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Abstract

Perhaps the most important recent advance in species delimitation has been the devel-

opment of model-based approaches to objectively diagnose species diversity from

genetic data. Additionally, the growing accessibility of next-generation sequence data

sets provides powerful insights into genome-wide patterns of divergence during speci-

ation. However, applying complex models to large data sets is time-consuming and

computationally costly, requiring careful consideration of the influence of both indi-

vidual and population sampling, as well as the number and informativeness of loci on

species delimitation conclusions. Here, we investigated how locus number and

information content affect species delimitation results for an endangered Mexican sala-

mander species, Ambystoma ordinarium. We compared results for an eight-locus, 137-

individual data set and an 89-locus, seven-individual data set. For both data sets, we

used species discovery methods to define delimitation models and species validation

methods to rigorously test these hypotheses. We also used integrated demographic

model selection tools to choose among delimitation models, while accounting for gene

flow. Our results indicate that while cryptic lineages may be delimited with relatively

few loci, sampling larger numbers of loci may be required to ensure that enough infor-

mative loci are available to accurately identify and validate shallow-scale divergences.

These analyses highlight the importance of striking a balance between dense sampling

of loci and individuals, particularly in shallowly diverged lineages. They also suggest

the presence of a currently unrecognized, endangered species in the western part of

A. ordinarium’s range.
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Introduction

An important recent advance in molecular systematics

has been the development of refined evolutionary mod-

els and new analytical approaches for delimiting species

using multilocus DNA sequence data (Fujita et al. 2012).

One of the most important decisions required by these

new species delimitation methods involves the trade-off

between the numbers of loci and individuals that

should be sampled to accurately identify cryptic species

lineages. Increased sampling of loci provides more pre-

cise and accurate inferences of population-level parame-

ters (Harris et al. 2014), while increased sampling of

individuals more completely captures variation within

and between populations. Historically, phylogeographic

investigations have relied on sampling genetic data
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from relatively small numbers of loci, often from many

individuals (e.g. hundreds). However, population

genetic theory demonstrates that variation among gene

histories can be enormous, often dwarfing variation

among individuals, suggesting that increased gene sam-

pling is key to accurate inferences (Irwin 2002). Now,

advances in next-generation sequencing (NGS) are pro-

viding the opportunity to sample large numbers of loci

(e.g. hundreds or thousands), although pragmatic (cost)

considerations may limit the number of individuals that

can be sampled. In practice, this results in a spectrum

of potential data sets, ranging from small numbers of

loci sampled from many individuals (e.g. Hotaling et al.

2016) to NGS-scale data sets sampled from fewer speci-

mens (e.g. Smith et al. 2014; Rittmeyer & Austin 2015).

To date, few studies have examined the influence of

gene and individual sampling density on the detection

of lineage divergence events. Similarly, an exploration

of the information content of loci vs. the number of loci

needed to detect lineage divergence events would be

informative in guiding future delimitation studies that

use NGS-scale data.

Equally important to the accurate delimitation of spe-

cies from multilocus data sets is the use of analyses that

account for the population-level forces structuring

genetic variation within and between populations.

Methods testing species divergence hypotheses using

coalescent models have recently grown to include infor-

mation-theoretic (Ence & Carstens 2011), Bayesian

(Yang & Rannala 2010; Grummer et al. 2014) and

approximate Bayesian (Camargo et al. 2012) frame-

works. While these methods have the ability to explic-

itly incorporate population size and divergence time

parameters into species delimitation tests, they do not

allow for gene flow and its potential influence in struc-

turing genetic variation. Alternatively, a number of

methods explicitly estimate gene flow as a model

parameter, permitting researchers to gauge the extent to

which hypothesized lineages exchange genes. However,

current methods either assess gene flow independently

of divergence (e.g. MIGRATE-N; Beerli & Felsenstein 2001)

or as part of a model that includes a divergence time

parameter but does not assess alternative models lack-

ing a history of divergence, which may offer closer fits

to the data (e.g. IMa2; Hey 2010). Furthermore, extreme

values of population genetic parameters (divergence,

population size and migration rates) can all exert an

influence of expected patterns of gene coalescence and

affect species delimitation results (Rannala 2015). For

example, small effective population sizes could make

populations appear more diverged than they are. Con-

sequently, species delimitation studies that aim to incor-

porate all of these parameters into decisions about

lineage divergence must use multiple methods to

estimate different, and partially overlapping, sets of

population genetic parameters relevant to the process of

speciation (e.g. Jonsson et al. 2014; Reid et al. 2014).

Here, we use an eight nuclear locus data set (referred

to as the ‘8L’ data set) sampled from a large number of

individuals (n = 137) and an 89 nuclear locus data set

(referred to as the ‘89 L’ data set) sampled from a small

number of individuals (n = 7) to empirically quantify

the effects of gene and sampling density on species

delimitation outcomes. Both data sets were generated

from populations across the range of a narrowly dis-

tributed stream-dwelling salamander species, Ambys-

toma ordinarium. A member of the tiger salamander

complex (Shaffer & McKnight 1996), A. ordinarium, has

previously been diagnosed as a genealogically exclusive

species based on patterns of monophyly in recon-

structed gene trees from the 8L data set (Weisrock et al.

2006). The species has a small, ~120 9 20 km range

across high elevations (>2200 m) of the Mesa Central in

the western Trans-Mexican Volcanic Belt (TMVB), a

region characterized by rugged terrain created through

a history of volcanism and tectonic uplift (Fig. 1). Fur-

thermore, its range includes streams that flow into mul-

tiple independent drainage systems (Anderson &

Worthington 1971), providing an opportunity for

hydrologically mediated lineage divergence in allopatry

and potential speciation, despite a small geographic

scale.

Using these two different data sets, we explore pat-

terns of lineage divergence within A. ordinarium, and in

the process, address the impact of locus sampling and

individual sampling on the delimitation of cryptically

diverging lineages. We specifically investigate the

impact of both the number and information content of

loci on our results using random subsamples of our

data and using increasing numbers of loci ordered by

their phylogenetic information content. As part of this

process, we also implement a novel approach towards

species delimitation using a recently developed species

tree reconstruction method, SVDQUARTETS (Chifman &

Kubatko 2014). This method is restricted to a coalescent

model that does not currently parameterize gene flow,

but which scales well to multilocus sequence data.

Drawing on this species delimitation work, we then

extend our species delimitation tests through model

selection across models that simultaneously consider

divergence and gene flow.

Materials and methods

8L sequence data

The 8L data used here are those published in Weisrock

et al. (2006), with the exception that the mtDNA data
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were excluded from all analyses given the clear signa-

tures of mitochondrial DNA (mtDNA) introgression

involving Ambystoma ordinarium and other Ambystoma

tigrinum complex species (Weisrock et al. 2006). Analy-

ses were focused on phased Sanger DNA sequence data

from eight nuclear loci (col1a1, dlx3, ctg1506, ctg1908,

g1d6, g1f1, g1c12 and g3d7) generated from 217 paedo-

morphic or young larval specimens of A. ordinarium

sampled from 20 geographic localities distributed across

the known species range (Fig. 1; Table S1, Supporting

information). We used this 217-individual data set for

all population structure analyses. For all subsequent

species delimitation tests, we reduced the total 8L

sequence data set down to 137 individuals that con-

tained no missing data for all eight loci. Sequence data

from a single Ambystoma tigrinum melanostictum individ-

ual was used as an out-group.

Measures of genetic variation within A. ordinarium,

including numbers of haplotypes, substitution and indel

variation, and estimates of heterozygosity were previ-

ously reported in Weisrock et al. (2006), and are

included in Table S2 (Supporting information). Nuclear

DNA sequence data for all 217 A. ordinarium individu-

als are available in GenBank (col1a1: DQ252580–252937;
ctg1506, DQ252938–253365; ctg1908, DQ254388–254797;

dlx3, DQ248436–248859; g1c12, DQ254798–255197; g1d6;
DQ255356–255783; g1f1, DQ253450–253837; g3d7,

DQ253924–254301).

89L data

The A. ordinarium NGS-scale data used here are a sub-

set of the loci published in O’Neill et al. (2013) as part

of a larger study of the A. tigrinum complex. These data

were generated via parallel tagged amplicon sequencing

(PTAS) on a Roche 454 sequencing platform. Full details

of marker selection, field sampling and sequence gener-

ation can be found in O’Neill et al. (2013). For this

study, phased sequence data from seven A. ordinarium

individuals and one A. tigrinum melanostictum individ-

ual were extracted from this larger data set. The A. ordi-

narium individuals represent samples from seven

different localities broadly covering the geographic

range. Of the 95 total loci in the original study, 81 con-

tained one or more variable sites and had data present

for at least five A. ordinarium individuals and the

A. t. melanostictum out-group. We combined these 81

loci with the 8L loci (using the same set of individuals

present in the PTAS data) to produce the 89L data set

used here (details of the 81 additional loci are provided
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Fig. 1 Geographic sampling of Ambys-

toma ordinarium populations used in this

study and patterns of population genetic

structure. (A) Localities 1–20 represent

sampling for the 8L data set. Stars denote

sampling localities used in the 89L data

set. Locality numbers match those of

Weisrock et al. (2006). Dashed outlines

enclose population genetic clusters iden-

tified from STRUCTURE analyses at K = 2

(western and eastern), while solid

coloured areas represent hierarchical

population genetic structure identified

within the western and eastern clusters.

Nodes on the hypothesized species tree

topology represent the putative diver-

gence events tested in this study. Arrows

denote distinct southward-flowing drai-

nages of streams in the western and east-

ern portions of the range. (B) K = 2 is

best supported in analyses of the full 8L

data set, but when western and eastern

populations were analysed separately,

each had a DK favouring a K = 2. Pho-

tograph of A. ordinarium courtesy of

Sebastian Voitel. [Colour figure can be

viewed at wileyonlinelibrary.com].
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in Table S3, Supporting information). Both the 8L and

89L data sets analysed are included with this study’s

Dryad accession (doi:10.5061/dryad.td997).

Species hypothesis generation – population structure

Genetically based species delimitation is typically a

multipart process (Carstens et al. 2013), beginning with

a discovery phase aimed at identifying hypothetical lin-

eages and assigning sampled individuals to these lin-

eages. Inaccuracy in this ‘discovery phase’ can lead to

biased downstream results (Edwards & Knowles 2014;

Olave et al. 2014; but see Zhang et al. 2014). Therefore,

we utilized several discovery approaches to identify

consensus patterns of population structure. For the full

217-individual 8L data set, we used the program STRUC-

TURE v2.3.1 (Pritchard et al. 2000) to estimate the relative

assignments of individuals into K populations (allowing

for admixture) for all K from 1 to 20. We used plots of

the log probability of the data [ln Pr(X|K)] and DK
(Evanno et al. 2005) to determine the optimal number of

population clusters and to detect hierarchical structure,

respectively. We also used the program STRUCTURAMA2

(Huelsenbeck et al. 2011), treating K as a random vari-

able, although results were largely concordant with

those from STRUCTURE. Finally, we also used the program

SPLITSTREE v4.13.1 (Huson & Bryant 2006) to assess the

degree to which haplotypes were shared among vs.

within putative clusters. Additional details of STRUCTURE

and full details for the STRUCTURAMA and SPLITSTREE analy-

ses are provided in Supporting Information (Figs S2

and S4, Supporting information, respectively).

Delimitation hypothesis testing – SPEDESTEM

Using lineage hypotheses for A. ordinarium from the

discovery phase, we tested a two-lineage hypothesis,

which splits A. ordinarium into western and eastern lin-

eages, and a four-lineage hypothesis, which further sub-

divides the western clade into two lineages (WE1 and

WE2) and the eastern clade into two lineages (EA1 and

EA2). The two-lineage model roughly corresponds to

separate stream drainages on either side of a mountain

ridge, and although the four-lineage model does not

correspond to any known geographic barriers, its utility

is supported by results of the discovery phase. We

tested these hypotheses using an information-theoretic

model selection approach implemented in SPEDESTEM

v0.9.5 (Ence & Carstens 2011). SPEDESTEM uses point esti-

mates of gene trees, but considers all or many of the

possible lumpings and splittings of hypothesized lin-

eages.

Attempts to perform SPEDESTEM analyses on the 89L

data presented computational challenges; therefore, we

focused our analyses on the 8L data. For both lineage

hypotheses, we performed tip subsampling using two,

three, five and 10 alleles from each lineage in recon-

structed gene trees, with 1000 replicates each. For the

two-lineage hypothesis, it was also computationally fea-

sible to sample 25 tips from each lineage for 100 repli-

cates. Likelihood scores were averaged across replicates,

and Akaike information criterion (AIC) scores and rela-

tive model probabilities were calculated for each species

tree model.

Delimitation hypothesis testing – BPP

We also used the program BPP3 (Yang & Rannala 2010)

to test our two- and four-lineage species delimitation

hypotheses. Although this popular method no longer

requires an a priori guide tree, we chose to utilize the

fixed tree topology (Fig. 1) which was strongly sup-

ported by our discovery approaches. BPP uses reversi-

ble-jump Markov chain Monte Carlo sampling to

compare nested species models by collapsing or failing

to collapse nodes in the user-specified guide tree. In

doing so, BPP calculates posterior probabilities (PPs) of

those nodes in the guide tree and the relative model

probability of competing delimitation models.

We used BPP v3.0 (Yang & Rannala 2014) and BPP v3.1,

respectively, to analyse the 8L and 89L data sets using

nine combinations of priors for h and s, corresponding
to small (Gamma distribution set with a = 2, b = 1000),

medium (2, 100) or large (2, 10) population sizes, and

shallow (2, 1000), intermediate (2, 100) or deep (2, 10)

divergence times. In addition, we performed a set of

analyses using priors that reflected empirical estima-

tions of h (3, 1250) and s (25, 1149), which were most

similar to the small population size and shallow diver-

gence time prior (see Supporting Information for addi-

tional details of BPP analyses).

Delimitation hypothesis testing – SVDQUARTETS

We applied a recently developed species tree recon-

struction method using the program SVDQUARTETS (Chif-

man & Kubatko 2014) implemented in PAUP v4.0a146

(Swofford 2015). For these analyses, we analysed our

89L data as a 43-locus subset (referred to as the ‘43L’

data set), which contained complete data sampling

across all seven A. ordinarium individuals and the

A. t. melanostictum out-group. We analysed our 43L

data two ways, each taking a different approach for

assessing support for our species delimitation hypothe-

ses. First, we estimated a ‘lineage tree’ following Chif-

man & Kubatko (2014), where tips in the tree represent

the random pairing of gene copies across loci for a

diploid individual. Here, SVDQUARTETS can provide

© 2016 John Wiley & Sons Ltd
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support for species divergence without a priori identifi-

cation of species hypotheses; branches separating popu-

lations that are part of the same species are not

expected to be reconstructed with high branch support

in the lineage tree. This approach may be viewed as a

species discovery approach. Second, we performed

analyses using a five-tip species tree model that corre-

sponded to putative species (WE1, WE2, EA1 and EA2)

within A. ordinarium, and an A. t. melanostictum out-

group. We treated these analyses as a species validation

test, where placement of tips into their expected clades

with high bootstrap support is interpreted as evidence

for species-level entities. For our 8L data, we performed

SVDQUARTETS analyses solely within a species tree frame-

work, as analysis of a lineage tree using 137 individuals

proved computationally intractable. For all SVDQUARTETS

analyses, we performed exhaustive sampling of all pos-

sible quartets (every combination of four tips was

examined). Branch support for the inferred trees was

estimated using 100 nonparametric bootstrap replicates.

Investigating the role of data scale and content on
species delimitation

Using our 89L data, we explored the degree to which

the amount of sequence data influenced the results of

coalescent-based species delimitation. We focused these

analyses on BPP and also explored the effects of the

number of sampled loci and their phylogenetic informa-

tion content on delimitation inferences. To address the

influence of the number of loci, we generated nine data

sets varying in the number of sampled loci by incre-

ments of 10 (10, 20, 30, etc.) up to 89 loci. For each sub-

sampling increment, we generated 10 replicate

jackknifed data sets, each using random locus sampling

(89L data set analysed only once). To examine the influ-

ence of information content, we ranked the 89 loci in

order of their parsimony-informative sites (based on

A. ordinarium and the A. t. melanostictum out-group).

We again generated a series of nine data set sizes (10

through 89) that increased (starting with the most infor-

mative loci) in the number of sampled loci by incre-

ments of 10. Due to the ordered nature of these data

sets, only a single round of analysis was performed for

each data set.

We applied these two data assembly strategies to

three different sets of species hypotheses within A. ordi-

narium: (1) testing the split between western and eastern

lineages, (2) testing the split between two western lin-

eages (WE1 and WE2) and (3) testing the split between

two eastern lineages (EA1 and EA2). All analyses were

performed using empirically estimated priors and the

same run conditions mentioned above (fully described

in Supporting Information).

Phylogeographic model selection and parameter
estimation – PHRAPL

We extended our species delimitation tests to include

model selection-based phylogeographic inference imple-

mented in PHRAPL v0.53 (O’Meara et al. 2015). PHRAPL

employs a heuristic exploration of model space to

define a set of the most plausible models given a set of

gene trees estimated from multilocus sequence data.

Using empirically estimated gene trees and a maximum

number of free model parameters, PHRAPL uses approxi-

mate likelihoods to infer the model (or models) best

supported by the data. This method uses simulated

gene trees [generated in the program ms (Hudson

2002)] and compares the simulated gene tree topologies

to those from empirical data. Over many replicates, the

number of exact matches can be used to calculate likeli-

hoods across a wide range of predefined models. AIC is

then used to rank models and to identify the best-fitting

model. This method has a natural fit to the process of

species delimitation as it allows for the assessment of

divergence models that also include migration parame-

ters, providing a more complete assessment of the

divergence history of a set of hypothesized species.

For both the 8L and 43L data sets, we analysed five

possible models for a two-lineage scenario with one or

two free parameters (Fig. 2). Model parameters included

divergence time (s), and rates and direction of migration

(m). Bidirectional m were constrained to be symmetric.

For each of the 8L loci, we partitioned individuals into

western and eastern lineages and randomly sampled six

gene copies per lineage across 50 replicates, increasing

the probability of sampling each gene copy at least once.

We defined all five models corresponding to a two-line-

age, two-parameter scenario with one free parameter for

m and s, respectively. Following O’Meara et al. (2015),

we conducted grid searches across s and/or m reflecting

arbitrary (but realistic) values (s = 0.3, 0.58, 1.11, 2.12,

4.07, 7.81, 15.0; m = 0.10, 0.22, 0.46, 1.00, 2.15, 4.64, 10.0).

For each combination of parameters for each model,

we simulated 100 000 balanced 12-tip gene trees in ms

and compared the topologies of the observed (subsam-

pled) empirical gene trees to the simulated gene trees.

We sought exact topological matches with the caveat

that the labelling of individuals drawn from the same

population was arbitrary. We defined the approximate

likelihood of a given model with a given set of parame-

ter values to be equal to the number of matches

between the empirical and simulated trees divided by

the number of replicates. Log likelihoods of models

were summed across loci, and an AIC score was

defined as �2 9 ln(L(modeli|Data)) + 2K, where K is

the number of free parameters in a given model. We

computed model likelihoods for each model, and final

© 2016 John Wiley & Sons Ltd
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model selection was performed by ranking models by

increasing AIC and observing the plot of DAIC across

models. PHRAPL analysis of the 43L data followed the

same approach described above, except that five gene

copies from both the western and eastern lineage were

sampled, and fewer replicates (five) were needed to

ensure that all gene copies were sampled from all gene

trees at least once.

For all PHRAPL analyses, we also explored models

including five or fewer free parameters which allowed

for changes in effective population size and asymmetric

migration. However, PHRAPL was unable to discriminate

among this larger set of models as evidenced by low

DAIC (<0.25) values, likely due to an insufficient num-

ber of loci and/or variable sites per locus, and these

more complex models were not considered further. To

generate model averaged estimates of parameters for

each data set, we calculated the likelihood-weighted

arithmetic mean of each parameter across all models

using the CalculateModelAverages function in PHRAPL.

Additional details of PHRAPL analyses are provided in

Supporting Information.

Demographic model selection and parameter estimation
– MIGRATE-N

We used MIGRATE-N v3.6 (Beerli 2006) to estimate gene

flow under a coalescent framework for a range of two-

population models using the 8L data as limited individ-

ual sampling in the 89L data set precluded its use. We

tested: (i) a ‘panmixia’ model treating eastern and west-

ern lineages as a single population, (ii) a two-population

model with bidirectional gene flow, (iii) a two-popula-

tion model with unidirectional gene flow from the west-

ern lineage into the eastern lineage and (iv) a two-

population model with no migration (Fig. S1, Supporting

information). Initial parameter values were calculated

using FST, and we employed model averaging to esti-

mate migration rate (m) and h. Full details of MIGRATE-N

analyses are provided in Supporting Information.

Results

Data summary

The 8L data set contained a total of 4176 nucleotide

sites. Including the Ambystoma tigrinum melanostictum

out-group, the number of parsimony-informative sites

(PIS) across loci ranged from 4 to 25, with a mean of

14.9. Within Ambystoma ordinarium the number of PIS

across loci ranged from 3 to 25, with a mean of 13.9.

The 81 PTAS loci from O’Neill et al. (2013) contained a

total of 20 006 nucleotide sites. Including the A. t. me-

lanostictum out-group, PIS across loci ranged from 0 to

12, with a mean of 4.06. Within A. ordinarium, PIS

across loci ranged from 0 to 7 with a mean of 1.07

(Tables S2 and S3, Supporting information). Maximum-

likelihood gene trees for the 8L and 89L loci are

included in Fig. S2 (Supporting information) and in this

study’s Dryad accession, respectively.

Population structure and hypothesis generation

Analysis of the 8L data using STRUCTURE resulted in a

DK that supported a K = 2 model separating western

and eastern populations of A. ordinarium with low

levels of admixture (Fig. 1). Separate analyses on each

of these groups identified a K = 2 level of population

structure within each (hereafter referred to as WE1 and

WE2 across western populations and EA1 and EA2

across eastern populations). In some cases, further

STRUCTURE analysis within these groups suggested addi-

tional population structure, but with high degrees of

admixture, and these clusters were not explored further.

Population structure results were not method-depen-

dent, and additional population clustering results for

STRUCTURE, STRUCTURAMA (Fig. S3, Supporting information)

and SPLITSTREE (Fig. S4, Supporting information) are pro-

vided in Supporting Information.

Delimitation hypothesis testing – SPEDESTEM

For the two-lineage model, SPEDESTEM analysis of the 8L

data only supported divergence between western and

eastern lineages when 25 alleles were sampled. Under a

four-lineage model, significant divergence was detected

when sampling five or ten gene copies (Table 1); how-

ever, divergence was restricted to the splitting of WE2

from all other hypothesized lineages (WE1, EA1 and

EA2). In addition, we tested models that fixed diver-

gence between western and eastern lineages, and then

tested for divergence within either the western (WE1

and WE2) or eastern lineage (EA1 and EA2). In both

cases, SPEDESTEM supported models that lacked diver-

gence within western and eastern lineages (Table S4,

Supporting information).

Western Eastern

Model 1 Model 2
Western Eastern

Model 3 Model 5Model 4
Western Eastern Western Eastern Western Eastern

Time

Fig. 2 Demographic and phylogeo-

graphic models for the western and east-

ern A. ordinarium lineages tested in

PHRAPL analyses. Horizontal arrows indi-

cate gene flow between lineages.
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Delimitation hypothesis testing – BPP

BPP analysis of the 8L data produced strong support

(PPs = 1.0) for divergence between western and eastern

lineages across all combinations of priors for ϴ and s
(Fig. 3A). There was no difference in delimitation

results between algorithms 0 and 1. Analyses using ran-

domized tip labelling produced low posterior support

for divergence between the western and eastern lineage,

indicating that results were not biased by our choice of

priors (Fig. 3B). Support for divergence between WE1

and WE2 varied across prior combinations. Small and

intermediate population size priors produced strong

support for divergence (PPs = 1.0), regardless of diver-

gence time prior, while larger population size priors

weakly supported divergence between WE1 and WE2.

Divergence between EA1 and EA2 received weak sup-

port across all prior combinations (Fig. 3A).

BPP analysis of the 89L data set produced PPs = 1.0

for the split between the western and eastern lineages

under all prior combinations (Fig. 3C). Randomized tip

labelling generally yielded low PP support for the west-

ern–eastern split (Fig. 3D). For intermediate and large

population size priors, posterior support varied for the

EA1-EA2 and WE1-WE2 splits (Fig. 3C). Across repli-

cates, support ranged from as little as PP = 0 to PP = 1

for these divergence events. Prior combinations featur-

ing small population size (including our empirical-

based priors) produced PPs close to one for both the

EA1-EA2 and WE1-WE2 splits. Under all prior

combinations, randomized tip labelling produced PPs

close to 0 for these splits.

Delimitation hypothesis testing – SVDQUARTETS

SVDQUARTETS analysis of the 43L data resulted in a lin-

eage tree with a strongly supported split between the

western and eastern lineages (Fig. 4A), with each form-

ing a separate clade of haplotypes with high bootstrap

support (>99%). The WE1 and WE2 splits were simi-

larly well supported in the lineage tree, with bootstrap

values of 92.6% and 99.4%, respectively. In contrast, the

EA1 and EA2 groups were not resolved as reciprocally

monophyletic (Fig. 4A). Branches within the eastern lin-

eage generally received low bootstrap support. SVDQUAR-

TETS analyses of the 8L and 43L data using a species

tree framework generated a tree supporting the split

between the western and eastern lineages with high

levels of bootstrap support (Fig 4B; 8L: 96% and 99%,

respectively; 43L: 100% for both lineages).

Influence of data scale and content

Using BPP, we achieved strong PP support for diver-

gence between the western and eastern lineage with as

few as 10 of our 89L loci (Fig. 5A) with minimal varia-

tion across replicates. When sampling 20 or more loci,

support for this divergence received PPs = 1.0 across all

replicates. For more shallow divergences, a greater

effect of locus sampling was detected. Strong support

for divergence between WE1 and WE2 was detected

with as few as 30 loci (Fig. 5B); however, not all repli-

cates provided strong support for this split, with at

least one 30-locus replicate yielding PP = 0.05. This

large difference in maximum and minimum posterior

support persisted with increasing numbers of sampled

loci, with a mean PP ≥ 0.95 achieved with 80 loci (mini-

mum PP = 0.83). Similar results were obtained for anal-

yses of the EA1-EA2 divergence (Fig. 5C). High levels

of posterior support for divergence were produced with

as few as 10 sampled loci (maximum PP = 0.94); how-

ever, large differences in PPs were detected across repli-

cates, a pattern observed for most levels of locus

subsampling. A total of 70 loci were required to pro-

duce a mean PP ≥ 0.95 (minimum PP = 0.83). Overall,

for these shallower divergences, variance in support

across replicates decreased with greater locus sampling.

Analysis of 89L loci with the highest number of PIS

had a strong effect on support for the more shallow

divergence events. Whereas at least 80 randomly sam-

pled 89L loci were needed to produce mean PP ≥ 0.95

for the WE1-WE2 split, only 40 of the most informative

89L loci were needed to produce a similar level of sup-

port (Fig. 5D). As few as 30 of the most informative 89L

Table 1 Results of SPEDESTEM analyses under two- and four-

lineage scenarios. Underscores in the delimitation result indi-

cate grouping; commas indicate divergence. xi indicates the

relative model probability

Gene copies

sampled Replicates xi Delimitation result

Two-lineage

2 1000 0.72 One species (WE_EA)

3 1000 0.72 One species (WE_EA)

5 1000 0.69 One species (WE_EA)

10 1000 0.66 One species (WE_EA)

25 100* 0.62 Two species (WE, EA)

Four-lineage

2 1000 0.22 One species

(WE1_WE2_EA1_EA2)

3 1000 0.20 One species

(WE1_WE2_EA1_EA2)

5 1000 1.00 Two species

(WE1_EA1_EA2, WE2)

10 1000 1.00 Two species

(WE1_EA1_EA2, WE2)

*Fewer replicates were performed due to computational limits.
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loci produced a PP > 0.95 for the WE1-WE2 split. A

similar pattern was observed for the EA1-EA2 split,

which required as many as 70 randomly sampled 89L

loci to produce a mean PP ≥ 0.95, but which required

only 50 of the most informative 89L loci to produce the

same level of support (Fig. 5D). For the western–eastern
split, as few as 10 of the most informative 89L loci pro-

duced posterior support of 1.0.

Phylogeographic model selection and parameter
estimation – PHRAPL

PHRAPL analysis of the 8L data resulted in the greatest

support for model 4 (Fig. 2), which specified divergence

between the western and eastern lineages, along with

gene flow from the eastern lineage into the western lin-

eage (Table 2; model probability = 0.67). A model treat-

ing A. ordinarium as a single lineage received the next

highest support (DAIC = 1.77, model probabil-

ity = 0.28), while support for distinct western and east-

ern lineages with no gene flow was lowest

(DAIC = 35.21, model probability = 1.51 9 10�8). Model

averaged parameter estimates suggest a relatively deep

divergence with low-level gene flow from western pop-

ulations into eastern populations and relatively high

post-divergence gene flow from eastern lineages into

western lineages (Table 2).

PHRAPL analysis of the 43L data indicated the greatest

support for a model of divergence between the western

and eastern lineage with no gene flow (Table 2; model

probability = 0.63). The next best-supported model was

one of no divergence between eastern and western lin-

eages (DAIC = 3.24, model probability = 0.12). Model

averaged parameter estimates suggest a relatively deep

divergence with near zero post-divergence gene flow in

either direction between western and eastern popula-

tions (Table 2).

Demographic model selection and parameter estimation
– MIGRATE-N

MIGRATE-N analysis of the 8L data best supported a bidi-

rectional migration model between the western and

eastern lineages (Table 3; model 2, model probability

>0.99). The next best model included unidirectional

gene flow from the eastern lineage into the western lin-

eage; however, this model received a very low probabil-

ity (log Bayes factor ≥81.6, model

probability = 1.9 9 10�18). A model combining the

western and eastern populations into a single

0

0.2

0.4

0.6

0.8

1.0

LD LI LS ID II IS SD SI SS EM

(A)

Western–eastern

EA1-EA2
WE1-WE2

0

0.2

0.4

0.6

0.8

1.0
(B)

LD LI LS ID II IS SD SI SS EM

(C) (D)

0

0.2

0.4

0.6

0.8

1.0

LD LI LS ID II IS SD SI SS EM
0

0.2

0.4

0.6

0.8

1.0

LD LI LS ID II IS SD SI SS EM

8L TEST 8L RANDOM

89L TEST 89L RANDOM

Fig. 3 Results from BPP analyses of the 8L

and 89L data sets. Circle coloration corre-

sponds with hypothesized divergences in

Fig. 1. The x-axis is labelled with two-let-

ter designations for prior combinations of

ϴ and s, with ϴ designated as large (L),

intermediate (I), or small (S) and s desig-

nated as deep (D), intermediate (I) or

shallow (S). Results are also presented

for empirically (EM) derived priors. In

total, ten different combinations of priors

for were tested and mean posterior prob-

ability and standard error is reported for

10 replicates per prior for the 89L data

and 20 replicates per prior for the 8L

data. Points are shaded according to

nodes in the hypothesized species topol-

ogy shown in Fig. 1. Figure panels corre-

spond to (A) 8L data, tips assigned to

hypothesized species, (B) 8L data, tips

randomly assigned, (C) 89L data, tips

assigned to hypothesized species, (D)

89L data, tips randomly assigned.
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population (model 1) received the lowest model proba-

bility (3.5 9 10�105).

Estimates of the number of migrants per generation

were significantly skewed towards migration from the

western into the eastern lineage (Table S5, Supporting

information), with a mean Nm of 0.44 (95% confidence

interval = 0–1.29) in this direction vs. a mean Nm of

0.16 (95% confidence interval = 0–0.77) for the opposite

direction.

Discussion

Data sampling in species delimitation

Species delimitation is in a state of transition in terms

of the data used for analysis, with systematists facing

important choices regarding the numbers of loci and

individuals to sample. Recent studies have investigated

the role of locus number and gene copy sampling in the

performance of genetically based species delimitation

methods (e.g. Hird et al. 2010; Camargo et al. 2012).

However, no empirical study has compared the

influence of locus number and information content on

species delimitation results. One general conclusion

from this study is that both small and large data sets

have the potential to resolve cryptic species boundaries

between recently diverged species. Across data sets,

species discovery methods (e.g. STRUCTURE) highlight the

same candidate species, and species validation tests

(e.g. BPP, PHRAPL) provide similarly strong support for

the western–eastern divergence event within Ambystoma

ordinarium. These results are, in part, encouraging for

the broader molecular systematic community, suggest-

ing that large-scale data sets, for example those gener-

ated with NGS methods, may not always be necessary

for the delimitation of morphologically cryptic species.

This may be particularly true for older and well-differ-

entiated species, where species delimitation is expected

to be straightforward (Shaffer & Thomson 2007). Within

A. ordinarium, the split between the western and eastern

lineage was recovered with strong posterior support in

all BPP analyses of the 8L data and in every subsampled

10-locus 89L data set (Fig. 3A). Furthermore, given that

all subsampled 10-locus 89L data sets resulted in strong
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Fig. 4 Relationships among A. ordinarium

inferred with SVDQuartets. a) ‘Lineage

tree’ for 43L data set using exhaustive

sampling of quartets over 1000 bootstrap

replicates. b) Species tree inferred under

a four-lineage constraint for the 8L and

43L data sets using exhaustive quartet

sampling and 100 bootstrap replicates.

Branch support values to the left of the

backslash are for the 8L data set and

those to the right are for the 43L data set.

Branch colours correspond to Fig. 1.

[Colour figure can be viewed at wileyon-

linelibrary.

com].
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support for the western–eastern split and that these loci

were drawn from a pool of loci with a wide range of

variability, for smaller data sets it may not be as impor-

tant to make highly informed choices about which loci

to use in the delimitation of deeper divergence events.

In contrast, our investigations of information content

(i.e. PIS sites) show that all loci are not equal in their

ability to recover signatures of shallower divergence

events. In the case of the WE1-WE2 and EA1-EA2 splits,

while at least one 30-locus data set provided strong
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support for these divergences, other 30-locus data sets

did not (Fig. 5B,C). While this discrepancy was also

observed in increasingly larger data sets, support vari-

ance declined as locus number increased. There is a

wide range of phylogenetic information across our 89L

loci, with the 20 most informative loci having approxi-

mately the same total number of PISs (n = 214) as the

next 50 (n = 184; Fig. 5D), and this range in information

content is likely driving the large swing in support for

these more shallow divergences when randomly select-

ing loci. For example, the mean posterior support for

the WE1-WE2 split from a randomly sampled 30-locus

data set was ~0.4 (Fig. 5B), while the 30 most informa-

tive loci produced posterior support of 0.94 (Fig. 5D).

Similar to conclusions derived from studies focused on

factors influencing species tree reconstruction at shallow

tree depths (Harris et al. 2014; Huang et al. 2010;

Knowles et al. 2012; Lanier et al. 2014), our results indi-

cate that the phylogenetic information content of loci is

a primary factor in the delimitation of species separated

by shallow depths of divergence.

Overall, our results provide a mixed message to the

systematist considering how to generate data for a spe-

cies delimitation study. A small number of loci may be

sufficient to both discover and validate many cryptic

species, allowing researchers with the ability to generate

relatively small data sets to continue the identification of

new lineages and taxa. However, this work shows that

many shallowly diverged species may go undiscovered,

or not pass statistical validation via coalescent tests,

when using these smaller data sets. While some cryptic

species may only require a small number of loci to be

detected, this is impossible to know a priori, and as a

result, systematists are most likely to be assured of clari-

fying the boundary between cryptic species and struc-

tured populations when analysing large multilocus data

sets. With the growing accessibility of genome-scale data

sets for phylogeography and species delimitation (e.g.

Lemmon & Lemmon 2012; Smith et al. 2014), an increas-

ing number of studies are likely to include sufficient

numbers of loci for drawing boundaries between

intraspecific and interspecific variation. However, in the

case of salamanders, large genome size (often >30 Gb)

may preclude genome-scale data generation for species

delimitation using standard NGS approaches, although

recent advances (e.g. McCartney-Melstad et al. 2016)

may reduce this bottleneck in the future.

Phylogeographic model selection and species
delimitation

To date, most coalescent-based species delimitation

studies have been restricted to the parameterization of

Ne and divergence time in models meant to capture the

Table 2 Results of PHRAPL analyses of the 8L and 43L data for five two-lineage, two-parameter phylogeographic models

Model AIC Log likelihood DAIC xAIC Rank sWE-EA mWE->EA mEA->WE

8L 4.10 0.72 3.81

1 354.22 �176.11 1.77 0.28 2

2 357.49 �176.74 5.04 0.05 3

3 363.86 �179.93 11.42 2.22 9 10�3 4

4 352.45 �174.22 – 0.67 1

5 387.66 �192.83 35.21 1.51 9 10�8 5

43L 5.33 0.03 0.03

1 2069.24 �1033.62 3.24 0.12 2

2 2071.22 �1033.61 5.23 0.05 5

3 2069.87 �1032.94 3.88 0.09 4

4 2069.52 �1032.76 3.52 0.11 3

5 2065.99 �1032.00 – 0.63 1

Table 3 Model descriptions and selection results for a range of two-species migration models tested in MIGRATE-N. BAS: Bezier

approximation score (log marginal likelihood) for all loci. LBF: log Bayes factor. LBFs and model probabilities calculated following

Beerli and Palczewski (2010) and Kass and Rafferty (1995)

Model Description BAS LBF Probability Choice

1 Panmixia �7184.5 481.0 3.5 9 10�105 4

2 Full migration �6944.0 – 1 1

3 Unidirectional: western into eastern �7007.4 126.7 3.1 9 10�28 3

4 Unidirectional: eastern into western �6984.8 81.6 1.9 9 10�18 2

© 2016 John Wiley & Sons Ltd
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history of populations. Yet, data that include signatures

of gene flow are likely to have impacts on likelihood

calculations, with potentially important ramifications

for accurate species delimitation. A few studies (Leache

2009; Jackson & Austin 2012; Ruane et al. 2014) have

examined the impacts of gene flow on species tree

reconstruction at the phylogeographic level, demon-

strating the importance of considering the effects of

introgression and low-level gene flow. Here, we

extended these efforts using a model selection approach

in PHRAPL to consider gene flow as a parameter in our

species validation tests. In doing so, we rejected the

hypothesis that A. ordinarium represents a single lin-

eage. Our 8L and 43L data sets contrasted, however, in

support for a history of gene flow between lineages,

with the 8L data favouring a model that included unidi-

rectional gene flow and the 43L data favouring a model

of no gene flow. This difference may be related to the

much greater individual sampling of the 8L data, which

may have included individuals bearing the signatures

of gene flow. Indeed, the 8L data, but not the 43L data,

contained sampling from localities 7 and 8 of the east-

ern lineage, both of which contain individuals with sig-

natures of admixture within the western lineage

(Fig. 1B). In addition, the 8L loci are longer and more

variable, on average, than the 81 PTAS loci, which may

make them more informative in detecting historical,

low-level gene flow. Finally, it is worth noting that esti-

mates of gene flow between these two lineages are low,

with MIGRATE-N estimates of Nm much less than one

(Table S5, Supporting information). In any case, the con-

sideration of both gene flow and divergence using a

model selection approach are concordant with results

from other analyses in supporting divergence between

the western and eastern lineages.

We note, however, that our model selection approach

faced substantial limitations in the complexity of mod-

els and the numbers of free parameters that could be

considered. For example, we were unable to confidently

perform analyses with additional parameters that

allowed for changing Ne through time or asymmetric

migration rates. Similarly, expanding PHRAPL analyses to

account for models with three or four lineages, which

also required an expanded set of free parameters,

proved challenging. While our data appear to be infor-

mative in recovering the deeper western–eastern diver-

gence event while accounting for gene flow, testing

more complex models that take these additional param-

eters into account would likely require increased sam-

pling of both individuals and loci to produce credible

estimates of parameters such as migration rates and

effective population sizes, and accordingly, to distin-

guish more complex models of gene flow and diver-

gence from each other.

Species boundaries

Collectively, our genetic results strongly support eastern

and western populations of A. ordinarium as indepen-

dently evolving population-level lineages which likely

represent distinct species. Population structure results

strongly delineate these as separate clusters with lim-

ited evidence for admixture, and the 8L SVDQUARTETS lin-

eage tree reconstructs the western and eastern

populations as two strongly supported clades. Coales-

cent-based tests using BPP validate this hypothesis;

divergence between western and eastern populations

was strongly supported with both our 8L and 89L data

across all explored prior combinations and across differ-

ent subsets of loci. Beyond genetic evidence, these two

species also occur in separate headwater systems of

southward-flowing streams in the TMVB (Fig. 1).

Within both putative species, support for additional

levels of lineage divergence varied markedly across

analyses, and our analyses suggest that these more

shallow-scale divergence events do not represent

species-level divergence. This conclusion is principally

derived from the inconsistent patterns of support in BPP

validation analyses for both data sets and varied prior

combinations (Fig. 3). This was particularly true for

divergence within the eastern lineage, which was

poorly supported under all priors in analyses of the 8L

data, and only received high posterior support in analy-

ses of the 89L data that featured small population size

priors. Similar patterns of inconsistent support in BPP

validation tests were also seen within the western lin-

eage. In addition, a subset of SPEDESTEM results split WE2

while lumping all other hypothesized lineages, in con-

trast to all species discovery results, which found a

clear division between eastern and western populations.

This latter result could indicate an inapplicability of SPE-

DESTEM to this particular study (Camargo et al. 2012;

Carstens et al. 2013). However, while population struc-

ture is clearly evident within and between the eastern

and western lineages, given the lack of consistent sup-

port for the delimitation of additional lineages, and

with an aim to not promote taxonomic instability (e.g.

Turtle Taxonomy Working Group 2007), we refrain

from describing additional species-level taxa within this

group at present.

Evidence for lineage divergence within A. ordinarium

Although we do not have a firm divergence time esti-

mate for the split between the western and eastern lin-

eages, we expect that it does not coincide with the

geological evolution of the TMVB. The majority of tec-

tonic and volcanic activity producing the TMVB

occurred in the mid-Miocene, approximately 7–

© 2016 John Wiley & Sons Ltd
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11 million years ago (Ferrari et al. 1999, 2000), likely

predating the common ancestor of the entire A. tigrinum

species complex (Shaffer & McKnight 1996). Phylogeo-

graphic studies of birds (McCormack et al. 2008), lizards

(Zarza et al. 2008) and toads (Mulcahy et al. 2006) sup-

port the role of the TMVB in Pliocene-Pleistocene spe-

cies divergence, a time of active, but less extreme uplift

(Ferrusqu�ıa-Villafranca & Gonz�alez-Guzm�an 2005). Tec-

tonic and volcanic activity in the TMVB also substan-

tially changed its hydrology over time (Israde-Alcantara

& Garduno-Monroy 1999), leading to the divergence of

fish species (Mateos et al. 2002; Sch€onhuth & Doadrio

2003; Doadrio & Dominguez 2004; Hulsey et al. 2004;

Dominguez-Dominguez et al. 2008). Many of these spe-

cies divergences have been dated to the Pliocene with

the most recent described divergence among them

occurring 0.6–0.8 Ma between two allopatric species of

the genus Allotoca found in Lakes Patzcuaro and Zira-

huen (Dominguez-Dominguez et al. 2006).

The Late Pleistocene in central Mexico was character-

ized by cooler and drier conditions (Metcalfe et al.

2000), and palynological data indicate an absence of

pine forest across upper elevations (>2500 m) of much

of central Mexico at this time (Lozano-Garcia & Vaz-

quez-Selem 2005). In contrast, pollen studies of Lago

Patzcuaro, which is at a lower elevation than contempo-

rary A. ordinarium populations (~2000 m), reveal stable

pine forest over the last 48 000 years, indicating that

lower elevations of central Mexico were not as strongly

impacted by drier conditions (Bradbury 2000). Given

this environmental history, it is possible that A. ordinar-

ium populations, which are facultative in their ability to

metamorphose, tracked the movement of available pine

forest into lower elevations during the late Pleistocene

and into the Holocene, and that these distributional

shifts, perhaps into refugia representative of the current

drainage basins occupied by A. ordinarium, initiated lin-

eage divergence. The strong signature of recent mtDNA

introgression between the western lineage of A. ordinar-

ium and the Lago Patzcuaro endemic paedomorph

A. dumerilii (Weisrock et al. 2006; Fig. 1), combined with

their current allopatric distribution, further supports

this lower elevation refugium hypothesis.

Conservation implications

We anticipate that evidence for an additional, cryptic

species within the endangered and range-restricted A. or-

dinarium may have immediate conservation implications

for this group of ambystomatid salamanders. Ambystoma

ordinarium already has an IUCN ‘Endangered’ listing due

to its limited distribution and disappearing forest habitat

(Shaffer et al. 2004). If A. ordinarium is actually composed

of two distinct species, each by necessity has an even

more restricted range and must be considered even more

fragile and threatened. As an example in ambystomatid

salamander conservation, the discovery and recognition

of two cryptic species (A. cingulatum and A. bishopi)

within the former A. cingulatum species (Pauly et al.

2007) was quickly adopted by the U.S. Fish and Wildlife

Service, with both species upgraded to endangered sta-

tus. As such, the recognition of cryptic and recently

diverged species using the methods outlined here may

be especially important beyond salamanders in the con-

servation of biodiversity in recently derived, endangered

taxa.
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