho and Shapiro 2011). Two independent EBSP
runs were obtained with 150–250 millions of steps of MCMC for each
mitochondrial phylogroup using the following parameters: an initial
UPGMA tree, a linear model, parameters sampled every 10 000 steps
and a burn-in of 20%. The hLRT test implemented in MEGA5 did not
reject the molecular clock hypothesis (p < 0.05) for all loci in both
clades, except for mtDNA in the central-southern clade. Thus, we applied
an uncorrelated lognormal relaxed-clock prior for mtDNA in the central-
southern clade and a strict clock prior for the remaining loci. The best-fit

Table 1. Samples of Rhopias gularis: localities, coordinates, sample sizes (n), tissue collections, sample code.

Locality Latitude Longitude n Collection1 Tissue/specimen code

1. RPPN Serra Bonita, Camacan, BA �15.3851 �39.56919 5 LGEMA2 13716, 13717, 13727, 13732, 13733
2. Parque Nacional do Capara�o, Santa Marta, ES �20.4549 �41.74488 1 LGEMA2 13532
3. Parque Estadual Serra do Brigadeiro, Araponga,

MG
�20.65 �42.51666 1 UFMG3 B1280

4. Parque Nacional Serra dos �Org~aos, Teres�opolis,
RJ

�22.4478 �43.00595 6 LGEMA2 12999, 13001, 13002, 13003, 13004, 13005

5. Paraty, RJ �23.2178 �44.7131 2 MNRJ2 MNT0291, MNT0296
6. Fazenda Capric�ornio, SP �23.4 �45.06667 3 ZMUC2 137087, 137115, 137123
7. Serra da Cantareira, S~ao Paulo, SP �23.5475 �46.6361 4 MZUSP2 75, 82, 144, 145
8. Estac�~ao Biol�ogica Boraceia, Sales�opolis, SP �23.6542 �45.88963 8 LGEMA2 12044, 12045, 12046, 12047, 12051, 15622,

15655, 15666
9. Piedade, SP �23.7767 �47.32722 1 LGEMA2 1076
10. Parque Estadual Serra do Mar, N�ucleo

Curucutu, SP
�23.9553 �46.72083 11 LGEMA3 14715, 15097, 15137, 15138, 15140, 15142,

15149, 15216, 15217, 15227, 15243
11. Juquitiba, SP �24.1833 �46.78333 3 LGEMA2 1145, 1146, 2386
12. Parque Estadual Tur�ıstico Alto do Ribeira,

N�ucleo Caboclos, SP
�24.5333 �48.53333 2 LGEMA2 1593, 1595

13. Utinga, Guaraquec�aba, PR �25.2031 �48.23222 5 LGEMA2 14656, 14657, 14680, 14681, 14698
14. Nova Trento, SC �27.2989 �49.07956 6 LGEMA2 14581, 14608, 14609, 14610, 14611, 14631
15. Nova Roma, Morro Grande, SC �28.7053 �49.76678 6 LGEMA2 14524, 14529, 14531, 14533, 14534, 14574

1MNRJ – Museu Nacional da Universidade Federal do Rio de Janeiro; LGEMA – Laborat�orio de Gen�etica e Evoluc�~ao Molecular de Aves, Universi-
dade de S~ao Paulo; UFMG – Laborat�orio de Biodiversidade e Evoluc�~ao Molecular, Instituto de Ciências Biom�edicas, Universidade Federal de Minas
Gerais; MZUSP – Museu de Zoologia da Universidade S~ao Paulo; ZMUC – Zoological Museum, University of Copenhagen.
2Muscle sample with specimen voucher associated (LGEMA tissues have specimens vouchers deposited in MZUSP).
3Blood sample with no specimen voucher associated.
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model for each gene was selected using MRMODELTEST 2.2 (Nylander
2004) based on the Akaike information criterion (AIC) in conjunction
with PAUP* (Swofford 1998). As the fossil record of New World Subosci-
nes is very sparse, especially for intraspecies calibration, we adopted
mutation rates to obtain rough absolute divergence dates. We used 1.05%
(SD 0.05%) per lineage per million years as the mutation rate for mtDNA
(Weir and Schluter 2008) under a normal prior distribution. Weir and
Schluter (2008) used 90 calibration points to estimate this rate and it is
being used in many studies involving birds. Based on the probabilities
obtained, BEAST estimated the mutation rate for nuclear introns individu-
ally under a default lognormal prior distribution. To check the conver-
gence of parameters between runs and the analysis performance (ESS
values >200), we used TRACER 1.5 (http://beast.bio.ed.ac.uk/Tracer). After
removing burn-in, we combined independent runs for each phylogroup
by using LogCombiner.

Divergence time and migration

We obtained divergence time and gene flow among clades of R. gularis
based on data from all loci under the multilocus Bayesian coalescent
method of isolation with migration (Nielsen and Wakeley 2001; Hey and
Nielsen 2004) that is implemented in the software IMA version of 12/17/
2009 (Hey and Nielsen 2004). Under this model, the program estimates
six demographic parameters for pairs of populations: the effective popula-
tion size for each population (h1, h2) and for the ancestral population
(ha); migration rates among populations (m1: rate of alleles that migrate
from phylogroup central-south to north from past to present; m2: inverse
of m1); and the time of divergence of populations (t). We used the HKY
model for all loci and inheritance scalars of 0.25 for the mitochondrial
locus and 1.0 for nuclear loci. We allowed the program to estimate inde-
pendent values of h and m for each population. We implemented prelimi-
nary runs to adjust the maximum value of the prior distribution for each
parameter and the number and heating scheme of MCMCs. The analyses
were then performed with 50 MCMCs and geometric heating (g1 = 0.99,
g2 = 0.92). The maximum values of priors for the demographic parame-
ters were as follows: h1 and h2 = 10, ha = 20, m1 = 16, m2 = 10,
t = 1.5. We assumed a generation time of one year as used in Cabanne
et al. (2008). The parameters were scaled in demographic units using the
same mutation rate of mitochondrial genes implemented in EBSP analy-
ses. A mutation rate of 0.135% per site per lineage per million years for

nuclear introns was applied, following Ellegren (2007), which has been
adopted in other studies. We assumed errors in the mutation rates as pri-
ors in the calculation of scalar mutation, as suggested by Weir and Sch-
luter (2008) and Ellegren (2007), for the mitochondrial and nuclear loci,
respectively, of: mtDNA, 0.96% to 1.13%; nDNA, 0.12% to 0.15%. We
implemented five runs with different random seeds with 11 million gener-
ations each to verify convergence between runs. The first million genera-
tions were discarded as burn-in. To check the convergence of parameters
in each run, we made sure that all the ESS values were higher than 100.

Ecological niche modelling

As niche conservatism is a plausible assumption for species adapted to
tropical climate (Khaliq et al. 2015), we modelled the ecological niche
distribution of R. gularis during the late Pleistocene using the maximum
entropy algorithm implemented in MAXENT 3.3.3k (Phillips et al. 2006).
The occurrence points of R. gularis included georeferenced records from
genetic sampling, vouchered specimens from Museu de Zoologia at
Universidade de S~ao Paulo (MZUSP), and records from GBIF (http://
www.gbif.org/) and SpeciesLink (http://splink.cria.org.br/). We checked
all records in DIVA-GIS 7.5 (Hijmans et al. 2012) and removed those that
we suspected that could be erroneous. A total of 47 georeferenced points
throughout the species distribution were considered for the analyses
(Fig. 2a). We obtained environmental layers from 19 bioclimatic vari-
ables (Hijmans et al. 2005) available at Worldclim (http://www.world-
clim.org/). Layers were downloaded with 2.5 min of resolution for
current conditions, Last Glacial Maximum (LGM; three models of
~22 kya: CCSM4, MIROC-ESM and MPI-ESM-P) and Last Interglacial
(LIG; ~120–140 kya). Species distribution models (SDMs) were gener-
ated for South America, as layers were cropped from latitude 14.7708 to
�57.6875 and longitude �30.0625 to �85.3541. To obtain the accuracy
of models, we used 75% of the records as training samples and the
remaining 25% as test samples and calculated area under curve values
for the training and test models. Palaeoclimate scenarios were generated
by projecting layers of the past on the current distribution model. We
produced binary map using a threshold definition of the minimum pres-
ence criterion, which corresponds to the minimum model prediction value
for any occurrence data, and probabilities below the threshold were con-
verted to zero, producing a binary map, as used in Thom�e et al. (2010).
Then we used DIVA-GIS 7.5 to overlay SDMs from current, LGM and LIG

(a) (b) (c)

(d) (e) (f)

Fig. 2. (a) Map with occurrence localities of Rophias gularis (black dots) used in Maxent. Species distribution models (SDM) of Rophias gularis for
current time (b) and last interglacial (c). SDMs for the last glacial maximum using CCSM4 (d), MPI-ESM-P (e), and MIROC-ESM (f) layers. Warmer
colours indicate higher probability of species occurrence, as depicted in the legend.
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periods to produce maps with stable areas during these three periods,
which can be assumed as refugia. Resulting grid layers from Maxent
were visualized in DIVA-GIS 7.5.

Results

DNA sequence characteristics and variation

Our data set comprised 3344 bp: 1010 bp of cytb (n = 62),
1034 bp of ND2 (n = 61), 389 bp of G3PDH (n = 61), 576 bp
of TGFB2 (n = 58) and 335 bp of LRPP40 (n = 56). There were
13 and 15 polymorphic sites for cytb and ND2, respectively. No
unexpected stop codons or ambiguous peaks in the electrophero-
grams were found in these sequences, suggesting that they were
of mitochondrial origin. We observed 10 variable sites in
G3PDH, nine in TGFB2 and 13 in LRPP40. We did not find
indels in any of the loci analysed.

The allelic reconstruction by PHASE resolved with high prob-
ability (p > 0.9) 122 sampled chromosomes for G3PDH, 110 for
TGFB2 and 104 for LRPP40. The remaining alleles with low
PHASE probability were removed from further analyses. The
PHI test rejected the hypothesis of recombination in all nuclear
loci (G3PDH p = 0.122; TGFB2 p = 1.0; LRPP40 p = 0.889).
The summary statistics for all loci are shown in Table 2.

Population structure

The haplotype network of the mtDNA data set revealed two phy-
logroups in R. gularis (Fig. 1): (1) phylogroup central-south,
with samples from the central and southern distributions of the
species; and (2) phylogroup north, with individuals from the
northern distribution of the species, corresponding to the locality
of Camacan in the south of the state of Bahia. These phy-
logroups exhibited 0.6% (�0.1%) divergence in mtDNA (uncor-

rected p distance). Thus, a phylogeographic discontinuity was
observed in an area that includes the interfluve of Doce and
Jequitinhonha rivers (Fig. 1a). Unfortunately, our sampling did
not include any specimen from the area delimited by these rivers.
SAMOVA also showed that the clustering that considered two phy-
logroups also contained the highest structure among groups
(Fig. 3; ΦCT = 0.80, p < 0.05; ΦST = 0.82, p < 0.000001). This
SAMOVA result indicated the same structure observed in the
mtDNA haplotype network (with distinct northern and southern
phylogroups).

Notwithstanding, the haplotype networks of nuclear introns
did not recover the same structure observed in mtDNA (Fig. 1),
although these loci exhibited more nucleotide diversity than
mitochondrial genes (Table 2). Furthermore, when nuclear
introns were analysed in Structure, they still failed to recover
any genetic structure, as the Bayes rule [Pr(k)] found that the
best number for k was 1 (Table 3).

Historical demography

While the Fs and R2 tests for mtDNA revealed demographic expan-
sion in phylogroup central-south, they did not reveal any signal of
expansion in nuclear introns (Table 2). The EBSP analyses based
on data from all markers also indicated demographic expansion in
phylogroup central-south (Fig. 4). In addition, this phylogroup
seems to have experienced a demographic expansion after the last
glacial maximum (LGM), starting approximately 20 kya (Fig. 4c).

Divergence time and gene flow

Divergence time between phylogroups of R. gularis obtained by
IMA indicated a split during the Late Pleistocene, c.a. 304 kya
[90% of HPD (Highest Posterior Density): 91 to 931 kya]. Addi-

Table 2. Summary statistics for mitochondrial and nuclear loci of Rhopias gularis.

Phylogroup Locus n h p (SD) Fs R2

North mtDNA 5 3 0.00093 (0.00037) 0.469 ns 0.3092 ns

G3PDH 10 4 0.00577 (0.00126) 0.8524 ns 0.2032 ns

TGFB2 8 2 0.00043 (0.00031) �0.182 ns 0.1653 ns

LRPP40 6 4 0.00995 (0.00201) 0.4263 ns 0.2778 ns

Central-south mtDNA 59 20 0.00115 (0.00013) �14.1663** 0.0404*
G3PDH 112 11 0.00388 (0.0004) �2.6121 ns 0.0751 ns

TGFB2 102 6 0.00344 (0.00016) 2.0841 ns 0.3307 ns

LRPP40 98 8 0.00635 (0.00065) 0.7446 ns 0.1182 ns

Total mtDNA 64 22 0.0019 (0.00032) – –
G3PDH 122 12 0.00410 (0.00038) – –
TGFB2 110 6 0.00335 (0.00018) – –
LRPP40 104 9 0.00674 (0.00064) – –

n: Sample size (number of phased genes); h: number of haplotypes or alleles; p (SD): nucleotide diversity per site (standard deviation); ns, not signifi-
cant; *p < 0.01; **p < 0.000001.

Fig. 3. Spatial analysis of molecular variance (SAMOVA) of Rhopias gularis from 12 localities based on mitochondrial data. (a) Percentage of the
genetic variation contained in the hierarchical levels of SAMOVA obtained for the best clustering in each number of k tested. (b) Estimate of fixation
indices obtained for the best clustering in each number of k tested.
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tionally, IMA results revealed low rates of migration among phy-
logroups, with an overlap in posterior probability curves of m1

and m2 (Fig. 5, Table 4). Estimates of the effective population
size (Ne) showed that the ancestral population (ha) was larger
than the current one. The phylogroups north and central-south
exhibited more similar values of Ne, as there was overlap in the
posterior probability curves of h1 and h2 (Fig. 5, Table 4).

Climate-based palaeodistribution

The species distribution models (SDMs) exhibited good accu-
racy, as evidenced by similar area under curve values (AUCtrain-

ing = 0.993; AUCtest = 0.994). The minimum point value of
adequability was 0.1138, which was assumed as threshold to pro-

duce binary maps. The SDM predicted for current time (Fig. 2b)
is roughly similar to the expert range map (Fig. 1), but underpre-
dicted areas in western Paran�a state. Interestingly, the current
SDM indicated that the population from south Bahia (phylogroup
north) is disjunct and has a very small range (Fig. 2b). Our
palaeomodels for the LGM (Fig. 2) revealed that the distribution
of phylogroup central-south may have been reduced during this
period, while phylogroup north probably maintained its disjunct
and small distribution in the LGM (except for MIROC-ESM that
predicted areas in Espinhac�o Hills and Chapada Diamantina).
Finally, the last interglacial (LIG) palaeomodel (Fig. 2c) exhib-
ited a species distribution similar to the current SDM, but occur-
rence area for phylogroup north appears further north, and the
palaeomodel indicates high probability of species occurrence in
the Pernambuco refuge (Carnaval and Moritz 2008; Carnaval
et al. 2009) during the LIG. Our overlay maps (Fig. 6) con-
firmed isolation of R. gularis in two disjunct populations since
the LIG, with a possible range reduction of phylogroup central-
south.

Discussion

Results from our study suggests that diversification of R. gularis
took place in the late Pleistocene, when climate changes seem to
have influenced the AF biota (Carnaval et al. 2014). Our haplo-
type network (Fig. 1) and SAMOVA (Fig. 3) based on mtDNA evi-

Table 3. Mean [log L (k)] and standard deviation (SD) of log-likelihood
values and estimation of Bayes rule [Pr(k)] for ten runs of each k imple-
mented in Structure for Rhopias gularis.

k log L (k) SD Pr(k)

1 �487.69 0.031623 1
2 �549.52 10.74469 0
3 �584.73 29.6764 0
4 �570.53 27.9769 0
5 �559.95 19.4165 0

Fig. 4. Estimates of the Extended Bayesian Skyline Plot (EBSP) for mitochondrial phylogroups of Rhopias gularis: (a) phylogroup north; (b) phy-
logroup central-south; (c) detailed plot of the last 100 kya of EBSP for phylogroup central-south. The middle line shows the median estimate of the
EBSP, and the upper and lower lines show the upper and lower 95% highest posterior density limits, respectively. The Y-axis is in ln scale. The X-axis
represents time in millions of years (mya).

Fig. 5. Distribution of marginal likelihoods of demographic parameters estimated with IMa. (a) The Ne (effective population size) is given as number
of individuals. (b) Migration rates are means of migration events per gene copy per 1000 generations; m1 is migration rate of phylogroup central-south
to north and m2 is vice versa. (c) Divergence time is shown in millions of years (mya).
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denced two phylogroups in R. gularis separated by eight muta-
tional steps (0.6% of divergence). Phylogroup central-south com-
prised almost the whole species distribution and ranged from the
southern state of Santa Catarina to the south bank of the Doce
River in the state of Minas Gerais, whereas phylogroup north
included only one locality (Camacan) in the south of the state of
Bahia. The divergence time provided by IMA showed that the
split between these two phylogroups took place in the Late Pleis-
tocene and could be associated with climatic changes that
occurred in this period. However, as our data set did not include
samples between the Doce and Jequitinhonha rivers, we cannot
determine the exact location of the phylogeographic discontinuity
between the central-south and the north phylogroups. In addition,
the inclusion of samples from this region could reveal intermedi-
ate haplotypes and reduce the divergence between phylogroups.
Nevertheless, in these latitudes R. gularis occurs only in ombro-
philous forests above ~600 m, and currently these habitats are
not common in this region. Furthermore, we conducted fieldwork
in two localities in this region where there are ombrophilous for-
ests above 600 m (Rebio Mata Escura, Jequitinhonha, and RPPN
Fazenda Duas Barras, Santa Maria do Salto, both in the state of
Minas Gerais), but we did not detect the species in these areas.
In addition, a long-term inventory made in RPPN Fazenda Duas
Barras did not register R. gularis (R. Ribon unpublished data).
Furthermore, besides the specimens collected by us in Camacan,
there are records of R. gularis on the north bank of the Jequitin-
honha River only in two other localities close to Camacan (Serra
das Lontras and Serra do Javi; Silveira et al. 2005). Therefore, it
seems that currently, R. gularis populations from the north bank
of the Jequitinhonha River are isolated from those that occur to
the south of the Doce River. Finally, our species distribution
models indicated that phylogroup north is best regarded as a dis-
junct population with a very small range, even during the last
glacial maximum (LGM) and the last interglacial periods
(Fig. 6).

The nuclear introns did not recover the same population struc-
ture as observed in the mtDNA (Fig. 1, Table 3). This incongru-
ence could be due to incomplete lineage sorting through
retention of ancient polymorphisms due to a recent divergence
(Pinho et al. 2008), or it could be due to a longer time of coales-
cence of nuclear DNA compared to the mitochondrial genome
(approximately 4 times longer; Palumbi et al. 2001; Zink and
Barrowclough 2008).

Nuclear introns exhibited higher values of p than the mtDNA
(Table 2). Fay and Wu (1999) demonstrated that the decrease of
Ne induces higher reduction levels of genetic diversity in
mtDNA than in nuclear DNA, due to the smaller population size
of the mitochondrial genome. Thus, as we found evidence of a
population bottleneck in R. gularis (Fig. 4), the lower values of
p in mtDNA could be associated to the effect shown by Fay and
Wu (1999).

The divergence observed in R. gularis exhibits spatial congru-
ence with other phylogeographic studies of AF organisms, such
as birds (Cabanne et al. 2008; d’Horta et al. 2011; Maldonado-

Coelho 2012), mammals (Costa 2003), lizards (Pellegrino et al.
2005), frogs (Thom�e et al. 2010), and plants (Ribeiro et al.
2010). These studies detected phylogeographic discontinuities
located at the Doce River, and this river was ascribed as a sec-
ondary barrier in some studies (Cabanne et al. 2008; Maldonado-
Coelho 2012). The lineages could have diverged in allopatry at
either the northern or southern part of the river course because
the river formed before the Pleistocene period (Lundberg et al.
1998; Ribeiro 2006). The dating of the split among phylogroups
in R. gularis in the Late Pleistocene also presents temporal con-
cordance with some of these previous studies (Cabanne et al.
2008; Ribeiro et al. 2010; d’Horta et al. 2011). Notwithstanding,
Pellegrino et al. (2005), studying lizards, found that the Doce
River (and other rivers in the AF) seems to have acted as a pri-
mary barrier to gene flow and resulted in the observed diver-
gence.

In a vicariant scenario, where the river would be a primary
barrier, one would expect absence of demographic expansion sig-
natures and temporal congruence between the split and the origin
of the river (Moritz et al. 2000). However, we observed the
opposite: demographic expansion after the LGM in phylogroup
central-south (Table 2, Fig. 4) and a divergence time between
phylogroups much younger than the origin of the river. Thus, we
can reject the hypothesis that the Doce and Jequitinhonha rivers
acted as primary barriers. On the other hand, under the refuge
hypothesis (Haffer 1969; Carnaval and Moritz 2008) one would
expect strong signal of demographic expansion and divergence
age congruent with climate changes in the Pleistocene (Moritz
et al. 2000). Thus, the intraspecific diversification scenario for
R. gularis does not refute the refuge hypothesis.

Notwithstanding, in the above-mentioned studies and others
(Grazziotin et al. 2006; Martins et al. 2009; Batalha-Filho et al.
2010; Cabanne et al. 2011; Amaro et al. 2012), other phylogeo-
graphic discontinuities were observed that were not observed in
R. gularis. For instance, a phylogeographic discontinuity
observed in the state of S~ao Paulo (close to Tiête and Para�ıba do
Sul rivers), detected in other organisms, was not observed in
R. gularis. These spatial concordances and discordances could be
explained by differences in habitat requirements of these species
(as previously postulated by Batalha-Filho et al. 2012). Thus,
species with similar niches may have responded to historical
events in the same way, while species that have other habitat
requirements responded in distinct ways.

Our historical demographic analyses showed stability in phy-
logroup north and demographic expansion in phylogroup central-
south (Table 2, Fig. 4). Moreover, the demographic expansion of
phylogroup central-south started approximately 20 kya and is
congruent with the end of the LGM in the AF (Fig. 3). Palaeo-
models (Figs 2 and 6) also indicated that R. gularis might have
reduced its distribution in central and south AF and maintained a
small range in southern Bahia during the LGM. Based on
palaeopalynological data, Behling and Lichte (1997) and Behling
(2002) suggested that the most drastic environmental changes
during the LGM in the AF occurred between 18 to 48 kya.

Table 4. Estimations of demographic parameters of IMA for Rhopias gularis based on mitochondrial and nuclear data.

h1 h2 ha m1 m2 t

Highest point 144376.8 410101.1 1038539 0.004 0.0008 304520
Lower HPD of 90% 39858.64 270153 409658.2 0 0 919401

Upper HPD of 90% 528791.3 594336.6 2376018 0.0147 0.0041 9316291

h: Effective population size in number of individuals for phylogroups north (h1) and central-south (h2), and the ancestral population (ha). m: mean of
migration events per gene copy per 1000 generations from phylogroup central-south to north (m1) and vice versa (m2). t: Divergence time in years.
HPD of 90%: Confidence intervals of 90% of posterior distribution after burn-in.
1HPD values low precision and influenced by priors, because the likelihood distribution was flat at the end and did not touch zero.
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Additionally, Ledru et al. (2009) observed two major periods of
forest regression in southern AF during the LGM, between 40
and 30 kya and between 23 and 12 kya. These data are in accor-

dance with the demographic expansion experienced by phy-
logroup central-south (Fig. 4).

In general, our results are in accordance with the CM model;
where demographic expansion after the LGM in the southern AF
was expected because of the instability of the forest in this
region [but see �Alvarez-Presas et al. (2014) and Batalha-Filho
et al. (2012) for demographic stability at southern AF]. Never-
theless, our evidence of stability in phylogroup north can be
biased due to the reduced sample size of this lineage. However,
based on phylogeographic endemism and palaeogeographic data,
Carnaval et al. (2014) recently identified two bioclimatic
domains in the AF. The discontinuity was observed around the
Doce River, and they postulated that there was climatic stability
in both regions. According to the authors, these domains are sub-
ject to different climatic drivers: while in the north past climatic
stability predicted phylogeographic patterns, in the south contem-
poraneous climatic heterogeneity explained phylogeographic
endemism. Our demographic results from EBSP (Fig. 4) are con-
gruent with this scenario.

Overall, the estimates of divergence time (Table 4, Fig. 5), cli-
mate-based palaeodistribution (Fig. 2) and the variation in popu-
lation size through time (Fig. 4) indicated a scenario of recent
allopatric divergence followed by a post-LGM expansion in the
phylogroup central-south in R. gularis. The divergence that
occurred during the late Pleistocene is possibly related to the
refuge hypothesis (Haffer 1969; Vanzolini and Williams 1970).
Other phylogeographic studies in the AF also concluded that this
hypothesis was the most likely to explain the diversification pat-
terns recovered (Cabanne et al. 2008; Carnaval et al. 2009;
Ribeiro et al. 2010; d’Horta et al. 2011; Maldonado-Coelho
2012). Furthermore, the fact that phylogroup north was a disjunct
isolated population suggests that this phylogroup is a relictual
lineage from the refuge that persisted in the south of the state of
Bahia during the late Pleistocene, or even in a microrefuge
within that region. In addition, our migration estimates by IMA

(Table 4, Fig. 5) revealed that gene flow among phylogroups
was very low, which indicates that the secondary contact among
them was very limited.

Although R. gularis is not considered threatened (Machado
et al. 2008; IUCN 2013), its populations are suspected to be in
decline owing to ongoing habitat destruction (BirdLife Interna-
tional 2014). Our results showed that populations of this spe-
cies isolated in its northern distribution possibly belong to an
independent evolving lineage. This lineage occurs in one of the
most degraded regions in the AF (Ribeiro et al. 2009), the
south of the state of Bahia, and efforts to implement conserva-
tion and restoration programs are necessary because this region
holds many endemic and threatened bird species (Silveira et al.
2005).

Conclusions

In this study, both classical and coalescent Bayesian phylogeo-
graphic approaches plus palaeomodelling of species distribution
allowed us to make inferences about the evolutionary history of
R. gularis and to infer processes that seem to have affected its
diversification in the AF. Our results evidenced two phylogroups
that diverged in the Late Pleistocene, with the phylogeographic
discontinuity located between the Doce and Jequitinhonha rivers.
Additionally, we observed a signal of demographic expansion
within the LGM (~20 kya) in the phylogroup central-south that
is in accordance with climate changes in the Late Pleistocene.

Thus, the results from this and other phylogeographic studies
of endemic organisms of the AF have shown both spatial and
temporal heterogeneity in the patterns of the genetic structure of
these species along the biome. It is possible to predict that differ-

Fig. 6. Maps of historically stable areas for Rophias gularis obtained by
overlapping species distribution models of current, Last Glacial Maxi-
mum (LGM) and Last Interglacial periods. Grey tones represent stable
areas (black represent refuges), as depicted in the legend. (a) CCSM4
LGM model; (b) MPI-ESM-P LGM model; (c) MIROC-ESM LGM
model.
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ent historical processes occurred throughout the evolutionary his-
tory of the AF, and endemic species or lineages responded differ-
ently to these events, possibly due to differences on their
ecological dependencies. Therefore, with more phylogeographic
studies of other organisms, other patterns not yet detected can be
revealed, thereby confirming the hypothesis that diversification
within the AF cannot be attributed to a single diversification
hypothesis (Costa 2003; Batalha-Filho et al. 2012). Future stud-
ies associating variables of the niche of these species with their
observed phylogeographic patterns may help us understand why
there are congruent and incongruent results.
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