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Abstract

Two main hypotheses have been proposed to explain the diversification of the Caa-
tinga biota. The riverine barrier hypothesis (RBH) claims that the S~ao Francisco River
(SFR) is a major biogeographic barrier to gene flow. The Pleistocene climatic fluctua-
tion hypothesis (PCH) states that gene flow, geographic genetic structure and demo-
graphic signatures on endemic Caatinga taxa were influenced by Quaternary climate
fluctuation cycles. Herein, we analyse genetic diversity and structure, phylogeographic
history, and diversification of a widespread Caatinga lizard (Cnemidophorus ocellifer)
based on large geographical sampling for multiple loci to test the predictions derived
from the RBH and PCH. We inferred two well-delimited lineages (Northeast and
Southwest) that have diverged along the Cerrado–Caatinga border during the Mid–Late
Miocene (6–14 Ma) despite the presence of gene flow. We reject both major hypotheses
proposed to explain diversification in the Caatinga. Surprisingly, our results revealed a
striking complex diversification pattern where the Northeast lineage originated as a
founder effect from a few individuals located along the edge of the Southwest lineage
that eventually expanded throughout the Caatinga. The Southwest lineage is more
diverse, older and associated with the Cerrado–Caatinga boundaries. Finally, we sug-
gest that C. ocellifer from the Caatinga is composed of two distinct species. Our data
support speciation in the presence of gene flow and highlight the role of environmen-
tal gradients in the diversification process.
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Introduction

Knowing how many species exist and what processes
generated current biodiversity are among the most

Correspondence: Eliana F. Oliveira,
E-mail: elianabio@gmail.com

© 2015 John Wiley & Sons Ltd

Molecular Ecology (2015) 24, 5957–5975 doi: 10.1111/mec.13433



fundamental questions in biology. Although 1.5 million
eukaryotic species have been described, recent estimates
suggest that over 85% of Earth’s biota is unknown
(Mora et al. 2011; Costello et al. 2013), and processes
responsible for generating and maintaining such diver-
sity are only beginning to be understood (Beheregaray
2008; Hickerson et al. 2010). Such paucity of information
is even worse for the Neotropical region, where mecha-
nisms generating the highest global biodiversity are
poorly known. Diversification hypotheses based on geo-
morphological features and climatic fluctuations have
been tested in the Neotropics (Turchetto-Zolet et al.
2013; Smith et al. 2014), but the relative roles of such
processes are still debated (Rull 2008, 2011, 2013). Fur-
thermore, data are scant or nonexistent for many taxo-
nomic groups and entire biomes (Beheregaray 2008;
Turchetto-Zolet et al. 2013). In particular, open vegeta-
tion biomes of South America have been far less
studied than tropical rainforests (Werneck 2011; Turch-
etto-Zolet et al. 2013).
South America east of the Andes is crossed by a

southwest-to-northeast trending diagonal of open vege-
tation biomes that separate the Amazon and Atlantic
rainforests (see Werneck 2011). This ‘dry diagonal’
encompasses three biomes: Chaco, Cerrado and Caa-
tinga in northeastern Brazil. The Caatinga represents
the largest and most isolated Seasonally Dry Tropical
Forest (hereafter SDTF), which is formed by numerous
disjunct patches in the Neotropical region (Werneck
2011). The Caatinga harbours high levels of diversity
and contains many endemic species for several groups
(e.g. Rodrigues 2003; Zanella & Martins 2003; Queiroz
2006), which attest its importance as a Neotropical cen-
tre of endemism. The SDTFs are considered a relatively
old biome (Middle Eocene; Pennington et al. 2009);
however, estimates for at least Caatinga plant groups
suggest that most diversification took place in the Mid–
Late Miocene and Pliocene (Pennington et al. 2004,
2009), although comparisons among other groups are
lacking.
It is premature to generalize processes of diversifica-

tion and assembly that account for the high biodiversity
in the Caatinga. However, from the few previous stud-
ies so far, there are two main hypotheses that seem to
capture the biogeographic and evolutionary history of
Caatinga and explain the origins of species diversity in
this biome. The first hypothesis is analogous to the
riverine barrier hypothesis (RBH) proposed for the Ama-
zon basin (Ayres & Clutton-Brock 1992; Patton et al.
1994). This hypothesis claims that the S~ao Francisco
River (SFR) is a major biogeographic barrier to gene
flow in the Caatinga (Rodrigues 1996, 2003). The geo-
graphic distribution of some populations and/or sister
species and their phylogenetic and phylogeographic

relationships indicate moderate structuring on opposing
sides of the SFR in tropidurid lizards (Passoni et al.
2008; Werneck et al. 2015), eyelid-less lizards (Siedchlag
et al. 2010) and rodents (Nascimento et al. 2011, 2013;
Faria et al. 2013). However, some studies found no evi-
dence for the SFR as an effective barrier. In fact, some
widespread lineages of plants (Caetano et al. 2008),
frogs (S~ao-Pedro 2014) and gymnophthalmid lizards
(Recoder et al. 2014) showed little genetic structure, and
gene flow among populations seems unrestricted across
the Caatinga.
The second hypothesis is also analogous to a general

mechanism proposed for different ecosystems (e.g.
Haffer 1969; Hewitt 2000; Anthony et al. 2007). The
Pleistocene climatic fluctuation hypothesis (PCH) claims
that gene flow, geographic genetic structure and demo-
graphic signatures on endemic Caatinga taxa were
influenced by Quaternary climate fluctuation cycles
(e.g. Machado et al. 2014; Magalh~aes et al. 2014; Wer-
neck et al. 2015). Previous work suggests that the distri-
bution of the Caatinga vegetation has changed during
Quaternary climatic changes likely affecting the distri-
bution and genetic diversity of local biota (Werneck
et al. 2011). Wetter conditions have been inferred for
distinct regions and periods during the last
210 000 years (Auler et al. 2004; Wang et al. 2004). Con-
sequently, mesic climatic regimes favoured the expan-
sion of humid vegetation and partial replacement of the
vegetation represented in the present-day Caatinga,
resulting in its fragmentation (De Oliveira et al. 1999;
Behling et al. 2000). Current natural rainforest enclaves
(so-called brejos de altitude) are likely remnants of these
ancient forests (Sampaio 1995), although the precise
timing of these expansions and their boundaries is still
elusive (Werneck 2011). In addition, disjunct distribu-
tions of squamate species in isolated sandy soil patches
suggest a past climate similar or even drier than current
conditions, when these sandy areas were more exten-
sive and continuous (Rodrigues 1996, 2003). Investigat-
ing the origin and historical demography of endemic
species is crucial to clarify the interplay between Qua-
ternary climatic fluctuations and geomorphological
landscape features such as the SFR on the history of the
Caatinga biota.
The whiptail Cnemidophorus ocellifer (Spix 1825) is

one of the most common lizards in the Caatinga, and
several studies have suggested that it comprises multi-
ple cryptic species (e.g. Rocha et al. 1997; Rodrigues
2003), with new species of the ocellifer group described
for the Caatinga recently (see Arias et al. 2011a,b; Silva
& !Avila-Pires 2013). Cnemidophorus ocellifer is a helio-
philic and active forager, highly abundant and being
found mostly in open habitat types in the Caatinga.
Herein, we analyse genetic diversity and structure,
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phylogeographic history, and diversification of C. ocel-
lifer based on range-wide sampling for multiple loci to
test the RBH and PCH. If the SFR is a major vicariant
barrier driving diversification in the Caatinga biome,
we expect to see little gene flow across river margins
and a clear pattern of lineage breaks and genetic struc-
ture coinciding with current or past river courses. We
also expect to see a strong effect of the SFR in the his-
torical biogeographic analyses of the lineages, where
phylogeographic reconstructions would show the ori-
gin and expansion of lineages coinciding with the geo-
graphical position of the river as a major barrier.
Alternatively, if PCH is corroborated, then we should
see a signal of population structuring and demo-
graphic changes that mirror fluctuations in the habitats
during Pleistocene cycles in the Caatinga. Based on
our analyses, we reject both hypotheses. Our results
revealed a strikingly complex diversification pattern
where species diverged in the presence of gene flow
along an environmental gradient.

Materials and methods

Sample collection and sequencing

We obtained 398 tissue samples of the Cnemidophorus ocel-
lifer species complex (see ‘Taxonomic background and
implications’ in Appendix S1, Supporting information)
from 79 localities in the Caatinga biome and adjacent
areas (Fig. 1 and Table S1, Supporting information).
Samples were obtained through fieldwork led by the
authors and through loans from different herpetological

collections. Cnemidophorus venetacaudus, a member of
C. ocellifer group (or Cnemidophorus littoralis subgroup;
see ‘Taxonomic background and implications’ in
Appendix S1, Supporting information), was used as out-
group when necessary.
We extracted DNA from liver or muscle tissue using

Qiagen DNeasy kits. Five loci were amplified via poly-
merase chain reaction (PCR) using GoTaq Green Mas-
terMix (Promega Corporation). Details about loci,
primers and PCR protocols are listed in Table S2 (Sup-
porting information). We cleaned PCR products with
2 lL of ExoSap (USB Corporation) and sequenced the
products using 1 lL of each primer, 2 lL of DTCS
(Beckman-Coulter) and 4 lL of ultrapure water. First,
we sequenced all individuals for one mitochondrial
DNA (mtDNA) gene (12S ribosomal RNA; 12S). For
nuclear (nuDNA) genes, we sequenced a subset of indi-
viduals (137 samples), which were chosen to represent
a wide geographic range within the Caatinga (i.e. the
same 79 collecting localities). We sequenced four
nuDNA genes: ATP synthase beta subunit (ATPSB),
natural killer-tumour recognition sequence (NKTR), G
protein-coupled receptor 149 (R35) and ribosomal pro-
tein 40 (RP40). All sequences were generated using San-
ger sequencing at the College of Staten Island (City
University of New York), aligned with the Clustal algo-
rithm (Sievers et al. 2011) and checked by eye using GEN-

EIOUS 6.1 (Biomatters). We found gaps in 12S and
ATPSB genes and removed them using GBLOCKS 0.91b
(Castresana 2000; Talavera & Castresana 2007), available
as a web server (http://molevol.cmima.csic.es/castre-
sana/Gblocks_server.html). This program reduces the
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for Cnemidophorus ocellifer species com-
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need for manually editing multiple alignments, facilitat-
ing the reproduction of the alignments and subsequent
phylogenetic analysis by other researchers. We used the
default options and parameter values in GBLOCKS, which
were: number of sequences for a conserved position
[12S: 200 (for 398 samples) and 69 (for 137 samples);
ATPSB: 64], minimum number of sequences for a flank-
ing position [12S: 338 (for 398 samples) and 116 (for 137
samples); ATPSB: 107], maximum number of contigu-
ous nonconserved positions (eight for both genes), mini-
mum length of a block (10 for both genes) and allowed
gap positions (none for both genes).
To determine the most probable pair of alleles for each

nuDNA gene, we used the PHASE algorithm (Stephens
et al. 2001) implemented in the DNASP 5.10 software
(Librado & Rozas 2009) using default options. Only sam-
ples with probability of pairs of alleles in heterozygosity
higher than 80% were considered in the following analy-
ses. All sequences obtained in this study are available at
GenBank (KT844957–KT845861 and KT886989–
KT886992; see also Table S1, Supporting information).

Testing the RBH and PCH

If the SFR is a main vicariant barrier that explains lin-
eages’ origin and biogeographic history of Caatinga
biota, we expect to see no gene flow, relatively similar
population sizes and a clear pattern of main haplotypes
shared within localities in each margin of the SFR. We
expect larger genetic distances between the opposite
margins of the SFR. We also expect a clear spatial struc-
ture pattern in the genetic lineages recovered by each
gene, corresponding to the SFR geographical position.
Therefore, the geographic origin of lineages should

match the location of the river. We also expect to see a
pattern of spatial expansion that reflects the position of
the barrier. When considering the SFR as a barrier, it is
important to note its geomorphological history. The SFR
headwaters start in Minas Gerais state, and the river
runs northwardly until its course turns abruptly east
towards the Atlantic Ocean (Fig. 2). Geomorphological
evidence indicates that the SFR’s paleo-course differed
from its current configuration by continuing north
reaching the Atlantic Ocean (Fig. 2). This paleo-course
could have persisted until the Middle–Late Miocene
(Potter 1997). Therefore, all predictions described above
could reflect isolation promoted by either current or
paleo-course of the SFR.
If the PCH is corroborated, we expect that the time of

divergence of lineages and origin of species in the Caa-
tinga be within the Pleistocene. We expect a spatial
structure pattern that reflects major habitat shifts in the
Caatinga (e.g. Werneck et al. 2011). We also anticipate
finding a recent geographical expansion following
major vegetation shifts during the Pleistocene. Finally,
we expect to see historical demographic responses of
population expansion or contractions occurring during
the Pleistocene.
To test the predictions described above and to deter-

mine the degree of genetic structure and the geographic
position of genetic breaks, we first conducted two popu-
lation assignment tests. The subsequent analysis fol-
lowed population assignment results as described below.

Population assignment

We used a genotype matrix of the four nuDNA genes
to investigate population structure with STRUCTURE 2.3.4
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Fig. 2 GENELAND analysis (a, b) with pos-
terior probability isoclines, which indi-
cate extensions of the genetic populations
found (black lines with inclusion proba-
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greater probabilities of belonging to the
same genetic unit. Black dots indicate
locations of the 79 analysed localities.
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tion of Northeast (white circles) and
Southwest (grey circles) lineages along
Caatinga (Ca) and Cerrado (Ce) biomes,
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(Pritchard et al. 2000). To obtain this matrix, we con-
verted aligned sequence data from different genomic
regions (i.e. four nuDNA) into the Structure input file
format using the program XMFAS2STRUCT (available from
http://www.xavierdidelot.xtreemhost.com/clonalframe.
htm). The genotype matrix is designed for use with
linkage model and provides better resolution to study
the historical process of admixture (see Falush et al.
2003). We explored a large range of values by running
10 replicate analyses over a range of number of popula-
tions (k) from 1 to 10. Each independent run imple-
mented 5 9 104 generations following a burn-in of
5 9 104 generations, assuming a linkage model and
uncorrelated allele frequencies. We chose the best value
of k based on the rate of changes in the log-probability
of data between successive k values, Dk (Evanno et al.
2005), using STRUCTURE HARVESTER (Earl & vonHoldt
2012). Second, we ran GENELAND 4.0.3 (Guillot et al.
2005a,b) implemented in R 3.1.1 (R Core Team 2015),
which uses the clustering algorithm of STRUCTURE under
a spatial model. This analysis evaluates the presence of
population structure in a group of georeferenced
genetic data by inferring and explicitly identifying
genetic discontinuities along the landscape. Further,
GENELAND can handle haploid and diploid data in the
same model, allowing for combination of mtDNA and
nuDNA. Thus, to extensively use all data available, we
prepared a file containing spatial coordinates of the
individuals sampled and combined it with two different
haplotype data sets, one with only nuDNA data and
another with both mtDNA and nuDNA data. The most
probable number of population units (k) was deter-
mined by a Markov chain Monte Carlo (MCMC)
method, with 10 repetitions (5 9 106 iterations in each)
of k from 1 to 10. In addition, for each population iden-
tified by STRUCTURE and GENELAND (both programs gener-
ated identical results), we calculated the number of
polymorphic sites (S), haplotype number (h), haplotype
diversity (Hd), nucleotide diversity (p), Tajima’s D and
its P value for each locus using DNASP. We investigated
genetic structure between and within populations and
loci with analyses of molecular variance (AMOVAs) in AR-

LEQUIN 3.5 (Excoffier & Lischer 2010) using 10 000 per-
mutations. We also estimated uncorrected pairwise
genetic distances between and within identified popula-
tions for all genes in MEGA 6.06 (Tamura et al. 2013)
using default options.

Gene tree estimation and haplotype genealogy

We estimated gene trees independently for mtDNA and
nuDNA (unphased) genes using Bayesian inference in
BEAST 1.8 (Drummond et al. 2012). Because the outgroup
C. venetacaudus failed to amplify for NKTR, we used the

closest sequence to C. ocellifer available in GenBank (i.e.
HQ876282) to root this gene tree. We determined the
most appropriate substitution model using Bayesian
information criterion in JMODELTEST (Posada 2008; see
Table S3, Supporting information). We ran 2 9 107 gen-
erations sampled every 2 9 103 generations, resulting in
five gene trees. We visually assessed convergence of the
MCMC runs and effective sample sizes (ESS val-
ues ≥ 200) using TRACER 1.6 (Drummond & Rambaut
2007). The first two thousand generations were dis-
carded as burn-in, and the consensus tree for each locus
was inferred with TREEANNOTATOR 1.8 (Drummond et al.
2012). Table S3 (Supporting information) shows other
details of these analyses.
We estimated haplotype networks for mtDNA and

nuDNA (phased) genes using the median-joining (MJ)
method (Bandelt et al. 1999) in NETWORK 4.6.1.2
(www.fluxus-engineering.com). However, MJ networks
recovered many unresolved loops in the genealogical
connections between haplotypes (Fig. S1, Supporting
information). Following Sequeira et al. (2011), we used
phylogenetic algorithms to generate haplotype net-
works. We then used a maximum-likelihood (ML)
approach with PHYML 3.1 (Guindon et al. 2010), using
default options and the best fit model for each locus
(Table S3, Supporting information). We used ML trees
to estimate each network haplotype in HAPLOVIEWER

(Salzburger et al. 2011). For both analyses, individuals
were assigned to populations following STRUCTURE and
GENELAND results.

Species tree estimation

We estimated a species tree in *BEAST 1.8 (Drummond
et al. 2012). To calibrate the species tree, we used a 12S
substitution rate derived from a calibrated gene tree
using a Bayesian phylogenetic method. First, we down-
loaded teiid sequences from GenBank (one outgroup
and other 59 sequences) and added two C. ocellifer
sequences from this study (Table S4, Supporting infor-
mation). We then ran a 12S gene tree applying four
node constraints based on appropriate fossil evidence
(see ‘Fossil Record’ in Appendix S1, Supporting infor-
mation) as follows: (i) origin of Teiidae at 56 Ma; (ii)
divergence of Tupinambis from other Tupinambinae at
21 Ma; (iii) origin of ‘cnemidophorine’ at 20.4 Ma; and
(iv) divergence of Dracaena from other Tupinambinae at
13.8 Ma. Based on the most recent phylogeny of Squa-
mata (i.e. Pyron et al. 2013), we enforced the monophyly
of each clade used in the calibration scheme. Because
‘cnemidophorine’ is not monophyletic (see Pyron et al.
2013), we used the ‘cnemidophorine’ fossil to place a
minimum constraint at the origin of Teiinae. We then
enforced time constraints using lognormal distributions,
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so that fossil ages would represent the youngest limit
for the respective node divergence without defining a
hard limit for older divergences. Accordingly, the
resulting 5–95% prior distributions were as follows:
56–71.4 Ma (Teiidae), 21–40.8 Ma (Tupinambis), 20.4–
40.25 Ma (Teiinae) and 13.8–35.1 Ma (Dracaena) (Fig. S2,
Supporting information). We used an uncorrelated log-
normal relaxed clock with a Yule speciation-process
prior and ran BEAST for 1 9 108 generations, sampled
every 1 9 104 generation. From this analysis, we
obtained a 12S substitution rate of 5.11 9 10!3 (equiva-
lent to 5.11 9 10!9 substitutions/site/year), which is
similar to mtDNA rates found in other squamate
groups (Eo & DeWoody 2010). We used this estimated
rate as a fixed parameter for the 12S substitution rate in
the species tree estimation. We then ran *BEAST using
mtDNA and nuDNA (phased) genes. This analysis
requires a priori assignment of individual alleles to a
species before estimating the relationship, and we there-
fore made assignments based on STRUCTURE and GENE-

LAND results (both generated identical results). All
*BEAST analyses were run for 5 9 108 generations and
sampled every 5 9 104 generation (more details in
Table S3, Supporting information). We assessed conver-
gence of the MCMC runs and ESS values (≥200) using
TRACER. The first 20% of sampled genealogies were dis-
carded as burn-in, and the maximum clade credibility
tree was inferred with TREEANNOTATOR.

Migration

Our previous analyses showed that C. ocellifer from
Caatinga is composed of two major lineages (i.e.
Northeast and Southwest lineages). Because the two
recovered lineages are not reciprocally monophyletic
for all genes and moderate degrees of haplotype shar-
ing were identified, it was therefore essential in our
analysis to assess the levels of gene flow. To this end,
we used the coalescent-based program IMA2 (Hey &
Nielsen 2007; Hey 2010) to estimate gene flow, ances-
tral and current population sizes, and divergence time
between Northeast and Southwest lineages. We used
all loci (mtDNA and phased nuDNA genes) and all
individuals available for each gene in this analysis. We
provided estimates of mutation rates (substitutions/lo-
cus/year) based on estimates from the species tree for
each gene (Table S3, Supporting information). We
applied the HKY model (Hasegawa et al. 1985) for all
genes and an inheritance scalar of 0.25 and 1.0 for
mtDNA and the four nuclear loci, respectively. We
used a generation time of 2 years, which was esti-
mated for other teiid lizards (Aspidoscelis tigris, Des-
sauer et al. 2000; and Ameiva chrysolaema, Gifford &
Larson 2008). Upper prior limits for population

parameters were defined following the IMA2 manual
(q = 22.45, t = 8.98, m = 0.45). First, we conducted a
short preliminary run to check convergence of parame-
ters with 20 chains and the geometric heating model as
suggested by the manual. We then performed an
M-mode run using ‘IMburn’ file to inspect the trend
plots to ensure stationarity and control the length of
the burn-in (>1 800 000 steps). The recording phase
had 1 9 107 steps sampling genealogies every 100 step.
Finally, we conducted an L-mode run using 100 000
sampled genealogies to test a total of 25 nested mod-
els. We used log-likelihood ratio tests to compare these
nested models and AIC to discriminate between mod-
els not rejected by the tests.

Historical demography

We built Bayesian skyline plots (Drummond et al. 2005)
for each recovered lineage in BEAST. We used a mtDNA
substitution rate of 5.11 9 10!9 substitutions/site/year
to calibrate the molecular clock. We ran three indepen-
dent chains of 5 9 107 generations sampling every
5 9 103 generation (more details in Table S3, Support-
ing information). Parameter convergence, stationarity
and ESS values (≥200) were visually assessed using TRA-

CER, and the graphs of population dynamics through
time were generated in the same program.

Phylogeographic reconstruction

We used one mtDNA and four nuDNA (phased)
genes to generate the phylogeographic reconstructions
from homogeneous Brownian model for the Northeast
lineage (Lemey et al. 2010). Phylogeographic recon-
structions were not conducted for the Southwest lin-
eage (more details in Discussion section), because our
sampling does not encompass sufficient geographical
information (Lemey et al. 2010). Substitution rates of
nuclear loci were obtained from the species tree esti-
mation (see values in Table S3, Supporting informa-
tion). We used a jitter option of 0.05, because some
sample coordinates (used as a trait) were duplicated.
In BEAST, MCMC and sampled steps were set differ-
ently according to each gene (see Table S3, Supporting
information) to reach convergence checked by TRACER.
Table S3 (Supporting information) also shows details
of substitution model used for each gene and tree
prior. The first 20% of sampled genealogies were dis-
carded as burn-in, and the maximum clade credibility
tree was computed with TREEANNOTATOR. These trees
were used as input for the program SPREAD 1.0.4
(Bielejec et al. 2011) to generate a keyhole markup lan-
guage file (.kml) containing the phylogeographic his-
tory. We visualized kml files in Google Earth. The
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feasible centre of origin was considered by overlap-
ping the centre of origin for all genes.

Species validation

To test the validity of the inferred lineages by STRUCTURE

and GENELAND, we employed two complementary
approaches that use different methods for species vali-
dation, following recommendations in Carstens et al.
(2013). First, we used Bayesian Phylogenetics and Phy-
logeography (BPP 3.1) program that is a genealogical
method that uses multiple independent loci in a coales-
cent framework and implements a reversible jump
MCMC (rjMCMC) method to calculate the posterior
probability for species validation models (Yang & Ran-
nala 2010; Yang 2015). All four nuclear loci were
included in the BPP analyses. We used two different
data sets: one with all 137 samples and other with a
subsample of 10 individuals per lineage (20 alleles) and
per locus (some sequences failed to some genes). We
decided to run both data sets, because mixing problems
tend to be worse and occur more frequently for larger
data sets (Yang 2015). In all runs, we implemented both
algorithms (0 and 1) and adjusted the fine-tuning
parameters to ensure swapping rates ranged between
0.30 and 0.70 for each parameter, as recommended by
BPP tutorial. We implemented different combinations of
priors for ancestral population size (h) and the root age
(s0), according to Leach!e & Fujita (2010). Both priors
were parameterized using a gamma G(a, b) distribution.
We tested four different models: large ancestral popula-
tion sizes and deep divergences, h ~ G(1, 10) and
s0 ~ G(1, 10); large ancestral population sizes and recent
divergences, h ~ G(1, 10) and s0 ~ G(2, 2000); relatively
small ancestral population sizes and recent divergences,
h ~ G(2, 2000) and s0 ~ G(2, 2000); and small ancestral
population sizes and deep divergences, h ~ G(2, 2000)
and s0 ~ G(1, 10). We ran three independent analyses
for each set of priors using different starting seeds
1 9 106 generations, with a burn-in of 1 9 105 and thin-
ning every two generations.
In addition to BPP, we also used SPEDESTEM 2 (Ence &

Carstens 2011). This method estimates the likelihood of
a species tree given a collection of independent gene
trees and uses information theory to generate metrics of
comparison (Carstens & Dewey 2010). Nuclear gene
trees (phased) were estimated using BEAST with models
of DNA sequence substitution selected using JMODELTEST.
We calculated average of nucleotide diversity from
nuclear genes to estimate h value (i.e. 0.05). Because h
changes the expectation of incomplete lineage sorting of
the coalescent model, we also used other value of h (i.e.
2 9 h = 0.1). We then conducted SPEDESTEM analyses
using K = 1 and K = 2 levels.

Tests of diversification scenarios

Our previous analyses showed that C. ocellifer is com-
posed of two major lineages with significant migration
between them. Our demographic analyses showed a
significant population expansion for the Northeast lin-
eage and a nonsignificant trend for the Southwest lin-
eage. We used an approximate Bayesian computation
(ABC) approach (Beaumont 2010) to test the relative
importance of mechanisms pertaining to RBH and/or
the PCH as drivers of Caatinga biodiversity while tak-
ing into account detailed information based on the
results mentioned above. In addition, the ABC
approach helped us to better determine the time of
divergence between the lineages (see more details in
Results section).
We built simulations to test four possible diversifica-

tion scenarios (Fig. 3). (a) Divergence with gene flow. This
is our simplest diversification scenario and it is equiva-
lent to the IMA2 model, which does not incorporate pop-
ulation size changes. This scenario simulates
diversification where lineages diverged in the presence
of a barrier that has permitted some gene flow; this bar-
rier could have been an ecological gradient (i.e. cli-
mate), a topographic gradient or a physical barrier that
allowed for crossing in different periods. This scenario
does not support any effect of the PCH, as it does not
incorporate demographic responses. This is also the sce-
nario with the lowest number of parameters, and its
inclusion allows us to test whether a simpler diversifi-
cation scenario could explain the observed genetic sig-
nature. Our remaining scenarios all consider
demographical responses; because our previous results
suggest population expansions, we did not consider
scenarios that included population contractions. (b)
Divergence with gene flow and recent population expansion
in both lineages. In this scenario, lineages diverged simi-
lar to scenario (a), and subsequently both lineages were
affected by climatic fluctuations and experienced recent
population expansions. Scenarios (c) and (d) also simu-
late diversification where the initial lineage divergence
was promoted by a barrier that has permitted some
gene flow (i.e. climatic, topographic or physical). Both
scenarios incorporate population expansion only in the
Northeast lineage. In (c), Divergence with gene flow and
recent population expansion in Northeast lineage, climatic
fluctuations promote population expansion in the
Northeast lineage while not affecting the Southeast lin-
eage. This could occur, for example, if Southeast lineage
distribution were located in areas more stable during
climatic cycles. In (d), Divergence with gene flow and foun-
der effect for the Northeast lineage, population expansion
in the Northeast lineage is not necessarily related to cli-
matic fluctuations. This scenario is based on the higher
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genetic diversity of the Southwest lineage (longer
branches) and the strong increase in population size in
the Northeast lineage shown through the Bayesian sky-
line plot (BSP; see Results), which may suggest a foun-
der effect with range expansion for the Northeast
lineage. Within each of these four general diversification
scenarios, we built four different specific models
(Fig. 3). The models within the scenarios were built by
varying divergence times and migration estimations.
We used two different divergence times (T1) based on
*BEAST and the other based on IMA2 results (see Results).
We also considered two possibilities of migration histo-
ries as follows: one with migration throughout the pop-
ulation history and another with recent migration (i.e. a
possible secondary contact; T2). All combinations
resulted in 16 tested models [i.e. four models for each
scenario; (i) *BEAST divergence times and migration
throughout; (ii) IMA2 divergence times and migration
throughout; (iii) *BEAST divergence times and recent
migration; and (iv) IMA2 divergence times and recent
migration]. Figure 3 shows a detailed illustration of the
scenarios and models.
We performed 1 000 000 simulations for each model

using MSABC (Pavlidis et al. 2010). We used an R script to
sample parameters from prior distributions and call
MSABC. Parameter prior distributions were based on
results of *BEAST, BSP and IMA2 analyses (see Results
and Table S5, Supporting information). We imple-
mented priors in demographic quantities and trans-
formed to ms-scaled parameters using equations from
the ms manual (Hudson 2002). We called MSABC one
time for each gene (i.e. five genes) using the same num-
ber of samples and length of loci. For the mitochondrial
gene, we used one-fourth of the sampled population
size. Five summary statistics for each gene were used:
nucleotide diversity and Tajima’s D for each popula-
tion, and the FST between populations. We transformed
observed sequence data into ms-like files using the
fas2ms perl script (from MSABC package) and calculated
the same summary statistics for each locus. To estimate
posterior probabilities and model support (‘postpr’
function), we used R package ‘abc’ (Csill!ery et al. 2012).
We first compared the four possibilities within each sce-
nario and kept the most probable one for a comparison
among scenarios. We set tolerance to 0.0001 and imple-
mented both the multinomial logistic regression and
nonlinear neural network regression methods. Because
ABC could not attain resolution in comparison among
scenarios, we increased the tolerance rate to 0.001. We
summarized simulated model fit to the observed data
using a principal component analysis (PCA) calculated
in R.
Divergence with gene flow is consistent with a sce-

nario of speciation along gradients (e.g. Endler 1973;

Nosil 2008). ABC simulation scenarios cannot distin-
guish among different sources of gradients, as they all
would produce similar genetic signatures. To test
whether the genetic variance observed can be explained
by climatic gradients or topographic gradients, we con-
ducted a redundancy analysis (RDA) using package
‘vegan’ (Oksanen et al. 2015) followed by an ANOVA to
check for significance. RDA is a constrained ordination
method, which combines multiple regression with PCA.
We used the nuclear genotypes of individuals (i.e. GENE-

LAND input) as dependent variables, and altitude, geo-
graphic coordinates and current climate as independent
variables. We tested the influence of each variable and
pairwise combination of variables while conditioning
(Condition option within the rda function) to isolate the
influence of each variable on the results. We used
vegan’s varpart function to disentangle and visualize the
relative importance of each explanatory variable on the
total genetic variance. Present climatic variables were
downloaded from the WORLDCLIM database (see http://
www.worldclim.org/ for variable descriptions) interpo-
lated to 2.5 arc-min resolution (Hijmans et al. 2005).
Among 19 climatic variables, we selected the five least
correlated ones to represent the current climate (i.e.
isothermality, precipitation seasonality, temperature
annual range, annual precipitation and maximum tem-
perature of the warmest month).

Results

DNA polymorphism and population structure

We sequenced all 398 individuals for mtDNA 12S gene
(Table S1, Supporting information) and a subset of 137
individuals for nuDNA (Table S6, Supporting informa-
tion). The nuDNA loci resulted in 115–134 sequences
for each gene (Table 1). Only ~7% of the data was miss-
ing for all nuDNA loci. ATPSB and 12S sequences pre-
served ~89% (623 bp) and ~94% (370 bp) of their
original size, respectively, after gap exclusion by
GBLOCKS. The number of variable sites was highest in
12S (96 sites), with a maximum of 56 (ATPSB) and a
minimum of 15 (RP40) for nuDNA loci. Table 1 shows
additional information for all genes and population
genetic statistics for each locus and each Cnemidophorus
ocellifer lineage.
Using a genotype matrix, STRUCTURE detected two pop-

ulations (k = 2; see Fig. S3, Supporting information). An
identical result, with the same individuals being
assigned to each population, was obtained using the
haplotype data set in GENELAND (Fig. 2). One is dis-
tributed from north to southeastern Caatinga, occupy-
ing a large part of this biome (Northeast lineage), and
the other occurs southwest of the Caatinga (i.e.
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Fig. 3 Alternative scenarios for diversification of the Northeast (NE) and Southwest (SW) lineages tested with multilocus approxi-
mate Bayesian computation (ABC): (a) divergence with gene flow, (b) divergence with gene flow and recent population expansion in both lin-
eages, (c) divergence with gene flow and recent population expansion in Northeast lineage and (d) divergence with gene flow and founder effect
for the Northeast lineage. Within each of these four general diversification scenarios, we built four different specific models (1–4). The
models within each scenario were built by varying divergence times and migration estimations. Divergence time is referred to as T1

and was estimated from IMA2 (IMa) or *BEAST (Beast) analyses. Models include two migration rates (m) possibilities: migration
throughout the population history (models 1 and 2; migration starting in T1) and recent migration (models 3 and 4; migration start-
ing in T2). T2 also represents the beginning of the population expansion (scenarios b and c). SWANC and NEANC represent Southwest
and Northeast ancestral populations, respectively. Northeast founder population is referred to as NEF. The best supported models
under each scenario are reported within boxes, and the best among all models is highlighted within the thicker box. The posterior
probabilities of all models are available in Table 4. Prior distributions for each parameter are available in Table S5 (Supporting infor-
mation). See Materials and methods for more details.
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Espinhac!o Mountain Range, hereafter EMR) and adja-
cent areas of Cerrado biome (Southwest lineage). Our
data did not support the RBH because genetic breaks in
C. ocellifer lineages did not match current or paleo-
course of the SFR and both lineages are widespread on
opposite riverbanks (Fig. 2).
According to Bayesian gene trees (Fig. S4, Supporting

information), the Northeast lineage shows shallower
subclades than those of the Southwest lineage. Most
individuals are grouped on exclusive subclades for each
lineage, although Northeast and Southwest lineages are
not reciprocally monophyletic and show some admix-
ture. Nevertheless, population structure can be easily
visualized through mtDNA and nuDNA haplotype
genealogies, and few haplotypes are shared between
Northeast and Southwest lineages in all genes (Fig. 4
and Fig. S5, Supporting information). The Southwest
lineage presents higher haplotype and nucleotide diver-
sity than the Northeast lineage (Table 1). AMOVA showed
high values of FST (28–66%) for all genes. In three genes
(ATPSB, NKTR and RP40), the source of genetic varia-
tion was greater between lineages (Table 2). When we
split both lineages in the opposite margins of the SFR
(current and paleo), AMOVA showed low values of FST
for all genes (Tables S7 and S8, Supporting informa-
tion). This result did not support the RBH because the
larger genetic distances of each lineage are within the
same riverbanks. Uncorrected mtDNA p-distances
exhibited substantial genetic differences (3.6%) between
Northeast and Southwest lineages (Table 3).

Species tree estimation and migration

*BEAST analyses showed high support for Northeast and
Southwest lineages (P = 1) and estimated the

divergence around 2.07 Ma (95% HPD = 1.18–3.10 Ma),
during the early Pleistocene.
In our IMA2 analyses, the likelihood ratio tests failed

to reject three models in favour of the fully parameter-
ized ‘Isolation and Migration—IM’ model (Table S9,
Supporting information). AIC could not easily discrimi-
nate between two models given their low DAIC values.
Both models have equal migration in both directions;
one model suggests that extant population sizes are
equal but both are different from the ancestral popula-
tion size, while the other assumes distinct population
sizes (Table S9, Supporting information). Equal migra-
tion in both directions was inferred at 0.46 migrants per
generation per gene copy (95% HPD = 0.17–0.77). Effec-
tive population sizes of Northeast and Southwest lin-
eages were estimated to be much larger (at least six
times) than the ancestral population (Table S10, Sup-
porting information). Divergence between Northeast
and Southwest lineages was dated at 10.55 Ma (95%
HPD = 6.79–14.76 Ma), during the Mid–Late Miocene,
which is not consistent with estimates from the species
tree. Because we detected significant migration rates
between Northeast and Southwest lineages, which vio-
lates *BEAST assumptions, we should consider the diver-
gence time estimated by IMA2. However, some
violations of the IM model can also affect parameters
estimated by IMA2 (see Strasburg & Rieseberg 2010). For
instance, even moderate levels of gene flow from an
unsampled species (i.e. third population) may overesti-
mate divergence times (Strasburg & Rieseberg 2010).
Considering that our sampling covers only the Caatinga
and adjacent areas, and closely related species also
reach the entire Cerrado biome, this violation is possi-
ble. To address divergence inconsistencies, we simu-
lated different divergence times (i.e. *BEAST and IMA2

Table 1 Genetic statistics for each locus for Northeast and Southwest lineages of Cnemidophorus ocellifer

Locus Population L (bp) N S H Hd p Tajima’s D P-value

12S Northeast 370 330 66 103 (102) 0.947 0.01732 !1.29179 >0.10
Southwest 370 68 47 34 (33) 0.967 0.02133 !1.6959 >0.10

ATPSB Northeast 623 206* 32 35 (33) 0.830 0.00411 !1.49981 >0.10
Southwest 623 46* 32 27 (25) 0.954 0.00984 !0.53478 >0.10

NKTR Northeast 354 190* 24 41 (40) 0.647 0.00408 !1.79457 <0.05†

Southwest 354 40* 17 22 (21) 0.937 0.01039 !0.42723 >0.10
R35 Northeast 396 220* 12 13 (11) 0.592 0.00178 !1.56108 0.10 > P > 0.05

Southwest 396 48* 9 11 (9) 0.809 0.00421 !0.50002 >0.10
RP40 Northeast 354 216* 5 6 (4) 0.547 0.00185 !0.41487 >0.10

Southwest 354 48* 11 11 (9) 0.793 0.00634 !0.27788 >0.10

L, length in base pairs; N, sample size; S, number of polymorphic sites; H, number of haplotypes (number of exclusive haplotypes in
this lineage); Hd, haplotype diversity; p, nucleotide diversity.
Tajima’s D tests and P-values.
*Phased sequences.
†Significant.
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Fig. 4 Haplotype genealogies from maximum-likelihood analysis of 12S (a), RP40 (b), R35 (c), ATPSB (d) and NKTR (e) gene trees
visualized in the software HAPLOVIEWER. Each haplotype is represented by a circle whose area is proportional to its frequency (indi-
cated in legend). White and grey circles represent Northeast and Southwest lineages, respectively. Black dots represent inferred
unsampled or extinct haplotypes. The localities where each haplotype (coded as a number) occurs are available in Table S6 (Support-
ing information).
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estimates) in the model-based ABC analysis (see Results
below).

Historical demography and phylogeographic
reconstruction

The Southwest lineage experienced no significant popu-
lation size changes according to the BSP confidence
interval, whereas the Northeast lineage, supporting the
PCH, showed a significant increase in population size
through time, with accelerated growth during the Late
Pleistocene (Fig. 5).
Phylogeographic analyses suggested that the North-

east lineage originated in central-north Caatinga,
encompassing a region in southeastern Piau!ı, southern
Cear!a, western Pernambuco and northern Bahia states
(Fig. S6, Supporting information). All genes indepen-
dently indicated this same region as a feasible area of
origin, but some genes revealed wider areas. The ances-
tral population subsequently expanded towards the
north, east and south in Caatinga, and colonized the
entire biome during the Late Pleistocene (Fig. S6, Sup-
porting information). This pattern of spatial expansion
does not corroborate the RBH as it does not follow the
spatial configuration of the SFR.

Species validation

BPP analyses presented mixing problems when we used
the larger data set as input (137 individuals). In this
case, the rjMCMC algorithm was trapped in the starting
model, being it a one-species or a two-species model.
Thus, independent runs yielded different results. Con-
versely, the chains mixed well when we used the small
data set, yielding similar results between multiple runs
using the two algorithms. BPP analyses delimited both
lineages with high posterior probability (100%) under
the four tested models. Likewise, SPEDESTEM analyses
also recognized two lineages under two values of h
(Table S11, Supporting information). Therefore, our spe-
cies validation approaches showed congruent results,
which validate our population assignments and rein-
force the validity of our lineages.

Diversification scenarios

Approximate Bayesian computation analysis showed
higher support for the scenario of divergence with gene
flow and founder effect for the Northeast lineage

Table 2 Variance percentages for components of analyses of
molecular variance (AMOVAs) performed with different genes in
Northeast and Southwest lineages of Cnemidophorus ocellifer

Locus

Source of variation

FSTBetween lineages Within lineages

12S 46.16 53.84 0.46158
ATPSB 58.89 41.11 0.58893
NKTR 55.47 44.53 0.55466
RP40 66.18 33.82 0.66179
R35 28.36 71.64 0.28359

All P-values < 0.0001.

Table 3 Genetic distance (uncorrected p-distance) between and
within Northeast and Southwest lineages of Cnemidophorus
ocellifer performed with different genes

Locus Between

Within

Northeast Southwest

12S 0.036 0.018 0.022
ATPSB 0.015 0.004 0.010
NKTR 0.014 0.004 0.011
R35 0.004 0.002 0.004
RP40 0.009 0.002 0.006
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Fig. 5 Bayesian skyline plots illustrating effective population
sizes (Ne) through time (in years) of Northeast (a) and South-
west (b) lineages. The black line represents the median popula-
tion size, and the grey lines represent 95% higher posterior
probability.
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(Fig. 3d). Within this scenario, we found highest sup-
port to the model with IMA2 divergence date estimates
and constant migration (P = 0.999 or P = 1; see Table 4).
The model with IMA2 divergence times was the best
supported model in comparisons within scenarios a, c
and b. In scenario b, the model with IMA2 divergence
times was equally supported to the model with *BEAST

divergence times. Constant migration was also sup-
ported in comparisons within scenarios b and c
(Table 4). Summary statistics of our observed data were
within the bounds of the summary statistics for founder
effect simulations in the PCA predictive plots, confirm-
ing good model fitting (Fig. S7, Supporting informa-
tion).
Redundancy analysis results showed that genetic

variance between main lineages is significantly associ-
ated with spatial structure (r = 0.04; P = 0.001) and cur-
rent climate (r = 0.05; P = 0.001), and it is not
associated with altitude (r = !0.001; P = 0.56; Table S12,
Supporting information). The fraction of explained
genetic variance by the explanatory variables is 31%.
The relative importance of current climate is around
16%, spatial structure 13% and 0 for altitude. However,
most of the explained variance is shared among the
three sets of explanatory variables (~32%) and between
spatial structure and current climate (other ~32%).

Discussion

The RBH and the role of the SFR

Our results do not support the role of the SFR as a
major barrier promoting diversification in the Caatinga.
We found evidence for gene flow across the river, lack-
ing the presence of clear lineages across river margins
(Fig. 2). We also found that genetic distances were not
higher across river margins (Table S8, Supporting infor-
mation). In addition, the phylogeographic history of the
Northeast lineage does not imply any major role of the
SFR. Our results are consistent with a few recent stud-
ies on widespread Caatinga lineages that have showed
no phylogeographic structure between SFR riverbanks
(Caetano et al. 2008; Magalh~aes et al. 2014; Recoder et al.
2014; S~ao-Pedro 2014). However, the role of the SFR is
evident in many other studies. For example, several
endemic genera and species pairs are isolated on oppo-
site riverbanks (Rodrigues 1996, 2003). In addition, the
phylogenetic relationships of some groups have sup-
ported the riverine hypothesis and the role of the SFR
(Passoni et al. 2008; Siedchlag et al. 2010; Nascimento
et al. 2011, 2013; Faria et al. 2013; Werneck et al. 2015).
Therefore, our results together with previous studies
suggest that the role of SFR may be idiosyncratic and/
or may only be predictive given the specific biological

characteristics of the organisms, such as dispersal capa-
bilities and habitat specificity, as demonstrated for frogs
in the Amazon region (Fouquet et al. 2015). The species
studied so far in which the SFR was found to be a bar-
rier are microendemics or associated with sandy soils
near the riverbanks (e.g. Rodrigues 1996, 2003; Passoni
et al. 2008; Siedchlag et al. 2010; Nascimento et al. 2013).
However, more studies with a sampling strategy aiming
to test the role of SFR (e.g. systematic sampling of dif-
ferent species with different characteristics along both
river margins) are necessary to confirm this assertion.

The PCH and the role of Pleistocene climatic
fluctuations

The PCH suggests that climatic fluctuations during the
Pleistocene have promoted isolation and divergence

Table 4 Results from approximate Bayesian computation
analyses assuming four scenarios of diversification (a, b, c or d;
see Fig. 3) between Northeast and Southwest lineages of
Cnemidophorus ocellifer

Scenario Model

Regression method

mnlogistic Neuralnet

a BeastCM 0 0
BeastSC 0 0
IMaCM 0.0002 0.0027
IMaSC 0.9998 0.9973

b BeastCM 0.1481 0.4150
BeastSC 0.1166 0.3841
IMaCM 0.6912 0.1566
IMaSC 0.0441 0.0443

c BeastCM 0.1709 0.0583
BeastSC 0.2375 0.1923
IMaCM 0.3884 0.5969
IMaSC 0.2031 0.1525

d BeastCM 0 0.0012
BeastSC 0 0
IMaCM 0.9892 0.9006
IMaSC 0.0108 0.0982

a IMaSC † 0
b BeastCM 0 0
b IMaCM 0 0
c IMaCM 0.0001 0
d IMaCM 0.9999 1

Values represent posterior probabilities of comparisons within
each scenario (tolerance of 0.0001) and among the best models
selected for each scenario (tolerance of 0.001). Preferred model
at each comparison is highlighted in bold.
Model: IMA2 divergence time (IMa), *BEAST divergence time
(Beast), recent migration [secondary contact (SC)] and migra-
tion throughout the population history [constant migration
(CM)].
†Zero simulations accepted in the rejection step, and therefore,
the model was not included in the regression step.
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driving the origin and diversification of Caatinga’s
biota. Because we found gene flow between lineages
and that the timing of divergence between lineages was
older than the Pleistocene (6–14 Ma), our results do not
support the PCH. We also found that the widespread
Northeast lineage has low levels of genetic variation
and a clear signal of population expansion. The timing
of population expansion is consistent with an effect of
Pleistocene climatic fluctuations. However, when differ-
ent scenarios were simulated in our ABC approach, the
model that best fit our data was one where demo-
graphic changes experienced by the lineage were
caused by a founder effect. The genetic signature
showed by the Northeast lineage is consistent with a
scenario that does not require climatic fluctuations to
explain the demographic responses. In this scenario,
after the initial split between the Southwest and North-
east lineages, the Northeast lineage originated with a
low population size and expanded continuously. This
expansion may be just a consequence of the founder
effect process or may have been expedited by climatic
fluctuations. Ultimately though, our data do not show
unequivocal evidence to support a major role of PCH in
the diversification of the Caatinga biota.
Previous studies showed other endemic Caatinga

groups with genetic signatures consistent with popula-
tion expansions (e.g. S~ao-Pedro 2014; Werneck et al.
2015) or at least short coalescent times/branch lengths
(e.g. Werneck et al. 2012; Recoder et al. 2014). Some
studies have reported population contractions during
the Pleistocene (e.g. Magalh~aes et al. 2014), and other
have found stable population sizes during climatic fluc-
tuations (Nascimento et al. 2011; Faria et al. 2013). The
Caatinga has experienced intense climatic fluctuations
with wetter conditions favouring the expansion of
humid forests in distinct regions during the last
210 000 years (De Oliveira et al. 1999; Behling et al.
2000; Auler et al. 2004; Wang et al. 2004). Many studies
in different systems have interpreted these population
fluctuation signatures as effects associated with range
expansions/contractions in response to habitat shifts
caused by Pleistocene climatic fluctuations (e.g. Car-
naval & Bates 2007; Shepard & Burbrink 2008; Qu et al.
2011). Our results highlight that population expansion
signatures driven by processes other than climatic
cycles can be teased apart using simulation methods.
As a consequence, the role of PCH in demographic
responses in the Caatinga may be overestimated.

Diversification in Cnemidophorus ocellifer

We generated an extensive multilocus data set with
large geographical coverage. Our species validation
approaches recovered two well-delimited lineages that

diverged despite the presence of gene flow. We reject
both major hypotheses proposed for diversification in
the Caatinga. Surprisingly, our results revealed a strik-
ing complex diversification pattern that is consistent
with a model of speciation with gene flow along envi-
ronmental gradients (Endler 1973; Nosil 2008). Our
model-based analysis suggests that the Northeast lin-
eage originated from individuals located along the edge
of the Southwest lineage distribution, which eventually
diverged into the Northeast lineage and expanded
along the Caatinga. The Southwest lineage occurs at
higher elevations and milder climates (i.e. Cerrado and
EMR), and our RDA and variance-partitioning analysis
showed that most of the genetic variance is explained
by climatic variables with altitudinal differences having
little importance. Therefore, our results support the role
of climatic gradients as drivers of speciation. These
same mechanisms have been suggested to explain
diversification between Caatinga and Cerrado adjacent
lineages of the gecko Phyllopezus pollicaris (Werneck
et al. 2012).
Most of the analyses we implemented here gave us

an overview on the phylogeography of Cnemidophorus
ocellifer species complex, while the ABC analysis proved
to be extremely valuable to circumvent limitations of
descriptive and other model-based methods. One exam-
ple of such limitations is in our IMA2 results. The likeli-
hood or the information content regarding nested IM
models was not significantly different. Thus, either dif-
ferent IM models are equally good at describing our
data, or the IM model is not appropriate due to viola-
tion of essential assumptions. For instance, the IM
model does not allow changes in population size
through the history of a population. Therefore, one pos-
sible violation is the presence of population expansion
evident in our data. For fitting population size change,
*BEAST may represent a good alternative. However, the
absence of a migration parameter in the *BEAST model
poses another model violation. Thus, in our case, these
methods were extremely useful for estimating confi-
dence intervals of population parameters, narrowing
down the possibilities of diversification scenarios. In
this context, a simulation-based approach, such as ABC,
emerges as a powerful way to choose among different
more complex diversification scenarios, overcoming
limitations of methods with fixed models containing a
particular number of parameters. Although ABC was
long used to test complex diversification scenarios in
humans (Fagundes et al. 2007), the method is seldomly
used for the investigation of population processes in
Neotropical organisms (e.g. Carnaval et al. 2009;
Batalha-Filho et al. 2012; Werneck et al. 2012; Thom!e
et al. 2014). Here, we highlight the importance of the
method and suggest the use of ABC to test specific
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hypothesis of species diversification and to test the gen-
erality of our results for the Caatinga.
The Cerrado may also be a source of diversity for the

formation of Caatinga biota. Because the distribution of
the C. ocellifer species complex extends further into the
entire Cerrado, the Southwest lineage may be part of a
more widespread lineage from central Brazil that
reaches southwestern Caatinga. Therefore, additional
samples from central Cerrado are necessary to better
define genealogic relationships within the Southwest
lineage and its geographic boundaries. Even consider-
ing that the Southwest lineage was undersampled, it
showed higher genetic diversity than the Northeast lin-
eage. The Southwest lineage is associated with the Cer-
rado, a biome characterized by high geomorphological
complexity and landscape heterogeneity (Cole 1986;
Nogueira et al. 2011). Recent studies have revealed deep
cryptic diversity in many Cerrado lizards (Werneck
et al. 2012; Domingos et al. 2014; Recoder et al. 2014;
Santos et al. 2014). The Cerrado and Caatinga share a
large contact zone, and many taxa (likely species com-
plexes) are recognized as widely distributed across both
biomes. Our results along with other studies suggest
that Cerrado/Caatinga widespread taxa are in fact dif-
ferent species with Cerrado species consistently show-
ing higher genetic diversity and deeper coalescence
(Werneck et al. 2012; Recoder et al. 2014). In fact, many
studies have found multiple lineages within Cerrado
taxa (e.g. Werneck et al. 2012; Domingos et al. 2014; San-
tos et al. 2014), whereas widespread lineages from the
Caatinga have shown weak genetic structure, including
plants (Caetano et al. 2008), frogs (S~ao-Pedro 2014) and
lizards (our study; Werneck et al. 2012; Recoder et al.
2014).
Our species validation approaches supported the

existence of two unrecognized lineages of C. ocellifer.
We also show evidence for only one widespread lineage
in the Caatinga. We sequenced specimens within the
range and with morphological patterns attributed to
Cnemidophorus pyrrhogularis (Silva & !Avila-Pires 2013),
and they were genetically indistinguishable from our
Northeast lineage. Hence, our findings suggest that
Northeast lineage and C. pyrrhogularis correspond to the
same species. Based on the distribution of species from
the C. ocellifer group, our Northeast lineage is likely to
be C. ocellifer. Therefore, we conclude that C. pyrrhogu-
laris is a junior synonym of C. ocellifer (see details in
‘Taxonomic background and implications’ in
Appendix S1, Supporting information). In addition,
some individuals included in our analyses present mor-
phological characteristics stated as diagnostic of Cnemi-
dophorus nigrigula (D. O. Mesquita, personal
communication; Garda et al. 2013). We also sequenced
specimens that based on lepidosis were assigned to

Cnemidophorus confusionibus (Arias et al. 2011a). Still,
these samples were not genetically distinguishable from
our Northeast lineage. Therefore, we recommend a
more detailed investigation on the identity of C. ni-
grigula and C. confusionibus, by incorporating genetic
samples from their type localities. Our Southwest lin-
eage is the recent described species, Cnemidophorus
xacriaba (Arias et al. 2014). Some specimens in our anal-
yses were also used in the C. xacriaba description paper,
including samples from the type locality. The descrip-
tion paper claims that C. xacriaba is endemic to the Pla-
nalto dos Gerais in the Cerrado region. Our results do
not support this claim and suggest a much wider occur-
rence area for C. xacriaba reaching many localities along
the southwest Caatinga. It is likely that C. xacriaba is
also more widespread in the Cerrado biome. Hence,
other populations formerly designated as C. ocellifer
from central Brazil (Arias et al. 2014) are most likely our
Southwest lineage (i.e. C. xacriaba) or other still unde-
scribed taxa.

Conclusion

We conducted a detailed phylogeographic assessment
of the Cnemidophorus ocellifer species complex from the
Caatinga and adjacent areas through the coupling of
multilocus data, coalescent methods, historical demo-
graphic reconstructions and model testing. The C. ocel-
lifer species complex is structured into two distinct
genetic lineages in the Caatinga, which have split dur-
ing the Mid–Late Miocene and diverged despite contin-
uous gene flow. The Northeast lineage occurs
exclusively in the Caatinga and expanded its range
rapidly during the Pleistocene. We found no evidence
that the RBH or PCH influences its current geographic
structure. The Southwest lineage is more diverse, older
and associated with the Cerrado–Caatinga boundaries.
Our results also suggest that the Northeast lineage orig-
inated from the Southwest lineage and expanded con-
tinuously, leaving a genetic signature concordant with a
founder effect. We conclude that C. ocellifer from the
Caatinga is composed of two distinct species associated
with different geographic regions. Our data support a
speciation with gene flow and highlight the role of the
environmental gradients in the diversification process.
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