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Abstract
Young species complexes that are widespread across ecologically disparate regions
offer important insights into the process of speciation because of their relevance to
how local adaptation and gene flow influence diversification. We used mitochondrial
DNA and up to 28 152 genomewide single nucleotide polymorphisms from polytypic
barking frogs (Craugastor augusti complex) to infer phylogenetic relationships and test
for the signature of introgressive hybridization among diverging lineages. Our phylogenetic reconstructions suggest (i) a rapid Pliocene–Pleistocene radiation that produced
at least nine distinct lineages and (ii) that geographic features of the arid Central
Mexican Plateau contributed to two independent northward expansions. Despite clear
lineage differentiation (many private alleles and high between-lineage FST scores),
D-statistic tests, which differentiate introgression from ancestral polymorphism,
allowed us to identify two putative instances of reticulate gene flow. Partitioned D-statistics provided evidence that these events occurred in the same direction between
clades but at different points in time. After correcting for geographic distance, we
found that lineages involved in hybrid gene flow interactions had higher levels of
genetic variation than independently evolving lineages. These findings suggest that
the nature of hybrid compatibility can be conserved overlong periods of evolutionary
time and that hybridization between diverging lineages may contribute to standing
levels of genetic variation.
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Introduction
Gene flow can act as a creative force by introducing
novel genetic variation into populations or as a homogenizing force by decreasing genetic differences between
populations (Slatkin 1985). For closely related organ-
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isms, the extent to which gene flow affects genetic
variation among populations varies greatly owing to
different natural histories, geographic distributions,
selective regimes and mutational processes (Endler
1973; Slatkin 1985, 1987). The ‘age of genomics’ (sensu
Walsh 2001) has enhanced our understanding of these
influences on gene flow by providing evidence for the
frequent occurrence of introgressive hybridization
across multiple evolutionary tiers (e.g. Rheindt &
Edwards 2011; Cui et al. 2013) and between diverging
species (e.g. Martin et al. 2013). In plants, hybridization
has been implicated as an important source of genetic
variation that can increase the potential for adaptive
responses to environmental change (Anderson 1949;
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Stebbins 1950; Lavergne & Molofsky 2007). However,
the potential for hybrid gene flow to increase genetic
variation in animal species is less explored (Dowling &
Secor 1997; Hedrick 2013). Unlike some plants, opportunities for introgressive gene flow in animals may be
restricted to closely related species or young species
complexes (sensu Shaffer & McKnight 1996; Mullen
et al. 2008) because of genic incompatibilities that evolve
as species diverge (Dobzhansky 1936; Muller 1939). If
hybridization can occur, interspecific gene flow may
directly introduce novel alleles (or new allelic combinations) that increase adaptive potential in the short term.
However, if hybridizing lineages are closely related, it
may also broaden existing variation in a neutral/nearly
neutral manner that increases adaptive potential in the
long term. Thus, an important step towards understanding the role hybrid gene flow has in animal evolution is to ask: Do diverging lineages that have
exchanged genes in the past have more genetic diversity than those that evolved in relative isolation? In
other words, does hybridization actually ‘broaden’
standing variation during the course of speciation?
In vertebrates, several studies support the tenet that
hybrid gene flow can increase adaptive potential (e.g.
lizards, Kolbe et al. 2004; fish, Lucek et al. 2010). However, to the best of our knowledge, these studies have
all examined hybridization events that occurred in the
recent past (<300 years ago). While the evolutionary
implications of these short timescale studies are clear,
identifying whether hybrid gene flow occurred during
(and perhaps facilitated) the evolution of older clades
(>1 million years old) is challenging for several reasons
(also see review in Rheindt & Edwards 2011). First, characterizing gene flow dynamics across closely related
species or populations involves differentiating introgression from incomplete lineage sorting (ILS; i.e. ancestral
polymorphism; Maddison 1997). Second, analytical tools
for hypothesizing the directionality (asymmetric vs.
symmetric) and evolutionary timing (ancient vs. recent)
of introgression were not available until recently (Eaton
& Ree 2013). Finally, using empirical data sets to examine gene flow often requires an extensive knowledge of
the study organism so that patterns of genetic diversity
associated with natural history and demography can be
accounted for (e.g. sex-biased dispersal).
How can these challenges be met? Differentiating
introgression and ancestral polymorphism is not an
insurmountable task, but it requires a large number of
unlinked loci (Kronforst 2008; Yu et al. 2011) or substantial mitochondrial (mtDNA) introgression (McGuire
et al. 2007; Sequeira et al. 2011). Increasingly affordable
next-generation DNA sequencing methods such as
restriction-site-associated DNA sequencing (RADseq;
Davey & Blaxter 2011), which can identify thousands of

single nucleotide polymorphisms (SNPs) in nonmodel
organisms, enable high-resolution examination of lineage sorting dynamics (Davey et al. 2011). Perhaps one
of the more appealing attributes of RADseq data sets is
that they allow ancient gene flow to be distinguished
from ancestral polymorphism via the ‘ABBA-BABA’ test
(Green et al. 2010; Durand et al. 2011; Skoflund &
Jakobsson 2011; Meyer et al. 2012; Heliconius Genome
Consortium 2012). This test uses Patterson’s D-statistic
(Durand et al. 2011) to compare the frequencies of discordant SNP genealogies in a four-taxon pectinate tree.
Assuming equal substitution rates among lineages and
unlinked loci, asymmetrical distributions of genealogical patterns suggest that introgression has occurred.
Eaton & Ree (2013) extended the original ABBA-BABA
test to include a fifth taxon, developing the ‘partitioned
D-statistic’ that can identify the source population of
introgression events when more than one extant lineage
may have hybridized with the in-group. Thus, RADseq
data and D-statistic tests offer a robust analytical framework for differentiating introgression from ILS and
identifying the timing and directionality of gene flow
events.
What animal systems are most ideal to explore patterns of introgression? Two important criteria for selecting candidates are (i) groups with demonstrable
interlineage gene flow that contain multiple statistically
supported genomic lineages (i.e. biological replicates)
and (ii) groups with natural history that do not greatly
bias the spatial distribution of genetic markers. Polytypic amphibian complexes often posses these characteristics (e.g. Hillis 1988; Robertson & Zamudio 2009;
O’Neill et al. 2013). Hybridization is common between
amphibian species (Malone & Fontenot 2008; Smith
et al. 2013) and can occur between distantly related taxa
(up to 21 million years divergent; Prager & Wilson
1975). Genetic patterns consistent with hybridization are
also observed within young polytypic amphibian complexes (Devitt et al. 2011). Furthermore, relative to other
tetrapods amphibians display high levels of philopatry
and limited dispersal capability (Beebee 1996), which is
often reflected in clear phylogeographic structure (Stuart et al. 2006; Zeisset & Beebee 2008). Thus, we believe
polytypic amphibians represent ideal study systems for
investigating introgressive interactions during the early
stages of speciation (Wang 2009; Smith et al. 2013).
Here, we used recently developed statistical tools on
mitochondrial (mtDNA; 12S gene) and nuclear DNA (nucDNA; up to 28 152 SNPs) from a Pliocene–Pleistocene
radiation of barking frogs (Craugastor augusti complex) to
(i) infer phylogenetic relationships, (ii) identify the
timing and directionality of introgression events across
distinct lineages and (iii) test whether more genetic
variation is observed in lineages that have experienced
© 2014 John Wiley & Sons Ltd
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introgression. After identifying putative introgression
events, we examined levels of genetic variation in those
lineages that experienced introgressive gene flow (recipients), those that contributed gene flow (donors), and
those that appear to have evolved in relative isolation
(loners) to ask whether recipient lineages possess higher
levels of genetic variation than loner and/or donor
lineages.

Materials and methods
Terminology
In sexually reproducing species, a semantic distinction
is often made between genetic material that is
exchanged (i) between divergent populations of the
same species, termed ‘gene flow’ and (ii) between different species or subspecies, termed ‘introgression’
(Hedrick 2013). While this distinction is helpful for
understanding many systems, for young species complexes, this terminology is less useful. Because diverging lineages within young species complexes often
possess a spectrum of reproductive compatibilities, population densities, and geographic distributions, the terminological distinction between gene flow and
introgression is often trivial. Thus, to describe genetic
exchanges in barking frogs, we use the terms ‘hybrid
gene flow’, ‘gene flow between lineages’, ‘introgression’,
‘introgressive hybridization’ and ‘reticulate evolution/
gene flow’ interchangeably to describe any transfer of
genetic material between distinct genomic clusters
(sensu Cui et al. 2013; Rheindt et al. 2014).

Study system
The genus Craugastor (Anura: Craugastoridae) has
diversified extensively in the last 30–40 million years
(Crawford & Smith 2005; Heinicke et al. 2007). There
are at least 115 species (Frost 2013) and all members of
the group are direct-developing (i.e. they lack an aquatic larval phase). While most Craugastor diversity is confined to the New World tropics, a small number of
species have geographic distributions that extend into
subtropical and temperate biomes of North America.
Almost all species with subtropical and temperate distributions belong to the Craugastor augusti Species Series
(sensu Hedges et al. 2008). This group contains two species, C. augusti and C. tarahumaraensis. These species are
endemic to North America (Zweifel 1956) with C. tarahumaraensis restricted to high elevation pine-oak forests of the Sierra Madre Occidental in Mexico (Fig. 1G)
and C. augusti occurring across Texas, New Mexico,
Arizona, and throughout Mexico (Fig. 1A–F, H–I).
Goldberg et al. (2004) examined mitochondrial sequence
© 2014 John Wiley & Sons Ltd

divergence and male advertisement calls among
populations of C. augusti and discovered that populations from the United States and one locality in Mexico
possessed regionally circumscribed and divergent haplotypes consistent with a polytypic species complex.
With the exception of populations from western Texas
and eastern New Mexico (Fig. 1A), which inhabit rodent
burrows in creosote bush flats, barking frogs are always
found near cliffs, caves and limestone outcrops (Schwalbe & Goldberg 2005). This likely indicates a conserved
microhabitat preference across the group. Barking frogs
have a surprisingly rich fossil record for an amphibian
(Holman 2003). Fossils have been found in Pleistocene
deposits in all three of their northernmost populations
including Eddy County, New Mexico, USA (Applegarth
1980); Bexar County Texas, USA (Mecham 1959); and
Rancho la Brisca, Sonora, Mexico (Van Devender et al.
1985). All of these fossils originate from deposits that
have been dated to range from 11 000 to 240 000 years
ago (Holman 2003). This may indicate that barking
frogs had acquired their contemporary geographic distribution by the close of the Pleistocene at the latest.

Geographic and taxonomic sampling
To better understand the geographic distribution of
barking frogs, we geo-referenced locality records of
C. augusti and C. tarahumaraensis from natural history
collections in the United States using data from
HERPNET 2 (Fig. 1, Appendix S1, Supporting information;
www.herpnet2.org). DNA was extracted from buccal
swabs, muscle tissue or liver tissue of 68 barking frogs
(Fig. 2; Appendix S2, Supporting information). This
genetic sampling contained individuals from across the
southwestern United States and Mexico including representatives of C. tarahumaraensis, and three of the four
subspecies of C. augusti (all except C. a. fuscofemora)
described by Zweifel (1956). We used C. uno, a member
of the closely related Craugastor bocourti Species Series
(sensu Hedges et al. 2008), as an out-group taxon.

DNA extraction and mitochondrial analysis
Genomic DNA was isolated using either a commercial
spin-column kit (Qiagenâ, Valencia, CA, USA) or a salt
extraction protocol (sensu Rovito et al. 2012). We examined the quality of our isolates using visualization on a
1–2% agarose gel and a QUIBITâ 2.0 fluorometer (Life
Technologies, Grand Island, NY, USA).
We sequenced a 461 base pair fragment of the small
subunit ribosomal RNA gene (12S) for 68 individuals
(Appendix S2, Supporting information). We amplified
this fragment using the primers 12SF (50 AAA CTG
GGA TTA GAT ACC CCA CTA 30 ) and 12SR (50 GTR
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Fig. 1 Geographic distribution of the Craugastor augusti Species Series (Craugastor
augusti and C. tarahumaraensis) inferred
from 608 geo-referenced museum locality
records. Across this ecologically dynamic
range these species vary in colour pattern
and adult body size (A–I). Terrestrial
ecoregions follow Olson et al. (2001).

H
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CGC TTA CCW TGT TAC GAC TT 30 ). Each PCR
amplification was performed using either GoTaqâ
Green Master Mix (Promega, Madison, WI, USA) or
individual reagents from New England Biolabs (NEB),
Ipswich, MA, USA (M0320L, Taq DNA polymerase;
N0447S, dNTP solution). See Streicher et al. (2009) for
the thermal cycling profile used to amplify 12S. PCR
purifications were performed using AMPure XP (Beckman Coulter, Brea, CA, USA), Sera-Mag Speedbeads
(Fisher Scientific, Pittsburgh, PA, USA; Rohland &
Reich 2012) or ExoSAP-IT (Affymetrix, Santa Clara, CA,
USA; according to the manufacturer’s instructions).
Cycle sequencing reactions and DNA sequencing were
conducted using BigDyeâ terminator (Life technologies)
chemistry and standard cycling profiles by either SeqWright (www.seqwright.com; Houston, TX, USA) or the
UTA genomics core facility (gcf.uta.edu; Arlington, TX,
USA). We sequenced the forward and reverse complement for each 12S fragment. Chromatograms were
aligned and cleaned using the programs SEQUENCHER 5.0
(GeneCodes Corp., Ann Arbor, MI, USA) and Geneious
R6 (Biomatters; www.geneious.com). All 12S sequences
were deposited in GenBank (Appendix S2, Supporting
information). We also downloaded 12S sequences for
two C. augusti (Darst & Cannatella 2004; Frost et al.
2006) and one C. uno (Streicher et al. 2011) from
GenBank.
Alignments of 12S sequences were made using the
programs MEGA 5.1 (Tamura et al. 2011) and SEQUENCHER
5.0. We identified the best-fit model of nucleotide evolution using Bayesian and Akaike information criteria in
MEGA 5.1. We used the programs MEGA 5.1 and MRBAYES
3.1.2 (Ronquist & Huelsenbeck 2003) to generate

hypotheses of mitochondrial evolution using maximumlikelihood (ML) and Bayesian Markov chain Monte
Carlo (BAYES) algorithms. In ML analyses, we used
2000 bootstrap pseudoreplicates to assess nodal support
(Hedges 1992). In BAYES analysis, we ran parallel
searches for 10 million generations using four chains
(one hot, three cold; default parameters) with sampling
occurring every 1000 generations to avoid autocorrelation. We examined convergence of likelihood scores
and topologies with the online software ‘Are We There
Yet?’ (AWTY, Wilgenbusch et al. 2004). To assess the
levels of sequence divergence among mtDNA haplogroups, we constructed a pairwise matrix of between
group mean divergence (i.e. Dxy values; Nei 1987)
using uncorrected p distances in MEGA 5.1 (Table 1).

RADseq SNP library generation and analysis
In addition to the potential for examining introgression,
we used RADseq because several studies have demonstrated that this approach is effective at resolving
phylogenetic and phylogeographic structure among closely related populations and species (e.g. Emerson et al.
2010; Hohenlohe et al. 2010; Rubin et al. 2012;
Jones et al. 2013; St€
olting et al. 2013; Wagner et al. 2013).
Although the RADseq method produces genealogical
biases that may preclude the use of some population
genetic statistics, general measures of population differentiation appear robust to these issues (Arnold et al. 2013).
We constructed genomic libraries for 46 individuals
of the C. augusti Species Series (45 C. augusti and one
C. tarahumaraensis) and one C. uno via double-digest
RADseq, a method that employs two restriction enzymes
© 2014 John Wiley & Sons Ltd
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Fig. 2 Maximum-likelihood (ML) phylogram constructed from a fragment of mitochondrial DNA (Left) and the corresponding geographic distribution of Craugastor augusti Species Series samples used in this study (Right). Nodal support is derived from ML bootstrap analysis and Bayesian MCMC (BAYES MCMC) posterior probabilities, respectively. ESUs are described in Table 3.

and precise size selection to produce highly correlated
read counts across individuals (Peterson et al. 2012).
Collectively, this sampling included representatives of
each major lineage, we identified using mtDNA. After
analysing DNA isolates on a Qubit fluorometer using a
dsDNA HS assay kit (Life technologies), we digested
approximately 200 ng of DNA for each individual with
the enzymes SbfI and MspI (NEB). See Appendix S3
(Supporting information) for our specific adaptor/sample design. Following adaptor ligation, cleaned samples
were pooled by Illuminaâ index group (Appendix S3,
Supporting information) and size selected for fragments
© 2014 John Wiley & Sons Ltd

ranging between 450 and 550 bp using the Blue Pippin
electrophoresis platform (Sage Science, Beverly, MA,
USA). RAD libraries were amplified via PCR with a
Phusionâ polymerase kit (NEB#M0530L). Successful
library generation was confirmed by examining samples
with a 2100 Bioanalyzer (Agilent Technologies, Santa
Clara, CA, USA) using a DNA 7500 chip. Our five Illuminaâ index group libraries were then pooled and
sequenced using a single lane of an Illuminaâ HISEQ
PE100 run at the University of Texas Southwestern
Medical Center Genomics Core Facility (genomics.swmed.edu).
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Table 1 Mean between group divergences (Dxy) generated from uncorrected p distances among 12S mitochondrial haplogroups in
the Craugastor augusti species series and Craugastor uno
ESU 1
ESU 1
Texas, USA
ESU 2
New Mexico, USA
ESU 3
Arizona, USA
ESU 4
Eastern MX
ESU 5
Southern MX
ESU 6
Colima, MX
ESU 7
Western MX
ESU 8
Western MX
ESU 9
Jalisco MX
ESU 10
C. tarahumaraensis
C. uno

ESU 2

ESU 3

ESU 4

ESU 5

ESU 6

ESU 7

ESU 8

ESU 9

ESU 10

0.039
0.047

0.044

0.051

0.048

0.043

0.033

0.043

0.055

0.047

0.024

0.031

0.036

0.038

0.026

0.046

0.040

0.031

0.043

0.036

0.035

0.045

0.043

0.033

0.046

0.043

0.033

0.014

0.035

0.042

0.051

0.041

0.023

0.024

0.033

0.043

0.054

0.058

0.036

0.056

0.063

0.044

0.035

0.033

0.050

0.162

0.159

0.155

0.163

0.156

0.159

0.162

0.166

0.163

We used STACKS (Catchen et al. 2011, 2013) to process
our restriction-site-associated DNA markers (RAD-tags)
and to produce SNP data sets. We used the recommended workflow described by Catchen et al. (2011) to
identify RAD-tags containing SNPs (i.e. process_radtags, ustacks, cstacks and sstacks modules). We used
default settings in (i) process_radtags to remove low
quality reads (q flag; if the average quality score of a
read was below 90%, the read was discarded), (ii)
ustacks to set a maximum distance allowed between
individual stacks (M flag; no more than two differences) and (iii) cstacks to set a distance between catalogue loci (n flag; setting of 0). We believe the default
setting of the distance between catalogue loci parameter
is a conservative approach for inferring orthology
among RAD-tags because although it can lead to a
small number of haplotypes of the same locus being
represented independently in the catalogue, it reduces
the risk of assembling erroneous or paralogous RADtags. While we constructed our individual ustacks
libraries using a minimum stack depth of three (m 3;
sensu Jones et al. 2013), we used only those RAD-tags
that possessed a stack depth of five (m 5) when compiling our final SNP alignments for clustering analyses.
Furthermore, we used a custom Perl script to remove
any RAD-tag that matched two or more stacks.
To estimate relationships among barking frogs from
RAD-tags, we used two approaches: (i) a Bayesian clustering method that used bi-allelic SNP data from each

0.175

frog (STRUCTURE, Pritchard et al. 2000) and (ii) neighbour
joining (NJ) and ML phylogenetic analyses in MEGA 5.1
and RAXML 8.0 (Stamatakis 2014) that only used SNPs
identified as fixed within individuals (i.e. homozygous)
but polymorphic among individuals. We selected this
sampling strategy because it is how the STACKS ‘populations’ module sorts homozygous/heterozygous SNP
data for STRUCTURE and PHYLIP files, respectively.
Because some of our analyses assumed unlinked loci
(e.g. STRUCTURE), we only analysed ‘read 1’ data from
our PE100 sequences to reduce the number of SNPs
occurring in close genomic proximity to one another. In
STRUCTURE analyses, we iteratively conducted runs of
K = 1–13 with a burn-in of 10 000 generations and each
analysis sampling every 100 generations for 100 000
generations. Each K value was run for five iterations.
We used the online software STRUCTURE HARVESTER (Earl
& vonHoldt 2012) to implement the ΔK statistic of Evanno et al. (2005) to identify an appropriate number of
clusters. We also identified the appropriate number of
genetic clusters using k-means clustering as implemented in the software ADEGENET 1.3-7 (Jombart 2008).
This method ranks clustering patterns using BIC scores
from axes derived from a Principle Components Analysis (PCA; run using ade4 package in R version 2.15.2,
R Core Team 2012). We evaluated k-means clustering
schemes up to K = 40. In MEGA 5.1 analyses, we performed 2000 bootstrap replicates to assess nodal support for SNP trees using ML criteria. Model-based (ML)
© 2014 John Wiley & Sons Ltd
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analyses were run using the GTR+G model (sensu Cariou et al. 2013). A more detailed account of the methods we used to generate and analyse RADs is provided
in Appendix S4 (Supporting information).
Rubin et al. (2012) and Cariou et al. (2013) found that
they were able to accurately estimate known phylogenies using RADseq data matrices with large amounts of
missing data and suggested that RADseq based phylogenies may be per se robust to missing data issues. To
examine the effect of missing data in our SNP analyses,
we constructed three separate data matrices: (i) ≤50%
missing data/site, (ii) ≤25% missing data/site and (iii)
≤10–20% missing data/site (10% in NJ/ML, 20% in
STRUCTURE analyses). We generated these matrices by
modifying the output commands in the ‘populations’
module of STACKS. All six of our data matrices and the
commands used in our STACKS pipeline are available
through the Dryad website (www.datadryad.org). The
presence of FST outlier loci can lead to erroneous conclusions about phylogenetic relationships inferred from
SNP data (Luikart et al. 2003). To address this issue, we
used the program BAYESCAN to identify FST outliers (Foll
& Gaggiotti 2008) on our 20% missing data matrix. This
programme has been demonstrated via simulation to
recover fewer false positives than alternative methods
for detecting outlier loci (Perez-Figueroa et al. 2010). We
used two definitions of population structure to test for
outlier loci at different levels of relatedness. We used
PDGSPIDER 2.0.5.1 (Lischer & Excoffier 2012) to prepare
files for BAYESCAN analysis and the R statistical package
to summarize and plot results.

Inferring species trees
We employed a multispecies coalescent model (Rannala
& Yang 2003) to estimate species trees (i.e. phylogenetic
relationships among well-supported terminal clades).
We considered a group of individuals to be a well-supported lineage if they possessed matched mtDNA and
nucDNA clustering patterns. These lineages were used
as a priori designated ‘species’ in our species tree analysis, and we hereafter refer to them as evolutionarily significant units (ESUs, Moritz 1994; Table 3). We used the
program SNAPP 1.1.1, to generate species tree support
measures (Bryant et al. 2012). At the time of our analysis, SNAPP 1.1.1 did not incorporate missing data, so we
used a subset of our taxonomic sampling that maximized the number of SNPs available for analysis while
retaining representatives of each ESU. In one instance,
we combined two sister ESUs (supported in mtDNA
and some nucDNA analyses) so that each ‘species’
contained data from at least two individuals. We
used default settings and ran the analysis for 1 million
generations sampling every 1000 generations. We con© 2014 John Wiley & Sons Ltd

firmed convergence of our runs by examining log files
for evidence of convergence (i.e. little variation in lnL
score, ESS > 100) in the program TRACER 1.5 (Rambaut &
Drummond 2007). We analysed tree files with the
TreeSetAnalyser program that is distributed with SNAPP
1.1.1 to identify species trees that were contained in the
95% highest posterior density (HPD) set. Resulting tree
files were visualized using the program DENSITREE
(Bouckaert 2010).

Tests for introgression
All D-statistic tests are designed to test if the number of
derived alleles (designated ‘B’ in ABBA-BABA patterns)
shared by reciprocally monophyletic taxa is greater than
would be expected under the null model of ILS
(Durand et al. 2011). Derived alleles are identified in the
context of an out-group taxon that possesses a different
(i.e. ancestral) allelic state (designated ‘A’ in ABBABABA patterns). To describe taxon placement for these
tests, we used the terminology of Durand et al. (2011)
for four-taxon tests ((P1, P2), P3), O) and Eaton & Ree
(2013) for five taxon tests ((P1, P2), (P31, P32)), O). Each
Patterson’s D-statistic test contained two ESUs (P1 &
P2) recovered as sister taxa in our phylogenetic reconstructions, a divergent ESU that may have experienced
admixture with one or both of the sister taxa (see
Appendix S4 for details on how we selected P3 taxa,
Supporting information) and an out-group (O). Each
partitioned D-statistic test used a similar sampling strategy except we used two P3 taxa (P31 and P32) to infer
the putative source of introgression. To summarize the
number of sites with ABBA and BABA (Patterson’s
D-statistic) and ABBBA, BABBA, ABBBA, BABAA,
ABABA and BAABA (partitioned D-statistic) patterns,
we used custom R scripts based on the equations presented in Durand et al. (2011) and Eaton & Ree (2013).
Our FASTA formatted alignments of four and five taxa
are available on Data Dryad. We assessed confidence in
D-statistics using a similar bootstrapping method to
Eaton & Ree (2013) by employing 1000 bootstrap pseudoreplicates in all tests and using Z-test P-values to
assess if allelic ratios were significantly different from
zero. Scripts were executed in R version 2.15.2 and are
available as part of the evobiR package (http://cran.
r-project.org/web/packages/evobiR/index.html).
We interpreted D-statistic results in the following
way: In four-taxon tests, a significant D-statistic indicated more derived SNPs were shared between P3 and
P1 (negative value) or P3 and P2 (positive value) than
expected from ILS. In five taxon tests, three D-statistics
were calculated: D1, D2 and D12 (Eaton & Ree 2013). A
significant D1 statistic indicated introgression-like
patterns between P1 and P31 (negative value) or P2 and
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P31 (positive value). A significant D2 statistic indicated
introgression-like patterns between P2 and P31 (negative value) or P2 and P32 (positive value). A significant
D12 statistic indicated introgression-like patterns
between P2 and P31 + P32 (negative value) or P1 and
P31 + P32 (positive value). We inferred the directionality
of gene flow via partitioned D-statistic tests by using
inverse taxonomic combinations where the positions of
P1 and P2 are switched with P31 and P32. If we
observed significant D-statistics in only one direction of
an inverted comparison, we interpreted this as evidence
for unidirectional gene flow (Eaton & Ree 2013).

Isolation-by-distance tests and recipient/donor/loner
comparisons
We tested for isolation by distance (IBD; Wright 1943)
using (i) 12S mtDNA sequences and (ii) the 10% missing data SNP alignment to address two issues. First, we
wanted to compare spatial nucDNA and mtDNA patterns for evidence of sex-biased dispersal. While not a
direct test, given the unidirectional inheritance (matrilineal) of mtDNA, matched mtDNA-nucDNA IBD patterns are consistent with sexes possessing broadly
similar dispersal capabilities (Prugnolle & de Meeus
2002). Second, we wanted to understand the extent of
spatial autocorrelation within our nucDNA data set so
that we could correct for this common effect when comparing within lineage genetic variation values. Geographic distances were calculated using the program
GENALEX 6.5 (Peakall & Smouse 2012). Statistical significance of the correlation between geographic and genetic
distance was calculated using a Mantel test (Mantel
1967) with 999 randomizations in GENALEX 6.5.
Following introgression tests we categorized ESUs
into three groups: recipients, donors, and loners (see
Introduction for definitions) and generated mean within
group genetic distance values (generated using the 20%
missing SNP data set in MEGA) to compare these groups.
We acknowledge that these categorical groupings are
not mutually exclusive (i.e. if symmetrical introgressive
gene flow had occurred, donor lineages would also
have to be considered recipient lineages); however, we
believe they are a conceptually useful analogy to
describe the three patterns of introgressive gene flow
we observed in barking frogs.

Results
An ecologically diverse geographic distribution
In total, we collected 608 locality records for barking
frogs in the United States and Mexico (Fig. 1;
Appendix S1, Supporting information). We mapped

point locality records onto the terrestrial ecoregions and
Ecozones of Olson et al. (2001). This examination confirmed previous reports of the broad distribution of
barking frogs (Zweifel 1956), and suggests that barking
frogs are absent or rarely encountered across most of
the Chihuahuan Desert in north central Mexico and the
Tamaulipan Mezquital region of northeastern Mexico.

Mitochondrial divergence suggests a rapid Pleistocene
radiation
The K2 + G model was selected as the most appropriate
for our 12S data set (lnL = 1398.866). In our BAYES
MCMC analysis, the average standard deviation of split
frequencies was 0.007 following 10 million generations.
AWTY analysis indicated that topological convergence
occurred around 5 million generations. Thus, we discarded the first 50% of sampled trees as burn-in. As
noted by Goldberg et al. (2004), sequence divergence
levels between the in-group taxa and their closest living
relatives (members of the C. bocourti Species Series
[C. uno in this study]) are large. Within the C. augusti
species series, no pairwise comparison of mtDNA
divergence levels exceeds 6% with most comparisons
ranging between 3% and 5% (Table 1). We recovered
nine well-supported mtDNA clades (>92 ML; 0.95 BAYES) of C. augusti (Fig. 2). These haplogroups are more
or less geographically circumscribed and typically
restricted to particular ecogeographic zones (Figs 1 and
2). We recovered only limited statistical support for
relationships among haplogroups. We also recovered
C. tarahumaraensis as nested within C. augusti (Fig. 2).
The 12S locus evolves at a rate of about 1–1.5% per
million years in amphibians (Mueller 2006). Based on
this generalized rate, the oldest barking frog populations would have started diverging from one another at
the onset of the Pliocene (Table 1). Additionally, the
shape of the mtDNA topology, a deep root (C. uno) and
short ancestral internodes, may suggest that a rapid
radiation across Mexico occurred during the Pleistocene
evolution of barking frogs (sensu Rothfels et al. 2012).

Single nucleotide polymorphism data provide evidence
of extensive phylogeographic structure
Our STACKS workflow generated SNP data sets that contained between 28 152 and 271 SNPs depending on the
amount of missing data (Table 2). We found that the
amount of missing data did not substantially affect
topology or clustering (Appendix S4, Supporting information). As in the mtDNA analysis, branch lengths
between the in-group and C. uno were large (Fig. S3,
Supporting information). Additionally, while the
individual of C. uno had many high quality reads and a
© 2014 John Wiley & Sons Ltd
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Table 2 Number of orthologous single nucleotide polymorphisms (SNPs) between Craugastor augusti and the two outgroup taxa used in this study (C. tarahumaraensis and C. uno;
top and bottom, respectively). SNP counts were obtained using
STACKS output files with variable amounts of missing data. See
text for descriptions of bi-allelic and fixed loci
50% missing
C. tarahumaraensis
Bi-allelic
4160/8842
Fixed
14 472/28 152
alleles
C. uno
Bi-allelic
142/5016
Fixed
649/26 272
alleles

25% missing

20–10% missing

919/1455
2740/4319

590/892
394/580

47/665
184/3873

31/362
24/271

catalogue of over 5500 unique alleles, depending on
the amount of missing data we allowed, only between
24 and 649 SNPs were recovered for this taxon
when comparing it with orthologs from C. augusti and
C. tarahumaraensis (Table 2). This discrepancy may be

related to nonrandom sampling of haplotypes (i.e.
Arnold et al. 2013) because C. uno and the in-group
shared a common ancestor at least 25 million years ago
(Crawford & Smith 2005). Based on the relatively small
number of orthologous SNPs we recovered from C. uno
and a putative sister relationship between C. augusti
and C. tarahumaraensis (Fig. S3, Supporting information), we removed C. uno from subsequent analyses and
used C. tarahumaraensis as an out-group taxon. Across
all three SNP data sets (50%, 25%, and 20% missing
data), ΔK statistics indicated that a K of 2–3 was most
appropriate (Fig. S1, Supporting information). However,
unlike the analyses implementing 2–3 clusters, K values
of 9–12, typically assigned individuals to clusters with
high posterior assignment (i.e. >0.95; see Fig. 3 where
K = 11). Furthermore, these clusters largely matched the
mtDNA clades recovered in our analysis of 12S (Fig. 2).
This discrepancy may be explained by ΔK values being
highest at the uppermost clustering level (which often
necessitates removing taxa to detect substructure within
discrete units; for example Devitt et al. 2013), and
known caveats of analysing data sets with sample size
Fig. 3 Maximum-likelihood
phylogram
generated from 580 single nucleotide
polymorphisms (SNPs; Left) and STRUCTURE plot (K = 11) generated from 892
SNPs (Right). Nodal support is derived
from 2000 bootstrap pseudoreplicates
conducted using 28 152 (50% missing),
4319 (25% missing) and 580 (10% missing) SNP data sets, respectively. ESUs
are described in Table 3.
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variation in STRUCTURE (Kalinowski 2011). In contrast,
ADEGENET k-means clustering was consistent across varying levels of missing data with increasing BIC scores
occurring around K = 10. This may indicate that for
large and variable SNP data sets (i.e. those that include
variation beyond population levels) k-means clustering
of principal components is a more robust ‘single analysis’ discovery procedure for determining the approximate number of natural groups.
Our SNP trees and STRUCTURE analyses recovered all
nine mtDNA haplogroups of C. augusti as well-supported clusters (Fig. 3). Based on these matched patterns of mtDNA and nucDNA clustering, we
designated nine ESUs within C. augusti and a tenth
ESU corresponding to C. tarahumaraensis (Table 3). Phylogenetic reconstructions of SNP data revealed statistical support for three geographically circumscribed
groups of C. augusti: (i) a western group containing
ESUs from Arizona, USA and the Mexican states of
Nayarit and Jalisco, (ii) a southern group containing
ESUs from the southern Mexican states of Jalisco, Nayarit, Colima, Michoacan, and Guerrero and (iii) an eastern group containing ESUs from Texas and New
Mexico, USA as well as the Mexican states of Puebla
and Guerrero. Statistical support was also recovered
for the reciprocal monophyly of the eastern and
southern groups relative to the western group. BAYE-

SCAN analyses were performed using two ‘population’
schemes: (i) a nine population scheme where we treated each ESU (Table 3) as a population and (ii) a three
population scheme where we treated the geographically circumscribed groups as populations. Using a
false discovery rate of 0.05 we found zero outlier loci.
However, mean FST values as inferred from the posterior distributions were high for both schemes (0.90 and
0.70, nine and three population, respectively; Fig. S2,
Supporting information), which indicates clearly differentiated populations. Thus, the detection of outlier loci
may have been limited by the observed FST distributions.
Species tree analysis was performed using 353 SNPs
and 39 samples for nine species that, with one exception, correspond to the ESUs listed in Table 3. Excluding 10% of topologies as burn-in, 33 topologies (out of
70) were in the 95% HPD. The majority (ca. 71%) of
95% HPD species trees placed C. tarahumaraensis as the
most basal member of the C. augusti Species Series, and
recovered the major clades of C. augusti identified by
the ML analyses: (i) ESUs 1, 2 and 4 (the eastern group),
(ii) ESUs 3, 8 and 9 (the western group) and (iii)
ESUs 5, 6 and 7 (the southern group). Most statistical
uncertainty occurred among the three major lineages of
C. augusti and within the southern group (Fig. 4).

Table 3 Barking frog evolutionarily significant units (ESUs) inferred from matched clustering patterns of mtDNA and genome wide
single nucleotide polymorphism (SNP) data. Relevant taxonomic, geographic and distributional information are also listed

Unit

Geographic distribution

ESU
1

Edwards Plateau regions of Central Texas extending
into northeastern Mexico in Tamaulipas state

ESU
2
ESU
3
ESU
4
ESU
5
ESU
6
ESU
7
ESU
8
ESU
9
ESU
10

Chihuahuan desert region including parts of west
Texas and southwestern New Mexico
Arid regions of southern Arizona extending into
northwestern Mexico in Sonora state
High elevation regions of the Sierra Madre del Sur
Mid-elevation regions of the Sierra Madre del Sur in
southern Mexico
Mid-elevational regions southwestern Mexico
Mid-elevation regions of Jalisco and Nayarit in
western Mexico
High elevation regions of Jalisco and Nayarit in
western Mexico
High elevation regions of Jalisco
Sierra Madre Occidental

Taxonomic
components

Eco-region

C. augusti latrans
C. augusti
augusti*
C. augusti latrans

Savanna/Shrubland; post-oak, mesquite

C. augusti
cactorum
C. augusti
cactorum
C. augusti
cactorum
C. augusti
cactorum
C. augusti
cactorum
C. augusti
cactorum
C. augusti
cactorum
C. tarahumaraensis

Sky islands of the Sonoran desert; extending into
Dry Tropical Forests in western Mexico.
Tropical pine-oak forests

Desert/Arid Scrub; Chihuahuan Desert

Transitional tropical dry to pine-oak forest
Transitional tropical dry to pine-oak forest
Transitional tropical dry to pine-oak forest
Transitional tropical dry to pine-oak forest
Tropical pine-oak forests
Pine-oak forest

*Based on mtDNA data only.
© 2014 John Wiley & Sons Ltd
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Fig. 4 Figure 4 Densitree diagram depicting topologies of 9999 species trees
obtained from an analysis of 353 single
nucleotide polymorphism loci from 39
barking frogs using the program SNAPP
(Left), and associated root canal depicting a consensus topology from this
analysis (Right). Nodal support values
on the root canal are posterior probabilities that correspond to strongly supported nodes not designated a priori in
the species tree analysis. ESUs are
described in Table 3.

Patterns of introgression may indicate a long history of
asymmetrical gene flow in western Mexico
To examine the nine ESUs of C. augusti for evidence of
introgression, we reduced STACKS population maps to
four or five individuals that each represented an ESU of
interest (see Appendix S4 for sampling design, Supporting information). In all scenarios, we used C. tarahumaraensis (ESU 10) as the out-group taxon. To increase
the number of fixed SNPs available for analysis, we
lowered the m parameter of the STACKS ‘populations’
module to 3 (sensu Jones et al. 2013). For Patterson’s
D-statistic tests, we tested SNP alignments ranging in
size from 4032 to 7520 SNPs (Table 4). While some of
these tests revealed no evidence of introgression
(T1–T4; Table 4), several identified introgression-like
genealogical patterns (T5–T13; Table 4). To further
investigate these patterns, we used partitioned D-statistics (Table 5). These five taxon tests were conducted
using SNP alignments ranging in size from 2408 to 4413
SNPs. Similar to Eaton & Ree (2013) we found that
there were relatively few sites possessing the patterns
used by the test (usually <50/genealogical comparison;
Table 5). Thus, although we present all of the resulting
partitioned D-statistics for transparency, to be conservative we only interpreted D-statistics derived from
comparisons of more than 50 genealogical patterns as
meaningful. Partitioned D-statistics revealed two interesting patterns: (i) relative to other nonsister ESU
© 2014 John Wiley & Sons Ltd

parings, ESUs 8 and 9 had more shared SNPs than
expected from ILS (D2 statistics, T17, T22, T24–25;
Table 5) and (ii) the western ESUs possessed more
shared SNPs with the southern ESUs than expected
from ILS (D12 statistics, T14–T18; Table 5) whereas the
southern ESUs did not display this pattern when compared the western ESUs (D12 statistics, T19–T23;

Table 4 Tests for introgression as inferred from four-taxon set
D-statistics. ESU designations correspond to Table 3
Four-taxon ESU tests
(((P1, P2), P3), O)

SNPs

ABBA

BABA

D

P

T1: (((1, 2), 3), 10)
T2: (((1, 2), 4), 10)
T3: (((1, 4), 5), 10)
T4: (((6, 9), 7), 10)
T5: (((7, 3), 6), 10)
T6: (((7, 3), 9), 10)
T7: (((7, 3), 5), 10)
T8: (((7, 8), 5), 10)
T9: (((7, 8), 6), 10)
T10: (((7, 8), 9), 10)
T11: (((8, 3), 5), 10)
T12: (((8, 3), 6), 10)
T13: (((8, 3), 9), 10)

4870
5433
5819
4946
5810
5771
4690
6295
5935
4517
6527
4034
7520

41
78
167
113
66
64
60
57
63
45
85
64
83

39
75
167
99
146
144
98
290
156
103
264
156
471

0.03
0.02
0
0.07
0.38
0.38
0.24
0.67
0.43
0.39
0.51
0.42
0.70

0.4555
0.6614
0.5218
0.1860
0.0000
0.0000
0.0016
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

Significant deviations (P > 0.005) from symmetrical ancestral
allele patterns are bolded.

Significant tests (P < 0.005) where more than 50 sites were used to compare genealogical patterns are bolded. Nonsignificant tests where more than 50 sites were used are italicized. See Appendix S4 (Supporting information) for additional information. Alternating shading groups together values corresponding to the three test statistics generated by
the method; D1 , D2, and D12.

1.1
1.1
1.1
1.1/1.2
1.1/1.2
1.1
1.1
1.1
1.1/1.2
1.1/1.2
1.2
1.2
0.001
0.000
0.000
0.000
0.042
0.890
0.288
0.520
0.892
0.740
0.000
0.660
0.42
0.57
0.45
0.66
0.22
0.01
0.15
0.08
0.18
0.14
0.67
0.08
52
54
16
10
16
37
29
56
45
27
15
56
21
15
42
49
25
36
39
48
65
36
77
67
0.1000
0.0001
0.6600
0.0000
0.0000
0.0066
0.4140
0.160
0.0000
0.0030
0.0000
0.0000
0.14
0.38
0.00
0.69
0.45
0.33
0.06
0.15
0.58
0.37
0.57
0.58
12
27
18
11
9
14
15
30
16
11
22
21
0.0001
0.0060
0.0090
0.4700
0.2604
0.0000
0.7200
0.7300
0.0175
0.0420
0.8000
0.9200
3478
3915
3390
3449
2472
2920
2408
3390
3452
2472
4413
4413
(((3,
(((3,
(((7,
(((7,
(((3,
(((6,
(((6,
(((6,
(((5,
(((5,
(((7,
(((6,

7),
7),
8),
8),
7),
5),
9),
5),
9),
9),
8),
9),

(6,
(6,
(6,
(5,
(5,
(3,
(3,
(7,
(7,
(3,
(6,
(7,

5)),
9)),
5)),
9)),
9)),
7)),
7)),
8)),
8)),
7)),
9)),
8)),

10)
10)
10)
10)
10)
10)
10)
10)
10)
10)
10)
10)
T14:
T15:
T16:
T17:
T18:
T19:
T20:
T21:
T22:
T23:
T24:
T25:

8
13
30
16
11
13
9
18
11
9
21
22

18
24
14
19
15
4
10
14
19
15
22
22

0.38
0.29
0.36
0.09
0.15
0.53
0.05
0.125
0.27
0.25
0.02
0.00

9
12
22
61
24
7
17
22
61
24
80
80

P
D12
BABBA
ABBBA
P
Sites

ABBAA

BABAA

D1

ABABA

BAABA

D2

P

Derived P3 shared
Derived only P32
Derived only P31

Mantel tests revealed that levels of both mtDNA 12S
and SNP divergence had a positive and significant
(P < 0.0001) relationship with geographic distance.
Interestingly, geographic distance explained similar
amounts of variation in the mtDNA (r2 = 0.41) and genome wide SNP (r2 = 0.43) alignments. Additionally,
both comparisons featured several cases of highly
divergent genetic pairs occurring in close geographic
proximity (Fig. S4, Supporting information). Despite
this finding, where redundant locality sampling was
performed (ESUs 1, 2, 3, 6, and 9), we found no evidence for the syntopic occurrence of divergent genetic
lineages.

Five taxon ESU tests
(((P1, P2), (P31 P32),) O)

Matched IBD patterns in mitochondrial and nuclear
genomes

Table 5 Five taxon partitioned D-statistic tests for ESUs belonging to the western and southern clades of Craugastor augusti

Table 5). We interpret the first pattern as evidence that
introgressive gene flow occurred between ESUs 8 and 9.
Given the significant D12 statistic from test T24 and the
nonsignificant D12 statistic from T25 (Table 5), the directionality of this putative introgression was inferred to
be asymmetric (Fig. 5; event 1.1). The second pattern is
also consistent with asymmetrical gene flow. Ignoring
comparisons involving ESUs 8 and 9 (where southern
clade ancestral polymorphisms that ESU 8 would have
acquired from ESU 9 could create false positive SNP
patterns when compared with ESUs 5 and 6), we recovered SNP patterns consistent with unidirectional introgression from ESUs 5 and 6 into ESUs 3 and 7 (D12
statistics T14–15, T18-T20, T23; Table 5). Given the geographic distribution of these groups (Fig. 2), it is unlikely that they have had recent opportunities to
hybridize. Thus, we tentatively interpret these statistics
as evidence for introgressive gene flow from the ancestral stock of the southern clade into the ancestral stock
of the western clade (Fig. 5; event 1.2.); however, we
acknowledge the evidence is not as compelling as for
event 1.1 (Fig. 5). Based on the putative patterns of
introgression observed among ESUs, we considered
ESUs 1, 2 and 4 as loners, ESUs 5, 6 and 9 as donors
and ESUs 3, 7 and 8 as recipients.
Detecting introgression events caused us to be concerned about the accuracy of our ‘total-evidence’ SNPbased topologies (Figs 3 and 4) given that introgression
can obscure phylogenetic inference (Rheindt & Edwards
2011; Eaton & Ree 2013). To test the influence of introgressed alleles on our phylogenetic reconstructions, we
conducted a series of NJ reconstructions using our 10%
missing data alignment where we removed ESUs that
were identified as sources of introgression. Regardless
of which ESUs were removed, the major groups (eastern, western, and southern) and branching patterns
among ESUs did not vary topologically.

Figure 5
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Fig. 5 Diagram depicting the directionality of introgression in the Craugastor augusti
complex
as
inferred
from
Patterson’s D-statistic tests (shaded grey
bar; Table 4) and partitioned D-statistic
tests (events 1.1 and 1.2, loner, donor,
recipient lineage designations; Table 5).
Inset maps depict geographic proximity
of ESUs 8 and 9 where introgression was
detected (A) and ESUs 4 and 5 where
introgression was not detected (B). ESUs
are described in Table 3.

A

B

Recipient and donor lineages possess higher levels of
genetic variation than loner lineages
To correct for the effect of geographic distances (Fig. S4,
Supporting information), we performed a regression
analysis using average geographic distance (in km)
between individuals in each ESU as an independent
variable and mean within ESU genetic variation values
as a dependent variable. The regression was significant
(n = 9, r2 = 0.86, P = 0.003), so we used residuals as a
proxy for distance-corrected within-ESU genetic variation. This residual analysis revealed that donor and
recipient lineages had higher levels of genetic variation
than loner lineages (Fig. 6).

inferences (see Paz-Vinas et al. 2013) may lead to data
misinterpretation if a significant portion of standing
genetic variation is explained by introgressive gene flow
and not time since initial divergence. For example, we
note that if we had not used D-statistic tests, our

Discussion
We used mitochondrial DNA and genome wide SNP
data to construct phylogenetic hypotheses, analyse spatial patterns of genetic variation, and provide evidence
for unidirectional nucDNA introgression among ESUs
of the C. augusti complex. Additionally, we found that
those ESUs involved in putative hybridization events
possessed more average genetic variation than ESUs
with no evidence of historic introgression (Fig. 6). As
with previous studies that have detected introgression
using D-statistics (Durand et al. 2011; Eaton & Ree
2013), our findings have important implications for
interpreting DNA sequence variation in well-differentiated populations and species. Specifically, assumptions
of how gene flow occurs in (i) coalescent-based methods for inferring phylogenies (Leache 2009; Liu et al.
2009; Fujita et al. 2012) and (ii) historical demographic
© 2014 John Wiley & Sons Ltd

Fig. 6 Residual scores from a regression analysis of mean geographic distance between samples (in km) and mean genetic
variation between samples (uncorrected ‘p’ distances) for nine
ESUs of Craugastor augusti grouped by loner, donor and recipient categories. ESUs that we found to have allelic patterns consistent with introgressive hybridization (donors and recipients;
Tables 4 and 5) had higher residual scores. ESUs are described
in Table 3.
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findings would not have included the identification of
hybrid gene flow in western Mexico. In this scenario,
we would have concluded that barking frogs have a
clear genetic structure with no evidence of post-diversification admixture (STRUCTURE plot; Fig. 3). This underscores not only the importance of testing for
introgression in groups with seemingly well-resolved
(i.e. statistically supported) genetic structure, but also
adds to the growing body of evidence that interspecific
nucDNA gene flow is a widespread agent of evolutionary diversification in animals (Rheindt & Edwards 2011;
Hedrick 2013).

Barking frog phylogenetics, phylogeography and
taxonomy
In general, widespread amphibian complexes possess
high levels of genetic variation which is often geographically circumscribed (Stuart et al. 2006). We found that
barking frogs are consistent with this trend in that they
have extensive mtDNA and nucDNA phylogeographic
structure. While our nucDNA phylogenies were more
or less well resolved, we recovered little statistical support for higher-level relationships in the mtDNA phylogeny. The lack of nodal support for relationships
among ESUs in the mtDNA phylogeny may be
explained by mtDNA introgression from C. augusti into
C. tarahumaraensis. Alternatively, if barking frogs radiated rapidly early in their evolution, then the 12S locus
may not be evolving quickly enough to resolve relationships and a more rapidly evolving mtDNA marker may
be better suited to the task of resolving phylogenetic
relationships. In some previous comparisons between
matched RADseq and mtDNA data, contrasting phylogenetic signal has been reported (Jones et al. 2013).
Although we recovered congruent nodal support for
terminal clades (i.e. individuals we designated as
ESUs), there were topological differences between our
barking frog mtDNA and SNP phylogenies. One notable difference was the recovery of C. tarahumaraensis as
nested among C. augusti haplogroups in the mtDNA
whereas our SNP phylogenetic trees placed C. tarahumaraensis as the most basal C. augusti Species Series
(Fig. 3 and Fig. S3, Supporting information). Although
the phylogenies produced using the SNP data sets suggests our sample of C. tarahumaraensis is sister to a
monophyletic C. augusti complex, the posterior probability of this relationship was low in our species tree
analysis (0.76, Fig. 4).
Interestingly, the branching patterns that unite ESUs
of C. augusti in our SNP trees are consistent with a narrative of parallel northern range expansion events along
the Sierra Madre Occidental and Sierra Madre Oriental
to explain the origin of C. augusti in Arizona and New

Mexico/Texas, respectively (Fig. 3). This is consistent
with the Goldberg et al. (2004) conclusion that barking
frogs in New Mexico and Texas (ESUs 1 and 2) are
more closely related to one another than either is to the
Arizona population (ESU 3). Our phylogenomic results
have several taxonomic implications for the C. augusti
Species Series. While ESUs referable to C. augusti latrans, the Balcones Barking Frog, form a monophyletic
group in our SNP trees (Fig. 3), populations from central Texas (ESU 1) and western Texas and New Mexico
(ESU 2) form a polytomy with several Mexican groups
in the mtDNA analysis. Furthermore, our 12S analysis
recovered the central Texas population of C. augusti latrans as more closely related to C. augusti augusti from
Tamaulipas, Mexico than C. augusti latrans from New
Mexico (although only with nodal support from the BAYES MCMC analysis; Fig. 2). Both 12S mtDNA and genome wide SNP analyses indicate that C. augusti
cactorum, the Western Barking Frog, is nonmonophyletic
(Figs 2 and 3; Table 3). Given our findings, following
additional geographic sampling and species delimitation analyses (e.g. Fujita et al. 2012) taxonomic revision
will be necessary. Specifically, samples should be
included that represent (i) the subspecies C. augusti fuscofemora (known only from the Cuatro Cienegas region
of Coahuila, Mexico; Fig. 1I) and (ii) additional samples
of C. augusti augusti and C. augusti cactorum from the
Trans Mexican Volcanic Belt and Central Mexican
Plateau.

The role of parapatry, elevation and time in
determining patterns of hybridization and genetic
variation
Prior to examining our SNP data for the signature of
introgression, we expected that any detectable hybridization events would be limited to lineages with contemporary parapatric distributions. Our findings, while
in part consistent with this tenet (Fig. 5A), also revealed
at least two deviations from our null expectation.
First, the putative signature of ancient introgression
between the ancestors of the southern and western
clades (Fig. 5; event 1.2) coupled with no evidence of
recent introgressive gene flow in all but two ESUs
(Fig. 5; event 1.1) may indicate that barking frogs from
Mexico experienced complex shifts in geographic distribution leading to variable episodes of secondary contact. This narrative is consistent with evidence that
hybrid zones shift spatio-temporally (Eaton & Ree 2013;
Smith et al. 2013). Using the evolutionary rates from
Mueller (2006) and divergence levels from Table 1, the
ancient introgression (Fig. 5; event 1.1) would have
occurred sometime between 3 and 5 Ma, whereas the
more recent introgression (Fig. 5; event 1.2) would have
© 2014 John Wiley & Sons Ltd
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occurred between 0.75 and 1 Ma. An interesting implication of this result is that the directionality of hybrid
interactions may be conserved over long periods of time
(see also Eaton & Ree 2013), which is consistent with
how hybrid compatibility is thought to evolve (Orr
1995). Second, we did not detect gene flow between
several ESUs that are putatively parapatric (e.g.
Fig. 5B). This pattern could be related to recent range
expansion (Spaulding et al. 2006), ecological speciation
(Nosil et al. 2012), or partitioned elevational dispersal
corridors (Cushman et al. 2006). We suspect that elevation may be the most likely explanation for this pattern
as (i) we found evidence of hybridization in ESUs occupying adjacent high elevational strata (ESUs 8 and 9;
Fig. 5A), yet not between ESUs occupying adjacent
intermediate and high elevational strata (e.g. ESUs 4
and 5; Table 4; Fig. 5B) and (ii) previous work suggests
that elevation strongly influences genetic structure in
frogs (Monson & Blouin 2004; Gonzalez-Voyer et al.
2011).
The result of our loner, donor and recipient genetic
variation analysis is consistent with a history of hybridization leading to higher levels of genetic variation
(Fig. 6); however, our findings did not meet the entirety
of our predications. Specifically, if hybridization
explained the majority of genetic variation, we expected
that recipient lineages would possess the highest levels
of genetic variation. Instead, we observed that donor
and recipient lineages both had high levels of genetic
variation relative to loner lineages (Figs 5 and 6), a pattern expected based on our Patterson’s D-statistic test
results (Table 4), but not our partitioned D-statistic test
results (Table 5). There are several putative explanations for this pattern. First, it is almost certain that
introgressive gene flow and geographic distance are not
the sole determinants of genetic variation in barking
frogs; variation in historical demography could easily
explain the higher levels of genetic variation observed
in donor lineages (Fig. 6). Second, the number of sites
with the specific genealogical patterns used in our partitioned D-statistic tests was relatively low (4–80 sites/
pattern; Table 5) compared the Patterson’s D-statistic
sites (39–471 sites/pattern; Table 4). Thus, we cannot
rule out that ascertainment bias may have misled or
limited our inference of gene flow directionality. Third,
the appropriateness of our out-group choice for D-statistic tests warrants some discussion. Because C. tarahumaraensis is (i) closely related to the C. augusti complex
and (ii) there may be a history of mtDNA introgression
with ESU 3 (Fig. 2), the possibility of undetected ancestral or introgressed loci between C. augusti and C. tarahumaraensis should be considered when interpreting
evidence for early introgression events (event 1.2.;
Fig. 5). Finally, we note that the spatial distribution of
© 2014 John Wiley & Sons Ltd

our sampling was limited and that future examinations
of how genetic variation may relate to introgression,
demography and phylogenetic descent should include
increased geographic sampling.
Barking frogs are the only member of the genus Craugastor to have successfully colonized or persisted in arid
regions of the northern subtropics (Fig. 1). As such, the
northernmost lineages of barking frog (ESUs 1–3) represent an ideal opportunity to investigate the processes
that allow tropical lineages to expand their climatic tolerances.
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Fig. S4 Isolation-by-distance plots for genome wide SNPs
(Top) and mitochondrial DNA (Bottom) in Craugastor augusti.

Additional supporting information may be found in the online version of this article.
Fig. S1 Statistical procedures (log-likelihood plateaus, ΔK
scores and k-means clustering) used to identify how many
clusters are useful in explaining SNP variation across 20%,
25% and 50% missing data SNP matrices.
Fig. S2 FST score posterior distributions resulting from
analysis.
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Fig. S3 Maximum-likelihood phylogram generated from RADtag data for the Craugastor augusti Species Series and a distantly related out-group, Craugastor uno.
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and SNP analyses.
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libraries sequenced for this study. Bolded text indicates
hexamer barcode and index sequences.
Appendix S4 Additional laboratory notes and results.

