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Abstract. The isolated and fragmented populations are highly susceptible to stochastic events, increasing the extinction risk because
of the decline in putative adaptive potential and individual fitness. The population has high heterozygosity values and a moderate
allelic diversity, the heterozygosity values are higher than inmost otherCrotalus species and snake studies. Possibly these high levels of
genetic diversity can be related to a large founder size, high effective population size, multiple paternity and overlapping generations.
We did not find the genetic structuring but the effective number of alleles (Ne) was 138.1. We found evidence of bottlenecks and the
majority of rattlesnakes were unrelated, despite the small sample size, endemic status, the isolated and fragmented habitat. The genetic
information provided in this study can be useful as a first approach to try to make informed conservation efforts for this species and
also, important to preserve the habitat of this species; the endangered Abies–Pinus forest of the Nevado the Toluca Volcano.
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Introduction

Over the one-fifth of the land on planet is converted by
small patches of forest, agriculture fields, urbanization,
or use of land by human activity (Hoekstra et al. 2005;
Ribeiro et al. 2009). Creating small habitat patches using
small populations, isolated from conspecifics, reduce the
gene flow and genetic diversity (Kim et al. 1998). This frag-
mentation and the reduced gene flow could increase the
loss of genetic variability throughgenetic drift and increase
the chance of inbreeding (O’Brien 1994; Frankham et al.
2005; Rueda Zozaya et al. 2016) and the extinction risk
(Newman and Tallmon 2001; Johansson et al. 2006). This
change in usage of land has been considered the most
general threat to terrestrial biodiversity and ecosystems
worldwide (Vandergast et al. 2007; Ribeiro et al. 2009),
given that it affects directly the distribution of the fauna
and metapopulation dynamics of the species (Marsh and
Trenham 2001; Jehle et al. 2005; Cushman 2006). Mex-
ico is one of the mega-diverse countries (Mittermeier and
Goettsch de Mittermeier 1992; Challenger 1998), ranked

second worldwide in its number of reptile species, next
to Australia (Uetz and Hosek 2015), with 31 rattlesnake
species, has been positioned first worldwide (Beaman and
Hayes 2008). Unfortunately, in recent decades, the human
activities have led to the fragmentation and loss of habi-
tat (Sarukhán et al. 2009). This habitat change affects
the populations of amphibians and reptiles more than
other vertebrate taxa (Jäggi and Baur 1999; Woinarski
and Ash 2002; Anadón et al. 2006; Castellano and Val-
one 2006; Ribeiro et al. 2009; Sunny et al. 2015) because
of their small home ranges, high philopatry and low
vagility (Huey 1982; Ribeiro et al. 2009). Therefore, the
threats that are contributing to the decline in rattlesnake
populations are the urban expansion, and habitat loss
and fragmentation (Campbell and Lamar 2004; Monroy-
Vilchis et al.2008).Crotalus triseriatus is an endemicpigmy
rattlesnake from the highlands of central Mexico, espe-
cially along the Trans-Mexican Volcanic Belt (TMVB,
figure 1). This area is the most important in the country,
considering the number of endemic reptile species (Flores-
Villela andCanseco-Márquez 2004) and also have a strong
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Figure 1. (a) Map of Mexico showing the Trans-Mexican Volcanic Belt, the State of Mexico and Mexico City. (b) The site for the
population genetic study.

anthropogenic transformation of the ecosystems,∼ 44.7%
of this region is used for agricultural purposes, the 3.4% for
urban settlements and just 1.1% of Abies forest and 5.4%
of Pinus forest remain (Sunny et al. 2017). These types
of forest are the most important habitats of C. triseriatus
(Bryson et al. 2014; Sunny et al. 2015). This anthro-
pogenic transformation of the ecosystem could increase
the extinction risk of C. triseriatus due to the loss and
fragmentation of their habitat. Therefore, the objective
of this study was to describe the genetic variability and
structure, inbreeding, its effective population size, and the
presence of bottlenecks in a grassland field surrounded
by Abies–Pinus forest. These results will provide valuable
information for management decisions to help preserve
this endemic species.

Materials and methods

Study area and population sampling

The sampling was conducted in a grassland area
surrounded by Abies–Pinus forest in the protected area of
the Nevado de Toluca volcano (19◦12′24′′N; 99◦56′36′′W,
with an altitude of 2865 meters above sea level; figure 1).
The intervening matrix is extremely urbanized and popu-
lated by themetropolitan valley of Toluca city, the greatest
changes in land use and vegetation cover occurred dur-
ing the period from 1964 to 1990 (FAO 2001 The state
of world’s forests (http://www.fao.org/docrep/003/y0900e/
y0900e00.htm); Rodríguez-Soto et al. 2011; Domínguez-
Vega et al. 2012), therefore, this population is isolated in
a sky island system. Tissue samples (ventral scale) were
obtained and placed in 90% ethanol. All rattlesnakes were
immediately released at the point of capture. The manipu-
lation of rattlesnakes was conducted with the approval of
the ethics committee of the Autonomous University of the

State of Mexico and the authors declare that they have no
conflict of interest.

Genetic analysis

DNA was extracted from ventral scales following the
instructions that accompany the GF-1 Nucleic Acid
extraction kit (Vivantis). Briefly, 60 µL DTT (5%) was
added, 3x of proteinase K, and lysis enhancer, and the
eluted DNA was used directly as a template for poly-
merase chain reaction (PCR). Eleven fluorescently labelled
microsatellite loci were amplified: CWA29 and CWB6
(Holycross et al. 2002), 5A and 7-87 (Villarreal et al.
1996), CRTI09, CRTI05, CRTI08 and CRTI10 (Gold-
berg et al. 2003), CC1110 (Pozarowski et al. 2012), and
MFRD5 and MFR15 (Oyler-McCance et al. 2005). PCR
microsatellite products were multiplexed and run on an
ABI Prism3730xl (Applied Biosystems), with Rox-500 as
an internal size standard. PEAKSCANNER 1.0 (Applied
Biosystems) software was used to obtain allele sizes. TAN-
DEM1.08 (Matschiner andSalzburger 2009) softwarewas
used to measure and bin the fragment lengths. Negative
controls were included in at least two runs to guarantee
reproducibility.

Statistical analyses

Identification of duplicate genotypes and potential scoring
errors: We thoroughly checked so that we did not have
recaptured rattlesnakes to avoid mistakes in interpreting
the population’s genetic variability using GIMLET 1.3.2
software (Valiére 2002). MICROCHECKER 2.2.3 soft-
ware (Van Oosterhout et al. 2004) was used to test the
presence of null alleles and other typing errors. In addi-
tion, using POPPR 2.4.1 (Kamvar et al. 2014) for the R
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software (ver. 3.4.0; R Development Core Team 2017), we
made an analysis to create a genotype accumulation curve,
useful for determining the minimum number of loci nec-
essary to discriminate between individuals in a population
(Kamvar et al. 2014). This function will randomly sample
loci without replacement and count the number of multi-
locus genotypes observed (Kamvar et al. 2017).

Genetic structure

We searched for the genetic structure using several
algorithms. First, we used a Bayesian algorithm in combi-
nation with STRUCTURE 2.3.4 software (Pritchard et al.
2000;Falush et al.2003;Hubisz et al.2009).Due to the lack
of genetic structure found in previous studies and based
on exploratory analyses of these data and the Delta K
Evanno plot (not shown), we decided to explore the val-
ues of K from 1 to 10, by running the analysis 10 times
per K value to determine the maximum value of posterior
likelihood [lnP(D)]. The parameters we chose were cor-
related allele frequencies with 1,000,000 burn-in periods
and 1,000,000 MCMC iterations (Falush et al. 2003). In
addition, using ADEGENET 2.0.1 (Jombart et al. 2016)
andADE4 1.7-6 (Dray and Siberchicot 2017) packages for
the R software, we performed the principal components
analysis; this analysis represented the genetic structure in
two complementary ways: by the distances, further away,
more genetically different and by the different gray scales,
more different the shade of gray, themore theywere geneti-
cally different (Jombart et al. 2016).We tested the existence
of population structure computing. Further, we estimated
Nei’s genetic distance (Nei 1972) among individuals apply-
ing 1000 bootstraps in POPPR 2.4.1 andMAGRITTR 1.5
(Bache and Wickham 2016) for the R software.

Genetic diversity

Using GENALEX (Peakall and Smouse 2006) and
STRATAG 2.0.2 (Archer et al. 2017) for the R software,
we calculated observed (Ho) and expected (He) heterozy-
gosity, the number of alleles (Na), the effective number
of alleles, the number of genotypes (Ne), and the num-
ber of heterozygote and homozygote genotypes and also
the evenness indices in POPPR. Departures from Hardy–
Weinberg equilibrium (HWE) and linkage disequilibrium
(LD) between pairs of microsatellite loci and within each
sample and locus were evaluated using a Markov chain
approximation considering 10,000 dememorizations, 1000
batches, and 10,000 iterations per batch. The allelic fre-
quencies and FIS statistics were estimated to evaluate
heterozygote deficit or excess, derived from analysis of
variance according to Weir and Cockerham (1984) imple-
mented in the software GENEPOP 4.0 (Raymond and
Rousset 1995). To correct the P values, we used a false

discovery rate (FDR) approach as described by Benjamini
and Hochberg (1995). This was implemented using R and
QVALUE software (Storey 2002).

Demography history

Genetic bottlenecks, relatedness and effective population
size: Historical signals of demographic fluctuations were
explored by applying a Bayesian algorithm, which was
implemented using Markov-swtiching vector autoregres-
sion (MSVAR) 0.4.1 (Beaumont 1999; Girod et al. 2011)
software. We estimated the rate of change (r) of the effec-
tive population size, defined as Ncrnt/Nstbl (where Ncrnt is
the current inbreeding effective population size and Nstbl,
the ancestral stable inbreeding effective population size).
The r ratio was expressed in log10. Thus, the population
declined if we had a negative r value, stable if r was equal
to zero and, the population is expanded if the r value was
positive (Gasca-Pineda et al. 2013; Sunny et al. 2015). We
used a t-test to assess the existence of significant differences
between subpopulations. To test for a genetic signature
of recent bottlenecks, we used the BOTTLENECK 5.1.26
(Cournet and Luikart 1996; Piry et al. 1999) software. We
estimated the observed and expected heterozygosity under
threedifferentmutationmodels (i) the infinite allelesmodel
(IAM), (ii) the step mutation model (SMM) and (iii) the
two-phase model (TPM). Also, because the TPM is an
intermediate model of evolution considered more appro-
priate for microsatellites, we interpreted the result based
just on this model and considering the distribution of the
mode shifts. The settings applied were for a 90% step-
wise mutation model, 10% infinite allele model, and 10%
variance. The default values used were those appropriate
for a 70% step-wise mutation model, 30% infinite allele
model, and 10% variance. Both settings were run using
10,000 replicates. Excess heterozygosity was tested using
a Wilcoxon test in the software BOTTLENECK 5.1.26.
Relatedness among individuals were evaluated using the
software ML-RELATE (Kalinowski et al. 2006), in addi-
tion, we obtained the FIS value in GENEALEX as an
indicator of total inbreeding in the population. Finally, to
explore the actual effective population size (Ne), we used
the molecular coancestry method of Nomura (2008), as
implemented in the softwareNEESTIMATOR2 (Do et al.
2014).

Results

Population sampling

We found 50 live adult rattlesnakes (mean = 56 cm) and
four live juvenile snakes (mean = 20 cm), but we just
obtained sufficient quality of DNA for genotyping the 45
tissue samples.
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Figure 2. Genotype accumulation curve to determine the minimum number of loci necessary to discriminate between individuals in
the population.

Population genetic

Identification of duplicate genotypes and potential scoring
errors: We did not find confirmation of recaptured rattle-
snake when DNA samples were analysed. We did not find
null alleles or another typing error in any loci and finally,
the FDR correction did not find LD between the loci.
The genotype accumulation curve found that the mini-
mum number of loci necessary to discriminate between
individuals in a populationwas six (figure 2). Therefore, we
conclude that our study has enough microsatellite primers
(n = 9).

Genetic structure

The maximum log likelihood assumed by STRUCTURE
was detected when K = 1 (LnPr (k = 1) = −1097.6)
also neighbour-joining (N–J) tree. The PCA of pairwise
FST and the Goudet’s G values show low values of genetic
structuring. (figures 3 and 4).

Genetic diversity

Across the eight loci, 3–12 alleles were identified
(mean length = 7.5) with a total of 60 alleles (table 1;

Figure 3. Scatterplot showing the relationships among the two
populations based on a principal components analysis of eight
microsatellite genotypes, this analysis represented the genetic
structure in two complementary ways: by the distances, further
away, more genetically different and by the different gray scales,
more different the shade of gray, the more genetically different.

figure 5). We found 54 heterozygous genotypes and 28
homozygous genotypes with a total of 82 genotypes. The
population showedmedium values ofHo = 0.722±0.044,
He = 0.693 ± 0.043 (table 1).
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Figure 4. Tree constructed by theNJmethod using the estimated standardized genetic distancesNei DS (Nei 1972) using a bootstrap
of 1000.

Genetic bottlenecks, effective population size and relatedness

MSVAR showed a bottleneck, r = −3.067. TheMSVAR r
estimate ranged from –3.941 to –1.221 and the BOTTLE-
NECK results yielded a normal L-shaped distribution,
suggesting no recent genetic bottleneck. The data sug-
gested a recent genetic bottleneck under the infinite alleles
model (I.A.M.) P = 0.034 (table 1). The actual Ne esti-
mated fromLDwith 0.05 allele frequencywasNe = 138.1.
Further, there was no evidence of inbreeding signs in
the relatedness analysis: unrelated (83.7%), half-siblings
(9.1%), full siblings (6.7%) and parent/offspring (0.6%). In
addition, inbreeding coefficient values were negative and
low in the population (FIS = −0.053; table 1).

Discussion

Genetic diversity

The population had high heterozygosity values and a
moderate allelic diversity, the heterozygosity values were
higher than inmost otherCrotalus species and snake stud-
ies (Ho: 0.722 and Na = 7.500; Holycross et al. 2002;
Goldberg et al. 2003; Oyler-McCance et al. 2005; Ander-
son 2006; Holycross and Douglas 2007; Clark et al. 2008;
Munguia-Vega et al. 2009; Oyler-McCance and Parker
2010; Ávila-Cervantes 2011). Possibly these high levels
of genetic diversity can be related to a large founder
size, high effective population size, multiple paternity and
overlapping generations (Sunny et al. 2014a). For these
reasons it is important to preserve the habitat of this
species; the endangered Abies–Pinus forest of the Nevado

theTolucaVolcanoand theTMVB(Figueroa-Rangel et al.
2010; Vargas-Rodríguez et al. 2010; Ponce-Reyes et al.
2012; Bryson et al. 2014; Heredia-Bobadilla et al. 2016,
2017), this is because the TMVB has the great extent of
the Abies forest (91.143%) and a great percentage of Pinus
forest (29.657%) in the country, but these types of for-
est are scarce in the TMVB just 1.1% of Abies forest and
5.4% ofPinus forest covers the biogeographic zone (Sunny
et al. 2017). Unfortunately, government laws have recently
changed the protection status of the Nevado de Toluca
Volcano (Diario Oficial de la FederaciónMexicana 2013).
This change in protection status could lead to logging and
changes in land use (Mastretta-Yanes et al. 2014), affect-
ing C. triseriatus population and the populations of many
other species of amphibians and reptiles of the TMVB
(González-Fernández et al. 2018).

Genetic structure

We did not find the genetic structure in our population
which could be related to the fact that in our study site
therewere no anthropogenic barriers like roads andurban-
ization which are two of themost difficult features to avoid
in snakes (Andrews and Gibbons 2005; Keyghobadi 2007;
Belkenhol and Waits 2009; Clark et al. 2010; Souza et al.
2015), possibly the migrations in mating season is favour-
ing that the population is not structured, some studies have
shown that snakes can migrate long distances of 7–14.99
km during mating season (Beck 1995; Clark et al. 2008),
but as this is a small and fragmented population with
a small population size this could lead to a deleterious
genetic effects associated with inbreeding and reductions
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Figure 5. C. triseriatus allelic frequencies of loci in the population.
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Table 1. C. triseriatus genetic diversity values.

Locus Na Ne A Ho He Evenness FIS

CWB6 11 5.753 0.244 0.756 0.826 0.76 0.085
CH7-87 3 1.987 0.066 0.711 0.497 0.77 − 0.431
CC1110 9 4.661 0.200 0.778 0.785 0.72 0.010
CH5A 5 3.127 0.111 0.822 0.680 0.89 − 0.209
MFRD5 4 2.100 0.088 0.422 0.524 0.71 0.194
CRTI09 9 4.171 0.200 0.778 0.760 0.69 − 0.023
MFR15 12 4.014 0.266 0.733 0.751 0.60 0.023
CWA29 7 3.613 0.155 0.778 0.723 0.74 − 0.075
Mean 7.5 3.678 0.166 0.722 0.693 0.74 − 0.053
Standard
error

1.165 0.449 0.022 0.044 0.043 0.025 0.068

Na, number of alleles; Ne, number of effective alleles; A, allelic richness; Ho, observed heterozygosity; He,
expected heterozygosity; evenness, evenness index; FIS, fixation index.

in genetic variability, increasing the risk of extinction
because of the decline in putative adaptive potential and
individual fitness (Bijlsma et al. 2000;Mitrovski et al. 2007;
Castañeda-Rico et al. 2011). The low number of alleles
detected could be indicative of allelic fixation, associated
with a genetic and demographic deterioration associated
with isolation and decrease in an effective population size
(Castañeda-Rico et al. 2011).

Effective population size

The Ne found was moderate (Ne = 138.1), despite this
estimate being sensitive to sample size and could be
underestimated (England et al. 2005), it gives a good
approximation of the real population numbers (Sunny
et al. 2014a). Ne is a measure directly related to the rate
of genetic diversity loss and the increase of inbreeding in
a population, and some studies report that a Ne > 50 is
necessary to avoid the loss of genetic diversity and inbreed-
ing effects (Allendorf and Ryman 2002). Therefore, this
value is sufficient to avoid inbreeding effects and may be
this population has a stable C. triseriatus population of
thousands of individuals. Hence, to retain adaptive genetic
variation, aminimumof 500 individuals is required (Allen-
dorf andRyman2002). Inaddition, this estimate is affected
by population size fluctuations which is important to con-
sider, since in the study area each year the pasture where
rattlesnakes inhabit are burnt and occasionally the for-
est authorities make roller chopping reforestation, causing
bottlenecks to the rattlesnake population, therefore, mul-
tiple negative consequences can be associated with a small
population size, both at the demographic and genetic levels
(Frankham 1998; Eldridge et al. 1999).

Historical demography

We did not find signatures of bottleneck with
BOTTLENECK software, however, these results have to

be interpreted with caution since for this software to
achieve reasonably high statistical power (0.80), it is neces-
sary for at least 10 polymorphic loci and the standardized
differences test is recommended using ∼20 or more poly-
morphic loci (Cournet and Luikart 1996). Therefore, we
complementedour bottleneck analyseswith the one imple-
mented in MSVAR (Girod et al. 2011), and found the
signatures of a bottleneck, these bottlenecks could be
related (i) due to pasture burning and the roller chopping
reforestation practices and (ii) the local people kill the rat-
tlesnakes for fear or beliefs that rattlesnake consumption
will cure cancer and diabetes (Monroy-Vilchis et al. 2008;
Sunny et al. 2015). Further, it will be necessary to pro-
vide support to environmental education programmes and
increase awareness to authorities, farmers and ranchers, to
avoid further killing of rattlesnakes for fear or bad refor-
estation practices.

Inbreeding and relatedness

The data indicate that the majority of rattlesnakes are
unrelated, despite the small sample size, the endemic sta-
tus and the isolated and fragmented habitat. Different
mechanism of mating behaviour and reproductive biol-
ogy of Crotalus species could help to prevent endogamy
like: high juvenile mortality decreasing the percentage
of close relatives coexisting in the same colony (Dixon
2011), male dispersal, multiple paternity, sperm competi-
tion, long-term sperm storage, facultative parthenogenetic
and kin recognition (Schuett 1992; Sever and Hamlett
2001; Aldridge and Duvall 2002; Greene et al. 2002; Uller
and Olsson 2008; Booth and Schuett 2011; Clark et al.
2014).

Conservation implications

Conservation actions should aim to maintain enough
suitable habitat for Abies–Pinus forest and landscape con-
nectivity between patches of forest to sustain the natural
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dynamics of this species, and all other amphibian and
reptile species of this habitat (Figueroa-Rangel et al. 2010;
Vargas-Rodríguez et al. 2010; Ponce-Reyes et al. 2012;
Bryson et al. 2014), to preserve genetic diversity and sur-
vival over the long term (Cushman 2006). The TMVB is
a region highly fragmented due to changes in land use.
This habitat fragmentation and the limited vagility of the
snakes (a few tens of hectares per year) and movement
rates of some tens of meters per day (Macartey et al. 1988;
Sasa et al. 2009; Hoss et al. 2010) could have long-term
consequences, such as a decrease in genetic diversity and
increased chance of inbreeding (Espindola et al. 2014;
Sunny et al. 2014a, b). This reduced genetic variability
could reduce fitness and increase the susceptibility of dis-
ease (Frankham et al. 2005; Townsend et al. 2009; Rulon
et al. 2011) such as the proliferation of fungal pathogens
(Jacobson et al. 2000; Paré et al. 2003; Rajeev et al. 2009;
Allender et al. 2011, 2015; Guthrie et al. 2015; Tetzlaff
et al. 2015;Glorioso et al. 2016), including some that cause
widespread mortality in free-ranging rattlesnake popula-
tions (Cheatwood et al. 2003; Allender et al. 2011, 2015;
Guthrie et al. 2015; Tetzlaff et al. 2015; Glorioso et al.
2016). This process increases extinction risk (Newman
and Tallmon 2001). Also, C. triseriatus are facing the
potential effects of climate change. This species of ser-
pent and Thamnophis scalaris are the snakes that inhabit
the highest areas of the American continent (Campbell
and Lamar 2004; González-Fernández et al. 2018). As
climate change takes hold, this montane species, which
prefers cooler temperatures associated with the highest
elevations, will be limited in its ability to shift distribu-
tion upslope, increasing the possibility of becoming extinct
(González-Fernández et al. 2018). However, over the short
term, it is urgent to implement environmental education
to avoid further rattlesnake killing due to fear or rea-
sons related to uses in the context of traditional medicine
(Monroy-Vilchis et al. 2008). We must also prevent the
introduction or substitution of species and pursue refor-
estation practices that do not involve roller chopping or
agricultural burning (Mullin and Seigel 2009). Although
some Crotalus species are quite tolerant or can even be
beneficial to the small patches of crops, probably due to
the small preys that live there (Bastos et al. 2005; Mociño-
Deloya et al. 2009; Reinert et al. 2011; Wittenberg 2012;
Mociño-Deloya et al. 2014), only the crops close toAbies–
Pinus forests seems to be suitable habitats forC. triseriatus
(Mociño-Deloya et al. 2014). Therefore, it is important to
preserve the Abies–Pinus forest for several reasons, one of
them is the possibility that the rattlesnakes could find a dif-
ferent kind of food (e.g. rodents, amphibians, lizards, birds,
eggs;Mociño-Deloya et al. 2014), in anthropized areas, the
large rattlesnakeshave insufficient refugees and theydonot
have enough cover type and variety of vegetation to allow
exploitation of the thermal gradients (Blouin-Demers and
Weatherhead 2001;Hoss et al. 2010; Sunny et al. 2015), the
lack of different types of vegetation limits the growth of

snakes and therefore only medium-sized rattlesnakes were
found. To achieve these conservation strategies, the genetic
information provided in this study can be used as a first
approach to try to make inform conservation efforts, but
also, we suggest to make more population genetic studies
in other small patches to get more accurate data and a bet-
ter understanding of the population genetic status of this
species.

Acknowledgements

We thank Andrea González–Fernández, Juan Carlos
Guido–Patiño and Víctor Muñoz-Mora for their help in the
field work. AS is grateful to the graduate programme “Doc-
torado en Ciencias Agropecuarias y Recursos Naturales” of
the Autonomous University of the State of Mexico and for
scholarships received from CONACYT (356612), UAEMEX
(9855714) and COMECYT (15BTIID0027). The manipulation
of rattlesnakes was conducted with the approval of the ethics
committee of the Autonomous University of the State ofMexico
(DCARM-2014; 9855714) and the field permit: SGPA / DGVS /
011587/17 SEMARNAT.

References

Aldridge R. D. and Duvall D. 2002 Evolution of the mating sea-
son in the pitvipers of North America. Herpetol. Monogr. 16,
71–25.

Allender M. C., Dreslik M., Wylie S., Phillips C., Wylie D. B.,
Maddox C. et al. 2011 Chrysosporium sp. infection in eastern
massasauga rattlesnakes. Emerg. Infect. Dis. 17, 2383–2384.

Allender M. C., Raudabaugh D. B., Gleason F. H. and Miller
A. N. 2015 The natural history, ecology, and epidemiology of
Ophidiomyces ophiodiicola and its potential impact on free-
ranging snake populations. Fungal. Ecol. 17, 187–196.

Allendorf F. W. and Ryman N. 2002 The role of genetics in pop-
ulation viability analysis. In Population viability analysis (ed.
S. R Beissinger and D. R.McCollough), pp. 50–85. University
of Chicago Press, Chicago.

Anadón J. D., Gimenez A., Martínez M., Martínez J., Perez I.
and EsteveM.A. 2006 Factors determining the distribution of
the spur-thighed tortoise Testudo graeca in south-east Spain:
a hierarchical approach. Ecography 29, 339–346.

Anderson C. D. 2006 Utility of a set of microsatellite primers
developed for the massasauga rattlesnake (Sistrurus catena-
tus) for population genetic studies of the timber rattlesnake
(Crotalus horridus).Mol. Ecol. Notes 6, 514–517.

Andrews K. M. and Gibbons J. W. 2005 How do highways
influence snake movement? Behavioral responses to roads and
vehicles. Copeia 4, 772–782.

Archer F. I., Adams P. E. and Schneiders B. B. 2017 STRATAG:
An r package for manipulating, summarizing and analysing
population genetic data.Mol. Ecol. Resour. 17, 5–11.

Ávila-Cervantes J. 2011 Análisis de la estructura y diversi-
dad genética de cuatro poblaciones de Crotalus molossus
nigrescens. Master’s thesis, Facultad de Ciencias, UNAM,
México. http:bibliotecacentral.unam.mx. Accessed 11 Febru-
ary 2014.

Bache S. M. and Wickham H. 2016 MAGRITTR: A forward-
pipe operator for R. R package version, 1.5 (1). https://cran.
r-project.org/web/packages/magrittr/magrittr.pdf .

http://www.bibliotecacentral.unam.mx
https://cran.r-project.org/web/packages/magrittr/magrittr.pdf
https://cran.r-project.org/web/packages/magrittr/magrittr.pdf


Genetic diversity in a population of Crotalus triseriatus from central Mexico 1127

Bastos E. G. D. M., De Araújo A. F. B. and Silva H. R. 2005
Records of the rattlesnakes Crotalus durissus terrificus (Lau-
renti) (Serpentes Viperidae) in the State of Rio de Janeiro
Brazil: a possible case of invasion facilitated by deforestation.
Rev. Bras. Zool. 22, 812–815.

Beaman K. R. and Hayes W. K. 2008 Rattlesnakes: Research
trends and annotated checklist. In The biology of Rattlesnakes
(ed.W.KHayes,K.R.Beaman,M.DCaldwell and S. PBush),
pp. 5–16. Loma Linda University Press, Loma Linda.

Beaumont M. A. 1999 Detecting population expansion and
decline using microsatellites. Genetics 153, 2013–2029.

Beck D. D. 1995 Ecology and energetics of three sympatric
rattlesnake species in the SonoranDesert. J. Herpetol. 29, 211–
223.

Belkenhol N. and Waits L. P. 2009 Molecular road ecology:
exploring the potential of genetics for investigating transporta-
tion impacts on wildlife. Mol. Ecol. 18, 4151–4164.

Benjamini Y. andHochberg Y. 1995 Controlling the false discov-
ery rate: a practical and powerful approach tomultiple testing.
J. R. Stat. Soc. Ser. B. 57, 289–300.

Bijlsma R., Bungaard J. and Boerema A. 2000 Does inbreed-
ing affect the extinction risk of small populations? predictions
from Drosophila. J. Evol. Biol. 13, 502–514.

Blouin-Demers G. and Weatherhead P. J. 2001 An experimental
test of the link between foraging, habitat selection and ther-
moregulation in Black Rat Snake, Elaphe obsolete obsoleta. J.
Anim. Ecol. 70, 1006–1013.

Booth W. and Schuett G. W. 2011 Molecular genetic evidence
for alternative reproductive strategies in North American
pitvipers (Serpentes: Viperidae): long-term sperm storage and
facultative parthenogenesis.Biol. J. Linn. Soc. Lond. 104, 934–
942.

Bryson R. W., Linkem C. W., Dorcas M. E., Lathrop A., Jones
J. M., Alvarado-Díaz J. et al. 2014 Multilocus species delim-
itation in the Crotalus triseriatus species group (Serpentes:
Viperidae:Crotalinae) with the description of two new species.
Zootaxa 3, 475–496.

Campbell J. A. and Lamar W. W. 2004 The venomous reptiles of
the western hemisphere, vol. II. Comstock/Cornell University
Press, Ithaca, New York.

Castañeda-Rico S., León-Paniagua L., Ruedas L. A. and
Vázquez-Domínguez E. 2011 High genetic diversity and
extreme differentiation in the two remaining populations of
Habromys simulatus. J. Mammal. 92, 963–973.

CastellanoM. J. andValoneT. J. 2006Effects of livestock removal
and perennial grass recovery on the lizards of a desertified arid
grassland. J. Arid. Environ. 66, 87–95.

ChallengerA. 1998Utilización y conservación de los ecosistemas
terrestres de México. Pasado, presente y futuro. CONABIO,
Instituto de Biología, Agrupación Sierra Madre.

Cheatwood J. L., Jacobson E. R., May P. G., Farrell T. M.,
Homer B., Samuelson D. A. et al. 2003 An outbreak of fun-
gal dermatitis and stomatitis in a free-ranging population of
pigmy rattlesnakes (Sistrurus miliarius barbouri) in Florida. J.
Wildlife. Dis. 39, 329–337.

Clark R. W., Brown W. S., Stechert R. and Zamudio K. R. 2008
Integrating individual behaviour and landscape genetics: the
population structure of timber rattlesnake hibernacula. Mol.
Ecol. 17, 719–730.

Clark R. W., Brown W. S., Stechert R. and Zamudio K. R. 2010
Roads, interrupted dispersal, and genetic diversity in Timber
Rattlesnakes. Conserv. Biol. 24, 1059–1069.

Clark R. W., Schuett G. W., Repp R. A., Amarello M., Smith
C. F. and Herrmann H.W. 2014Mating systems, reproductive
success, and sexual selection in secretive species: A case study
of the western diamond-backed rattlesnake, Crotalus atrox.
PLoS One. 9, e90616.

Cournet J. M. and Luikart G. 1996 Description and power anal-
ysis of two tests for detecting recent populations bottleneck
from allele frequency data. Genetics 144, 2001–2014.

Cushman S. A. 2006 Effects of habitat loss and fragmentation
on amphibians: a review and prospectus. Biol. Conserv. 128,
231–240.

Diario Oficial de la Federación Mexicana 2013 DECRETO
que reforma, deroga y adiciona diversas disposiciones del
diverso publicado el 25 de enero de 1936, por el que se
declaró ParqueNacional la montaña denominada ‘Nevado de
Toluca’ que fue modificado por el diverso publicado el 19 de
febrero de 1937. https://datos.gob.mx/busca/dataset/proyecto/
resource/07b6f9a9-e316-4e4e-a022-cf03d915aa2d.

Dixon M. D. 2011 Population genetic structure and natal
philopatry in the widespread North American bat Myotis
lucifugus. J. Mammal. 92, 1343–1351.

Do C., Waples R. S., Peel D., Macbeth G. M., Tillett B. J.
and Ovenden J. R. 2014 NeEstimator 2: re-implementation
of software for the estimation of contemporary effective pop-
ulation size (Ne) fromgenetic data.Mol. Ecol. Resour. 14, 209–
214.

Domínguez-Vega H., Monroy-Vilchis O., Balderas-Valdivia C.
J., Gienger C. M. and Ariano-Sánchez D. 2012 Predicting the
potential distribution of the beaded lizard and identification
of priority areas for conservation. J. Nat. Conserv. 20, 247–
253.

Dray S. and Siberchicot M. A. 2017 Package ‘ADE4’. https://
cran.r-project.org/web/packages/ade4/ade4.pdf .

EldridgeM.D.,King J.M.,LoupisA.K., SpencerP.B., TaylorA.
C., Pope L. C. et al. 1999 Unprecedented low levels of genetic
variation and inbreeding depression in an island population of
the black-footed rock-wallaby. Conserv. Biol. 13, 531–541.

England P. R., Cornuet J. M., Berthier P., Tallmon D. A. and
Luikart G. 2005 Estimating effective population size from
linkage disequilibrium: severe bias in small samples. Conserv.
Genet. 7, 3003–3008.

Espindola S., Cuarón A. D., Gaggiotti O. E. and Vázquez-
Domínguez E. 2014 High genetic structure of the Cozumel
Harvest mice a critically endangered island endemic: conser-
vation implications. Conserv. Genet. 15, 393–1402.

Falush D., Stephens M. and Pritchard J. K. 2003 Inference of
population structure using multilocus genotype data: linked
loci and correlated allele frequencies. Genetics 164, 1567–
1587.

Figueroa-Rangel B. L., Willis K. J. and Olvera-Vargas M. 2010
Cloud forest dynamics in the Mexican neotropics during the
last 1300 years. Glob. Change Biol. 16, 1689–1704.

Flores-Villela V. and Canseco-Márquez L. 2004 Nuevas especies
y cambios taxonómicos para la herpetofauna deMéxico.Acta.
Zool. Mex. Nueva. 20, 115–144.

Frankham R. 1998 Inbreeding and extinction: island popula-
tions. Conserv. Biol. 12, 665–675.

FrankhamR., Ballou J. and Briscoe D. 2005 Introduction to con-
servation genetics. Cambridge University Press, Cambridge,
UK.

Gasca-Pineda J., Cassaigne I., Alonso R. A. and Eguiarte L.
E. 2013 Effective population size, genetic variation, and their
relevance for conservation: thebighorn sheep inTiburon island
and comparisons with managed artiodactyls. PLoS One. 8,
e78120.

Girod C., Vitalis R., Leblois R. and Fréville H. 2011 Inferring
population decline and expansion from microsatellite data: a
simulation-based evaluation of the msvar method. Genetics
188, 165–179.

Glorioso B.M.,Waddle J. H., GreenD. and LorchM. 2016 First
documented case of snake fungal disease in a free-rangingwild
snake in Louisiana. Southeast Nat. 15, 4–6.

https://datos.gob.mx/busca/dataset/proyecto/resource/07b6f9a9-e316-4e4e-a022-cf03d915aa2d
https://datos.gob.mx/busca/dataset/proyecto/resource/07b6f9a9-e316-4e4e-a022-cf03d915aa2d
https://cran.r-project.org/web/packages/ade4/ade4.pdf
https://cran.r-project.org/web/packages/ade4/ade4.pdf


1128 Armando Sunny et al.

Goldberg C. S., Edwards T., Kaplan M. E. and Goode M. 2003
PCR primers for microsatellite loci in the tiger rattlesnake
(Crotalus tigris, Viperidae).Mol. Ecol. Notes 3, 539–541.

González-Fernández A., Manjarrez J., García-Vázquez U.,
D’Addario M. and Sunny A. 2018 Present and future eco-
logical niche modeling of garter snake species from the Trans-
Mexican Volcanic Belt. Peer J. 6, e4618.

Greene H.W.,May P. G., Hardy D. L., Sciturro J. M. and Farrell
T. M. 2002 Parental behavior in vipers. In Biology of the vipers
(ed. G. W Schuett, M Höggren, M. E. Douglas and H. W
Greene). Eagle Mountain Publishing, Eagle Mountain, Utah.

Guthrie A. L., Knowles S., Ballmann A. E. and Lorch J. M.
2015 Detection of snake fungal disease due to ophidiomyces
ophiodiicola in virginia, USA. J. Wildlife. Dis. 52, 143–149.

Heredia-Bobadilla R. L., Monroy-Vilchis O., Zarco-González
M. M., Martínez-Gómez D., Mendoza-Martínez G. D. and
Sunny A. 2016 Genetic structure and diversity in an isolated
population of an endemic mole salamander (Ambystoma rivu-
lare Taylor, 1940) of central Mexico. Genetica 144, 689–698.

Heredia-Bobadilla R. L.Monroy-Vilchis O. Zarco-GonzálezM.
M.,Martínez-GómezD.,Mendoza-MartínezG.D. andSunny
A. 2017 Genetic variability and structure of an isolated popu-
lation of Ambystoma altamirani, a mole salamander that lives
in themountains of one of the largest urban areas in the world.
J. Genet. 96, 873–883.

Hoekstra J. M., Boucher T. M., Ricketts T. H. and Roberts C.
2005 Confronting a biome crisis: global disparities of habitat
loss and protection. Ecol. Lett. 8, 23–29.

Holycross A. T. and Douglas M. E. 2007 Geographic isolation,
genetic divergence, and ecological non-exchangeability define
ESUs in a threatened sky-island rattlesnake.Biol.Conserv. 134,
142–154.

Holycross A. T., Douglas M. E., Higbee J. R. and Bogden R. H.
2002 Isolation and characterization of microsatellite loci from
a threatened rattlesnake (NewMexico ridge-nosed rattlesnake,
Crotalus willardi obscurus).Mol. Ecol. Notes 2, 537–539.

Hoss S. K., Guyer C., Smith L. L. and Schuett G. W. 2010 Mul-
tiscale influences of landscape composition and configuration
on the spatial ecology of eastern diamond-backed rattlesnakes
(Crotalus adamanteus). J. Herpetol. 44, 110–123.

Hubisz M. J., Falush D., Stephens M. and Pritchard J. K. 2009
Inferring weak population structure with the assistance of
sample group information.Mol. Ecol. Resour. 9, 1322–1332.

Huey R. B. 1982 Temperature, physiology, and the ecology of
reptiles. In Biology of the reptilia. physiology C. physiological
ecology (ed. C. Gans and F. H. Pough), vol. 12, pp. 25–91.
Academic Press, New York.

Jacobson E. R., Cheatwood J. L. and Maxwell L. K. 2000
Mycotic diseases of reptiles. Semin. Avian. Exot. Pet. 9, 94–
101.

Jäggi C. and Baur B. 1999 Overgrowing forest as a possible cause
for the local extinction of Vipera aspis in the northern Swiss
Jura Mountains. Amphib-Reptil. 20, 25–34.

Jehle R.,Wilson G. A., Arntzen JW. and Burke T. 2005 Contem-
porary gene flow and the spatiotemporal genetic structure of
subdivided newt populations (Triturus cristatus, T. marmora-
tusi). J. Evol. Biol. 18, 619–628.

JohanssonM., Primmer C. R. andMerlia J. 2006History vs. cur-
rent demography: explaining the genetic population structure
of the common frog,Rana temporaria.Mol. Ecol. 15, 975–983.

Jombart T., Kamvar Z. N., Lustrik R., Collins C., Beugin M.
P., Knaus B. et al. 2016 Package ‘ADEGENET’. https://cran.
r-project.org/web/packages/adegenet/adegenet.pdf .

Kalinowski S., Wagner A. P. and Taper M. L. 2006 ML-
RELATE: a computer program for maximum likelihood
estimation of relatedness and relationship. Mol. Ecol. Notes
6, 576–579.

Kamvar Z. N., Tabima J. F. and Grünwald N. J. 2014 Poppr:
an R package for genetic analysis of populations with
clonal, partially clonal, and/or sexual reproduction. Peer J. 2,
e281.

Kamvar Z. N., López-Uribe M. M., Coughlan S., Grünwald
N. J., Lapp H. and Manel S. 2017 Developing educational
resources for population genetics in R: an open and collab-
orative approach.Mol. Ecol. Resour. 17, 120–128.

Keyghobadi N. 2007 The genetic implications of habitat frag-
mentation for animals. Can. J. Zool. 85, 1049–1064.

Kim I., Phillips J., Monjeau J., Birney E., Noack K., Pumo D.
et al. 1998 Habitat islands genetic diversity and gene flow in a
Patagonian rodent.Mol. Ecol. 7, 667–678.

Macartey J. M., Gregory P. T. and Larsen K. W. 1988 A tabular
survey of data movements and home range. J. Herpetol. 22,
61–73.

Marsh D. M. and Trenham P. C. 2001 Metapopulation
dynamics and amphibian conservation. Conserv. Biol. 15,
40–49.

Mastretta-Yanes A., Quadri-Barba P., Escalante T., Arredondo-
Amezcua L. and Piñero D. 2014 Propuesta de cambios
a la zonificación y modificaciones al Programa de
Manejo del APFF Nevado de Toluca tras reunión de
discusión con CONANP en diciembre 2013. https://
nevadodetoluca.files.wordpress.com/2014/07/propuestas_
a_conanp_nevadotoluca_enero2014.pdf .

Matschiner M. and Salzburger W. 2009 TANDEM: integrating
automated allele binning into genetics and genomics work-
flows. Bioinformatics 25, 1982–1983.

Mitrovski P., Heinze D. A., Broome L., Hoffman A. and Weeks
R. 2007 High levels of variation despite genetic fragmen-
tation in populations of the endangered mountain pygmy-
possum, Burramys parvus, in alpine Australia. Mol. Ecol. 16,
75–87.

Mittermeier R. A. and Goettsch de Mittermeier C. 1992 La
importancia de la diversidad biológica de México In Méx-
ico ante los retos de la biodiversidad (ed. J. Sarukhán and R.
Dirzo), pp. 63–73. CONABIO, México.

Mociño-Deloya E., Setser K. and Pérez-Ramos E. 2014 Obser-
vations on the diet of Crotalus triseriatus (Mexican dusky
rattlesnake). Rev. Mex. Biodivers. 85, 1289–1291.

Mociño-Deloya E., Setser K., Pleguezuelos J. M., Kardon A.
and Lazcano D. 2009 Cannibalism of nonviable offspring by
post parturient Mexican lance-headed rattlesnakes Crotalus
polystictus. Anim. Behav. 77, 145–150.

Monroy-Vilchis O., Cabrera L., Suárez P., Zarco-González M.,
Rodríguez-SotoC. andUrios V. 2008Uso tradicional de verte-
brados silvestres en la Sierra Nanchititla, México. Interciencia
33, 8–313.

Mullin S. J. and Seigel R. A. 2009 Snakes: ecology and conserva-
tion. Ithaca, NY:Cornell University Press, Ithaca.

Munguia-Vega A., Pelz-Serrano K., Goode M. and Culver M.
2009 Eleven new microsatellite loci for the tiger rattlesnake
(Crotalus tigris).Mol. Ecol. Resour. 9, 1267–1270.

Nei M. 1972 Genetic distance between populations. Am. Nat.
106, 283–292.

Newman D. and Tallmon D. A. 2001 Experimental evidence for
beneficial fitness effects of gene flow in recently isolated pop-
ulations. Conserv. Biol. 15, 1054–1063.

Nomura T. 2008 Estimation of effective number of breeders from
molecular coancestry of single cohort sample. Evol. Appl. 1,
462–474.

O’Brien S. J. 1994 Genetic and phylogenetic analyses of endan-
gered species. Annu. Rev. Genet. 28, 467–489.

Oyler-McCance S. J. and Parker J. M. 2010 Characterization of
ten microsatellite loci in midget faded rattlesnake (Crotalus
oreganus concolor). Conserv. Genet. Resour. 2, 123–125.

https://cran.r-project.org/web/packages/adegenet/adegenet.pdf
https://cran.r-project.org/web/packages/adegenet/adegenet.pdf
https://nevadodetoluca.files.wordpress.com/2014/07/propuestas_a_conanp_nevadotoluca_enero2014.pdf
https://nevadodetoluca.files.wordpress.com/2014/07/propuestas_a_conanp_nevadotoluca_enero2014.pdf
https://nevadodetoluca.files.wordpress.com/2014/07/propuestas_a_conanp_nevadotoluca_enero2014.pdf


Genetic diversity in a population of Crotalus triseriatus from central Mexico 1129

Oyler-McCance S. J., John J., Parker J. M. and Anderson S. H.
2005 Characterization of microsatellite loci isolated in midget
faded rattlesnake (Crotalus viridis concolor).Mol. Ecol. Notes
5, 452–453.

Paré J. A., Sigler L., Rypien K. L. and Gibas C. F. 2003 Cuta-
neousmycobiota of captive squamate reptileswith notes on the
scarcity of Chrysosporium anamorph of Nannizziopsis vriesii.
J. Herpetol. Med. Surg. 13, 10–15.

Peakall R. and Smouse P. E. 2006GENALEX 6: genetic analysis
in excel population genetic software for teaching and research.
Mol. Ecol. Notes 6, 288–295.

Piry S., Luikart G. and Cornuet J. M. 1999 BOTTLENECK: a
computer program for detecting recent reductions in the effec-
tive population size using allele frequency data. J. Hered. 90,
502–503.

Ponce-Reyes R., Reynoso-Rosales V. H., Watson J. E. M., Van-
DerWal J., Fuller R. A., Pressey R. L. et al. 2012 Vulnerability
of cloud forest reserves inMexico to climate change.Nat.Clim.
Change 2, 448–452.

Pozarowski K., Bryan D. S., Bosse R., Watson E. and Her-
rmann H. W. 2012 Development of polymorphic microsatel-
lite loci for the rattlesnake species Crotalus atrox, C.
cerastes and C. scutulatus (Viperidae: Crotalinae) and cross
species amplification of microsatellite markers in Cro-
talus and Sistrurus species. Conserv. Genet. Resour. 4,
955–961.

Pritchard J. K., Stephens M. and Donnelly P. 2000 Inference of
population structure using multilocus genotype data.Genetics
155, 945–959.

R Development Core Team. 2017 R: A language and envi-
ronment for statistical computing. R Foundation for Statis-
tical Computing, Vienna, Austria (http://www.r-project.org.
accessed 15 October 2017).

Rajeev S., Sutton D. A., Wickes B. L., Miller D. L.,
Giri D., Van Meter M. et al. 2009 Isolation and
characterization of a new fungal species Chrysosporium
ophiodiicola from a mycotic granuloma of a black rat
snake (Elaphe obsoleta obsoleta). J. Clin. Microbiol. 47,
1264–1268.

Raymond M. and Rousset F. 1995 GENEPOP v 12: population
genetics software for exact test and ecumenicism. J. Hered. 86,
248–249.

Reinert H. K., MacGregor G. A., Esch M., Bushar L. M. and
Zappalorti R. T. 2011 Foraging ecology of timber rattlesnakes
Crotalus horridus. Copeia 3, 430–442.

Ribeiro R., Santos X., Sillero N., Carretero M. A. and Llorente
G. A. 2009 Biodiversity and land uses at a regional scale: is
agriculture the biggest threat for reptile assemblages? Acta.
Oecol. 35, 327–334.

Rodríguez-SotoC.,Monroy-VilchisO.,MaioranoL., Boitani L.,
Faller J. C., Briones M. Á., Núñez R. et al. 2011 Predicting
potential distribution of the jaguar in Mexico: identifica-
tion of priority areas for conservation. Divers. Distrib. 17,
350–361.

Rueda Zozaya P., Mendoza-Martínez G., Martínez-Gómez D.,
Monroy-Vilchis O., Antonio-Godoy J., Sunny A. et al. 2016
Genetic variability and structure of jaguar (Panthera onca) in
Mexican zoos. Genetica 144, 59–69.

Rulon W. C., Marchand M. N., Clifford B. J., Stechert R. and
Stephens S. 2011 Decline of an isolated timber rattlesnake
(Crotalus horridus) population: Interactions between climate
change disease and loss of genetic diversity. Biol. Conserv. 144,
886–891.

Sarukhán J., Koleff P., Carabias J., Soberón J., Dirzo
R., Llorente-Bousquets J. et al. 2009 Capital Natu-
ral de México. Síntesis Conocimiento actual, evaluación

y perspectivas de la sustentabilidad. Comision Nacional
para el Uso y Conocimiento de la Biodiversidad. Méx-
ico (https://www.biodiversidad.gob.mx/pais/pdf/CapNatMex/
Capital%20Natural%20de%20Mexico_Sintesis.pdf).

SasaM., Wasko D. K. and LamarW.W. 2009 Natural history of
the terciopelo Bothrops asper (Serpentes: Viperidae) in Costa
Rica. Toxicon 54, 904–922.

Schuett G. W. 1992 Is long-term sperm storage an important
component of the reproductive biology of temperate pitvipers?
In Biology of the Pitvipers (ed. J. A. Campbell and Jr E. D.
Brodie), pp. 169–184. Selva, Tyler.

Sever D. M. and Hamlett W. C. 2001 Female sperm storage in
reptiles. J. Exp. Zool. 182, 724–738.

Souza A. M., Pires R. C., Borges V. S. and Eterovick P. C. 2015
Road mortality of the herpetofauna in a Cerrado ecosystem,
central Brazil. Herpetol. J. 25, 141–148.

Storey J. D. 2002 A direct approach to false discovery rates. J. R.
Stat. Soc. Ser. B. 64, 479–498.

Sunny A., Monroy-Vilchis O., Fajardo V. and Aguilera-Reyes
U. 2014a Genetic diversity and structure of an endemic
and critically endangered stream river salamander (Caudata:
Ambystoma leorae) in Mexico. Conserv. Genet. 15, 49–59.

Sunny A., Monroy-Vilchis O., Reyna-Valencia C. and Zarco-
González M. M. 2014b Microhabitat types promote the
genetic structure of a micro-endemic and critically endan-
geredmole salamander (Ambystoma leorae) ofCentralMexico.
PLoS One 9, e103595.

Sunny A., Monroy-Vilchis O., Zarco-González M. M.,
Mendoza-Martínez G. D. and Martínez-Gómez D. 2015
Genetic diversity and genetic structure of an endemicMexican
Dusky Rattlesnake (Crotalus triseriatus) in a highly modified
agricultural landscape: implications for conservation.Genetica
143, 705–716.

Sunny A., González-Fernández A. and D’Addario M. 2017
Potential distribution of the endemic imbricate alligator lizard
(Barisia imbricata imbricata) in highlands of central Mexico.
Amphib-Reptil 38, 225–231.

Tetzlaff S., Allender M., Ravesi M., Smith J. and Kingsbury B.
2015 First report of snake fungal disease fromMichigan, USA
involvingMassasaugas,Sistrurus catenatus (Rafinesque 1818).
Herpetol. Notes 8, 31–33.

Townsend A. K., Clark A. B., McGowan K. J., Buckles E. L.,
MillerA.D. andLovette I. J. 2009Diseasemediated inbreeding
depression in a large open population of cooperative crows. P.
R. Soc. B-Biol. Sci. 276, 2057–2064.

Uetz P. and Hosek J. (eds) The reptile database (http://www.
reptile-database.org. accessed 13 August 2015).

Uller T. and Olsson M. 2008 Multiple paternity in reptiles: pat-
terns and processes.Mol. Ecol. 17, 2566–2580.

Valiére N. 2002 GIMLET: a computer program for analyzing
genetic individual identification data. Mol. Ecol. Notes 10,
1046–1048

Vandergast A. G., Bohonak A. J., Weissman D. B. and Fisher
R. N. 2007 Understanding the genetic effects of recent habi-
tat fragmentation in the context of evolutionary history:
phylogeography and landscape genetics of a southern Califor-
nia endemic Jerusalem cricket (Orthoptera: Stenopelmatidae:
Stenopelmatus). Mol. Ecol. 16, 977–992.

Van Oosterhout C., Hutchinson W. F., Wills D. P. M. and Ship-
ley P. 2004MICRO-CHECKER: Software for identifying and
correcting genotyping errors in microsatellite data.Mol. Ecol.
Notes 4, 535–538

Vargas-Rodríguez Y. L., Platt W. J., Vázquez-García J. A. and
BoqiunG. 2010 Selecting relict montane cloud forests for con-
servation priorities: the case of western Mexico. Nat. Areas J.
30, 156–174.

http://www.r-project.org
https://www.biodiversidad.gob.mx/pais/pdf/CapNatMex/Capital%20Natural%20de%20Mexico_Sintesis.pdf
https://www.biodiversidad.gob.mx/pais/pdf/CapNatMex/Capital%20Natural%20de%20Mexico_Sintesis.pdf
http://www.reptile-database.org
http://www.reptile-database.org


1130 Armando Sunny et al.

Villarreal X., Bricker J., Reinert H. K., Gelbert L. and Bushar
L.M. 1996 Isolation and characterization ofmicrosatellite loci
for use in population genetic analysis in the timber rattlesnake,
Crotalus horridus. J. Hered. 87, 152–155.

Weir B. S. and Cockerham C. C. 1984 Estimating F-statistics for
the analysis of population structure. Evolution 38, 1358–1370.

Wittenberg R. D. 2012 Foraging ecology of the Timber Rat-
tlesnake (Crotalus horridus) in a fragmented landscape. Her-
petol. Conserv. Biol. 7, 449–461.

Woinarski J. C. Z. and Ash A. J. 2002 Responses of vertebrates
to pastoralism, military land use and landscape position in an
Australian tropical savanna. Austral. Ecol. 27, 311–323.

Corresponding editor: Indrajit Nanda


	Genetic diversity and structure of Crotalus triseriatus, a rattlesnake of central Mexico
	Abstract
	Introduction
	Materials and methods
	Study area and population sampling
	Genetic analysis
	Statistical analyses
	Genetic structure
	Genetic diversity
	Demography history
	Genetic bottlenecks, relatedness and effective population  size


	Results
	Population sampling
	Population genetic
	Genetic structure
	Genetic diversity
	Genetic bottlenecks, effective population size and relatedness

	Discussion
	Genetic diversity
	Genetic structure
	Effective population size
	Historical demography
	Inbreeding and relatedness
	Conservation implications

	Acknowledgements
	References




