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Abstract

The most important factor leading to amphibian population declines and extinctions is habitat degradation and destruction. To help
prevent further extinctions, studies are needed to make appropriate conservation decisions in small and fragmented populations. The
goal of this study was to provide data from the population genetics of two micro-endemic mole salamanders from the Trans-Mexi-
can Volcanic Belt. Nine microsatellite markers were used to study the population genetics of 152 individuals from two Ambystoma
species. We sampled 38 individuals in two localities for A. altamirani and A. rivulare. We found medium to high levels of genetic
diversity expressed as heterozygosity in the populations. However, all the populations presented few alleles per locus and genotypes.
We found strong genetic structure between populations for each species. Effective population size was small but similar to that of the
studies from other mole salamanders with restricted distributions or with recently fragmented habitats. Despite the medium to high
levels of genetic diversity expressed as heterozygosity, we found few alleles, evidence of a genetic bottleneck and that the effective
population size is small in all populations. Therefore, this study is important to propose better management plans and conservation
efforts for these species.
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Introduction

In Mexico, the Trans-Mexican Volcanic Belt (TMVB,;
Fig. 1A) is one of the most ecologically disturbed regions
of the country and is highly fragmented by urban settle-
ments, roads and agricultural areas (Sunny et al. 2017;
Gonzalez-Fernandez et al. 2018). Also, the TMVB is the
most important region in terms of endemic amphibian and
reptile species and the second most important in terms of the
number of species (Flores-Villela and Canseco-Marquez
2007). However, it is also one of the most disturbed areas

of Mexico, with 44.7% of the TMVB highly fragmented by
agricultural lands, 3.4% by urban settlements and 25.3%
by roads. These anthropogenic activities are creating
small patches of natural habitats and this scenario could
start reducing the genetic flow between the populations of
amphibians and reptiles of the TMVB (Lowe et al. 2005;
Honnay and Jacquemyn 2007; Herrera-Arroyo et al. 2013).

This loss of genetic connectivity can decrease genet-
ic diversity and increase the interpopulation genetic di-
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vergence, while increasing inbreeding levels and loss of
alleles due to genetic drift (Young et al. 1996; Frankham
et al. 2005; Lowe et al. 2005; Honnay and Jacquemyn
2007). This loss results in fluctuations of effective pop-
ulation size and other demographic and environmental
parameters that can drive biological populations towards
extinction (Gibbs 1998; Newman and Tallmon 2001; Jo-
hansson et al. 2006). Genetic diversity is highly important
because it shapes the ability of populations to respond to
environmental changes (Templeton et al. 1990; Frankham
1996; Frankham et al. 2003; Reed and Frankham 2003).
Therefore, the International Union for the Conservation
of Nature (IUCN 2017) has recognized genetic diversity
as one of the three levels of biological diversity neces-
sary to conserve species diversity (McNeely et al. 1990;
Frankham 1998; IUCN 2017).

Amphibians are a key taxonomic group that is an eco-
logical indicator as they are highly sensitive to habitat
degradation and climate change; therefore, they are highly
subtle to perturbations in both terrestrial and aquatic envi-
ronments because of their dual life histories, highly special-
ized physiological adaptations and specific microhabitat
requirements (Blaustein 1994; Stebbins and Cohen 1995).
Thus, they have been used as bioindicators of habitat qual-
ity. This high sensitivity of amphibians to habitat degra-
dation and climate change has made amphibians the most
endangered vertebrates on Earth (Catenazzi 2015). The
amphibians’ populations are rapidly declining worldwide
due primarily to the loss and degradation of their natural
habitats (Stuart et al. 2004; Mendelson et al. 2006; Wake
and Vredenburg 2008; Ducatez and Shine 2017). Amphib-
ians are threatened in part because of their low dispersal
capacity and small home ranges (Blaustein 1994; Beebee
2005; Zeisset and Beebee 2008; Hillman et al. 2014).

We studied two Ambystoma species, Ambystoma al-
tamirani and Ambystoma rivulare, which are micro-en-
demic mountain mole salamanders that inhabit slow-flow-
ing streams within the TMVB (Lemos-Espinal 2003;
Shaffer et al. 2008; Barriga-Vallejo et al. 2015). Accord-
ing to the [IUCN Red List the conservation status of 4. al-
tamirani is Endangered (Shaffer et al. 2008a) and A. rivu-
lare is Data Deficient (Shaffer et al. 2008b), according to
Mexican law both species are endangered (SEMARNAT
2010), and their environmental vulnerability scores are
13 on a scale of 3 to 19. This score places them between
medium and high vulnerability, primarily because of their
restricted geographic and ecological distribution (Wilson
et al. 2013; Lemos-Espinal et al. 2016; Woolrich-Pifa et
al. 2017). Ambystoma altamirani is mainly distributed
in the Sierra de las Cruces and the Corredor Biologico
Chichinautzin and 4. rivulare is mainly distributed in the
Nevado de Toluca Volcano and Reserva de la Biosfera
Santuario Mariposa Monarca. These areas are subject to
pressures such as legal and illegal logging (Sunny et al.
2019a, b; Gonzalez-Fernandez et al. 2019) the introduc-
tion of exotic species such as trout, human settlements
and pollution of streams (Heredia-Bobadilla et al. 2016,
2017; Woolrich-Pina et al. 2017; Zamora et al. 2018). Al-
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though these areas present some category of protection
such as in the case of the Nevado de Toluca Volcano,
originally decreed as a National Park, this reserve was
recently decreed as a Flora and Fauna Protected Area, a
much less restrictive category that allows forest harvest-
ing practices with commercial purposes, construction of
eco-tourism sites and eco-tourism activities (Mastret-
ta-Yanes et al. 2014; Gonzalez-Fernandez et al. 2019)
which can increase the loss or disturbance of the habitat.

Therefore, we studied the genetic diversity and struc-
ture, effective population size, inbreeding and genetic
bottlenecks of two populations of A. rivulare and A. al-
tamirani in two sites of Abies-Pinus forest with little or
no protection surrounded by two of the largest metropol-
itan areas in the country and the world. This information
can be useful to help to raise conservation strategies for
these micro-endemic mole salamander species.

Material and methods
Study area and population sampling

We sampled two populations of each species (Fig. 1B);
the first population of A. altamirani was in Organillos
(19°31'38.17"N, 99°28'39.92"W (the datum in all
coordinates described are: WGS—84), with an altitude
of 3,335 MASL), and the second population was
in Sehuayan (19°31'31"N, 99°26'09.52"W with an
altitude of 3,185 MASL), both of which are in Sierra

995 990
Figure 1. A) Map of Mexico showing in light grey the
Trans-Mexican Volcanic Belt and in dark grey the State of Mex-
ico. B) Map of the State of Mexico with an elevation raster, the
darker areas refer to high elevation. The sampling sites are shown
in blue and the polygons represented the natural protected areas:
1. The Corredor Biologico Chichinautzin, 2. Nevado de Toluca
Volcano, 3. Zona Protectora Forestal Los Terrenos Constitutivos
de las Cuencas de los Rios Valle Bravo, Malacatepec, Tilostoc y
Temascaltepec and 4. Reserva de la Biosfera Santuario Maripo-
sa Monarca. The polygon in yellow represent the distribution of
Ambystoma altamirani and in orange the distribution of Ambys-
toma rivulare according Woolrich-Pifa et al. (2017).
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de las Cruces. The first population of A. rivulare was
in Corral de Piedra (19°13'6.60"N, 99°57'54.77"W, with
an altitude of 2,836 MASL), and the second population
was in Raices (19°9'37.26"N, 99°49'32.11"W, with
an altitude of 3,225 MASL), both of which are in the
Nevado de Toluca Volcano (NTV). We sampled the
individuals with a fishing net, and we sampled 2 mm? of
tail clips of adult mole salamanders. This methodology
is a low-impact method that does not affect the survival
or growth of the mole salamanders (Arntzen et al. 1999;
Polich et al. 2013). Tissue was preserved in 90% ethanol
and then frozen at -20 °C until processed. Finally, we
released the mole salamanders after tail clipping. Our
study received the approval of the ethics committee
from Universidad Autonoma del Estado de México
(3047-2011E, 4732/2019CIB and 9855714) and the
collection permits of SEMARNAT (SEMARNAT:
SGPA/DGVS/001777/18).

Genetic analysis

We extracted DNA following the manufacturer’s instruc-
tions for the GF-1 nucleic acid extraction kit (Vivantis
Technologies, Subang Jaya, Malaysia), and we used it as
a template for amplification of nine microsatellite loci fol-
lowing published protocols (Parra-Olea et al. 2007). PCR
microsatellite products were multiplexed and run on an
ABI Prism3730x1 (Applied Biosystems, Foster City, CA,
USA) with Rox-500 as an internal size standard. We ob-
tained allele sizes with PEAKSCANNER 1.0 software
(Applied Biosystems), and the fragment lengths were ob-
tained with TANDEM 1.08 software (Matschiner and Salz-
burger 2009). In all runs we included negative controls in at
least two runs and we repeat 2 samples per plate to account
for genotyping error and to guarantee reproducibility.

Potential scoring errors and genotype
accumulation curve

We tested the presence of null alleles and large allele drop-
out in the MICROCHECKER 2.2.3 software (Van Oos-
terhout et al. 2004). In addition, in POPPR 2.4.1 (Kamvar
et al. 2014) for R software (version 3.4.0; R Development
Core Team 2017), we made an analysis to create a gen-
otype accumulation curve we used for determining the
minimum number of loci necessary to discriminate be-
tween individuals in each population of the species stud-
ied (Kamvar et al. 2014). This function randomly samples
loci without replacement and counts the number of ob-
served multilocus genotypes (Kamvar et al. 2014).

Genetic diversity

All analyses were done for each study location (it was
determined that the sampling sites were independent

populations by the STRUCTURE results, see below)
and species. We calculated the observed (H)) and ex-
pected (H)) heterozygosity, the number of alleles (N),
effective number of alleles (V,), number of genotypes
and the number of heterozygotes and homozygote gen-
otypes in STRATA G 2.0.2 (Archer et al. 2017) and GE-
NALEX. We calculated departures from Hardy-Wein-
berg equilibrium (HWE) and Linkage Disequilibrium
(LD) between pairs of microsatellite loci in PEGAS
package (Paradis 2010) implemented in R. These cal-
culations were evaluated for each sampled locality and
locus with a Markov chain approximation considering
10,000 dememorizations, 1,000 batches and 10,000 it-
erations per batch. In order to correct the P values, we
used a False Discovery Rate (FDR) approach according
to Benjamini and Hochberg (1995) implemented in the
package FDRTOOL 1.2.15 (Strimmer 2008; Klaus and
Strimmer 2013) for R.

Genetic structure

We searched for a genetic structure pattern using sev-
eral algorithms for each of the species and sampling
sites. First, we used a Bayesian algorithm implement-
ed in the STRUCTURE 2.3.4 software (Pritchard et
al. 2000; Falush et al. 2003; Hubisz et al. 2009). The
chosen parameters were correlated allele frequencies
with 1,000,000 burn-in periods and 1,000,000 MCMC
iterations (Falush et al. 2003). For the degree of ad-
mixture, a Dirichlet parameter was applied with cor-
related allele frequencies. Therefore, the most credible
number of populations were estimated using the max-
imum value of AK (Evanno et al. 2005), applied in the
STRUCTURE HARVESTER 0.6.92 software (Earl and
vonHoldt 2012). The second method was the analysis
of molecular variance (AMOVA) based on F_ and R,
as implemented by GENALEX 6 (Peakall and Smouse
2006). A Wilcoxon test with 30,000 permutations was
applied to search significance, using the degree of simi-
larity of the populations based on the populations’ gen-
otypes in GENALEX 6. In order to detect the similarity
degree of the populations of each species, we applied a
Discriminant Principal Components Analysis (DPCA)
based on the genotypes; we used the populations as
priors and we ran the analysis in ADEGENET 2.0.1
(Jombart et al. 2016) and ADE4 1.7-6 (Dray and Si-
berchicot 2017) packages for the R software, and we
calculated F  based on Weir and Cockerham (1984) in
GENALEX 6. Finally, we tested the existence of the
population structure by computing Minimum Spanning
Networks (MSN) with Bruvo’s (Bruvo et al. 2004) and
Nei’s distance algorithm (Nei 1972) with 1,000 boot-
straps in POPPR 2.4.1 and MAGRITTR 1.5 (Bache and
Wickham 2016) for the R package. This analysis visual-
izes the relationships among individuals and it can be a
more adequate visualization tool than trees (Bache and
Wickham 2016).
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Genetic bottlenecks, effective
population size and relatedness

The historical signal of demographic fluctuations was ex-
plored for each population by applying a Bayesian algo-
rithm implemented in MSVAR 0.4.1 software (Beaumont
1999). We estimated the rate of change (r) of the effective
population size, defined as N /N_. (where N was the
current inbreeding effective population size and N_,| was
the ancestral stable inbreeding effective population size).
The r ratio was expressed in log10. Therefore, the popu-
lation declined if we had a negative r value, was stable
if r is equal to zero, and the population was expanded if
the r value was positive (Gasca-Pineda et al. 2013; Sunny
et al. 2015). In order to test for a genetic signature of
recent bottlenecks, we used the BOTTLENECK 5.1.26
software (Cournet and Luikart 1996; Piry et al. 1999).
We estimated the observed and expected heterozygosi-
ty under the two-phase model (TPM) because the TPM
is an intermediate model of evolution which is consid-
ered more appropriate for microsatellites. The settings
applied were for a 90% step-wise mutation model and
10% variance and were run with 10,000 replicates. Ex-
cess heterozygosity was tested using a Wilcoxon test. In
order to explore the actual effective population size (N ),
we used the LD method implemented in the NEESTIMA-
TOR 2 software (Do et al. 2014). We calculated the F ¢
inbreeding values in GENALEX 6. Also as an inbreed-
ing measure, we used the relatedness estimator (rqg) of
Queller and Goodnight (1989), which was calculated by
the GENALEX software. To test for significant differ-
ences among mean population relatedness, we calculat-
ed the upper and lower 95% confidence intervals for the
expected range of rqg using 9999 permutations. These
intervals corresponded to the range of rqg that would be
expected if reproduction was random across populations.
Additionally, we calculated confidence intervals for es-
timates of mean relatedness within a population to 95%
by bootstrap resampling (9999 permutations). Population
rqg values that fall above the 95% expected values indi-
cate that processes such as inbreeding or genetic drift are
increasing relatedness. Finally, relatedness among indi-
viduals was evaluated using the ML-RELATE software
(Kalinowski et al. 2006).

Results
Population sampling

One hundred and fifty-two individuals were sampled
from two Ambystoma species (A. altamirani and A. riv-
ulare), two locations were sampled and 38 tissues were
collected from each locality.

Potential scoring errors

We did not find evidence of null alleles or large allele
dropout in the populations of each species. The genotype
accumulation curve found that the minimum number of
loci necessary to discriminate between individuals was
eight (Suppl. material 1: Fig. S1). Therefore, we conclud-
ed that our study had enough loci (N =9).

Genetic diversity

Across the nine loci in the A. altamirani populations in
Organillos we found 3-7 alleles per locus and a total of
30 alleles; Sehuayan had 2—7 alleles per locus with a total
of 26 alleles (Table 1, Suppl. material 1: Fig. S2). In Cor-
ral de Piedra the first A. rivulare population we found 2—-5
alleles per locus with a total of 20 alleles, and in Raices
the second A. rivulare population we found 2—6 alleles
per locus with a total of 33 alleles (Table 1, Suppl. mate-
rial 1: Fig. S3). In the 4. altamirani Organillos population
we found 29 homozygote genotypes and 35 heterozygote
genotypes, In the second A. altamirani population Se-
huayan we found 16 homozygote genotypes and 22 het-
erozygote genotypes. In the 4. rivulare Corral de Piedra
population we found 26 homozygote genotypes and 19
heterozygote genotypes, and Raices had 21 Homozygote
genotypes and 20 heterozygote genotypes (Suppl. mate-
rial 1: Table S1). In relation to the observed and expected
heterozygosity values, the A. altamirani Organillos popu-
lation showed lower observed heterozygosity values (H =
0.719£0.033) compared to Sehuayan (H = 0.85740.029);
the A. rivulare population Corral de Piedra showed low-
er observed heterozygosity values (H = 0.57620.034) as
compared to Raices (H = 0.7544+0.059; Table 1). False

Table 1. Genetic diversity values in the four Ambystoma populations studied based on nine microsatellite loci. N:
sample size, Na: number of alleles, Ne: number of effective alleles, A: allelic richness, H : observed heterozygosity,

H,: expected heterozygosity.

Species Population N Na Ne A Ho He
Ambystoma altamirani Organillos 38 5.222 3.623 0.137 0.719 0.706
Sehuayan 38 4222 3.071 0.111 0.857 0.636
Total mean 38 4.772 3.347 0.124 0.788 0.671
SE 0 0.449 0.237 0 0.027 0.026
Ambystoma rivulare Corral de Piedra 38 3.333 2.513 0.088 0.576 0.562
Raices 38 3.889 2.815 0.102 0.754 0.617
Total mean 38 3.611 2.664 0.095 0.665 0.589
SE 0 0.293 0.193 0 0.039 0.029
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discovery rate correction tests found departures from
HWE due to heterozygote deficiency in one locus in the
populations of Organillos (4. altamirani), Corral de Pie-
dra (4. rivulare) and Raices (4. rivulare) (Suppl. material
1: Table S2). We did not find LD between any loci of
either population for each species.

Genetic structure

Bayesian assignment analyses corroborated high popula-
tion divergences among populations (Fig. 2). The highest
log likelihood given by STRUCTURE and AK method
was K =2 (LnPr =-1793.2) for A. altamirani and K =2
(LnPr = -1457.6) for A. rivulare. The populations of A.
altamirani present admixia with medium genetic differ-
entiation among them (F = 0.053; Table 2), but the pop-
ulations of A. rivulare do not present admixia with high
genetic differentiation among them (F, = 0.211; Table 2).
In relation to the AMOVA results, for A. altamirani the
results revealed the majority of genetic variation resided
within populations (92%) followed by among populations
(8%), with an F, fixation index of 0.084 and a p-val-
ue = 0.001, for 4. rivulare the AMOVA results showed
significant levels of genetic variation within populations
(67%) and among populations (33%), with an F_ fixation
index of 0.332 and a p-value = 0.001(Suppl. material 1:
Tables S3, S4). The DPCA and the MSN found the same
patterns of population structure where the populations of
A. altamirani are more similar among them, whereas the
populations of A. rivulare are very different among them
(Figs 3, 4).

[A- attamirant
B

‘Sohuayan Raices

Corral do Piodra

Organillos

5 T
¥ K

Figure 2. A) Population genetic structure of Ambystoma al-
tamirani analyzed with STRUCTURE. B) Evanno et al. (2005)
plots for detecting the number of K groups that best fit the data.
C) Population genetic structure of Ambystoma rivulare analyzed
with STRUCTURE. D) Evanno et al. (2005) plots for detecting
the number of K groups that best fit the data.

Table 2. F, F and F  fixation indices estimated according
to Weir and Cockerham (1984) in the four Ambystoma popu-
lations studied.

Species F F, F,
Ambystoma altamirani Total mean -0.190 -0.128 0.053
SE 0.049 0.052 0.012

Ambystoma rivulare ~ Total mean -0.141 0.095 0.211
SE 0.051 0.079 0.045

A. altamirani A. rivulare
A) B)

Organillos

Corral de Piedra
Eigenvaiues

Figure 3. Scatterplot showing the relationships among the pop-
ulations of each species based on a Discriminant Principal Com-
ponents Analysis of 9 microsatellite genotypes.

A. altamirani A. rivulare

A) B)
0rganillos
@Sehuayén

®Raices
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=Sehuayan
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—0.05
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Figure 4. A) and B) Minimum Spanning Networks with the
Bruvo’s distance algorithm, representing the relationships
among individuals and populations of each species. C) and D)
Tree constructed by the NJ method using the estimated stan-
dardized genetic distances using the Nei's distance algorithm
(Nei 1972) with 1,000 bootstraps.

Genetic bottlenecks, effective
population size and relatedness

MSVAR results suggested that there has been a signifi-
cant population size reduction in all the studied Ambys-
toma populations: Organillos, r = -0.972; Sehuayan, r
= -1.403; Corral de Piedra, r = -1.031 and Raices, r =
-1.399. The bottleneck analysis detected genetic signs of
recent demographic changes typical of bottleneck events,
associated with a heterozygote excess in all populations:
Organillos, P = 0.008; Sehuayan, P = 0.002; Corral de
Piedra, P = 0.002; Raices, P = 0.002 and Corral de Pie-
dra and Sehuayan had a shifted distribution. The effective
population size (N ) estimated from LD was N_= 34.7
(20.9-21.7,95% CI) for Organillos, N = 44.1 (21.3-36.0,
95% CI) for Sehuayan, N = 57.6 (21.3-37.6, 95% CI)
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Figure 5. Mean within-lake pairwise relatedness coefficient
rqg across the four Ambystoma populations studied. The green
bars are 95% upper and lower expected values for a null dis-
tribution 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 the range expected under panmixia.
Black bar represents the observed mean relatedness in each pop-
ulation, the black bars are the upper and lower bootstrap value
for each population.

for Corral de Piedra and N, = 41.5 (20.1-23.6, 95% CI)
for Raices. The F ¢ statistic as an indicator of inbreed-
ing for the A. altamirani populations showed negative
and low inbreeding values (F = -0.128; Table 2) and
showed positive, low inbreeding values for the 4. rivu-
lare populations (F ¢ = -0.095; Table 2). We found that
mean pairwise relatedness (r) within populations (Fig. 5)
was generally in accordance with that observed in other
Ambystoma populations (Parra-Olea et al. 2012; Sunny
et al. 2014a; Percino-Daniel et al. 2016). Organillos had
low values of inbreeding [mean rqg = 0.247, confidence
interval (CI) = 0.024 -(-0.025)], Sehuayan had medium to
high levels of inbreeding [mean rqg = 0.458, confidence
interval (CI) = 0.029 -(-0.025)], Corral de Piedra had the
highest inbreeding values [mean rqg = 0.505, confidence
interval (CI) = 0.028 -(-0.026)] and Raices had medium
to high inbreeding values [mean rqg=0.471, confidence
interval (CI) = 0.032 -(-0.026). In all the populations,
the rqg values fell above the 95% expected values from
permutations which indicates that inbreeding or drift are
increasing the relatedness; they also fell outside the range
expected under panmixia. Furthermore, there were low
values of inbreeding in the relatedness analysis, the pro-
portion of relatedness of individuals within each popula-
tion was similar and most of the individuals were unre-
lated, followed by full siblings, half-siblings and parents/
offspring (Suppl. material 1: Table S5).

Discussion

In the present study, we found medium to high levels of
genetic diversity expressed as heterozygosity in both spe-
cies and all the populations (H = 0.576-0.754). Also, the
two-species presented few alleles per locus (2—7 alleles
per locus) and genotype (Suppl. material 1: Table S1).
However, the microsatellites used were developed for
other Ambystoma species; this non-specificity could be
the reason why we found the low number of alleles. Each
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sampled locality represents a population with a signifi-
cant level of genetic structure. The effective population
size was small in both species, but it is similar to other
mole salamanders with restricted distributions or with re-
cently fragmented habitats (Parra-Olea et al. 2012; Sunny
et al. 2014a; Percino-Daniel et al. 2016; Heredia-Boba-
dilla et al. 2017). These results are important in order to
design better management and conservation strategies to
avoid the extinction of these micro-endemic species of
the TMVB.

Genetic diversity

The observed heterozygosity values were medium to
high, and most of the genotypes were heterozygous with
the exception of the two populations of 4. rivulare (Cor-
ral de Piedra and Raices) (Table 1, Suppl. material 1: Ta-
ble S1). Ambystoma species have high levels of genetic
diversity (Goprenko et al. 2007; Greenwald et al. 2009;
Sunny et al. 2014a; Percino-Daniel et al. 2016) despite
having a fragmented and limited distribution. However,
the human population growth in the towns around the two
populations of A. rivulare (Corral de Piedra and Raices)
has been increasing in recent decades, causing an influx
of sewage, waste from local agriculture and pollutants
from trout farms into the rivers. Also, in Corral de Piedra
we did not find larvae, and each mole salamander had tail
bites. This could be due to trout predation (Zamora et al.
2018) because of trout escape from farms, which favors
native species reduction (Gamradt et al. 1997; Kiesecker
and Blaustein 1997; Kiesecker et al. 2001). Introduced
fish species have been linked to reductions in amphibians’
population sizes (Pearson and Goater 2009; Zambrano et
al. 2010; Alcaraz et al. 2015; Zamora et al. 2018), some-
times to the point of extinction from direct consumption
(Watson et al. 1991; Tyler et al. 1998) increasing the loss
of genetic diversity. We found a significant deviation
from the HWE proportions due to a heterozygote defi-
ciency in Organillos, Corral de Piedra and Raices. This is
a common result when microsatellites are not specific for
the species and for threatened species with fragmented
populations (Degne et al. 2007; Spear and Storfer 2010;
Vazquez-Dominguez et al. 2012; Sunny et al. 2014a).

Genetic structure

Structure analysis suggests two populations for each spe-
cies. The populations of A. rivulare showed no signs of
admixia, although the populations of 4. altamirani were
more admixed (Figs 2—4). The populations of 4. altami-
rani and A. rivulare we studied are ~67 km apart in linear
distance, and the two populations of A. rivulare are ~16
km apart in linear distance, so the genetic exchange is
extremely reduced. The two populations of 4. altamirani
are closer, ~2.5 km apart in linear distance so gene flow
could still take place. In other studies, mole salamander
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migrations occur between temporal ponds and lakes as
individuals look for food-rich habitats (Percino-Daniel
et al. 2016). The known maximum dispersal distance in
mole salamanders is less than 2 km (Smith and Green
2005; Percino-Daniel et al. 2016). Migration among oth-
er populations could be limited as a result of physical
barriers like discontinuity of rivers, forests, roads, and
towns, as well as the strong philopatric tendencies of the
mole salamanders for breeding sites favoring high ge-
netic structuring, even at small scales (Spear et al. 2005;
Zamudio and Wieczorek 2007; Richardson 2012; Rich-
ardson and Urban 2013). These populations in the TMVB
occupy some of the most disturbed areas of the country,
mainly due to habitat fragmentation stream pollution and
fish introduction (Recuero et al. 2010; Zambrano et al.
2010; Rodriguez-Amador et al. 2013; Lemos-Espinal et
al. 2016). Since there are different factors affecting Am-
bystoma populations, we recommend some measures to
try to minimize the impact of the anthropogenic activities
on these amphibian populations.

Genetic bottlenecks, effective
population size and relatedness

The studied populations are isolated from other popula-
tions of mole salamanders. This phenomenon could ex-
plain the low N values (N = 34.7-57.6) found in all pop-
ulations and the asymmetry in the proportions of males
and females and differences in the reproductive success
between individuals favour low N_ values (Wang 2009;
Savage et al. 2010; Parra-Olea et al. 2012; Percino-Daniel
et al. 2016) due to high asymmetry in reproductive suc-
cess among members of a population (Savage et al. 2010).
Some years, only a few individuals successfully breed,
and the variance in mating success may contribute strong-
ly to lower overall effective population sizes (Savage et
al. 2010). Another explanation of the low N_ values found
could be the bottleneck effect caused by the introduction
of trout; however, we do not know when this introduction
happened, as trout predate the early stages of develop-
ment of Ambystomas and also eat the tail of adult Ambys-
tomas, a phenomenon which has already been reported
by other studies (Pilliod and Peterson 2001; Welsh et al.
2006; Zambrano et al. 2010; Martin-Torrijos et al. 2016).
It has also been reported that trout can transmit pathogens
and certain emerging infectious diseases (Johnson and
Speare 2005; Fernandez-Benéitez et al. 2008; Van den
Berg et al. 2013; Sandoval-Sierra et al. 2014). Likewise,
trout can compete for food with Ambystomas (Werner
and Anholt 1996; Tyler et al. 1998). All these features can
lead the population to a process of genetic bottleneck or
genetic drift, which in turn reduces genetic diversity and
makes the population lose fitness and the ability to adapt
to changes in the environment (Frankham et al. 2005). In
all populations, the rqg values were above the 95% ex-
pected values from permutations (Fig. 5), indicating that
inbreeding or genetic drift are increasing the relatedness,

and they fell outside the expected range under panmix-
ia. Furthermore, there were low values of inbreeding in
the relatedness analysis; the proportion of relatedness of
individuals within each population was similar. Despite
the lack of strong signs of inbreeding and relatedness, in-
breeding and genetic drift are acting in these populations.

Conservation implications

In order to conserve this species and all the species that
live in the coniferous forests of TMVB, it is necessary to
avoid excessive legal and illegal logging and give sup-
port to the local communities with incentives such as
payments for ecosystem services. Also, we consider the
implementation of an environmental education program
to be fundamental to avoid excess logging; maintaining
and increasing forest core areas in order to minimize the
forest edges, also, preventing the loss of the largest for-
est patches in order to avoid deviations from circularity
in patch shapes to increase the area of core habitat (Ew-
ers and Didham 2006; Gonzalez-Fernandez et al. 2019).
Therefore, we must conserve the endangered Abies-Pinus
forest. In the TMVB, there are only 1346.9 km? of Abies
forest (1.1%) and 6507.7 km? of Pinus forest (5.4%). It is
therefore extremely important to conserve these forests,
considering that Mexico had the seventh-highest net an-
nual forest loss of any country in the world, and the clear-
ing of primary forests averaged more than 1 percent per
year (FAO 2011; Blackman et al. 2015), placing Mexico
in the first levels of global deforestation (FAO 2006; Ellis
and Porter-Bolland 2008). Likewise, the amphibians and
reptiles have a very limited distribution, sometimes in
very small areas with special characteristics that generate
certain microhabitats suitable for their survival and repro-
duction (Sunny et al. 2014b; Lemos-Espinal et al. 2016,
2017; Zamora et al. 2018). So, it is necessary to start con-
sidering the creation of natural reserves with landscape
corridors that include these microhabitats. Also, it is
important to implement better reforestation and assisted
regeneration practices, with germplasm of the area. Cur-
rently, it is still a common practice that authorities refor-
est the areas of Abies forests with other conifer species,
such as Pinus ayacahuite, P. pseudostrobus, P. patula or
Cupressus lusitanica, which in turn can change the micro-
climate and the environmental and habitat conditions that
the Abies forest generates, as high humidity and low tem-
peratures, characteristics that the high-mountain Ambys-
tomas are adapted to (Sunny et al. 2014b; Monroy-Vilchis
et al. 2015; Lemos-Espinal et al. 2016). This is important
to highlight since, with the recent change of protection
level of the NTV forest, harvesting practices are being
allowed in almost all 4bies forest extensions (Mastret-
ta-Yanes et al. 2014; Gonzalez-Fernandez et al. 2019).
Likewise, it is necessary to stop the influx of sewage and
decrease waste from local agriculture and pollutants into
the rivers, avoid the excess of free livestock, grassland
fires, restrict ecotourism activities and prohibit the use of
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Ambystoma salamanders as traditional medicine for the
lungs or traditional food (Monroy-Vilchis et al. 2015). It
is also necessary to have more control over trout breeding
because trout escape from farms to the streams, primarily
due to low-quality fences and meshes dividing the farms
from streams. We recommend divisions to be built higher
and periodically revised to avoid holes from which trout
can escape. Trout farms are affecting the populations of
mole salamanders; several studies have demonstrated that
the predation by introduced fish has been linked to reduc-
tions in the population’s size, survival, growth, egg pre-
dation, reproduction and organic waste pollution of the
rivers (Valiente 2006; Mercado-Silva et al. 2008; Drake
et al. 2014; Kenison et al. 2016) since mole salamanders
do not recognize trout as predators and their survival de-
creases proportionately (Petranka et al. 1987; Petren et al.
1993; Relyea 2001; Pilliod et al. 2013). Trout farms have
been encouraged by Mexican governmental agencies and
recommended as a potential conservation tool for native
forests (Lopez-Garcia et al. 2014; Zamora et al. 2018), so
the best strategies may include isolating trout farms from
streams containing native amphibians, increasing efforts
to prevent trout escaping and attempting to eradicate pop-
ulations of escaped trout from streams, thereby balanc-
ing the economic and conservation value of trout farms
with their potential negative effects on native amphibians
(Zamora et al. 2018). Also, it is necessary that each trout
farm has an area of wastewater treatment since these wa-
ters when released to the stream can change the physical,
chemical and bacteriological parameters and contaminate
the stream for up to 3—12 km (Boaventura et al. 1997;
Johnson and Speare 2005). Certain sediments turn com-
pletely anoxic and, with hydrogen sulfide by-products of
microbial sulfate reduction, can increase to toxic levels
(Valdemarsen et al. 2009, 2010, 2015). Also, it is very im-
portant that management agencies restore a fishless state
in all lentic habitats that have the potential to host mole
salamanders (Pearson 2004). Finally, additional research
is needed, as well as effective communication between
scientists and managers and sensible management ac-
tions to carry out a coordinated strategy between scien-
tists, managers, local people and fishermen to ensure the
long-term conservation of the mole salamanders. If these
conservation strategies are not carried out, the expected
heterozygosity values found will continue to decline, in-
breeding will be higher, the effective population size will
be lower and the mole salamanders will not have enough
genetic diversity to be able to adapt to changes in the en-
vironment (Lande 1988; DeYoung and Honeycutt 2005;
Frankham et al. 2005; Hedrick 2011).

Acknowledgements

We are deeply grateful to Estephany Arcos-Madrigal and
the students of CICBA for their help with fieldwork, data
collection and laboratory assistance. We thank the editor
and two anonymous reviewers for their comments.

herpetozoa.pensoft.net

References

Alcaraz G, Lopez-Portela X, Robles-Mendoza C (2015) Response of
a native endangered axolotl, Ambystoma mexicanum (Amphib-
ia), to exotic fish predator. Hydrobiologia 753: 73—80. https://doi.
org/10.1007/s10750-015-2194-4

Archer FI, Adams PE, Schneiders BB (2017) Stratag: An R package
for manipulating, summarizing and analysing population genet-
ic data. Molecular Ecology Resources 17(1): 5-11. https://doi.
org/10.1111/1755-0998.12559

Arntzen JW, Smithson A, Oldham RS (1999) Marking and tissue
sampling effects on body condition and survival in the newt 7rit-
urus cristatus. Journal of Herpetolgy 33: 567-576. https://doi.
org/10.2307/1565573

Bache SM, Wickham H (2016) MAGRITTR: A forward-pipe operator
for R. R package version, 1.5 (1).

Barriga-Vallejo C, Hernandez-Gallegos O, Von-Herbing IH,
Lopez-Moreno AE, Ruiz-Goémez ML, Granados-Gonzélez G, Gar-
dufio-Paz MV, Méndez-Sanchez JF, Banda-Leal J, Davis AK (2015)
Assessing population health of the Toluca Axolotl Ambystoma rivu-
lare (Taylor, 1940) from México using leukocyte profiles. Herpeto-
logical Conservation and Biology 10: 592-601.

Beaumont MA (1999) Detecting population expansion and decline us-
ing microsatellites. Genetics 153: 2013-2029.

Beebee TJC (2005) Conservation genetics of amphibians. Heredity 95:
423-427. https://doi.org/10.1038/sj.hdy.6800736

Benjamini Y, Hochberg Y (1995) Controlling the false discovery rate:
a practical and powerful approach to multiple testing. Journal of
The Royal Statistical Society Series B 57: 289-300. https://doi.
org/10.1111/§.2517-6161.1995.t602031.x

Blackman A, Pfaff A, Robalino J (2015) Paper park performance: Mex-
ico’s natural protected areas in the 1990s. Global Environmental
Change 31: 50-61. https://doi.org/10.1016/j.gloenvcha.2014.12.004

Blaustein AR (1994) Amphibian declines: judging, stability, persistence,
and susceptibility of populations to local and global extinctions.
Conservation Biology 8: 60-71. https://doi.org/10.1046/j.1523-
1739.1994.08010060.x

Boaventura R, Pedro AM, Coimbra J, Lencastre E (1997) Trout farm
effluents: characterization and impact on the receiving streams. En-
vironmental Pollution 95: 379-387. https://doi.org/10.1016/S0269-
7491(96)00117-0

Bruvo R, Michiels NK, D’souza TG, Schulenburg H (2004) A simple
method for the calculation of microsatellite genotype distances ir-
respective of ploidy level. Molecular Ecology 13(7): 2101-2106.
https://doi.org/10.1111/j.1365-294X.2004.02209.x

Catenazzi A (2015) State of the world’s amphibians. Annu Rev En-
viron Resour 40: 91-119. https://doi.org/10.1146/annurev-envi-
ron-102014-021358

Cournet JM, Luikart G (1996) Description and power analysis of two
tests for detecting recent populations bottleneck from allele frequen-
cy data. Genetics 144: 2001-2014.

Degne JF, Stout 1J, Roth JD, Parkinson CL (2007) Population genet-
ics and conservation of the threatened southeastern beach mouse
(Peromyscus polionotus niveiventris): subspecies and evolutionary
units. Conservation Genetics 8: 1441-1452. https://doi.org/10.1007/
$10592-007-9295-1

DeYoung RW, Honeycutt RL (2005) The molecular toolbox: Genetic
techniques in wildlife ecology and management, Journal of Wild-


https://doi.org/10.1007/s10750-015-2194-4
https://doi.org/10.1007/s10750-015-2194-4
https://doi.org/10.1111/1755-0998.12559
https://doi.org/10.1111/1755-0998.12559
https://doi.org/10.2307/1565573
https://doi.org/10.2307/1565573
https://doi.org/10.1038/sj.hdy.6800736
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1016/j.gloenvcha.2014.12.004
https://doi.org/10.1046/j.1523-1739.1994.08010060.x
https://doi.org/10.1046/j.1523-1739.1994.08010060.x
https://doi.org/10.1016/S0269-7491(96)00117-0
https://doi.org/10.1016/S0269-7491(96)00117-0
https://doi.org/10.1111/j.1365-294X.2004.02209.x
https://doi.org/10.1146/annurev-environ-102014-021358
https://doi.org/10.1146/annurev-environ-102014-021358
https://doi.org/10.1007/s10592-007-9295-1
https://doi.org/10.1007/s10592-007-9295-1

Herpetozoa 32: 237-248 (2019)

245

life Management 69: 1362—1384. https://doi.org/10.2193/0022-54
1X(2005)69[1362: TMTGTI]2.0.CO;2

Do C, Waples RS, Peel D, Macbeth GM, Tillett BJ, Ovenden JR
(2014) NeEstimator 2: re-implementation of software for the es-
timation of contemporary effective population size (Ne) from ge-
netic data. Molecular Ecology Resources 14: 209-214. https://doi.
org/10.1111/1755-0998.12157

Drake DL, Anderson TL, Smith LM, Lohraff KM, Semlitsch RD (2014)
Predation of eggs and recently hatched larvae of endemic ringed sal-
amanders (Ambystoma annulatum) by native and introduced aquat-
ic predators, Herpetologica 70: 378-387. https://doi.org/10.1655/
HERPETOLOGICA-D-14-00017

Dray S, Siberchicot MA (2017) Package ‘ADE4’.

Ducatez S, Shine R (2017) Drivers of extinction risk in terrestrial ver-
tebrates. Conservation Letters 10: 186—194. https://doi.org/10.1111/
conl.12258

Earl DA, vonHoldt BM (2012) STRUCTURE HARVESTER: a web-
site and program for visualizing STRUCTURE output and imple-
menting the Evanno method. Conservation Genetic Resources 4:
359-361. https://doi.org/10.1007/s12686-011-9548-7

Ellis EA, Porter-Bolland L (2008) Is community-based forest manage-
ment more effective than protected areas?: A comparison of land
use/land cover change in two neighboring study areas of the Central
Yucatan Peninsula, Mexico. Forest Ecology and Management 256:
1971-1983. https://doi.org/10.1016/j.foreco.2008.07.036

Evanno G, Regnaut S, Goudet J (2005) Detecting the number of clusters
of individuals using the software STRUCTURE: a simulation study.
Molecular Ecology 14: 2611-2620. https://doi.org/10.1111/j.1365-
294X.2005.02553.x

Ewers RM, Didham RK (2006) Confounding factors in thedetection of
species responses to habitat fragmentation. Biology Reviews 81:
117-142. https://doi.org/10.1017/S1464793105006949

Falush D, Stephens M, Pritchard JK (2003) Inference of population
structure using multilocus genotype data: linked loci and correlated
allele frequencies. Genetics 164: 1567-1587.

FAO Statistics database (20006) http://faostat.fao.org/ [on 10 June 2016]

Fernandez-Benéitez MJ, Ortiz-Santaliestra ME, Lizana M, Dieg-
uez-Uribeondo J (2008) Saprolegnia diclina: another species re-
sponsible for the emergent disease ‘Saprolegnia infections’ in
amphibians. FEMS Microbiology Letters 279: 23-29. https://doi.
org/10.1111/5.1574-6968.2007.01002.x

Flores-Villela O, Canseco-Marquez L (2007) Riqueza de la herpetofau-
na. Universidad Nacional Autobnoma de México, México, DF, 407-420.

Food and Agriculture Organization (FAO) (2011) State of the World’s
Forests 2011. FAO, Rome.

Frankham R (1996) Relationship of genetic variation to population
size in wildlife. Conservation Biology 10: 1500—-1508. https://doi.
0rg/10.1046/§.1523-1739.1996.10061500.x

Frankham R (1998) Inbreeding and extinction: island populations.
Conservation Biology 12: 665—675. https://doi.org/10.1046/j.1523-
1739.1998.96456.x

Frankham R, Ballou J, Briscoe D (2003) Introduction to conservation
genetics. Cambridge University Press, Cambridge, UK.

Frankham R, Ballou J, Briscoe D (2005) Introduction to conservation
genetics. Cambridge University Press, Cambridge, UK.

Gamradt SC, Kats LB, Anzalone CB (1997) Aggression by non-native
crayfish deters breeding in California newts. Conservation Biology
11: 793-796. https://doi.org/10.1046/j.1523-1739.1997.96230.x

Gasca-Pineda J, Cassaigne I, Alonso RA, Eguiarte LE (2013) Effec-
tive population size, genetic variation, and their relevance for con-
servation: The bighorn sheep in Tiburon Island and comparisons
with managed artiodactyls. PLoS ONE 8:(10): €78120. https://doi.
org/10.1371/journal.pone.0078120

Gibbs JP (1998) Distribution of woodland amphibians along a forest
fragmentation gradient. Landscape Ecology 13: 263-268. https://
doi.org/10.1023/A:1008056424692

Gonzalez-Fernandez A, Manjarrez J, Garcia-Vazquez U, D’Addario
M, Sunny A (2018) Present and future ecological niche modeling of
garter snake species from the Trans-Mexican Volcanic Belt. Peer] 6:
e4618. https://doi.org/10.7717/peerj.4618

Gonzalez-Fernandez A, Arroyo-Rodriguez V, Ramirez-Corona F, Man-
jarrez J, Aguilera-Hernandez A, Sunny A (2019) Local and landscape
drivers of the number of individuals and genetic diversity of a micro-
endemic and critically endangered salamander. Landscape Ecology
34(8): 1989-2000. https://doi.org/10.1007/s10980-019-00871-2

Goprenko D, Williams RN, DeWoody JA (2007) Reproductive and mat-
ing success in the small mouthed salamander (Ambystoma texanum)
estimated via microsatellite parentage analysis. Evolutionary Biolo-
gy 34: 130-139. https://doi.org/10.1007/s11692-007-9009-0

Greenwald KR, Gibbs HL, Waite AT (2009) Efficacy of land-cover
models in predicting isolation of marbled salamander populations
in a fragmented landscape. Conservation Biology 25: 1232—1241.
https://doi.org/10.1111/§.1523-1739.2009.01204.x

Hedrick PW (2011) Genetics of Populations (4" ed.). United States,
Jones and Bartlett Publishers.

Heredia-Bobadilla RL, Monroy-Vilchis O, Zarco-Gonzédlez MM,
Martinez-Goémez D, Mendoza-Martinez GD, Sunny A (2016) Genetic
structure and diversity in an isolated population of an endemic mole
salamander (Ambystoma rivulare Taylor, 1940) of central Mexico.
Genetica 144: 689-698. https://doi.org/10.1007/s10709-016-9935-9

Heredia-Bobadilla RL, Monroy-Vilchis O, Zarco-Gonzalez MM,
Martinez-Goémez D, Mendoza-Martinez GD, Sunny A (2017) Ge-
netic variability and structure of an isolated population of Ambysto-
ma altamirani, a mole salamander that lives in the mountains of one
of the largest urban areas in the world. Journal of Genetics 96(6):
873-883. https://doi.org/10.1007/s12041-017-0823-6

Herrera-Arroyo ML, Sork VL, Gonzélez-Rodriguez A, Rocha-Ramirez
V, Vega E, Oyama K (2013) Seed-mediated connectivity among
fragmented populations of Quercus castanea (Fagaceae) in a Mexi-
can landscape. American Journal of Botany 100: 1663—1671. https://
doi.org/10.3732/ajb.1200396

Hillman SS, Drewes RC, Hedrick MS, Hancok TV (2014) Physiological
vagility: correlations with dispersal and population genetic structure
of amphibians. Physiological and Biochemical Zoology 87: 105—
112. https://doi.org/10.1086/671109

Honnay O, Jacquemyn H (2007) Susceptibility of common and rare plant spe-
cies to the genetic consequences of habitat fragmentation. Conservation
Biology 21: 823-831. https://doi.org/10.1111/1.1523-1739.2006.00646.x

Hubisz MJ, Falush D, Stephens M, Pritchard JK (2009) Inferring weak
population structure with the assistance of sample group infor-
mation. Molecular Ecology Resources 9: 1322—1332. https://doi.
org/10.1111/5.1755-0998.2009.02591.x

TUCN (2017) International Union for Conservation of Nature. www.
iucnredlist.org

Johansson M, Primmer CR, Merlia J (2006) History vs. current demog-
raphy: explaining the genetic population structure of the common

herpetozoa.pensoft.net


https://doi.org/10.2193/0022-541X(2005)69%5B1362:TMTGTI%5D2.0.CO;2
https://doi.org/10.2193/0022-541X(2005)69%5B1362:TMTGTI%5D2.0.CO;2
https://doi.org/10.1111/1755-0998.12157
https://doi.org/10.1111/1755-0998.12157
https://doi.org/10.1655/HERPETOLOGICA-D-14-00017
https://doi.org/10.1655/HERPETOLOGICA-D-14-00017
https://doi.org/10.1111/conl.12258
https://doi.org/10.1111/conl.12258
https://doi.org/10.1007/s12686-011-9548-7
https://doi.org/10.1016/j.foreco.2008.07.036
https://doi.org/10.1111/j.1365-294X.2005.02553.x
https://doi.org/10.1111/j.1365-294X.2005.02553.x
https://doi.org/10.1017/S1464793105006949
http://faostat.fao.org/
https://doi.org/10.1111/j.1574-6968.2007.01002.x
https://doi.org/10.1111/j.1574-6968.2007.01002.x
https://doi.org/10.1046/j.1523-1739.1996.10061500.x
https://doi.org/10.1046/j.1523-1739.1996.10061500.x
https://doi.org/10.1046/j.1523-1739.1998.96456.x
https://doi.org/10.1046/j.1523-1739.1998.96456.x
https://doi.org/10.1046/j.1523-1739.1997.96230.x
https://doi.org/10.1371/journal.pone.0078120
https://doi.org/10.1371/journal.pone.0078120
https://doi.org/10.1023/A:1008056424692
https://doi.org/10.1023/A:1008056424692
https://doi.org/10.7717/peerj.4618
https://doi.org/10.1007/s10980-019-00871-2
https://doi.org/10.1007/s11692-007-9009-0
https://doi.org/10.1111/j.1523-1739.2009.01204.x
https://doi.org/10.1007/s10709-016-9935-9
https://doi.org/10.1007/s12041-017-0823-6
https://doi.org/10.3732/ajb.1200396
https://doi.org/10.3732/ajb.1200396
https://doi.org/10.1086/671109
https://doi.org/10.1111/j.1523-1739.2006.00646.x
https://doi.org/10.1111/j.1755-0998.2009.02591.x
https://doi.org/10.1111/j.1755-0998.2009.02591.x

246 Octavio Monroy-Vilchis et al.: Population genetics of two mole salamanders

frog, Rana temporaria. Molecular Ecology 15: 975-983. https://doi.
org/10.1111/5.1365-294X.2006.02866.x

Johnson ML, Speare R (2005) Possible modes of dissemination of the
amphibian chytrid Batrachochytrium dendrobatidis in the envi-
ronment. Diseases of Aquatic Organisms 65: 181-186. https://doi.
org/10.3354/dao065181

Jombart T, Kamvar ZN, Lustrik R, Collins C, Beugin MP, Knaus B,
Solymos P, Schliep K, Ahmed I, Cori A, Calboli F (2016) Package
‘ADEGENET".

Kalinowski S, Wagner AP, Taper ML (2006) ML-RELATE: a comput-
er program for maximum likelihood estimation of relatedness and
relationship. Molecular Ecology Notes 6: 576-579. https://doi.
org/10.1111/5.1471-8286.2006.01256.x

Kamvar ZN, Tabima JF, Griinwald NJ (2014) Poppr: an R package for
genetic analysis of populations with clonal, partially clonal, and/or
sexual reproduction. Peer] 2: €281. https://doi.org/10.7717/peer).281

Kenison EK, Litt AR, Pilliod PS, McMahon TE (2016) Role of habitat
complexity in predator-prey dynamics between an introduced fish
and larval Long-toed salamanders (Ambystoma macrodactylum).
Canadian Journal of Zoology 94: 243-249. https://doi.org/10.1139/
¢jz-2015-0160

Kiesecker JM, Blaustein AR (1997) Influences of egg laying behavior
on pathogenic infection of amphibian eggs. Conservation Biology
11: 214-220. https://doi.org/10.1046/j.1523-1739.1997.95509.x

Kiesecker JM, Blaustein AR, Miller CL (2001) Transfer of a pathogen
from fish to amphibians. Conservation Biology 15: 1064-1070.
https://doi.org/10.1046/1.1523-1739.2001.0150041064.x

Klaus B, Strimmer K (2013) Signal identification for rare and weak
features: higher criticism or false discovery rates? Biostatistics 14:
129-143. https://doi.org/10.1093/biostatistics/kxs030

Lande R (1988) Genetics and demography in biological conservation.
Science 241: 1455-1460. https://doi.org/10.1126/science.3420403

Lemos-Espinal JA (2003) Rhyacosiredon altamirani. Fichas diagnosti-
cas para 10 especies de anfibios y reptiles Mexicana. Facultad de Es-
tudios Superiores Iztacala, Universidad Nacional Autonoma de Méx-
ico. Bases de datos SNIB-CONABIO, Proyecto W002, México, D.F.

Lemos-Espinal JA, Smith GR, Ruiz AH, Ayala RM (2016) Stream
use and population characteristics of the endangered salamander,
Ambystoma altamirani, from the Arroyo Los Axolotes, State of
Mexico, Mexico. Southwestern Naturalist 61: 28-32. https://doi.
org/10.1894/0038-4909-61.1.28

Lemos-Espinal JA, Smith GR, Zamora ABE, WoolrichPifia G, Ayala
RM (2017) Natural history of the critically endangered salamander
Ambystoma leorae (Caudata: Ambystomatidae) from the Rio To-
natzin, Mexico. Phyllomedusa 16(1): 3—11. https://doi.org/10.11606/
issn.2316-9079.v16i1p3-11

Lopez-Garcia J, Manzo-Delgado LL, Alcantara-Ayala I (2014) Rural aqua-
culture as a sustainable alternative for forest conservation in the Monarch
Butterfly Biosphere Reserve, Mexico. Journal of Environmental Man-
agement 138: 43-54. https://doi.org/10.1016/j.jenvman.2014.01.035

Lowe AJ, Boshier D, Ward M, Bacles CFE, Navarro C (2005) Genetic
resource impacts of habitat loss and degradation; reconciling empiri-
cal evidence and predicted theory for Neotropical trees. Heredity 95:
255-273. https://doi.org/10.1038/sj.hdy.6800725

Martin-Torrijos L, Sandoval-Sierra JV, Mufioz J, Diéguez-Uribeondo
J, Bosch J, Guayasamin JM (2016) Rainbow trout (Oncorhynchus
mykiss) threaten Andean amphibians. Neotropical Biodiversity 2:
26-36. https://doi.org/10.1080/23766808.2016.1151133

herpetozoa.pensoft.net

Mastretta-Yanes A, Cao R, Nicasio-Arzeta S, Quadri P, Escalante-Espi-
nosa T, Arredondo L, Pifiero D (2014) ¢ Sera exitosa la estrategia del
cambio de categoria para mantener la biodiversidad del Nevado de
Toluca? Oikos 12: 7-17.

Matschiner M, Salzburger W (2009) TANDEM: integrating automated
allele binning into genetics and genomics workflows. Bioinformat-
ics 25: 1982—-1983. https://doi.org/10.1093/bioinformatics/btp303

Mcneely JA, Miller KR, Reid WV, Mittermeier RA, Werner TB (1990) Con-
serving the World’s Biological Diversity. IUCN, Gland, Switzerland.

Mendelson JR, Lips KR, Gagliardo RW, Brodie ED (2006) Confront-
ing amphibian declines and extinctions. Science 313: 48. https://doi.
org/10.1126/science.1128396

Mercado-Silva N, Helmus MR, Vander-Zanden MJ (2008) The effects
of impoundment and non-native specieson a river foodweb in Méx-
ico’s central plateau. River Research and Applications 25(9): 1090—
1108. https://doi.org/10.1002/rra.1205

Monroy-Vilchis O, Zarco-Gonzalez MM, Dominguez-Vega H, Sunny
A (2015) Ambystoma leorae (Taylor, 1943): new records, natural
history notes and threat status. Herpetozoa 27: 166—168.

Nei M (1972) Genetic distance between populations. American Natural-
ist 106: 283-292. https://doi.org/10.1086/282771

Newman D, Tallmon DA (2001) Experimental evidence for beneficial
fitness effects of gene flow in recently isolated populations. Con-
servation Biology 15: 1054-1063. https://doi.org/10.1046/j.1523-
1739.2001.0150041054.x

Paradis E (2010) pegas: an R package for population genetics with
an integrated—-modular approach. Bioinformatics 26(3): 419-420.
https://doi.org/10.1093/bioinformatics/btp696

Parra-Olea G, Recuero E, Zamudio KR (2007) Primer Note: Polymor-
phic microsatellite markers for Mexican salamanders of the genus.
Molecular Ecology Notes 7: 818-820. https://doi.org/10.1111/
j.1471-8286.2007.01714.x

Parra-Olea G, Zamudio KR, Recuero E, Aguilar-Miguel X, Huacuz D,
Zambrano L (2012) Conservation genetics of threatened Mexican
axolotls (Ambystoma). Animal Conservation 15: 61-72. https://doi.
org/10.1111/5.1469-1795.2011.00488.x

Peakall R, Smouse PE (2006) GENALEX 6: genetic analysis in Excel Pop-
ulation genetic software for teaching and research. Molecular Ecology
Notes 6: 288-295. https://doi.org/10.1111/j.1471-8286.2005.01155.x

Pearson KJ (2004) The effects of introduced fish on the long-toed sala-
mander (Ambystoma macrodactylum) in southwestern Alberta, Can-
ada. B. Sc. Thesis, University of Alberta.

Pearson KJ, Goater CP (2009) Effects of predaceous and nonpreda-
ceous introduced fish on the survival, growth, and antipredation
behaviours of long-toed salamanders. Canadian Journal of Zoology
87: 948-955. https://doi.org/10.1139/Z09-084

Percino-Daniel R, Recuero E, Vazquez-Dominguez E, Zamudio KR,
Parra-Olea G (2016) All grown-up and nowhere to go: paedomor-
phosis and local adaptation in Ambystoma salamanders in the Cuen-
ca Oriental of México. Biological Journal of the Linnean Society
118: 582-597. https://doi.org/10.1111/bij.12750

Petranka JW, Kats LB, Sih A (1987) Predator prey interactions among
fish and larval amphibians: use of chemical cues to detect preda-
tory fish. Animal Behaviour 35: 420-425. https://doi.org/10.1016/
S0003-3472(87)80266-X

Petren K, Bolger DT, Case TJ (1993) Mechanisms in the competitive
success of an invading sexual gecko over an asexual native. Science
259: 354-358. https://doi.org/10.1126/science.259.5093.354


https://doi.org/10.1111/j.1365-294X.2006.02866.x
https://doi.org/10.1111/j.1365-294X.2006.02866.x
https://doi.org/10.3354/dao065181
https://doi.org/10.3354/dao065181
https://doi.org/10.1111/j.1471-8286.2006.01256.x
https://doi.org/10.1111/j.1471-8286.2006.01256.x
https://doi.org/10.7717/peerj.281
https://doi.org/10.1139/cjz-2015-0160
https://doi.org/10.1139/cjz-2015-0160
https://doi.org/10.1046/j.1523-1739.1997.95509.x
https://doi.org/10.1046/j.1523-1739.2001.0150041064.x
https://doi.org/10.1093/biostatistics/kxs030
https://doi.org/10.1126/science.3420403
https://doi.org/10.1894/0038-4909-61.1.28
https://doi.org/10.1894/0038-4909-61.1.28
https://doi.org/10.11606/issn.2316-9079.v16i1p3-11
https://doi.org/10.11606/issn.2316-9079.v16i1p3-11
https://doi.org/10.1016/j.jenvman.2014.01.035
https://doi.org/10.1038/sj.hdy.6800725
https://doi.org/10.1080/23766808.2016.1151133
https://doi.org/10.1093/bioinformatics/btp303
https://doi.org/10.1126/science.1128396
https://doi.org/10.1126/science.1128396
https://doi.org/10.1002/rra.1205
https://doi.org/10.1086/282771
https://doi.org/10.1046/j.1523-1739.2001.0150041054.x
https://doi.org/10.1046/j.1523-1739.2001.0150041054.x
https://doi.org/10.1093/bioinformatics/btp696
https://doi.org/10.1111/j.1471-8286.2007.01714.x
https://doi.org/10.1111/j.1471-8286.2007.01714.x
https://doi.org/10.1111/j.1469-1795.2011.00488.x
https://doi.org/10.1111/j.1469-1795.2011.00488.x
https://doi.org/10.1111/j.1471-8286.2005.01155.x
https://doi.org/10.1139/Z09-084
https://doi.org/10.1111/bij.12750
https://doi.org/10.1016/S0003-3472(87)80266-X
https://doi.org/10.1016/S0003-3472(87)80266-X
https://doi.org/10.1126/science.259.5093.354

Herpetozoa 32: 237-248 (2019)

247

Pilliod DS, Arkle RS, Maxel BA (2013) Persistence and extirpation in
invaded landscapes: patch characteristics and connectivity determine
effects of non-native predatory fish on native salamanders. Biological
Invasions 15: 671-685. https://doi.org/10.1007/s10530-012-0317-7

Pilliod DS, Peterson CR (2001) Local and landscape effects of intro-
duced trout on amphibians in historically fishless watersheds. Eco-
systems 4: 322-333. https://doi.org/10.1007/s10021-001-0014-3

Piry S, Luikart G, Cornuet JM (1999) BOTTLENECK: a computer
program for detecting recent reductions in the effective population
size using allele frequency data. Journal of Heredity 90: 502-503.
https://doi.org/10.1093/jhered/90.4.502

Polich RL, Searcy CA, Shaffer HE (2013) Effects of tail clipping on
survivorship and growth of larval salamanders. Journal of Wildlife
Management 77: 1420-1425. https://doi.org/10.1002/jwmg.596

Pritchard JK, Stephens M, Donnelly P (2000) Inference of population
structure using multilocus genotype data. Genetics 155: 945-959.

Queller DC, Goodnight K (1989) Estimating relatedness us-
ing genetic markers. Evolution 43: 258-275. https:/doi.
org/10.1111/5.1558-5646.1989.tb04226.x

R Development Core Team (2017) R: A Language and Environment
for Statistical Computing. R Foundation for Statistical Computing,
Vienna, Austria. http://www.r-project.org [on May 1, 2017]

Recuero E, Cruzado-Cortes J, Parra-Olea G, Zamudio KR (2010) Urban
aquatic habitats and conservation of highly endangered species: the
case of Ambystoma mexicanum (Caudata: Ambystomatidae). Annales
Zoologici Fennici 47: 223-238. https:/doi.org/10.5735/086.047.0401

Reed DH, Frankham R (2003) Correlation between fitness and ge-
netic diversity. Conservation Biology 17: 230-237. https://doi.
org/10.1046/j.1523-1739.2003.01236.x

Relyea RA (2001) The relationship between predation risk and anti-
predator responses in larval anurans. Ecology 82: 541-554. https://
doi.org/10.1890/0012-9658(2001)082[0541: TRBPRA]2.0.CO;2

Richardson JL (2012) Divergent landscape effects on population con-
nectivity in two co-occurring amphibian species. Molecular Ecology
21: 4437-4451. https://doi.org/10.1111/1.1365-294X.2012.05708.x

Richardson JL, Urban MC (2013) Strong selection barriers explain mi-
crogeographic adaptation in wild salamander population. Evolution
67: 1729-1740. https://doi.org/10.1111/evo.12052

Rodriguez-Amador R, Monks S, Pulido-Flores G (2013) Primer reporte
hemlintolégico de Ambystoma velasci Dugés, 1888 de Lago de Te-
cocomulco, Hidalgo, México, Estudios cientificos del Estado de Hi-
dalgo y zonas aledanas. 15: 113—120.

Sandoval-Sierra JV, Martin MP, Diéguez-Uribeondo J (2014) Species
identification in the genus Saprolegnia (Oomycetes): defining DNA-
based molecular operational taxonomic units. Fungal Biology 118:
559-578. https://doi.org/10.1016/j.funbio.2013.10.005

Savage WK, Fremier AK, Shaffer HB (2010) Landscape genetics of al-
pine Sierra Nevada salamanders reveals extreme population subdi-
vision in space and time. Molecular Ecology 19: 3301-3314. https://
doi.org/10.1111/j.1365-294X.2010.04718.x

SEMARNAT (2010) Norma Oficial Mexicana NOM-059- SEMAR-
NAT-2010, Proteccion ambiental-Especies nativas de México de
flora y fauna silvestres-Categorias de riesgo y especificaciones para
su inclusion, exclusion o cambio. Lista de especies en riesgo. Diario
Oficial de la Federacion, 10 diciembre 2010, México.

Shaffer B, Huacaz D, Flores-Villela O, Parra-Olea G, Wake D, Papen-
fuss T (2008) Ambystoma altamirani. The IUCN Red List of Threat-
ened Species. [Online, 11 September 2013]

Shaffer B, Huacaz D, Flores-Villela O, Parra-Olea G, Wake D, Pa-
penfuss T (2008b) Ambystoma altamirani. The IUCN Red List of
Threatened Species. [Downloaded on 11 September 2018]

Shaffer HB, Parra-Olea G, Wake D, Flores-Villela O (2008a). Ambys-
toma altamirani. The IUCN Red List of Threatened Species 2008.
[Downloaded on 11 September 2018]

Smith MA, Green DM (2005) Dispersal and the metapopulation par-
adigm in amphibian ecology and conservation: are all amphibian
populations metapopulations? Ecography 28: 110—-128. https://doi.
org/10.1111/§.0906-7590.2005.04042.x

Spear S, Storfer A (2010) Anthropogenic and natural disturbance lead
to differing patterns of gene flow in the Rocky Mountain tailed frog,
Ascaphus montanus. Biological Conservation 143: 778-786. https:/
doi.org/10.1016/j.biocon.2009.12.021

Spear SF, Peterson CR, Matocq MD, Storfer A (2005) Landscape genet-
ics of the blotched tiger salamander (Ambystoma tigrinum melanost-
ictum). Molecular Ecology 14: 2553-2564. https://doi.org/10.1111/
j.1365-294X.2005.02573.x

Stebbins RC, Cohen NW (1995) A Natural History of Amphibians.
Princeton University Press, New Jersey, 332 p.

Strimmer K (2008) FDRTOOL: a versatile R package for estimating
local and tail area-based false discovery rates. Bioinformatics 24:
1461-1462. https://doi.org/10.1093/bioinformatics/btn209

Stuart SN, Chanson JS, Cox NA, Young BE, Rodrigues ASL, Fisch-
man DL, Waller RW (2004) Status and trends of amphibian declines
and extinctions worldwide. Science 306: 1783—-1786. https://doi.
org/10.1126/science.1103538

Sunny A, Duarte-deJesus L, Aguilera-Hernandez A, Ramirez-Corona F,
Sudrez-Atilano M, Percino-Daniel R, Manjarrez J, Monroy-Vilchis
0O, Gonzalez-Fernandez A (2019a) Genetic diversity and demogra-
phy of the critically endangered Roberts’ false brook salamander
(Pseudoeurycea robertsi) in Central Mexico. Genetica 147(2): 149—
164. https://doi.org/10.1007/s10709-019-00058-2

Sunny A, Gandarilla-Aizpuro FJ, Monroy-Vilchis O, Zarco-Gonzalez
MM (2019b) Potential distribution and habitat connectivity of Cro-
talus triseriatus in Central Mexico. Herpetozoa 32: 139-148. https://
doi.org/10.3897/herpetozoa.32.e36361

Sunny A, Gonzélez-Fernandez A, D’ Addario M (2017) Potential distri-
bution of the endemic imbricate alligator lizard (Barisia imbricata
imbricata) in highlands of central Mexico. Amphibia-Reptilia 38(2):
225-231. https://doi.org/10.1163/15685381-00003092

Sunny A, Monroy-Vilchis O, Fajardo V, Aguilera-Reyes U (2014a) Genetic
diversity and structure of an endemic and critically endangered stream
river salamander (Caudata: Ambystoma leorae) in Mexico. Conserva-
tion Genetics 15: 49-59. https://doi.org/10.1007/510592-013-0520-9

Sunny A, Monroy-Vilchis O, Reyna-Valencia C, Zarco-Gonzalez MM
(2014b) Microhabitat types promote the genetic structure of a mi-
cro-endemic and critically endangered mole salamander (Ambysto-
ma leorae) of Central Mexico. PLoS ONE 9: e103595. https://doi.
org/10.1371/journal.pone.0103595

Sunny A, Monroy-Vilchis O, Zarco-Gonzédlez MM, Mendoza-Martinez
GD, Martinez-Gémez D (2015) Genetic diversity and genetic structure
of an endemic Mexican Dusky Rattlesnake (Crotalus triseriatus) in a
highly modified agricultural landscape: implications for conservation.
Genetica 143: 705-716. https://doi.org/10.1007/s10709-015-9868-8

Templeton AR, Shaw K, Routman E, Davies SK (1990) The genetic
consequences of habitat fragmentation. Annals of the Missouri Bo-
tanical Garden 77: 13-27. https://doi.org/10.2307/2399621

herpetozoa.pensoft.net


https://doi.org/10.1007/s10530-012-0317-7
https://doi.org/10.1007/s10021-001-0014-3
https://doi.org/10.1093/jhered/90.4.502
https://doi.org/10.1002/jwmg.596
https://doi.org/10.1111/j.1558-5646.1989.tb04226.x
https://doi.org/10.1111/j.1558-5646.1989.tb04226.x
http://www.r-project.org
https://doi.org/10.5735/086.047.0401
https://doi.org/10.1046/j.1523-1739.2003.01236.x
https://doi.org/10.1046/j.1523-1739.2003.01236.x
https://doi.org/10.1890/0012-9658(2001)082%5B0541:TRBPRA%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(2001)082%5B0541:TRBPRA%5D2.0.CO;2
https://doi.org/10.1111/j.1365-294X.2012.05708.x
https://doi.org/10.1111/evo.12052
https://doi.org/10.1016/j.funbio.2013.10.005
https://doi.org/10.1111/j.1365-294X.2010.04718.x
https://doi.org/10.1111/j.1365-294X.2010.04718.x
https://doi.org/10.1111/j.0906-7590.2005.04042.x
https://doi.org/10.1111/j.0906-7590.2005.04042.x
https://doi.org/10.1016/j.biocon.2009.12.021
https://doi.org/10.1016/j.biocon.2009.12.021
https://doi.org/10.1111/j.1365-294X.2005.02573.x
https://doi.org/10.1111/j.1365-294X.2005.02573.x
https://doi.org/10.1093/bioinformatics/btn209
https://doi.org/10.1126/science.1103538
https://doi.org/10.1126/science.1103538
https://doi.org/10.1007/s10709-019-00058-2
https://doi.org/10.3897/herpetozoa.32.e36361
https://doi.org/10.3897/herpetozoa.32.e36361
https://doi.org/10.1163/15685381-00003092
https://doi.org/10.1007/s10592-013-0520-9
https://doi.org/10.1371/journal.pone.0103595
https://doi.org/10.1371/journal.pone.0103595
https://doi.org/10.1007/s10709-015-9868-8
https://doi.org/10.2307/2399621

248 Octavio Monroy-Vilchis et al.: Population genetics of two mole salamanders

Tyler TJ, Liss W], Hoffman RL, Ganio LM (1998) Experimental analy-
sis of trout effects on survival, growth, and habitat use of two species
of Ambystomid salamanders. Journal of Herpetology 32: 345-349.
https://doi.org/10.2307/1565448

Valdemarsen T, Hansen PK, Ervik A, Bannister RJ (2015) Impact of
deep water fish farms on benthic macrofauna communities under
different hydrodynamic conditions. Marine Poll Bull 101: 776-783.
https://doi.org/10.1016/j.marpolbul.2015.09.036

Valdemarsen T, Kristensen E, Holmer M (2009) Metabolic threshold
and sulfide buffering in diffusion controlled marine sediments im-
pacted by continuous organic enrichment. Biogeochemistry 95:
335-353. https://doi.org/10.1007/s10533-009-9340-x

Valdemarsen T, Kristensen E, Holmer M (2010) Sulfur, carbon, and ni-
trogen cycling in faunated marine sediments impacted by repeated
organic enrichment. Marine Ecology Progress Series 400: 37-53.
https://doi.org/10.3354/meps08400

Valiente REL (2006) Efecto de las especies introducidas en Xochimilco
para la rehabilitacion del habitat del ajolote (Ambystoma mexica-
num). Thesis, Posgrado en Ciencias Bioldgicas, Universidad Nacio-
nal Autobnoma de México, México.

Van den Berg AH, McLaggan D, Diéguez-Uribeondo J, van West P (2013)
The impact of the water moulds Saprolegnia diclina and Saprolegnia
parasitica on natural ecosystems and the aquaculture industry. Fungal
Biology Reviews 27: 33—42. https://doi.org/10.1016/j.tbr.2013.05.001

Van Oosterhout C, Hutchinson WF, Wills DPM, Shipley P (2004) MI-
CRO-CHECKER: software for identifying and correcting genotyp-
ing errors in microsatellite data. Molecular Ecology Notes 4: 535—
538. https://doi.org/10.1111/j.1471-8286.2004.00684.x

Vazquez-Dominguez E, Surarez-Atilano M, Booth W, Gonzalez-Baca
C, Cuaron AD (2012) Genetic evidence of a recent successful colo-
nization of introduced species on islands: Boa constrictor imperator
on Cozumel Island. Biological Invasions 14: 2101-2116. https://doi.
org/10.1007/s10530-012-0217-x

Wake DB, Vredenburg VT (2008) Are we in the midst of the sixth mass
extinction? A view from the world of amphibians. Proceedings of
the National Academy of Sciences 105: 11466—11473. https://doi.
org/10.1073/pnas.0801921105

Wang 1J (2009) Fine-scale population structure in a desert amphibian:
landscape genetics of the black toad (Bufo exsul). Molecular Ecology
18: 3847-3856. https://doi.org/10.1111/1.1365-294X.2009.04338.x

Watson GF, Littlejohn MJ, Hero JM, Robertson P (1991) Conservation
Status, Ecology and Management of the Spotted Tree Frog (Litoria
spenceri). Arthur Rylah Institute Technical Report Series No. 116.
Department of Conservation and Environment: Victoria.

Weir BS, Cockerham CC (1984) Estimating F-statistics for the anal-
ysis of population structure. Evolution 38: 1358—1370. https://doi.
org/10.1111/j.1558-5646.1984.tb05657.x

Welsh HHJ, Pope KL, Boiano D (2006) Sub-alpine amphibian
distributions related to species palatability to non-native sal-
monids in the Klamath Mountains of northern California. Di-
versity and Distributions 12: 298-309. https://doi.org/10.1111/
j.1366-9516.2006.00254.x

Werner EE, Anholt BR (1996) Predator-induced behavioral indirect
effects: consequences to competitive interactions in anuran larvae.
Ecology 77: 157-169. https://doi.org/10.2307/2265664

Wilson LD, Johnson JD, Mata-Silva V (2013) A conservation reassess-
ment of the amphibians of Mexico based on the EVS measure. Am-
phibian and Reptile Conservation 7: 97-127.

herpetozoa.pensoft.net

Woolrich-Pifia G, Smith GR, Lemos-Espinal JA, Zamora ABE, Ayala
RM (2017) Observed localities for three endangered, endemic Mex-
ican ambystomatids (Ambystoma altamirani, A. leorae, and A. rivu-
lare) from central Mexico. Herpetological Bulletin 139: 13.

Young A, Boyle T, Brown T (1996) The population genetic consequenc-
es of habitat fragmentation for plants. Trends in Ecology and Evo-
lution 11: 413-418. https://doi.org/10.1016/0169-5347(96)10045-8

Zambrano L, Valiente E, Vander-Zanden MJ (2010) Food web over-
lap among native axolotl (4mbystoma mexicanum) and two exotic
fishes: carp (Cyprinus carpio) and tilapia (Oreochromis niloticus)
in Xochimilco, Mexico City. Biological Invasions 12: 3061-3069.
https://doi.org/10.1007/s10530-010-9697-8

Zamora ABE, Smith GR, Lemos-Espinal JA, Woolrich-Pifia GA, Ayala
RM (2018) Effects of nonnative Rainbow Trout on two species of
endemic Mexican amphibians. Freshwater Science 37(2): 389-396.
https://doi.org/10.1086/697700

Zamudio KR, Wieczorek AM (2007) Fine-scale spatial genetic structure
and dispersal among spotted salamander (Ambystoma maculatum)
breeding populations. Molecular Ecology 16: 257-274. https://doi.
org/10.1111/5.1365-294X.2006.03139.x

Zeisset 1, Beebee TJC (2008) Amphibian phylogeography: a model for
understanding historical aspects of species distributions. Heredity
101: 109-119. https://doi.org/10.1038/hdy.2008.30

Supplementary material 1

Complementary figures and tables that
support the results found in this study.

Authors: Octavio Monroy-Vilchis, Rosa-Laura Heredia-
Bobadilla, Martha M. Zarco-Gonzalez, Victor Avila-
Akerberg, Armando Sunny

Data type: Multimedia.

Explanation note: Figure S1. Genotype accumulation curve to
determine the minimum number of loci necessary to discrim-
inate between individuals in a population. Figure S2. Allelic
frequencies of the nine loci in the two Ambystoma altamira-
ni populations studied. Figure S3. Allelic frequencies of the
nine loci in the two Ambystoma rivulare populations studied.
Table S1. Number of genotypes in the four Ambystoma pop-
ulations studied. Table S2. Hardy-Weinberg and inbreeding
coefficients of Weir and Cockerham (W & C) for the four
Ambystoma populations studied, values in bold were signif-
icant deficiency of heterozygosity (p < 0.05) with the FDR
correction. Table S3. Analysis of molecular variance based
on FST values for the populations of Ambystoma altamira-
ni. Table S4. Analysis of molecular variance based on FST
values for the populations of Ambystoma rivulare. Table S5.
Genetic relationships in the populations in the four Ambys-
toma populations studied.

Copyright notice: This dataset is made available under the Open
Database License (http://opendatacommons.org/licenses/
odbl/1.0/). The Open Database License (ODbL) is a license
agreement intended to allow users to freely share, modify, and
use this Dataset while maintaining this same freedom for oth-
ers, provided that the original source and author(s) are credited.

Link: https://doi.org/10.3897/herpetozoa.32.e38023.suppll


https://doi.org/10.2307/1565448
https://doi.org/10.1016/j.marpolbul.2015.09.036
https://doi.org/10.1007/s10533-009-9340-x
https://doi.org/10.3354/meps08400
https://doi.org/10.1016/j.fbr.2013.05.001
https://doi.org/10.1111/j.1471-8286.2004.00684.x
https://doi.org/10.1007/s10530-012-0217-x
https://doi.org/10.1007/s10530-012-0217-x
https://doi.org/10.1073/pnas.0801921105
https://doi.org/10.1073/pnas.0801921105
https://doi.org/10.1111/j.1365-294X.2009.04338.x
https://doi.org/10.1111/j.1558-5646.1984.tb05657.x
https://doi.org/10.1111/j.1558-5646.1984.tb05657.x
https://doi.org/10.1111/j.1366-9516.2006.00254.x
https://doi.org/10.1111/j.1366-9516.2006.00254.x
https://doi.org/10.2307/2265664
https://doi.org/10.1016/0169-5347(96)10045-8
https://doi.org/10.1007/s10530-010-9697-8
https://doi.org/10.1086/697700
https://doi.org/10.1111/j.1365-294X.2006.03139.x
https://doi.org/10.1111/j.1365-294X.2006.03139.x
https://doi.org/10.1038/hdy.2008.30
http://opendatacommons.org/licenses/odbl/1.0/
http://opendatacommons.org/licenses/odbl/1.0/
https://doi.org/10.3897/herpetozoa.32.e38023.suppl1

	Genetic diversity and structure of two endangered mole salamander species of the Trans-Mexican Volcanic Belt
	Abstract
	Introduction
	Material and methods
	Study area and population sampling
	Genetic analysis
	Potential scoring errors and genotype accumulation curve
	Genetic diversity
	Genetic structure
	Genetic bottlenecks, effective population size and relatedness

	Results
	Population sampling
	Potential scoring errors
	Genetic diversity
	Genetic structure
	Genetic bottlenecks, effective population size and relatedness

	Discussion
	Genetic diversity
	Genetic structure
	Genetic bottlenecks, effective population size and relatedness
	Conservation implications

	Acknowledgements
	References
	Supplementary material 1
	Complementary figures and tables that support the results found in this study.


