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Facultative or obligate paedomorphosis has evolved several times in Mexican populations of the salamander
genus Ambystoma, leading to increased genetic divergence among populations with alternate life histories and
contributing to population divergence in this species complex. In the present study, we surveyed the genetic
diversity of Ambystoma populations in lakes of the Cuenca Oriental, a high elevation closed drainage basin that
encompasses permanent crater lakes harbouring salamander populations. We genotyped individuals from five
populations aiming to better understand population dynamics and the evolution of paedomorphosis in this
system. Specifically, we tested the hypotheses that the evolution of paedomorphosis in Ambystoma taylori
resulted in reduced genetic exchange with populations of Ambystoma velasci in neighbouring lakes. Second, we
tested whether the populations in brackish lakes of the Cuenca Oriental, Lake Atexcac, and Lake Alchichica
show restricted gene flow across the basin, possibly as a result of local adaptation to those microhabitats. Using
various indices of population genetic diversity, Bayesian assignment, and approximate Bayesian computation
methods, we show that genetic exchange between brackish lakes and freshwater lakes is negligible, despite
continued gene flow among freshwater lakes. We show that the first divergence among populations occurred
between Alchichica and the remaining populations and that the evolution of paedomorphosis in A. taylori was
likely favoured by local adaptation to saline conditions, thus increasing its genetic isolation. An apparently
similar process appears to be in progress independently in lake Atexcac, showing that local adaptation may play
an important role in population isolation and, ultimately, in speciation. © 2016 The Linnean Society of London,
Biological Journal of the Linnean Society, 2016, 118, 582–597.
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INTRODUCTION

The evolution of paedomorphosis, a heterochronic pro-
cess in which juvenile or larval traits are retained later
into life, has been of great interest to evolutionary

biologists as a model for investigating the genetic
basis and benefits of polymorphism in natural popu-
lations (Voss & Shaffer, 2000; Page et al., 2010; Voss
et al., 2012; Whiteman et al., 2012). The expression
of facultative and/or obligate paedomorphosis
depends on a number of environmental factors such
as the density of conspecifics, desiccation rate, tem-
perature, food availability, and the presence of
predators (Semlitsch, 1987; Jackson & Semlitsch,
1993; Deno€el, Joly & Whiteman, 2005; Whiteman
et al., 2012; Deno€el & Ficetola, 2014). Empirical
studies indicate that stable and favourable aquatic
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habitats (permanent, oxygen rich, low density, low
predatory pressure, high food level) favour paedo-
morphic ontogenetic pathways, whereas rapidly-dry-
ing systems, with high density, and low food levels
typically induce metamorphosis (Whiteman et al.,
2012; Deno€el & Ficetola, 2014). Evolutionary models
generally support the prediction that paedomorpho-
sis will evolve when aquatic life is more profitable
than the terrestrial alternative (Wilbur & Collins,
1973).

Facultative or obligate paedomorphosis has
evolved several times in the Mexican populations of
the salamander genus Ambystoma, leading to
increased genetic divergence among populations with
alternate life histories (Shaffer, 1984). The obligate
paedomorphic Ambystoma occur in scattered popula-
tions across central Mexico, and are members of a
recent and rapid radiation that resulted in a diverse
species complex (Shaffer & McKnight, 1996). Phylo-
genetic relationships within this clade using allo-
zymes, mitochondrial, and nuclear DNA (Shaffer,
1984; Shaffer & McKnight, 1996; Weisrock et al.,
2006) show evidence of widespread introgression and
incomplete lineage sorting, which is an expected pat-
tern given their recent diversification. Gene genealo-
gies of Mexican Ambystoma (Shaffer & McKnight,
1996; Weisrock et al., 2006; O’Neill et al., 2013) show
that paedomorphic species have complex relation-
ships with metamorphic ones, especially with Ambys-
toma velasci, a polytypic species widespread
throughout mainland Mexico. Therefore, the
repeated evolution of alternative modes of develop-
ment may have contributed to the divergence and
diversification of Ambystoma throughout the south-
ern part of their range (Shaffer & Voss, 1996). One
group of populations from the eastern Mexican pla-
teau, a region known as the ‘Cuenca Oriental’,
includes the obligate paedomorphic Ambystoma tay-
lori Brandon, Maruska & Rumph, 1981, which is
endemic to Alchichica lake, and several nearby popu-
lations of the widespread A. velasci (Dug�es, 1888), a
species with both transforming and facultative pae-
domorphic populations (Brandon et al., 1981; Shaffer
& Voss, 1996). Both species are clearly differentiated
morphologically and ecologically (Brandon et al.,
1981). However, the degree of genetic isolation
between them is unclear because reproductive isola-
tion within this species complex is typically incom-
plete (Weisrock et al., 2006).

The Cuenca Oriental is a high elevation (2300–
2500 m a.s.l.) endorheic basin that encompasses 11
crater lakes, six of which are permanent and har-
bour salamander populations. Volcanic activity dur-
ing the Pleistocene produced the cones where these
crater lakes formed by influx of subterranean water
(Gasca, 1981). Lago Alchichica is the largest lake

and contains brackish water, as does Lago Atexcac,
whereas the remaining lakes are freshwater lakes
(Table 1). The lakes were historically surrounded by
xeric shrubland vegetation, in a region characterized
by low annual precipitation (< 400 mm per year),
although, currently, much of the landscape has been
transformed to agriculture. In the Cuenca Oriental,
paedomorphosis is likely associated with the colo-
nization of new habitats and population persistence
in a system of patchy and highly isolated popula-
tions. The inhospitable environmental conditions sur-
rounding the Cuenca Oriental lakes and the
potential for local adaptation to lakes with different
salinity, combined with the coexistence of an obligate
paedomorphic Ambystoma population and facultative
metamorphic populations, make this a perfect system
for the study of the ecological context and genetic
consequences of paedomorphosis in natural popula-
tions.

In the present study, we surveyed the genetic
diversity of the populations of Ambystoma salaman-
ders in lakes of the Cuenca Oriental, aiming to bet-
ter understand historical and current population
dynamics and the evolution of paedomorphosis in
this system. Specifically, we tested the hypotheses
that (1) the evolution of paedomorphic A. taylori
resulted in cessation of genetic exchange with
neighbouring A. velasci, despite continued gene flow
among facultative paedomorphic populations of
A. velasci in the region and (2) that local adapta-
tion to brackish water resulted in similar popula-
tion genetic patterns independently in both Lago
Atexcac and Alchichica. Our results highlight the
historical and current demographic processes that
contribute to the origin and maintenance of high
genetic diversity in Ambystoma populations endemic
to Mexico.

MATERIAL AND METHODS

POPULATION SAMPLING AND LABORATORY PROTOCOLS

We studied five populations of Ambystoma from iso-
lated crater lakes of the Cuenca Oriental hydrologi-
cal basin, located along the eastern portion of the
Trans-Mexican Volcanic Belt, in the Mexican states
of Puebla and Veracruz (Fig. 1). The four lakes in
the northern part of the basin, Quechulac, Alchi-
chica, Las Minas, and Atexcac, are surrounded by
semiarid terrestrial habitats. Lake Tecuitlapa, the
southernmost lake, occurs in sub-humid climate.
Lake Aljojuca, a sixth lake approximately 3 km
south of Tecuitlapa, presumably harbours another
Ambystoma population (J. Alcocer, pers. comm.);
however, we were unable to find any individuals
from that population in two sampling attempts.
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Characteristics of these lakes vary (Table 1) but they
are all alkaline and sustained by subterranean
aquifers.

We sampled 155 Ambystoma including four popu-
lations of A. velasci and the only known population
of A. taylori from Lago Alchichica (Fig. 1). Ambys-
toma taylori differs from nearby A. velasci popula-
tions with respect to several morphological traits:
number of gill rakers, morphology of dorsal body fin,
coloration, and number and morphology of the
vomerine tooth series (Brandon et al., 1981). By

contrast to other Ambystoma species, captive A. tay-
lori appear to do better in saline water, suggesting a
true adaptation to the conditions in Alchichica
(Brandon et al., 1981). In each lake, we used Scuba
diving to capture 30–35 individuals per population;
we took small tail fin clips that were preserved in
absolute alcohol, and released all individuals at the
site of capture.

Genomic DNA isolation and amplification of 11
loci (Table 2) was conducted in accordance with
previously published protocols (Mech et al., 2003;

Table 1. Location and physical characteristics of the five Crater lakes sampled for the Ambystoma populations in the

present study

Crater

lake

Brackish/

fresh

Salinity

(g L�1) Latitude Longitude

Surface

(km2)

Depth (m)

maximum/

mean

Altitude

(m) Clime

Annual

precipitation

(mm) pH

Alchichica Brackish 9.2 19.4166� �97.4000� 2.3 60/40.9 2350 Sub-arid < 400 9.0

Quechulac Fresh 0.6 19.3666� �97.3500� 0.50 40/21.71 2395 Sub-arid < 500 8.4

Las Minas Fresh 1.6 19.3666� �97.3836� 0.78 45/20.7 2365 Sub-arid < 500 8.7

Atexcac Brackish 7.4 19.3333� �97.4500� 0.29 39/25.7 2510 Sub-arid 500 8.4

Tecuitlapa Fresh 2.2 19.1247� �97.5417� 0.26 2.5/1.36 2390 Temperate 600 8.5

Salinity, surface area and depth (maximum depth/mean depth) of each lake sensu Arredondo-Figueroa et al. (1983),

Vilaclara et al. (1993), Caballero et al. (2003), Filonov, Tereshchenko & Alcocer (2006), and Armienta et al. (2008).

Figure 1. Topographic map of Cuenca Oriental, Puebla, Mexico, showing the crater lakes in which the five Ambystoma

populations were sampled (square, Ambystoma taylori from Alchichica; circles: Ambystoma velasci from Quechulac, Las

Minas, Atexcac, and Tecuitlapa).
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Williams & DeWoody, 2004; Parra-Olea, Recuero &
Zamudio, 2007; Parra-Olea et al., 2012). Amplified
products were multiplexed on an ABI 3100 Genetic
Analyzer and fragments were sized with a LIZ-500
standard in GENEMAPPER, version 3.5 (Applied
Biosystems).

CHARACTERIZING POPULATION GENETIC VARIABILITY

We used MICRO-CHECKER, version 2.2.1 (Ooster-
hout et al., 2004) to detect the presence of null alle-
les at every locus and in each population. We
estimated genetic variability within populations as
the number of alleles (A), number of private alleles
(P), and observed (HO) and expected (HE) heterozy-
gosity values using GENALEX, version 6 (Peakall &
Smouse, 2006) or GENEPOP, version 3.4 (Raymond
& Rousset, 1995). We tested for evidence of linkage
disequilibrium and significant deviation from Hardy–
Weinberg (HW) expectations using an exact test
(10 000 dememorization steps, 1000 batches of
10 000 iterations per batch; Guo & Thompson, 1992).
Statistical significance values were corrected using
the sequential Bonferroni method (Rice, 1989) for a
tablewide significance value of 5%.

We estimated the fixation index FST with FSTAT,
version 2.9.3.2 (Goudet, 1995). We used h (Weir &
Cockerham, 1984) and FST approximation to describe
population differentiation based on the variance in
allele frequencies among populations. We also calcu-
lated FIS and FIT as measures of deviation from HW
proportions within subpopulations and in the entire
population. Pairwise significance tests for FST were
performed by permutation and resampling of multilo-
cus genotypes among pairs of samples. Performing
10 000 randomizations allowed for a tablewide signif-
icance at the 5% nominal level after standard Bon-
ferroni corrections (adjusted P = 0.05). We used the
pairwise FST estimates in a principal components
analysis (PCA) to examine population genetic clus-
ters from crater lakes.

We tested for a pattern of isolation-by-distance
(IBD) among populations by performing Mantel tests
between pairwise FST and geographical distances
between lakes using GENALEX, version 6 (Peakall
& Smouse, 2006), with 999 permutations to estimate
the 95% upper tail probability of the matrix correla-
tion coefficients. IBD was also tested with partial
Mantel test considering species identity using ZT,
version 1.1 (Bonnet & Van der Peer, 2002) with
100 000 randomizations.

POPULATION GENETIC STRUCTURE AND ADMIXTURE

In addition to distance-based estimates of population
differentiation, we used a model-based clustering

method in STRUCTURE, version 2.1 (Pritchard,
Stephens & Donnelly, 2000) to evaluate population
structure and assign individuals to genetic clusters.
We used the admixture model, excluded information
on population of origin, assumed independence
among loci and non-informative priors; we tested for
K = 1 (the expected value if all lakes represent a sin-
gle breeding deme) to K = 6 (the maximum number
of populations plus one). The mean and variance of
log likelihoods for each K were calculated from 10
independent runs of 3 000 000 iterations (following
200 000 iterations as burn-in) to determine the high-
est posterior probability K. We applied DK to esti-
mate the true number of clusters represented in our
crater lakes (Evanno, Regnaut & Goudet, 2005); this
correction takes into account the shape of the log
likelihood curve with increasing K and the variance
among estimates from multiple runs. Individual and
mean population membership coefficients of ancestry
in our inferred demes were graphed in DISTRUCT,
version 1.0 (Rosenberg, 2004). To test for patterns of
population structure at a finer scale (Evanno et al.,
2005), we repeated the STRUCTURE analysis
including only populations Quechulac and Las Minas
with the same model parameters.

HISTORICAL POPULATION SPLITS AND DEMOGRAPHY

We used approximate Bayesian computation to test
whether local adaptation to saline lakes originated
independently or had a common ancestral origin.
We used DIYABC, version 2.4 (Cornuet et al., 2014)
that explicitly allows testing models for the time
and order of splits among populations. We tested
four different scenarios (see Supporting information,
Fig. S1), changing in each the order in which splits
occurred. To keep the analyses as simple as possi-
ble, in every model, we considered that the two
genetically closest populations (Las Minas and
Quechulac) originated from a common ancestral
population, and that the most genetically and mor-
phologically divergent population (A. taylori from
Alchichica) originated either at the time of the old-
est splitting event in the history of these popula-
tions (according to mitochondrial DNA data) or from
a salinity-adapted ancestor, common also to Atexcac
population. Analyses were based on the simulation
of four million genetic datasets under the four
defined scenarios. To establish similarity between
the simulated and real data sets, we used different
summary statistics: (1) mean number of alleles,
mean gene diversity, mean allele size variance, and
mean M index for within-population genetic diver-
sity and (2) FST, shared allele distance between two
samples and (dl)2 distance for between-population
genetic structure.

© 2016 The Linnean Society of London, Biological Journal of the Linnean Society, 2016, 118, 582–597
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Table 2. Genetic variation and Hardy–Weinberg equilibrium tests in the five Ambystoma populations studied

Locus Alchichica Quechulac Las Minas Atexcac Tecuitlapa Total alleles

N 30 30 30 35 30

% PPL 100 90.91 90.91 81.82 100

At52.29 (3)

A 9 8 5 6 10 21

HO 1.000 0.679 0.783 0.484 0.773

HE 0.840 0.804 0.715 0.493 0.843

P <0.001* 0.003 <0.001* 0.496 0.002

At52.1 (1)

A 4 4 3 4 4 6

HO 0.080 0.308 0.091 0.419 0.480

HE 0.186 0.706 0.168 0.508 0.695

P 0.002† <0.001†‡ 0.135 0.023† <0.001†‡

At60.3 (2)

A 7 6 4 1 8 11

HO 0.467 0.407 0.100 – 0.500

HE 0.792 0.606 0.097 – 0.678

P <0.001†‡ 0.007† 1.000 – <0.001†‡

At52.6 (2)

A 4 3 3 4 4 7

HO 0.100 0.480 0.667 0.765 0.700

HE 0.269 0.474 0.651 0.585 0.530

P <0.001†‡ 1.000 0.741 0.015* 0.104

Ats4-20 (1)

A 4 1 2 1 2 4

HO 0.467 – 0.379 – 0.036

HE 0.608 – 0.479 – 0.101

P 0.132 – 0.265 – 0.055

At52.20 (3)

A 5 7 4 5 7 15

HO 0.370 0.346 <0.001 0.324 0.448

HE 0.695 0.715 0.570 0.465 0.578

P <0.001†‡ <0.001†‡ <0.001†‡ 0.002† <0.001†‡

At52.10 (1)

A 5 3 1 2 5 9

HO 0.524 0.370 – 0.086 0.724

HE 0.713 0.578 – 0.082 0.700

P <0.001†‡ 0.004†‡ – 1.000 0.11

At52.16 (1)

A 9 8 6 7 6 18

HO 0.923 0.607 0.920 0.818 0.500

HE 0.831 0.707 0.726 0.770 0.667

P 0.005* 0.051 <0.001* <0.001* <0.001†‡

At52.2 (2)

A 4 4 4 2 3 7

HO 0.269 0.783 0.600 0.714 0.724

HE 0.723 0.669 0.628 0.477 0.504

P <0.001†‡ 0.832 0.799 0.0165 <0.001

Atig52.115 (2)

A 10 5 8 4 5 16

HO 0.926 0.333 0.700 0.484 0.750

HE 0.821 0.521 0.729 0.454 0.691

P <0.001* 0.007† 0.034 <0.001 0.155
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Four preliminary runs were analyzed using the
DIYABC options ‘evaluate scenarios and priors’,
‘model checking’, and ‘estimate parameters’, aiming
to ensure that the observed statistics were within
the distribution of the simulated ones, to check the
prior uniform distribution, and to make step-by-step
adjustments before the final runs. All four scenarios
were compared using both the direct and the logistic
approach. Once the four scenarios including split
events were compared, we defined a new analysis to
test the existence of bottleneck events in the best-
supported scenario selected by the previous analysis.
Specifically, bottleneck events were included in the
formation of the paedomorphic, saline-adapted popu-
lations from Alchichica and Atexcac, resulting in four
tested bottleneck scenarios (see Supporting informa-
tion, Fig. S1).

To detect recent reductions of population size for
each population, we used BOTTLENECK, version
1.2.02 (Piry, Luikart & Cornuet, 1999), assuming the
two-phased model of mutation with 5% of multistep
changes (Luikart & Cornuet, 1998), and the Wil-
coxon sign-rank test to determine significance. We
also used the allele frequency distribution method of
Luikart & Cornuet (1998), which is a graphical
method for detecting a characteristic mode-shift dis-
tortion in allele frequencies of recently bottlenecked
populations. In addition, as an inbreeding measure,
we used the relatedness estimator (rqg) of Queller &
Goodnigh (1989), implemented in GENALEX, version
6. Significant differences among mean population
relatedness were tested using a permutation test
(9999 permutations), which calculated the upper and
lower 95% intervals for the expected range of rqg
based on all populations. These intervals correspond
to the range of rqg that would be expected if repro-
duction were random across all of the sampled popu-
lations. Finally, we estimated confidence intervals to

95% by bootstrap resampling (10 000) for within pop-
ulation estimates of mean relatedness. Population rqg
values that fall above the 95% expected values from
permutations indicate that processes such as
inbreeding or drift are increasing relatedness.

GENE FLOW AND EFFECTIVE POPULATION SIZE

An isolation-with-migration model, as implemented
in IMA2 (Hey & Nielsen, 2007), was used to estimate
the relative effective population size and gene flow
between pairs of populations. Given the lack of a pri-
ori information, we used a wide prior value for muta-
tion rates (0.001–0.00001). Data were analyzed
under the stepwise mutation model (Ohta & Kimura,
1973). Runs consisted of 500 000 generations after a
burn-in period of 400 000 steps and a geometric
heating scheme that varied between 0.975 and 0.99,
consisting of 20 coupled Markov chains. Convergence
was explored by examining swapping rates, effective
sample sizes, and plots of the posterior densities of
parameters. For each pair of populations, we tested
the fit of the results with 24 nested isolation-with-
migration models (Hey & Nielsen, 2007).

RESULTS

CHARACTERIZING POPULATION GENETIC VARIABILITY

Sampled populations varied in the number of poly-
morphic loci. Ambystoma taylori and A. velasci from
Tecuitlapa showed polymorphism at all loci, samples
from Quechulac and Las Minas were monomorphic
at one locus, and the sample from Atexcac was
monomorphic at two loci. Averaging across loci,
A. taylori and A. velasci from Tecuitlapa showed
higher genetic diversity (Fig. 2) compared to the rest.
HW equilibrium tests revealed a heterozygous deficit

Table 2. Continued

Locus Alchichica Quechulac Las Minas Atexcac Tecuitlapa Total alleles

Atex65 (3)

A 8 2 2 2 9 13

HO 0.111 <0.001 <0.001 <0.001 0.852

HE 0.806 0.337 0.095 0.496 0.807

P <0.001†‡ <0.001†‡ 0.025† <0.001†‡ <0.001

Significant deviations from Hardy–Weinberg equilibrium across loci are shown in bold after Bonferroni correction for

multiple comparisons (P = 0.0009804).

N, number of genotyped salamanders; PPL, estimated proportion of polymorphic loci; A, number of alleles; HO, observed

heterozygosity values; HE, expected heterozygosity values; P, estimate for test of deviation from Hardy–Weinberg equi-

librium at each locus.

*Indicates presence of heterozygote excess per locus.
†Heterozygote deficit per locus.
‡Presence of null alleles. Multiplex reaction for each locus is indicated within parentheses.
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at two loci (At52.20 and Atex65) for four populations
and MICRO-CHECKER detected the presence of null
alleles at eight loci in different populations (Table 2).
We found no evidence of linkage disequilibrium
among pairs of loci across all populations. Because
deviations from HW equilibrium and null alleles
were not consistent across markers or populations,
we used the original dataset for all subsequent anal-
yses (Brookfield, 1996; Hedrick, 1999).

POPULATION STRUCTURE

Pairwise FST values ranged from 0.175 to 0.381
across all population pairs (Table 3) and were all sta-
tistically significant. In general, the strictly paedo-
morphic species A. taylori exhibited the greatest
genetic divergence (range = 0.280–0.380) from all
other populations. Both Mantel and partial Mantel
tests results showed a nonsignificant negative corre-
lation (r = �0.331, P = 0.271; r = �0.244, P = 0.275)
between geographical distance and pairwise FST,
indicating that IBD is not the cause for genetic
structure among these populations. PCA of pairwise
FST values corroborated the genetic pattern of differ-
entiation among lakes. The first and second principal
components axes explained 37.7% and 19.2% of the
genetic variation, respectively. Two main groups can
be distinguished: one for A. taylori from Alchichica
and the other for the A. velasci populations. Within
A. velasci, the four populations are distributed in a
cline with overlapping values between Tecuitlapa–

Quechulac, Quechulac–Las Minas, and Las Minas–
Atexcac (Fig. 3).

The Bayesian assignment tests in STRUCTURE
revealed four genetic clusters in our sample, with
low levels of admixture (Fig. 4). Lakes Alchichica,
Atexcac, and Tecuitlapa harbour exclusive genetic
groups, whereas lakes Quechulac and Las Minas are
members of the same genetic cluster. Analysis of
these two latter populations alone did not reveal
finer patterns of population structure, in which the
most supported DK corresponds to K = 1 (results not
shown). Paedomorphic A. taylori had the highest
membership coefficients and low variance among
individuals in genetic admixture, followed by A. ve-
lasci populations from Atexcac and Tecuitlapa, which
showed similar high levels of cluster membership,
emphasizing that even facultative paedomorphic pop-
ulations can show genetic patterns consistent with
prolonged isolation.

TESTING MODELS OF HISTORICAL SPLITS AND

DEMOGRAPHY

To propose the most plausible scenario for the origin
of the two saline-adapted populations, we tested
alternative scenarios of population splits between the
five lakes. Results of DIYABC, estimated both
directly or by logistic regression, showed the highest
posterior probability (PP) values for scenario 2
(Fig. 5), with PP values ranging between 0.74 and
0.80. According to this model, the split between

Figure 2. Allelic pattern and heterozygosity for the five sampled Ambystoma populations from Cuenca Oriental. Black

bars, effective number of alleles; white bars, number of alleles; grey bars, number of private alleles. The grey line repre-

sents heterozygosity for each population (across all loci) (all values shown as the median � SD).
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Alchichica and the ancestral A. velasci population
occurred first, followed by splits between A. velasci
populations, approximately proportionally to dis-
tances of lakes from the core basin: Tecuitlapa
diverged first, followed by Atexcac. The scenarios
considering a common ancestral population for the
saline lakes exhibited much lower PP, ranging from
0.09 to 0.14. The scenario with lowest PP (0.002–
0.006) presented an early split of the saline Atexcac

population from the rest of the A. velasci popula-
tions.

Based on these results, we used scenario 2 to test
for possible bottlenecks in early population stages in
Alchichica and Atexcac, which would be expected
from a small founding population, possibly associated
with adaptive shifts to the particular abiotic charac-
teristics of these two lakes (see Supporting informa-
tion, Fig. S1). However, analyses showed low power
to discriminate between the tested models. Using the
logistic regression approach, scenarios 2 and 2C had
slightly higher PP values (see Supporting informa-
tion, Fig. S1). Scenario 2 did not show any bottle-
neck, whereas scenario 2C considered a bottleneck
after the split of Alchichica from the rest. Scenarios
2B (bottlenecks both in Alchichica and Atexcac) and
2D (bottleneck only in Atexcac) had lower PP values
(see Supporting information, Fig. S1).

Analyses with BOTTLENECK, version 1.2.02 did
not detect genetic signs of recent and/or sharp demo-
graphic changes that are typical of bottleneck events.
We found that mean pairwise relatedness (r) within
populations (Fig. 6) was generally in accordance with
that observed in other Ambystoma populations
(Parra-Olea et al., 2012), with comparatively high
values in A. velasci populations from Atexcac [mean
r = 0.531, confidence interval (CI) = 0.548–0.515] and
Las Minas (r = 0.433, CI = 0.453–0.412). Ambystoma

Table 3. Pairwise FST between the five Ambystoma populations

Alchichica Quechulac Las Minas Atexcac Tecuitlapa

Alchichica – 0.2810 0.3648 0.3815 0.2384

Quechulac – 0.2101 0.2440 0.1748

Las Minas – 0.2580 0.2904

Atexcac – 0.3151

Tecuitlapa –

All pairwise FST comparisons are statistically significant at P < 0.05.

Figure 3. Scatterplot showing the relationships among

populations based on a principal components analysis of

11 microsatellite genotypes for the five sampled Ambys-

toma populations from Cuenca Oriental. Only the first

two axes are shown, with the percentage of variance indi-

cated in parenthesis.

Figure 4. Population structure of Ambystoma populations at Crater Lakes inferred by Bayesian assignment imple-

mented in STRUCTURE, version 2.1. Four genetic clusters are defined: (1) Alchichica, (2) Quechulac-Las Minas, (3)

Atexcac, and (4) Tecuitlapa.
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taylori exhibited the lowest degree of relatedness
(mean r = 0.235, CI = 0.253–0.217).

EFFECTIVE POPULATION SIZE AND GENE FLOW

Reconstruction of historical demography of diverging
populations showed that the A. taylori population
from Lake Alchichica is the largest salamander pop-
ulation in the crater lakes of the Cuenca Oriental (h
values) (Table 4). Estimates of effective population
sizes obtained with IMa2 indicated that the popula-
tion of A. taylori is several times larger than esti-
mates for A. velasci populations from Las Minas,
Quechulac, and Atexcac, with Tecuitlapa being the
second largest population.

IMA2 results showed different patterns of gene
flow between populations (m0 > 1 and m1 > 0 values)
(Table 4). Lake Alchichica presented signs of low but
statistically significant gene flow from Lake Atexcac
and into La Mina. Among the four A. velasci popula-
tions, Quechulac and La Mina are the only pair of
populations with a real interpopulation genetic

exchange, although they also presented high levels
of gene flow coming both from Atexcac and Tecuit-
lapa. Finally, we also observed low but statistically
significant gene flow from Lake Tecuitlapa into Atex-
cac. The test of nested models did not provide alter-
natives to the full model with higher probability
values; hence, the results of the present study are
discussed based on the corresponding full model.

DISCUSSION

Ambystoma salamander populations in permanent
crater lakes of the Cuenca Oriental, Mexico, in which
facultative and obligate paedomorphosis has evolved
repeatedly, offer an exciting system for evaluating
genetic divergences among populations with alterna-
tive life histories. Our goal was to test whether the
evolution of paedomorphosis in A. taylori resulted in
reduced genetic exchange with populations of A. ve-
lasci and whether populations in the brackish Lakes
Atexcac and Alchichica had restricted gene flow

Figure 5. Estimates of the relative likelihood of alternative scenarios for the time and order of splits among Ambys-

toma populations from Cuenca Oriental. Upper panel: the four tested scenarios (time not to scale). Lower graph: relative

likelihoods of the four scenarios compared using logistic regression.
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across the basin, as a potential result of local adapta-
tion.

GENETIC STRUCTURE OF AMBYSTOMA POPULATIONS

FROM THE CUENCA ORIENTAL

Combined, our population genetic analyses show
deep genetic structure and little genetic interaction
among populations in the different crater lakes. This
pattern was expected in the case of A. taylori, a mor-
phologically and ecologically differentiated popula-
tion confined to Lake Alchichica. Indeed, patterns of
migration among lakes support our initial hypothesis
that genetic exchange is extremely reduced with sur-
rounding, facultative paedomorphic populations,
even across distances as little as 3.5 km between
lakes. Known maximum dispersal distances in
ambystomatid salamanders are smaller than 2 km
(Smith & Green, 2005); however, metamorphic A. ve-
lasci salamanders have been found in the vicinity of
the shores of lake Alchichica (Taylor, 1943; Shaffer
& McKnight, 1996), indicating that the arrival of
individuals from other populations is possible. Con-
sidering that adult migration among lakes is possi-
ble, we infer that reduction of gene flow and
differentiation are favoured as a result of local adap-
tation rather than strictly geographical isolation.
Indeed, the only sign of gene flow, albeit limited,
between A. taylori and any other of the studied pop-
ulations was with lake Atexcac, the other saline lake
population.

By contrast, we observed higher levels of gene flow
and admixture among populations of A. velasci,
likely via dispersal of metamorphic individuals
throughout the basin. Metamorphic A. velasci are
ubiquitous in the region and, at least until recently,
could be found anywhere at night during the rainy
season, including the immediate vicinity of crater
lakes (Brandon et al., 1981). These individuals, as
have been shown in other Ambystoma species, might
frequently move among temporal ponds and lakes
looking for food-rich habitats (Deno€el, Whiteman &
Wissinger, 2007). We also expected that effective
migration among lakes could be limited as a result of
physical impediments to dispersal over distances lar-
ger than 2 or 3 km and/or because of strong philopa-
try for breeding sites (Smith & Green, 2005). Several
population and landscape genetic studies examining
different species of Ambystoma have shown genetic
structuring even at small scales, usually with a sig-
nificant correlation with geographical distance (Stor-
fer, 1999; Tallmon et al., 2000; Spear et al., 2005;
Zamudio & Wieczorek, 2007; Richardson, 2012;
Richardson & Urban, 2013). Conversely, considerable
levels of inter-pond migration and genetic admixture
among populations have also been detected in other
species such as Ambystoma opacum, Ambystoma
tigrinum, and Ambystoma californiense (Trenham,
Koenig & Shaffer, 2001; Deno€el et al., 2007; Gamble,
McGarigal & Compton, 2007; Wang, Savage & Shaf-
fer, 2009). Given our results, the observed patterns
of population divergence among A. velasci are likely

Figure 6. Mean within-lake pairwise relatedness coefficient rqg across the five Ambystoma populations studied. The

black bars are 95% upper and lower expected values for a null distribution generated from 9999 permutations of data

from all populations, and enclose the values expected if breeding were panmictic across all populations; relatedness in

all sampled populations fell outside of the range expected under panmixia. Black diamonds represent the observed mean

relatedness in each population or species, with the upper and lower bootstrap value for each population.
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related to distance among populations, as indicated
by the interpopulation genetic exchange between the
nearby Quechulac and La Mina lakes but not
between other populations. In addition, other factors
such as effective population size and microevolution-
ary processes other than gene flow, such as muta-
tion, genetic drift or selection, likely contribute to
the observed population divergences.

PAEDOMORPHOSIS, SALINITY, AND THE EVOLUTIONARY

HISTORY OF THE CRATER LAKE AMBYSTOMA

The evolution of paedomorphosis in salamander pop-
ulations has important implications for speciation,
leading to the identification of potential causal fac-
tors promoting paedomorphic forms and their conse-
quences once established in populations. First, the
emergence of both strict and facultative paedomor-
phic forms from an ancestral transforming lineage is
typically associated with two general ecological fac-
tors, such as the existence of stable and favourable
(productive) aquatic habitats and/or the unsuitability
of surrounding terrestrial habitats (Wilbur & Collins,
1973). Second, by being inherently constrained to the
aquatic environment, paedomorphic individuals have
limited dispersal capacity (Shaffer, 1984; Deno€el,
2003), resulting in smaller ranges (Bonett et al.,
2014) and reduced genetic variability (Shaffer & Bre-
den, 1989). If both of these mechanisms operate in
the Cuenca Oriental, we would expect strong genetic
structure differences between populations. In our
study area, we find an unusual coexistence of all
three life-cycle strategies observed within Ambys-
toma: strict paedomorphosis in A. taylori and trans-
forming and facultative paedomorphic populations in
A. velasci (Brandon et al., 1981), and these evolu-
tionary transitions are correlated with reductions in
gene flow.

To understand the biology of the obligate paedo-
morphic A. taylori, we must take into account the
peculiarities of lake Alchichica. This is one of the
deepest lakes in Mexico, with high salinity and alka-
linity (Armienta et al., 2008). The restricted distribu-
tion of A. taylori may also be derived from
adaptations to Alchichica’s particular conditions
(Bonett et al., 2014). Brandon et al. (1981) observed
that salinity in Alchichica is well above the tolerance
threshold of most amphibian larvae and that A. tay-
lori (originally described as Ambystoma subsalsum, a
name meaning ‘under salt’) thrived better in captiv-
ity with increased salinity, suggesting a true adapta-
tion to those conditions. However, salinity
adaptation has not yet been experimentally tested in
these populations. Little is known about salinity tol-
erance in salamanders; experiments testing the
effect of salinity on Ambystoma maculatum embryoT
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viability showed that conductivity levels of 1500 and
3000 lS cm�1 (approximately eight- and four-fold
less than in Alchichica or Atexcac lakes) reduced
embryo survival to 37% and 7%, respectively (Kar-
raker & Ruthig, 2009), indicating high sensitivity.
Indeed, the brackish waters of lake Alchichica may
have been the precursor for reproductive isolation
from surrounding populations, allowing for the dif-
ferentiation into a strict paedomorphic species. Local
adaptation may be a major cause for divergences
among Ambystoma in Central Mexico, and could
explain the lack of monophyly of widespread species
found in every published phylogenetic hypothesis
(Shaffer, 1984; Shaffer & McKnight, 1996; Weisrock
et al., 2006).

One of our study populations assigned to A. velasci
also thrives in a saline environment. Adaptation of
Ambystoma to the high salinity of lake Atexcac is
independent of and more recent than that observed
in A. taylori in Alchichica, yet this population still
maintains some genetic connectivity with nearby
populations. The observed asymmetries in gene flow
among populations of A. velasci support the hypothe-
sis that differences in resistance to high salinity
levels may underlie divergence processes. Although
two freshwater lakes, Quechulac and Las Minas,
show an almost symmetrical pattern of migration,
the brackish Atexcac does not receive migrants
from either of these lakes and the migration from
Lake Tecuitapa is relatively low. Lake Atexcac,
similar to Alchichica, has high salinity levels, with
a conductivity of 11.520–11.700 lS cm�1, a sodium
concentration of 1.770–1.812 g L�1, and a potasium
concentration of 84–90 g L�1 (Armienta et al., 2008),
although it has a small surface area (0.29 km2) and
is oligotrophic and considerably deep (maximum deep
39 m). The low observed migration into this lake
indicates that, even if exchange of individuals is pos-
sible between them, the genetic contribution from
those arriving from a freshwater habitat is reduced
in the saline lake. We propose that the particular
conditions of lake Atexcac, together with demo-
graphic factors such as a small effective population
size, are favouring isolation from surrounding
A. velasci populations.

Freshwater lakes most likely harbour facultatively
paedomorphic populations that are able to interact
with the surrounding metamorphic populations and
thus preclude the fixation of obligate paedomorpho-
sis. This would explain the genetic homogeneity
between Las Minas and Quechulac. These lakes also
show incoming gene flow from Tecuitlapa, a distant
but larger population, which corroborates our
results. Population genetic theory and empirical
studies predict that the evolution of paedomorphosis
will result in reduced genetic diversity (Shaffer &

Breden, 1989); therefore, we expected that A. taylori
and the Atexcac population of A. velasci would have
lower genetic diversity and higher relatedness than
the other populations. This is clearly the case in
Atexcac, which showed the lowest heterozygosity val-
ues, private alleles, and highest relatedness. How-
ever, A. taylori from Alchichica showed the highest
genetic diversity values and lowest relatedness. Sev-
eral factors might explain this result. Ambystoma
taylori is the oldest lineage in the region, present in
Alchichica ever since the late Pleistocene, according
to previous phylogenetic analyses (Shaffer &
McKnight, 1996). Also, Alchichica is by far the lar-
gest of the five lakes and harbours the largest
Ambystoma population according to our estimates of
effective population sizes. Finally, even though it has
suffered water level fluctuations throughout its his-
tory, the almost cylindrical structure of Alchichica
and its high medium depth must have permitted suf-
ficient ecological stability for the survival of A. tay-
lori and other endemic aquatic organisms (Caballero
et al., 2003; Su�arez-Morales, Barrera-Moreno &
Ciros-P�erez, 2013). These circumstances might also
explain why we did not find evidence of bottlenecks
in Alchichica. Our findings of high population sizes
and genetic diversity in A. taylori show that the evo-
lution of obligate paedomorphosis does not necessar-
ily result in low genetic diversity. Nevertheless, our
findings from Atexcac, where the evolution of paedo-
morphosis is still ongoing, suggest that such low
levels of genetic diversity could be associated with
early stages of paedomorphic populations. Popula-
tions of Mexican Ambystoma with obligate paedomor-
phosis have long, independent local histories and so
it is to be expected that genetic consequences will
vary depending on a number of factors and pro-
cesses.

CONSERVATION IMPLICATIONS

Ambystoma taylori is one of several microendemic
animal species, including a fish and different aquatic
arthropods, present exclusively in Lake Alchichica
(Su�arez-Morales et al., 2013). Ambystoma taylori is
classified as critically endangered by the Interna-
tional Union for Conservation of Nature (IUCN) as a
result of a distribution range that is < 100 km2, an
overall extent of occupancy < 10 km2, individuals
confined to a single sub-population, and recent decli-
nes in the number of mature individuals because of
changes in the extent and quality of habitat (Shaffer
et al., 2010a). Indeed, the prospects for a species that
is endemic to a single lake with little chance of range
expansion, and which is also threatened by anthro-
pogenic factors, are slim. The largest threat is the
observed reduction of water levels in the lake since
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the mid 1970s (Alcocer et al., 2010). This is exacer-
bated by intensification of irrigated agriculture in
the area and overexploitation of subterranean aqui-
fers, as well as climatic changes. Studies of sediment
deposits in the lake have revealed oscillations of
water volume in the last millennium, with episodes
of higher alkalinity and historical changes in depths
of approximately 2 m (Caballero et al., 2003).
Changes in habitat quality as a result of chemical
pollution are also a major risk, both from shoreline
activities and from the use of pesticides and fertiliz-
ers in the surrounding fields that drain directly to
the lake.

By contrast, a potential conservation benefit of the
adaptation of A. taylori to the high salinity and alka-
linity of Alchichica is that this habitat precludes the
introduction of most freshwater exotic species, a
major threat for amphibians around the world
(Pimentel et al., 2001; Kats & Ferrer, 2003). Intro-
duced exotic fish are considered one of the main
threats for the last wild Ambystoma mexicanum pop-
ulations, another microendemic, paedomorphic, and
critically endangered species (Zambrano et al., 2007;
Recuero et al., 2010). Fishing at Alchichica is limited
and focused primarily on the endemic atherynid fish
Poblana alchichica (Alcocer et al., 2010). The more
secretive habits of A. taylori keep them relatively
safe from fishing; hence, overexploitation for local
human consumption is not a major concern for
A. taylori, as it is for other paedomorphic Ambys-
toma (Huacuz, 2001).

From a conservation genetics perspective, A. tay-
lori still shows the signatures of a relatively healthy
population, with high genetic diversity and low relat-
edness compared to other microendemic species of
Ambystoma (Parra-Olea et al., 2012). Our findings
indicate that direct conservation actions for A. tay-
lori will be most effective if directed toward problems
currently affecting habitat quality, specifically vol-
ume reduction by overexploitation of aquifers.

The remaining crater lakes in the Cuenca Oriental
harbour populations of an otherwise widely dis-
tributed species, A. velasci, currently classified as
Least Concern in the IUCN Red List (Shaffer et al.,
2010b). However, our data confirm that A. velasci
populations throughout the Trans Mexican Volcanic
Belt represent a complex of several cryptic species
(Shaffer & McKnight, 1996; Parra-Olea et al., 2012);
thus, it is likely that certain genetically divergent
populations or lineages are in fact threatened.
Ambystoma velasci has become extinct in some areas
in the state of Puebla (Canseco M�arquez & Guti�errez
May�en, 2010). Most importantly, protecting the
unique microevolutionary processes leading to diver-
sification and adaptation within this region will be
an important step in retaining the evolutionary

potential of the species complex (Deno€el, 2007).
Finally, given the historical signatures of adaptation
and genetic exchange in the present study, it is
essential to preserve not only the integrity of the
lakes, but also the terrestrial habitat that promote
interactions and exchange among lakes.
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Additional Supporting Information may be found online in the supporting information tab for this article:

Figure S1. Graphical representation of the bottleneck scenarios for the Ambystoma populations tested with
the DIYABC analyses (time not to scale). The lower graph indicates the relative likelihoods of the four scenar-
ios compared by logistic regression.
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