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Abstract

As the field of phylogeography has matured, it has become clear that analyses of one
or a few genes may reveal more about the history of those genes than the populations
and species that are the targets of study. To alleviate these concerns, the discipline has
moved towards larger analyses of more individuals and more genes, although little
attention has been paid to the qualitative or quantitative gains that such increases in
scale and scope may yield. Here, we increase the number of individuals and markers
by an order of magnitude over previously published work to comprehensively assess
the phylogeographical history of a well-studied declining species, the western pond
turtle (Emys marmorata). We present a new analysis of 89 independent nuclear SNP
markers and one mitochondrial gene sequence scored for rangewide sampling of >900
individuals, and compare these to smaller-scale, rangewide genetic and morphological
analyses. Our enlarged SNP data fundamentally revise our understanding of evolu-
tionary history for this lineage. Our results indicate that the gains from greatly increas-
ing both the number of markers and individuals are substantial and worth the effort,
particularly for species of high conservation concern such as the pond turtle, where
accurate assessments of population history are a prerequisite for effective manage-
ment.
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Introduction

Phylogeography has become a cornerstone of basic popu-
lation biology, species delimitation and applied conser-
vation genetics. Theory and empirical work show that
traditional phylogenetic analyses based on single or a
few genes may suffer from a number of biases and short-
falls related to the stochasticity of evolutionary processes
operating at the population scale, and therefore that
increased sampling is fundamental to improve phyloge-
netic accuracy (Zwickl & Hillis 2002; Heath et al. 2008).
The impact of these increases for phylogeographical
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analyses is not well characterized, but recent work
indicates that increasing taxon and data sampling both
can improve phylogeographical resolution (McCormack
et al. 2012; Merz et al. 2013). Here, we provide a com-
prehensive case study that examines the importance
of scaling up the number of individuals and indepen-
dent nuclear markers in phylogeographical research.
Although recent analyses of full mitochondrial genomes
have emphasized the increase in phylogeographical
resolution compared to analyses of single mitochon-
drial genes (Morin et al. 2004; Chan et al. 2010; Knaus
et al. 2011; Shamblin et al. 2012), the mitochondrion still
represents a single genetic locus that may or may
not provide a synthetic view of the history of popula-
tions and lineages. We therefore focus on multiple,
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independent nuclear markers in this work. Our empiri-
cal analysis of the western pond turtle phylogeographi-
cal history based on an expanded nuclear data set
indicates that a 10-fold increase in both genes and indi-
viduals fundamentally changes our understanding of
the evolutionary history of this taxon.

Phylogeography seeks to discover both the patterns
of genetic divergence across landscapes and the pro-
cesses that give rise to those patterns. Since its inception
as a discipline, analyses of mitochondrial DNA
(mtDNA) have been the dominant tool for phylogeo-
graphical inquiry (Avise 2000). More recently, the field
has moved towards increasingly complex, multilocus
analyses. Although the tools and markers have chan-
ged, the main objectives of most phylogeographical
analyses have remained quite stable: assign individuals
into more inclusive lineages (Dimmick et al. 1999; May-
den & Wood 1995) and infer the evolutionary processes
leading to the observed distribution of those lineages
on landscapes (Avise 2000; Avise et al. 1987; Pease et al.
2009; Walstrom et al. 2012).

A key, but virtually unexplored question is the extent
to which phylogeographical inferences based on limited
taxon sampling and small portions of the genome accu-
rately portray those patterns generated from deeper
taxon and data sampling. The answer to this question is
critical to the discipline, because the vast majority of
phylogeographical knowledge accumulated over the
last two decades is based on one or a few gene trees
and relatively sparse taxon sampling. Although often
limited in scope, the phylogeographical literature is
vast: an ISI Web Of Science search (conducted 13 March
2014) on the term ‘Phylogeography’ yielded 8925 titles
that have been cited over 195 000 times since 1988. The
importance of this body of knowledge goes beyond
purely academic science given the importance of phylo-
geographical inference in conservation and manage-
ment, where funding challenges and the frequent
impossibility of collecting large numbers of individuals
make smaller-scale studies attractive (Fraser and
Bernatchez 2001; Moritz 1994; Ryder 1986). However it
is accomplished, identifying genetic diversity, including
the units of biological conservation, is an essential pre-
requisite for managers, and getting it right matters.

Here, we compare and contrast the inferences drawn
from traditional mtDNA, nuclear DNA sequence data
and a large, comprehensive analysis of single-nucleotide
polymorphism (SNP) data to explore how analyses of
these diverse data sets can refine our insights into the
biogeographical history of organisms. We focus on the
western pond turtle, Emys [Actinemys] marmorata, an
important case study for phylogeographical analysis.
Early mtDNA-based analyses presented a strikingly dif-
ferent pattern of genetic divergence compared to that
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obtained from subsequent analyses of a small number
of nuclear loci, leading to conflicting conservation and
management interpretations for this threatened species
(Spinks & Shaffer 2005; Spinks ef al. 2010). The new
SNP data presented here take the analysis of this spe-
cies complex to the next standard of analysis: compre-
hensive population, geographical and genome-wide
coverage to infer the history and management units
contained within species.

Emys marmorata is the sole freshwater aquatic turtle
across the west coast of North America (Stebbins 2003)
(Fig. S1, Supporting Information) and is declining over
most of its range. A rangewide morphological analysis
identified northern and southern groups and suggested
that an area of extensive intergradation was restricted
to the San Joaquin Valley (Seeliger 1945). Later mtDNA
phylogeographical analyses of 135 individuals from 73
localities covering the range of the species recovered
four well-supported, geographically cohesive, mtDNA
clades with evidence of admixture between northern
and San Joaquin Valley clades in the central coast range
of California (Fig. S2, Supporting Information, Spinks &
Shaffer 2005). Finally, an analysis of five nuclear DNA
(nuDNA) sequences with rangewide sampling of 90 tur-
tles revealed two primary groups from northern and
southern California, with the central coast range show-
ing some admixture (Fig. S1, Supporting Information).
Thus, these earlier studies disagreed on both the num-
ber of evolutionary lineages (four vs. two) and the
hypothesized regions of intergradation between identi-
fied lineages.

A fundamental question is whether these initial stud-
ies failed to converge on a single resolution because of
a lack of sufficient marker coverage, insufficient sam-
pling within populations or the stochastic nature of a
few markers that may be strongly affected by selection
and/or lineage sorting. To resolve these questions, and
to provide an empirical test case for the assumption
that modest phylogeographical analyses capture the
most important elements of species’ history, we repli-
cated this previous work with a much larger, compre-
hensive genetic analysis. We collected and analysed
mtDNA and nuclear SNP data from geographically
comprehensive population sampling comprising 923
individuals and assessed changes in phylogeographical
patterns derived from this increased sampling pro-
gramme. Analyses of this magnitude are probably what
can be reasonably expected for the immediate future in
nonmodel vertebrate species, and we present our case
study as one that answers a simple question: can we
feel confident in the primary results derived from
sparse sampling that are currently available for most
taxa, or should we be much more cautious in our inter-
pretation of them as reflections of population and
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species history? The results presented here suggest that
we should be cautious in interpreting mtDNA /limited
nuclear results as accurate reflections of population and
species history. Analyses of our large-scale nuclear data
reveal a much more biogeographically informative and
detailed depiction of the evolutionary history of the
western pond turtle, and one that is incongruent with
earlier results over a critical part of the species’ range.
These new results have novel conservation/manage-
ment implications for this California Species of Special
Concern.

Materials and methods

Genetic data

Our initial nuDNA taxon sampling included 946 sam-
ples of Emys marmorata collected from 103 sites through-
out its range including Baja California (33 individuals),
California (736), Nevada (10), Oregon (140) and Wash-
ington (27). We sampled ~10 individuals/site and
included two European pond turtles (Emys orbicularis)
as the outgroup (Appendix S1, Supporting Information).
Previous mtDNA analyses utilized a fragment of the
nicotinamide adenine dehydrogenase subunit four gene
and flanking tRNA™* and tRNAS" (hereafter referred
to as ND4). We sequenced ND4 for all but 24 of the
E. marmorata that were genotyped for nuDNA, and also
included all available ND4 sequences from GenBank
(Appendix S1, Supporting Information). DNA extraction
methods as well as PCR conditions for ND4 follow
Spinks & Shaffer (2005).

SNP loci were discovered using a targeted sequenc-
ing approach. We identified 84 nuclear markers from
the literature and developed an additional 20 markers
for this analysis (Appendix S4, Supporting Information).
We used BLAST (Zhang et al. 2000) to compare genomic
scaffolds of the painted turtle (Chrysemys picta; Shaffer
et al. 2013) on GenBank to the chicken genome (Interna-
tional Chicken Genome Sequencing Consortium 2004)
and identified markers from alignments of highly con-
served regions between C. picta and chicken. In addi-
tion, we redesigned some markers from the literature
because they did not amplify or sequence well for our
study organism. The redesigned primer sequences and
those generated for this analysis are provided in
Appendix S4 (Supporting Information).

We sequenced all 104 markers for a discovery panel
of eight geographically dispersed western pond turtles
and identified SNPs manually (GenBank Accession nos
in Appendix S4, Supporting Information). Individual
SNPs were then evaluated by Illumina Inc. (San Diego,
CA), and the 96 highest scoring SNPs (one each from
96 loci) were used to design a custom GoldenGate oligo

pool assay (OPA). Some of our nuclear alignments
contained multiple SNPs, but we sampled only one
SNP/locus because these tightly linked SNPs provide
less information than multiple unlinked loci for popula-
tion-level analyses (Morin et al. 2004). Samples were
genotyped at the University of California Davis Gen-
ome Center using the GoldenGate BeadExpress plat-
form (http://dnatech.genomecenter.ucdavis.edu/). A
potential confounding issue for SNP analyses is ascer-
tainment bias. However, because our samples were
drawn from a rangewide sampling of individuals,
ascertainment bias should not be a major issue for our
analyses (Morin et al. 2004). Our initial taxon sample
consisted of two Emys orbicularis and 946 E. marmorata.
However, 23 E. marmorata contained more than 10%
missing SNP data and were excluded from the analysis.
In addition, we excluded five nuclear loci that appeared
to be variable in the discovery panel but were invariant
and two loci that failed to genotype for more than 10%
of the samples (Appendix S1, Supporting Information).
Our final SNP data set consisted of 925 individuals
genotyped at 89 loci. All SNP genotypes are provided
in Appendix S1 (Supporting Information) and are avail-
able from Dryad (doi:10.5061/dryad.pr907).

Mitochondrial phylogenetic analyses

We translated the ND4 sequences into protein seque-
nces using Geneious (Drummond et al. 2010) to check
for nuclear-mitochondrial pseudogenes and nonsense/
frameshift mutations; none were found. Partitioned-
model Bayesian analyses used MRrBAYEs version 3.1.2
(Huelsenbeck & Ronquist 2001; Ronquist and Huelsen-
beck 2003) on unique sequences only. We identified
identical sequences using the ALTER webserver (Glez-
Pena et al. 2010, http://sing.ei.uvigo.es/ALTER/) and
removed them from our alignment prior to analyses.
We partitioned the ND4 data by codon and selected
models of molecular evolution for parameter estimation
using MrModeltest (Nylander 2002), executed in paur*
4.0b10 (Swofford 2002), under the Akaike information
criterion (AIC) (Guindon and Gascuel, 2003). Mixed-
model analyses were performed in MrBayes (Ronquist
and Huelsenbeck 2003). We ran two replicates each
with four incrementally heated chains for ten million
generations, sampling from the cold chains every 1000
generations. Stationarity was determined as the point
when the potential scale reduction factor (PSRF)
reached one and the average standard deviation of split
frequencies between independent runs approached 0.
We also visually examined the Markov chain Monte
Carlo (MCMC) output using TRACER (Rambaut and
Drummond, 2009) and AWTY (Nylander et al. 2008) to
ensure that all chains were sampling from the same
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target distribution for both the continuous and tree
parameters in the model. The first 25% of samples were
discarded as burn-in.

We generated nuclear SNP data from 923 individuals,
but our mtDNA data matrix consisted of a 725-bp seg-
ment of ND4 from a total of 983 E. marmorata complex
turtles including 215 GenBank sequences and 768 gener-
ated for this analysis. However, 903 of the 983
sequences were redundant and removed from the phy-
logenetic analysis. Thus, our final mtDNA data matrix
was composed of 81 sequences including 80 E. marmora-
ta sequences and one E. orbicularis outgroup sequence.
The mitochondrial clade membership of each E. marmo-
rata sample is provided in Appendix S1 (Supporting
Information). All of the newly generated ND4 sequ-
ences translated to amino acid sequences (excluding the
tRNA region), and this data set was almost complete
with 0.6% missing data. The ND4 data matrix is avail-
able from Dryad (doi:10.5061/dryad.pr907), and Gen-
Bank numbers for all ND4 sequences used are provided
in Appendix S1 (Supporting Information).

Population assignment analyses

We used Structure (Pritchard ef al. 2000) and our mul-
tilocus SNP data to assign individuals to population
clusters. We employed the correlated allele frequency
and the admixture ancestry models, assessed values of
K from 1-10 and determined a preferred value of K
with the AK method outlined in Evanno et al. (2005)
using the Structure Harvester webserver (Earl & von-
Holdt 2012). We ran five independent analyses for 1
million generations for each value of K, each with a
burn-in of 100 000 MCMC generations, and classified
individuals with admixture proportions greater than
0.10 to be admixed. For secondary Structure analyses,
we assigned the admixed individuals to a population
based on their admixture proportions. Two admixed
individuals were assigned to the northern group and
the remaining 14 to the southern group (Appendix S1,
Supporting Information). For the secondary Structure
analyses, we assessed K from 1-10 and determined a
preferred value of K using the AK method outlined in
Evanno et al. (2005) separately for each group identified
in the primary Structure analysis.

Species delimitation

We used the Brp 2.1 software (Rannala and Yang, 2003;
Yang & Rannala 2010) to determine whether the genetic
groups revealed by the Structure analyses of our SNP
data might comprise species-level divergences. We used
the multilocus sequence data from Spinks et al. (2010),
consisting of 5 nuclear loci sequenced from 90 Emys
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marmorata collected from throughout the range of the
species for this analysis. We scored 77 of these 90 indi-
viduals for our SNP panel (the remaining 13 failed to
genotype). We then assigned these 90 individuals into
one of four geographically cohesive groups that were
identified in the two sequential Structure analyses of the
multilocus SNP data (see Results section below) includ-
ing a ‘central coast/Southern California” (CCSC) group,
plus Cascade, foothill and Baja groups. The 13 individu-
als lacking SNP genotype data were assigned to groups
based on their locality data (Appendix S1, Supporting
Information). BPP evaluates the posterior probability of
species divergences under a user-specified bifurcating
guide tree. We used the guide tree treating all four
groups as clades, and geographically proximate clades
as sister groups [i.e. ((CCSC, Baja), (Cascade, foothill))].
In addition, the authors of BPP suggest that the number
of alleles sampled for each putative species included in
the BPP analyses should be approximately equal (Yang
& Rannala 2010). Spinks ef al. (2010) generated 100
alleles/locus for the CCSC group, which greatly
exceeded that of the Cascade (32), foothill (28) and Baja
(20) populations. To address this issue, we generated
five subsample data sets each consisting of 20 alleles
sampled from each putative species. We sampled alleles
at random without replacement from the original pool of
alleles for each group except for Baja where all 20 alleles
were included in each data set. Data set randomization
and assembly was carried out in R (http://www.r-pro-
ject.org). We also assessed the potential impact of our
choice of priors on the final BPP outputs by running
analyses under two alternative settings: a I'(2, 200) prior
on the population coalescent parameters (0) and a I'(2,
200) prior on the age of the root in the species tree (),
and 0 =T'(2, 2000), 1o = I'(2, 2000). The latter settings
place more prior probability on models containing fewer
lineages (Yang & Rannala 2010) and should therefore be
relatively conservative with respect to the recognition of
species. The remaining divergence time parameters were
estimated under a uniform Dirichlet prior (Yang &
Rannala 2010). For each of the five pseudoreplicate data
sets, we ran four individual analyses using: (i) algorithm
0, (6) 200, T = 2000; (ii) algorithm 0, (8) 2000, Ty = 2000;
(iii) algorithm 1, (6) 200, 1o = 2000; and (iv) algorithm 1,
(0) 2000, 19 =2000. All analyses were run for 100 000
generations with a burn-in of 5000 generations and sam-
pled every 10 generations, using different starting seeds
for each analysis.

Population splits and mixtures

Recently, Pickrell & Pritchard (2012) developed a method
for inferring population history, including divergence
and gene flow using allele frequency data under a
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Gaussian approximation to genetic drift. The model of
Pickrell & Pritchard (2012), implemented in the TREEMIX
version 1.12 software and available at http://treemix.go-
oglecode.com, relates a sample of populations to their
common ancestor using a graph of ancestral populations
(Pickrell & Pritchard 2012). The output of the TREEMIX
software includes a maximume-likelihood (ML) tree of
population ancestry and a graph of the ML tree showing
estimated migration events (m). In addition, the direction
of migration events among populations can be displayed
on the graphs. For our TrReemIx analyses, SNP data were
converted from diploid genotype calls for each individ-
ual into population-level allele counts using a custom
Perl script (available at https://github.com/atcg/
SNPs2alleles). We performed analyses on the 923 Emys
marmorata samples grouped into the CCSC, Baja, Cascade
and foothill groups revealed in the Structure analyses
with the two Emys orbicularis individuals included as the
outgroup. However, unlike the BPP analyses, we
enforced no topological constraints among these four
groups, as TREEMIX does not require a guide tree. We also
assessed from one to four migration events (m1-m4) to
provide an independent assessment of historical migra-
tion and admixture among Emys marmorata complex
taxa. Because admixed individuals may have a dispro-
portionately large effect on inferred migration, we ran
additional analyses with admixed individuals (identi-
fied in the Structure analyses below) excluded to assess
the impact of those admixed individuals on the esti-
mated migration events. In addition, the Baja popula-
tion consisted of mostly missing data at two SNP loci
(NB06374 and NB22443, Appendix S1, Supporting Infor-
mation), and we ran additional analyses with these two
loci excluded to assess the impact of these missing data
on the TreemIx analyses. We performed 100 bootstrap
replicates with different starting seeds/replicate and we
sampled blocks of five contiguous SNPs/replicate in
order to assess how robust these results may be to sto-
chastic sampling error.

Finally, we converted the SNP data into a matrix of
pairwise distances (Nei 1972) using the R package
Adegenet (Jombart 2008) and generated a distance net-
work from the SNP data using SpLITSTREE version 4.11.3
(Huson & Bryant 2006) and the NEIGHBORNET algorithm
(Bryant & Moulton 2004).

Results

Mitochondrial phylogeography

A partitioned Bayesian phylogenetic analysis of our
expanded taxon sampling (923 samples vs. 147 in a
previous analysis) recovered the same four well-sup-
ported mtDNA clades with the same lack of support for

relationships among those four clades (Spinks & Shaffer
2005; Spinks et al. 2010) (Fig. 1; Fig. S3, Supporting Infor-
mation). A few details emerged from our sevenfold
increase in individual and population sampling: we
uncovered a single northern clade mitochondrial
haplotype at the extreme southern end of the San Joaquin
Valley, a few San Joaquin Valley clade mitochondrial
haplotypes in the southern Sacramento Valley and
Nevada and a clear indication that the previously
observed admixture between San Joaquin Valley and
northern populations is largely restricted to the southern
San Joaquin River and adjacent coastal areas. However,
this massive increase in individual and population sam-
pling revealed few novel insights for either phylogeogra-
phy or conservation biology (Fig. 1, Fig. S2, Supporting
Information).

SNP population assignment analyses

Bayesian population assignment analyses of the entire
SNP data set revealed overwhelming support for two
clusters where 893/923 individuals (97%) were assigned
with posterior probabilities (PP) of >0.95, 14 individuals
were assigned with PP between 0.90 and 0.949 and the
remaining 16 individuals were admixed (i.e. assigned
with PP < 0.90). The two clusters included a northern
group (516 individuals) ranging from the southern San
Joaquin Valley north to Washington, including the
Nevada population, and a southern group (391 samples)
extending from the Central Coast Range south to Baja
California, including a few sites in the San Joaquin Valley
and the Mojave population (Fig. 2). Contrary to earlier
molecular and morphological results, only 16 individuals
appeared to be admixed and these were distributed in a
restricted arc extending from the northern central coast
range southeastwards to the Sierra Nevada foothills.
Over half of these individuals occurred in two adjacent
populations a few kilometres apart and may represent
human-mediated introductions. These two clusters are
somewhat consistent with previous results from more
limited nuclear sequence data (Spinks et al. 2010),
although the pattern and extent of admixture is strikingly
different. Our enlarged SNP data set recovered essen-
tially pure southern group animals throughout the cen-
tral coast range, in sharp contrast to earlier mitochondrial
and nuclear analyses, but consistent with Seeliger’s ear-
lier morphological analyses (Fig. 2, Fig. S1, Supporting
Information). However, in contrast with Seeliger’s (1945)
morphological analysis (Fig. S1, Supporting Information),
populations from the San Joaquin Valley were recovered
as primarily pure northern group animals rather than
admixed intergrades.

All individuals that clustered in the northern popu-
lation based on the SNP data contained either north-
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ern clade or San Joaquin Valley clade mitochondrial
haplotypes, while the southern population south of
the Tehachapi mountains that separate southern from
central California exclusively carried southern clade
mitochondrial haplotypes. The greatest discrepancies
between data sets occurred in the central coast range,
where the SNP data assigned all but a few individu-
als unambiguously to the southern group, yet all of
those samples have northern, San Joaquin Valley or
Santa Barbara clade mitochondrial haplotypes.

© 2014 John Wiley & Sons Ltd
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Fig. 1 Map showing mitochondrial DNA
(mtDNA) clade membership based on
analyses of ND4 sequence data (Appen-
dix S1, Supporting Information). Num-
bers above branches are Bayesian
posterior probabilities. Circle diameter
corresponds to number of samples/site.
The map was generated using the GENGIs
software (Parks et al. 2009).

Secondary population assignment analyses

To more finely dissect the geographical distribution of
genetic variation, we conducted secondary population
assignment analyses of both the northern and southern
populations (including the 16 admixed individuals).
The northern individuals (n = 518) sorted into a clear
pattern of K = 2 subpopulations, including a ‘Cascade’
group containing samples from the southern Sacra-
mento Valley north to Washington and a ‘foothill’
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Fig. 2 Map showing results of (A) the phylogenetic network analysis and (B) the primary population assignment analyses. The phy-
logenetic network was generated from SNP data using all 923 individuals. This analysis recovered the northern and southern nuclear
groups but also indicated a relatively deep genetic divergence of the Baja population from the southern group. Individuals that were
recovered as admixed are shown with pink dots, and the individuals from Pine Valley Creek, USA, are identified with green dots.
The remaining sample IDs are excluded for clarity of presentation. Results of the primary structure analyses are shown as a barplot
(panel B, left-hand side) and by geographical locality (panel B, right-hand side). Circle diameters as in Figure 1. The map was gener-

ated using the GENGis software (Parks et al. 2009).

group comprising individuals from the San Joaquin
Valley and adjacent Sierra Nevada foothills (Fig. 3).
These two subpopulations intergrade along a broad
contact zone from the northern central coast range
across the Sacramento Valley. The Nevada population
is a combination of Cascade and foothill population
individuals (and admixtures between them), consistent
with early records suggesting that they were introduced
from California (Cary 1889).

Additional analyses of the southern population
(n = 405) also recovered K =2 subpopulations, includ-
ing a CCSC group and a ‘Baja’ group. The CCSC group
included samples from the central coast range from the
San Francisco Bay Area south to the US/Mexico border
including the Mojave population. Pure members of the

Baja group were restricted to our limited samples from
the Sierra San Pedro Martir in Baja California, while
most populations from San Diego County and adjacent
northern Baja California contained admixed CCSC and
Baja group individuals. Pine Valley Creek, a tributary
of the Tijuana River watershed in southern San Diego
Co., California, contained only admixed individuals
(Figs 2 and 3).

Species delimitation

Based on the SNP Structure analyses, we hypothesized
that the Emys marmorata complex could consist of four
species under a general lineage species concept (de
Queiroz 1998). We tested this hypothesis under the
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(A)

® Cascade
b Emys marmorata
@ Foothill
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a Emys pallida
© Baja
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| ©admixed
' @ Foothill

@ admixed
© Baja

Fig. 3 Map showing results of (A) top panel: the BPP species delimitation analyses. Bottom panel: Emys pallida, Lusardi Creek, San
Diego Co., California (photo courtesy of Robert Fisher), and (B) the secondary population assignment analyses. For species delimita-
tion (panel A, top), we tested the hypotheses that northern (E. marmorata) and southern (E. pallida) populations, as well as their con-
tained subpopulations, could be considered distinct species. Posterior probabilities for divergence are shown above branches. The

map was generated using the GENGIs software (Parks et al. 2009).

multispecies coalescent model using an independent
nuclear sequence data set [the 90-taxon, 5-locus
nuclear sequence data set from Spinks et al. (2010)].
By specifying the guide tree [(CCSC, Baja), (Cascade,
foothill)] implied by the Structure analysis of our SNP
data, we assessed the posterior probability that (i) the
northern/southern population division and (i) the
two more recent divergences within each of these
populations represent speciation events using BPP
(Yang & Rannala 2010). These analyses returned
strong support for species-level divergence between
(i) northern and southern clusters (the first, K =2
division identified in Structure) and (ii) between CCSC
and Baja California subpopulations within the south-
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ern group. Support for these divergences was uni-
formly high and robust to alternative choice of priors,
algorithmic settings and varying sample size experi-
ments across populations (PP > 0.97 across all analysis
settings; see Materials and methods) (Table S1, Sup-
porting Information). The Cascade vs. foothill diver-
gence, however, garnered little support (Fig. 3, Table
S1, Supporting Information).

Population splits and mixture

Analyses of our SNP data using TrReemIX revealed two
key results. First, the topology of the ML tree recovered
from analyses of the SNP data was identical to our
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hypothesized guide tree. The Cascade and foothill
groups are sister clades with strong support (Fig. 4), the
CCSC and Baja groups are sister clades, but with weak
support, and there is a deep divergence between the
(Cascade + foothill) group and the (CCSC + Baja) group
that is well supported (Fig. 4). These analyses also
revealed up to three possible migration events,
although by far the greatest weight was assigned to the
migration event from the foothill group to the CCSC
group (Fig. 4). Results from additional analyses with
admixed individuals or the SNP loci (NB06374,
NB22443) excluded (not shown) were essentially identi-
cal to analyses of the full data set, suggesting that these
individuals and loci are not driving the inferred migra-
tion. A phylogenetic network-based examination of the
SNP data also recovered the primary northern/southern
split, and recovered the Baja California population as
strongly divergent from, but nested within the southern
group (Fig. 2).

Discussion

Phylogeography was built upon single gene analyses of
mtDNA (Avise et al. 1987), although the potential prob-
lems associated with population inferences based on sin-
gle loci were raised early on (Moore 1995; Tajima 1983).
Only recently have larger amounts of informative nuclear
data been used in phylogeographical analyses, and com-
parative studies that directly assess the adequacy of sin-
gle- or few-locus studies have yet to be conducted. Less
emphasized in the literature is the importance of deep vs.
sparse taxon sampling in recovering meaningful phylo-
geographical patterns, even though the importance of
doing so is becoming increasingly evident (e.g. Fijarczyk
et al. 2011). Our nuclear SNP analyses revealed a strik-
ingly different population structure across the range of
the western pond turtle than what we previously inferred
from single markers, while our sevenfold increase in
taxon sampling for a single marker did little to change
this previous understanding. Our analyses of these new
data highlight the importance of deep, multilocus sam-
pling in phylogeographical analyses and add new
dimensions to our understanding of the evolutionary his-
tory of our case study.

Overall, the pattern recovered with extensive mtDNA
sequence data (983 individuals) was virtually identical
to that found using a much smaller data set of 147 indi-
viduals (Spinks et al. 2010), suggesting that increased
taxon sampling for mtDNA data had little impact on
phylogeographical conclusions, at least with the 725-bp
section of the mitochondrial genome that we sampled
(Fig. S3, Supporting Information). However, analyses of
89 independent SNP markers (see Appendix S2, S3 and
Fig. S1, Supporting Information) enabled a much more

comprehensive analysis of the complex historical pro-
cesses leading to current biogeographical patterns,
which will ultimately lead to more informed conserva-
tion and management decisions. Our overarching con-
clusion is that the gains from a modest (~100 marker)
population genomic analysis is worth the effort, particu-
larly for taxa of conservation importance, and that we
should move away from analyses based on sparse
genetic and population sampling when possible
(Dupuis et al. 2012).

Phylogeographical insights into the biogeography of the
western pond turtle complex

Analyses of our SNP data revealed two temporally
distinct sets of biogeographical events in the western
pond turtle: (i) a relatively ancient, deep divergence
between populations from the San Joaquin Valley
north to Washington and those from the central coast
range south to Mexico (Figs 2-4) and (ii) more recent
population subdivision across central California and
northern Mexico (Fig. 3). When compared with earlier
work, certain patterns have been consistent across all
analyses to date (Seeliger 1945; Spinks & Shaffer 2005;
Spinks ef al. 2010). Turtles from Los Angeles and
south, and those from San Francisco and north, have
uniformly been identified as separate entities referred
to as E.m. pallida and E. m. marmorata, respectively
(although Seeliger (1945) felt that Baja turtles were
sufficiently different from pallida that she did not
include them in her morphological analyses). How-
ever, for the intervening populations from central Cal-
ifornia, multiple data sets and the power of a large
SNP panel provide unique insights into the phyloge-
ography of this system. At the SNP level, turtles
inhabiting the central coast range are almost all
southern pallida. Spinks et al. (2010) suggested that the
central coast range populations probably were initially
carrying southern mitotypes until northern and San
Joaquin Valley mtDNA swept through the region fol-
lowing the closure of an inland seaway. The TREEMIX
results reported here, based purely on the nuclear
SNP data, are consistent with this hypothesis and
recovered an ancestral migration event from the foot-
hill into the CCSC clade (Fig. 4); this result is consis-
tent regardless of whether admixed individuals are
retained or excluded from the analysis. Thus, the joint
analysis of a large, informative SNP data set com-
bined with mtDNA and nuDNA sequence data sug-
gests that extensive mitochondrial, and more limited
nuclear, introgression has been prevalent in this region,
with westward movement of mtDNA from the San
Joaquin Valley and southward movement from northern
marmorata into the central coast range populations of

© 2014 John Wiley & Sons Ltd
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Fig. 4 Maximum-likelihood trees generated with the TrReemix software. Graphs depict splits among Cascade, foothill, CCSC and Baja
groups, allowing migration events. (A) With one migration event, migration is indicated as migrants from the foothill to the CCSC
group. (B) With two migration events allowed, one is as in A, and an additional migration event is reconstructed from the Baja to
the foothill population. With three (C) or four (D) migration events allowed, the first two remain as in B, and a single additional
migration event from the Baja group to the foothill group is indicated. Numbers at nodes indicate bootstrap support values. The edge
colour indicates the weight of the migration event measured as the fraction of alleles coming from the parental population, from red
(high weight) to yellow (low weight). In addition, the direction of gene flow between populations is indicated with an arrow.

pallida (Figs 1, 2, 4). This relatively recent mtDNA
pattern conceals the more ancient phylogeographical
history of turtles in the central coast range and incor-
rectly suggests that the taxon pallida is restricted to
southern California rather than ranging north to the San
Francisco Bay region.

© 2014 John Wiley & Sons Ltd

Taxonomy and conservation

The revised perspective provided by our SNP nuclear
data brings a new level of clarity and precision to our
interpretation of the evolutionary history and conserva-
tion of this species complex. Previous mitochondrial,
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nuclear sequence and morphological analyses (Figs S1,
S2, Supporting Information) all pointed to some level of
population subdivision, although the details varied lead-
ing to the subspecies names marmorata and pallida being
assigned to various parts of the species’ range. All previ-
ous analyses have identified a broad region of intergrada-
tion in either the central coast range (molecular analyses)
or the San Joaquin Valley (morphology), leading to
uncertainty over the appropriate taxonomy and conser-
vation priorities for a large part of the range of the Emys
marmorata complex. Given the severe declines seen in
many of these regions, a clear understanding of popula-
tion histories and the resulting taxonomy is critical for
effective management. It now seems clear that two pri-
mary clades exist and that subpopulations within each
have been incorrectly interpreted as intergrades.

The conflict between nuclear and mitochondrial pat-
terns in the central coast range apparently represents a
relatively recent mitochondrial sweep, although evi-
dence of that sweep is generally not reflected in nearly
90 markers distributed across the nuclear genome. Our
current interpretation is that the central coast range con-
tains essentially pure pallida animals, albeit with marmo-
rata mitochondria. The exceptions to this overall pattern
include two southern clade individuals recovered in the
southern Sierra Nevada foothills and five northern
clade samples found along the central coast. These indi-
viduals may represent human-mediated translocations/
pet releases, a phenomenon that regularly occurs in tur-
tles (Carr 1952; Storer 1930). Whether they are native or
translocated, the presence of pure northern and south-
ern group turtles at these sites with no currently mea-
surable admixture suggests that they can exist in
microsympatry without hybridization.

Population assignment and network analysis of the
SNP data, and species delimitation analyses of nuDNA
sequence data, all strongly support three well-differenti-
ated groups (Figs 2—4) with limited admixture, in con-
trast to four (mitochondrial DNA) or potentially three
(morphology) taxa with extensive hybridization that
have been previously suggested. Populations from Baja
are particularly important, as these turtles have com-
monly been assigned to E. m. pallida following Carr
(1952). Seeliger (1945) did not assign turtles from Baja
California to either marmorata or pallida because these
turtles were ‘mot similar to the northern or southern
forms’. Thus, Seeliger (1945) implicitly identified not
two, but three morphologically distinct units, and our
SNP data support her interpretation. She also identified
the central coast populations as pure pallida, a result
that is again supported by our SNP data.

The combined information from SNP and morpholog-
ical data led us to recommend that at least two species
be recognized within the Emys marmorata complex. The

northern nuclear group closely corresponds to E. m.
marmorata and the southern nuclear group (possibly
excluding Baja California samples) closely corresponds
to E. m. pallida. These two groups were recovered using
multiple analytical methods and data sets, are statisti-
cally well supported under a model of multispecies coa-
lescence (Fig. 3) and should be recognized as distinct
species under a general lineage species concept (de
Queiroz 1998). The type specimens and morphological
descriptions of E. marmorata and E. pallida are presented
by Seeliger (1945). We propose using the name Emys
marmorata for all populations north of the San Francisco
Bay area plus populations from the Great Central Val-
ley north including the apparently introduced Nevada
population (Fig. 2, labelled as Northern). Emys pallida is
restricted to those populations inhabiting the central
coast range south of the San Francisco Bay area to the
species” southern range boundary, including the Mojave
River (Fig. 2, labelled as Southern). Emys marmorata and
Emys pallida show very limited intergradation in a few
populations in the northern central coast range and adja-
cent Sierra Nevada foothills, although at all intergrade
sites we also found pure individuals of the locally preva-
lent species. Although we tentatively include populations
from Baja California in E. pallida, we also recognize that
these animals may represent a distinct species pending
results from additional analyses.

Pond turtles from southern California are in precipi-
tous decline, with few stable, reproducing populations
known between Los Angeles and the US/Mexico bor-
der. The recognition of E. pallida as a distinct species
and the possibility that stable populations in Baja
California represent a unique evolutionary lineage
emphasize the critical need for immediate conservation
in southern California and Baja California, Mexico.

Concluding thoughts

Few studies allow a direct comparison of sparse and
dense population and gene sampling in the same species
and landscapes. Our results indicate that there is little to
be gained by increasing individual sampling beyond
comprehensive geographical sampling for single mark-
ers, and our mitochondrial results for approximately 100
and 1000 turtles were very similar. However, deep popu-
lation and individual sampling for ~90 informative SNPs
allowed us to identify both recently and more anciently
derived lineages, novel management and conservation
units, previously obscure patterns of admixture across
the landscape, and instances of microsympatry between
the two species, none of which were apparent with
sparse nuclear sampling. Whether increasing the size of a
nuclear marker panel by another order of magnitude
would provide additional increases in resolution is an

© 2014 John Wiley & Sons Ltd
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open question that is probably worthy of investigation.
However, it is clear that genome-enabled approaches to
phylogeography have a great deal to offer, especially for
systems of high conservation concern.
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