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AsBsTRACT.—The jumping pitvipers of the genus Metlapilcoatlus are generally associated with montane environments and are widely
distributed from central and southern Mexico to Panama. In this study, we analyzed the phylogenetic position and compared the
morphology of a population from the Sierra Madre Oriental, within the Sierra Gorda Biosphere Reserve, to other species of jumping
pitvipers. We implemented two mtDNA gene fragments (cyt b and ND4) of 50 specimens of the five Metlapilcoatlus species for
phylogenetic reconstruction using Bayesian inference and maximum likelihood. We used a linear discriminant analysis and comparative
statistics of external and hemipenial characters to assess the morphological differences among Metlapilcoatlus lineages. Our analyses
support a strong genetic and morphological distinction of Metlapilcoatlus nummifer populations established to the north of the Trans-
Mexican Volcanic Belt (Hidalgo, Northern Veracruz, and Querétaro) from other Metlapilcoatlus taxa. Based on this evidence we describe
the populations from the north as a new species.

ResuMmEN.—Las viboras saltadoras del género Metlapilcoatlus generalmente estan asociadas con ambientes de montafia y se encuentran
ampliamente distribuidas desde el centro y sur de México hasta Panamd. En este estudio, analizamos la posicion filogenética y
comparamos la morfologia de una poblacién de la Sierra Madre Oriental, dentro de la Reserva de la Biosfera Sierra Gorda, con otras
especies de viboras saltadoras. Utilizamos dos fragmentos de genes de ADNmt (cyt b y ND4) de 50 especimenes de las cinco especies de
Metlapilcoatlus para reconstrucciones filogenéticas utilizando inferencia bayesiana y maxima verosimilitud. Utilizamos un analisis
discriminante lineal y estadisticas comparativas de caracteres externos y hemipeniales para evaluar las diferencias morfologicas entre los
linajes de Metlapilcoatlus. Nuestros andlisis respaldan una distincién genética y morfolégica de las poblaciones de M. nummifer
establecidas al norte de la Faja Volcanica Transmexicana (Hidalgo, Norte de Veracruz y Querétaro) de otros taxones de Metlapilcoatlus.

Con base en esta evidencia, describimos las poblaciones del norte como una nueva especie.

Over the last 20 yr, considerable efforts have been made to
elucidate the taxonomic complexity and evolutionary history of
various groups of New World snakes (Pyron et al., 2013; Jadin et
al., 2014, 2020; Figueroa et al., 2016). One group that has
received particular attention during this time are the viperids
(Gutberlet and Harvey, 2004; Castoe and Parkinson, 2006;
Fenwick et al., 2009; Quijada-Mascarefias and Wiister, 2009;
Jadin et al.,, 2011; Alencar et al.,, 2016). Because of the
representativeness of the viperid group in the Americas and
the relatively well-known phylogenetic relationships for certain
genera, they are of great importance as ecological and
phylogeographical models (Castoe et al.,, 2009; Alencar et al.,
2018; Jadin et al., 2019). And, although New World pitvipers
have been described since the beginning of modern taxonomy
(e.g., Crotalus horridus Linneaus 1758), many new taxa continue
to be uncovered (Jadin et al., 2012; Townsend et al., 2013;
Griinwald et al., 2015; Doan et al., 2016; Carrasco et al., 2019;
Timms et al., 2019) suggesting greater species diversity than is
currently recognized.

The jumping pitvipers were first separated as a distinct genus,
Atropoides, by Werman (1992) and originally included three
species—Atropoides nummifer, Atropoides olmec, Atropoides pic-
adoi—removed from the genus Porthidium (sensu Campbell and
Lamar, 1989). The genus Atropoides was later expanded to six
species with the elevation of Atropoides mexicanus and Atropoides
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occiduus from subspecies status within A. nummifer (Campbell
and Lamar, 2004) and the description of Atropoides indomitus
(Smith and Ferrari-Castro, 2008). Collectively, the jumping
pitvipers are widely distributed from central Mexico through
the mountain ranges of Guatemala and Honduras and into
Panama (Campbell and Lamar, 2004; Fig. 1). Concurrent with
the changes in taxonomy, the evolutionary history of all six taxa
has been inferred using both molecular and morphological data
sets (Castoe et al., 2003, 2005; Smith and Ferrari-Castro, 2008;
Jadin et al., 2010) and further studies have linked the species
diversification of the genus to geologic events in the late
Miocene and Pliocene epochs (Castoe et al., 2009; Daza et al.,
2010). Although some studies have found Atropoides to be
monophyletic (Castoe et al., 2005, 2009; Jadin et al., 2010), others
have recovered relationships suggesting paraphyly of the genus
(Castoe et al., 2003, 2006; Jadin et al., 2011; Pyron et al., 2013;
Alencar et al, 2016). Attempting to rectify the issue of
paraphyly, Campbell et al. (2019) restricted the generic name
Atropoides to Atropoides picadoi, the type species for the genus,
and allocated the remaining five species to a new genus,
Metlapilcoatlus. Given the literature we accept this conclusion
and add morphological support in that A. picadoi attains a
significantly larger size, lacks nasorostrals, and averages fewer
gulars, interrictals, middorsal scale rows, prefoveals, subfoveal
rows, and supralabials and higher numbers of posterior
intercanthals, subcaudals, and ventrals from species of Metla-
pilcoatlus (Jadin et al., 2010).
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Fic. 1. Distribution map of the specimens used in this study for morphological and molecular analysis of Metlapilcoatlus spp. in Mexico and
Central America. Bolded icons represent type localites for each species. Shaded regions represent the Transmexican Volcano Belt (TVB).

The Mexican highlands harbor a significant amount of the
North American biodiversity and an endemism level that is
barely comparable to that of other regions (Mastretta-Yanes et
al., 2015). Driving these faunal characteristics are considerable
topographic and climatic variations in the area (Flores-Villela,
1993; Ochoa-Ochoa and Flores-Villela, 2006; Bryson et al., 2011).
Within these highlands lies the state of Querétaro that is located
in the biogeographic confluence zone of the Neartic and
Neotropical regions where three important physiographic
provinces in the country converge: the Trans-Mexican Volcanic
Belt (TMVB), the Mesa Central, and the Sierra Madre Oriental
(Dixon et al., 1972; Padilla and Pineda-Lopez, 1997; Gamez et
al., 2012; Morrone, 2014). Given this region’s complex biogeo-
graphic history, a high biodiversity would be expected.
However, studies documenting the herpetofaunistic diversity
in the state of Querétaro are scarce (Nieto-Montes de Oca and
Pérez-Ramos, 1999; Dixon and Lemos-Espinal, 2010).

In our study, we explore populations of Metlapilcoatlus from
an important region of the Mexican highlands, near the
northern limit of the distribution for this genus, that previous
studies have left out. We used two mtDNA gene fragments to
assess the phylogenetic position of a population of Metlapilcoat-
Ius within the Sierra Gorda Biosphere Reserve in the Sierra
Madre Oriental, revealing that the population represents a novel
taxon. Furthermore, characters of external and hemipenial
anatomy were compared across taxa, and we found diagnosable
traits distinguishing this new taxon from its congeners.
Therefore, we describe a new species of jumping pitviper that
is endemic to this region of Mexico.
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MATERIALS AND METHODS

Species Delimitation.—In this study, we used the same proxy to
define species concept as in Meik et al. (2018) and Padial et al.
(2010). Hypotheses for initial species delimitation were based on
morphological and molecular data from Jadin et al. (2010) and
Castoe et al. (2009). Then, to evaluate hypotheses for species
boundaries, we provide evidence from multiple data classes
taking into account three main criteria according to Carbajal-
Marquez et al. (2020): 1) evolutionary history of widely
recognized lineages obtained by molecular and morphological
data, 2) cohesion of morphological traits in multivariate space,
and 3) statistical comparison with congeneric taxa.

Morphological Analyses—The morphological data of 22 charac-
ters of lepidosis (Supplemental Material 1) follows Werman
(1992), Wister et al. (1996), Gutberlet (1998), Gutberlet and
Harvey (2002), Fenwick et al. (2009), and Jadin et al. (2010). We
include seven novel specimens of Metlapilcoatlus from Querétaro,
México belonging to the National Collection of Amphibians and
Reptiles (Coleccion Nacional de Anfibios y Reptiles: CNAR), the
Zoology Museum “Alfonso L. Herrera” (MZFC) of the Uni-
versidad Nacional Autonoma de México and compared with 58
specimens from other species and populations (Supplemental
Material 2). In the present study we did not account for sexual
dimorphism as a source of variation because including specimens
from both sexes can provide a more conservative assessment of
divergence (Meik et al., 2018).

We examined hemipenes from 16 specimens across all species
of Metlapilcoatlus in order to compare hemipenial features
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TabLE 1.

GenBank numbers for DNA sequences generated in this study. Sequences are derived from specimens deposited at the Museo de

Zoologfa de la Facultad de Ciencias, Universidad Nacional Auténoma de México (MZFC).

Taxon ID Voucher Locality cyt b ND4
Metlapilcoatlus sp. ~ Metlapilcoatlus sp. MZEC 35381 México: Jalpan: Valle Verde MW729752  MW729737
MZFC 35382 México: Jalpan: Valle Verde MW?729753 MW729738
MZFC 35382  México: Jalpan: Valle Verde MW?729754 -
MZFC 35384 México: Jalpan: San Juan de los Duran MW729755 MW729739
MZFC 35385 México: Jalpan: San Juan de los Duran MW?729756 MW729740
MZFC 35386  México: Jalpan: Valle Verde MW?729757 -

among the species (Supplemental Material 3). However, we did
not include hemipenial structures in the morphometric analyses
because we were only able to examine a few hemipenes of the
different species and we wanted to avoid the increase of the
distances between groups due to sampling bias. Terminology
used in the description of the hemipenes follows that proposed
by Dowling and Savage (1960) and Jadin et al. (2010).

For morphological analysis we performed a principal
component analysis (PCA), using species hypotheses from
Castoe et al. (2009) and Jadin et al. (2010). Subsequently, we
use a linear discriminant analysis (LDA) to determine morpho-
logical differences among Metlapilcoatlus species. All analyses
were performed using the software R (R Core Team, 2018). Our
analysis aims to predict which group a new individual will most
likely belong to, knowing only the individual’s variable profile
(Klecka, 1980). Subsequently, a morphometric comparison was
carried out with nonparametric Mann-Whitney test for individ-
ual samples. The Mann-Whitney tests were performed only
between the species with highest morphological similarity (M.
nummifer) and the target populations of our study.

Laboratory Methods.—DNA was extracted using tissue samples
(muscle and liver), through a standard proteinase K digestion to
be purified later (sensu Girish et al., 2005). Genetic data included
two coding regions of the mitochondrial genes cytochrome b (cyt
b) and NADH dehydrogenase subunit 4 (ND4), which adds up to
68 taxa and 1,388 characters used in this study. All regions were
amplified via PCR (sensu Arévalo et al., 1994; Parkinson et al,,
2002; Castoe et al., 2005; Castoe and Parkinson, 2006). The PCR
procedures used primers described by Arévalo et al. (1994),
Kocher et al. (1989), and Tsai et al. (2007). Subsequently, obtained
sequences were concatenated and aligned through the software
Geneious Basic (Kearse et al, 2012). Additionally, 10 new
sequences of specimens from the Sierra Gorda of Querétaro were
generated and deposited into GenBank (Table 1).

Phylogenetic Analyses—Mitochondrial DNA sequences were
obtained from six Metlapilcoatlus species and outgroup taxa
acquired from previous studies (Parkinson et al., 2002; Castoe et
al., 2003, 2005; Wiister et al., 2005; Castoe and Parkinson, 2006)
deposited in GenBank (Supplemental Material 4) and combined

with our novel sequences. Bayesian inference (BI) analyses were
conducted using MrBayes v3.0b4 software (Huelsenbeck and
Ronquist, 2003). Each analysis performed 5 x 10° generations
and a 25% fraction of generations from each run was removed as
burn-in, in accord with other studies. Gene fragments were
analyzed under the GTR + G model without partitions within
the matrix as selected by JModeltest software (Posada, 2008). All
estimations were recovered each 1,000 generations. To carry out
maximum likelihood (ML) analyses, RAXML-HPC software was
used (Stamatakis, 2006). A total of 1 x 10° iterations were made
to obtain the final reconstruction, and the support of the nodes
using the model GTRGAMMA with default parameters. The
external group—composed of the sister genera Cerrophidion and
Porthidium—was selected a priori, according to what was
described by Castoe et al. (2005) and Jadin et al. (2010, 2012).
Finally, we utilized 32 nucleotide sequences of the ND4 gene
fragment to compute pairwise comparisons as a measure of
estimated genetic distances between species of Metlapilcoatlus
and Atropoides (Table 2). Analyses were conducted in MEGA6
(Tamura et al., 2013) using the Kimura two-parameter model
(Kimura, 1980) and nucleotides from all three codon positions.
All positions containing gaps and missing data were eliminated,
providing a total of 384 positions in the final data set.

ResuLts

Morphological Analyses.—Our principal component analysis
showed high morphological overlap among all species of
Metlapilcoatlus, even between highly differentiated mtDNA
clades such as M. mexicanus and M. nummifer. The first two axes
accounted for 36.2% of the morphological variation. PC1
explained 20.6%, with number of foveals, posterior intercanthals,
and subfoveal rows loading strongly. PC2 explained 15.6%, with
number of nasorostrals, number of body blotches, and number of
intersupraoculars loading strongly. Further analysis of focus
group and closely related M. nummifer revealed high levels of
morphological overlapping (Supplemental Material 5).

Discriminant analysis showed that there are highly significant
differences (Wilks's A = 0.0014; Fi3p310 = 4.849; P = 0.00001)

TabLE 2. Pairwise sequence divergences of the ND4 gene fragment between Atropoides picadoi and Metlapilcoatlus species as defined in this study.
The number of base substitutions per site from averaging over all sequence pairs between groups are shown below the diagonal while standard error
estimate(s) are shown above. Values for Metlapilcoatlus sp. are in bold.

1 2 3 4 5 6 7

1. A. picadoi 0.014 0.014 0.015 0.014 0.014 0.013
2. M. indomitus 0.112 0.011 0.011 0.010 0.011 0.011
3. M. mexicanus 0.124 0.084 0.008 0.010 0.009 0.007
4. M. nummifer 0.124 0.075 0.045 0.011 0.008 0.006
5. M. occiduus 0.122 0.071 0.083 0.084 0.011 0.010
6. M. olmec 0.118 0.081 0.070 0.051 0.093 0.009
7. Metlapilcoatlus sp. 0.118 0.082 0.047 0.028 0.080 0.057
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TaBLE 3. Loadings of the variables used in the discriminant analysis
(LDA) performed to analyze the different species of the genus
Metlapilcoatlus.

Variable Axis 1 Axis 2

Nasorostral scales 0.067 —0.002
Number of subfoveals rows 0.012 0.047
Anterior internasals 0.009 —0.006
Canthals 0.007 -0.018
Gular scales 0.005 0.020
Subcaudal scales 0.003 -0.010
Interoculabials scales 0.002 0.025
Subnasal scales 0.002 0.021
Mid dorsal Scale Rows (MDSR) 0.001 0.003
Scales contacting third supralabial 0.000 —0.008
Supralabial scales —0.001 0.006
Postocular scales —0.001 0.027
Scales between the rictus and dorsals —0.001 0.009
Ventrals —0.005 -0.007
Interrictal scales —0.009 0.005
Prefoveal scales —0.011 0.036
Scales contacting supraocular —0.013 —0.003
Posterior intercantals —0.013 —0.005
Postorbital stripe height —0.014 0.005
Intersupraocular scales -0.015 0.004
Body blotches —0.016 —0.006
Subocular scales —0.037 0.033
% explained variance 47 19

among Metlapilcoatlus species. Overall, 92.5% of specimens were
correctly classified in the groups defined a priori based on our
phylogenetic analysis. Lepidosis characters that had significant
values to discriminate among species were number of nasor-
ostral scales, number of subfoveal rows, number of suboculars
scales, and number of dorsal blotches (Table 3). Discriminant
analysis separated species with 66% of variance explained in the
first two axes. The first axis explained 47% of the variance,
whereas the second axis explained 19% (Fig. 2; Table 3). On axis
1, number of blotches at the sides of the body, number of ventral
scales, intersupraoculars, posterior intercanthals, and subocu-
lars were the variables that loaded negatively on the axis and
that separate M. indomitus and M. occiduus from the rest of the
species. The number of nasorostral scales, anterior internasals,
and subcaudals, weighed positively on axis 1, and they are
features shared, mainly, between M. mexicanus and M. nummifer.
Axis 2 allows to set Metlapilcoatlus sp. apart from the rest; these
species are the only ones that weighed negatively on this axis.
The number of interoculabial scales, subfoveal rows, and
intersupraoculars scales weighed positively, grouping most of
the species. Traits that weighed negatively on this axis were
number of canthal scales, number of scales in contact with third
supralabial, and number of ventral scales.

Eight variables obtained significant values to be able to
discriminate among species of the genus (Table 4). However,
these variables do not wholly represent the differences of
Metlapilcoatlus sp. with the highest morphological similarity to
M. nummifer. The comparison of these two taxa suggest that
they differ significantly from each other in the number of scales
in the mid part of the body (W = 140.5, P = 0.001), number of
posterior intercanthals (W = 37, P = 0.01), number of foveal
scales (W = 32.5, P = 0.008), number of interoculabial scales (W
= 150.5, P = 0.0007), number of scales in contact with third
supralabial (W = 32, P = 0.004), number of nasorostral scales (W
=43, P = 0.02), number of intersupraocular scales (W =30, P =
0.004), and postorbital stripe height (W = 147, P = 0.002; Fig. 3).
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Fic. 2. Discriminant analysis performed to determine morphological
variation between the six species of Metlapilcoatlus.

Hemipenis Description—Metlapilcoatlus sp. hemipenes (hemi-
penis length [HL] = 13.21 mm; hemipenis width [HW] = 2.24
mm), are significantly smaller compared to sizes reported for
similar sized males of M. mexicanus (HL > 21 mm; HW= 11 mm),
M. nummifer HL > 16 mm; HW = 9 mm), and M. olmec (HL > 20
mm; HW = 10 mm). In Metlapilcoatlus sp. the sulcus spermaticus
insertion continues longitudinally in centrolinear position over
the sulcate side of the hemipenis, in comparison to M. mexicanus,
M. nummifer, and M. olmec, whose sulcus spermaticus curves
ventro-diestrally and terminates inserted at the tip of the lobes.
Hemipenes are strongly bilobed, as in the majority of viperids,
subcylindrical and capitated, extending from the caudal base to
the seventh or eighth subcaudal scale; the sulcus spermaticus is
bifurcated and runs centrolinearly in each of the lobes until their
apex. The walls of the sulcus spermaticus are robust and well
defined with borders barely ornamented by spines; the bifurca-
tion point is located towards the basal part of the body of the
hemipenis. Each of the sulcus spermaticus divisions runs
longitudinally to the hemipenis body on its sulcate side to the
lobes’ apex, where it is inserted apically in each of them. Basally,
in the sulcate side, the hemipenis is devoid of ornaments.
However, towards the apical part, in the zone near the lobes,
there are hooks and spines of great size, which decrease as they
approach the basal part. Lobes are narrower than the hemipenis
body. Each lobe is homogeneously ornamented with rows of

TabLe 4. Wilks’s lambda and significance values of the variables
used in the discriminant analysis (LDA).

Wilks's

Variable lambda F P
Intersupraocular scales 0.002  4.549  0.000
Number of body blotches 0.002 4461 0.001
Number of subcaudal scales 0.002 3.161 0.01
Number of interoculabial scales 0.001 2931 0.015
Scales between rictus and dorsals 0.001 2.573  0.029
Number of nasorostral scales 0.001 2,505 0.033
Postorbital stripe height 0.001 2332 0.045
Number of anterior internasal scales 0.001 2301  0.048
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Fic. 3. Comparison of the main lepidotic characters used to differentiate between Metlapilcoatlus nummifer and Metlapilcoatlus sp. (A) Foveal scales
(W =325, P =0.008), (B) intercanthal scales (W = 37, P = 0.01), (C) interoculabial scales (W = 150.5, P = 0.0007), (D) postorbital stripe height (W =
147, P = 0.002), (E) intersupraocular scales (W = 30, P = 0.004), (F) middorsal scale rows (W = 140.5, P = 0.001), (G) nasorostral scales (W =43, P =

0.02), (H) scales contacting third supralabial (W = 32, P = 0.004).

calyces in the basal region and a zig-zag pattern in the apical
region (of the lobes; Fig. 4).

Regarding hemipenial morphology, the group formed closest
to Metlapilcoatlus sp. is M. mexicanus, M. nummifer, and M. olmec.
However, Metlapilcoatlus sp. differs from this group and the rest
of the species in the genus because their hemipenes are
proportionally smaller, position of sulcus spermaticus is centro-
linear with regard to the sulcate side of the hemipenis, and the
walls of the sulcus spermaticus are much thicker with regard to
the other species in the genus. The hemipenes of Metlapilcoatlus
sp. also have a greater number of spines at the base of the lobes,
a smaller calyculate area, and are proportionally narrower
towards the tip of each lobe. Hemipenes lobes are distally
ornamented by calyces, medially by spines, and basally by little
spinules separated by naked areas (asulcate side), or totally
naked (sulcate side).

Phylogenetic Relationships.—The phylogenetic relationships and
branch support were congruent in both analyses. The genus
Metlapilcoatlus was recovered as monophyletic, but without
support, in both phylogenies with A. picadoi being sister to the
rest of the Metlapilcoatlus taxa (Fig. 5). The Metlapilcoatlus taxa
were divided into two strongly supported main clades; the first
one formed by M. indomitus as sister to M. occiduus, which are
sister to the other four. The second clade is, in turn, divided into
two monophyletic groups. The first contains a weak sister
relationship between different populations of M. mexicanus and
M. olmec, and the second clade is strongly supported and
comprised of three subclades with different populations of M.
nummifer: the first one is formed by populations from Central
Veracruz, the second one by populations from Northern
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Veracruz, and the last one by populations from Northern
Hidalgo and the adjacent part of Querétaro.

Discussion

Morphometrics—Despite the fact that multivariate analyses are
widely used to examine variation of shape and size, and species
delimitation in other reptile groups such as lizards and snakes
(Velasco and Herrel, 2007; Angarita-Sierra, 2014; Passos et al.,
2018), there are few viperid studies that have used this approach
(Fernandes et al., 2004). We found significant differences among
Metlapilcoatlus species. Our findings are quite important consid-
ering that previous studies have had difficulties clarifying the
species diversity of Metlapilcoatlus because of the great morpho-
logical variation within species in the genus and the lack of
information regarding type specimens (Campbell and Lamar,
2004; Smith and Ferrari-Castro, 2008; Jadin et al., 2010). It can be
observed in the present study that M. indomitus, M. occiduus, and
Metlapilcoatlus sp. are separated from the rest of the species (Fig.
2). This is probably because they share few synapomorphies with
the M. nummifer complex, such as poorly or undeveloped
nasorostral scales, lower number of ventral scales, higher number
of subfoveal rows, higher number of oculabial scales, number of
subcaudals, and the number of blotches at the sides of the body.
In the case of the species belonging to the M. nummifer complex,
there is a higher variation of traits (e.g., infralabials, intersu-
praoculars, subcaudals, supralabials, etc.) in the observed
specimens and, as a result, there is overlap in the morpho space
(Fig. 2). However, our analysis detected significant differences
among species of this complex. Levels of variation pointed out in
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Fic. 4. Hemipenes of the species of the genus Metlapilcoatlus. First,
the asulcate view is shown and the sulcate face of the hemipenes of each
species is printed with a premium letter. (A) Metlapilcoatlus indomitus
(UTA R-52952), (B) M. mexicanus (UTA R-45500), (C) M. nummifer (UTA
R-24842), (D) M. olmec (UTA R-25113), (E) M. occiduus (UTA R-26415),
and (F) Metlapilcoatlus sp. (MZFC 35382).

the present study show the latent difficulty in establishing
boundaries among species using morphological characters only.
For instance, the nasorostral scales are considered to be a
diagnostic trait in this genus although we discovered here that it
is a highly variable trait. Such is the case of M. indomitus in which
a variation ranging from zero to two nasorostral scales has been
recorded (Jadin et al., 2010) compared to specimens of
Metlapilcoatlus sp. that have as many as six nasorostral scales.

Hemipenial Morphology—Hemipenial characters function as
good indicators of relationship among species (Dowling, 2002;
Jadin et al, 2010). The sulcus spermaticus in particular is a
structure of hemipenial morphology that has been widely used as
a diagnostic trait to establish boundaries among serpent and
other reptile species (Angarita-Sierra, 2014; Sturaro et al., 2018).
Despite that there are certain intraspecific levels of variation
among hemipenial characters, it is uncommon to find variation in
the sulcus spermaticus, because most of the variation in snakes is
found in structures like the number of spines and calyces
(Dowling and Savage, 1960). In the case of Metlapilcoatlus sp., the
sulcus spermaticus is much thicker and voluminous to that of its
congeners.

Phylogenetic Relationships.—The relationships recovered in our
study are consistent with those obtained previously (e.g., Castoe
et al., 2003, 2005, 2009; Daza et al., 2010; Jadin et al., 2010). The
genus Metlapilcoatlus was recovered as monophyletic, though
with low support, with regard to Atropoides, Cerrophidion and
Porthidium. Additionally, our analyses found that M. indomitus
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and M. occiduus form a clade that is a sister group to a clade of M.
mexicanus, M. nummifer, and M. olmec, with M. mexicanus and M.
olmec being sister to each other. Within M. nummifer, we found a
split from among the populations to the South of the TMVB
(Teziutlan, Puebla; Cordoba, Veracruz; Ixhuatlan del Café,
Veracruz, Northern Veracruz) and those that inhabit locations
north of the TMVB (Huejutla, Hidalgo; Hueyacocotla, Veracruz;
Jalpan, Querétaro; Fig. 6). Our results suggest that the TMVB
played an important role in the genetic and morphological
structuring of the clade comprised by Metlapilcoatlus sp. and M.
nummifer, specifically at the end of its formation in its oriental
part 2.5 Ma (Becerra, 2005; Castoe et al., 2009). This information
suggests that interaction among populations to the north and
south of the TMVB may have been constant until 2.5 Ma
(Marshall and Liebherr, 2000; Becerra, 2005). If we consider that
this genus of viperids is strongly associated with tropical
montane cloud forest, it is possible that residual distribution of
this type of vegetation throughout the Sierra Madre Oriental, its
wide vertical distribution (600-3,200 m above sea level [a.s.1.]),
and the effect of vegetal associations adjacent to this elevation
gradient (Gonzalez-Espinoza et al., 2012) have promoted distinct
evolutionary histories.

TaxoNomic CONCLUSIONS

An integrative taxonomic approach that includes biogeo-
graphical, ecological, molecular, and morphological evidence is
crucial to infer the origin, boundary, and evolution of species
properly (Padial et al, 2010). Our study shows significant
genetic and morphological (external and hemipenial) differenc-
es between Metlapilcoatlus populations from the south of the
Sierra Madre Oriental and the eastern limit of the TMVB.
Additionally, we found strong phylogenetic support of each
Metlapilcoatlus lineage obtained in this study corresponding
with important biogeographic boundaries, enabling us to
elucidate the factors that influence the isolation of populations
across different spatial scales. For these reasons, we describe a
new species for this genus of viperid.

SYSTEMATIC ACCOUNTS
Metlapilcoatlus borealis sp. nov.
Fig. 7
Metlapilcoatlus nummifer (Taylor, 1949); Metlapilcoatlus nummifer

(Castoe et al., 2009); Metlapilcoatlus nummifer (Jadin et al.,
2010)

Holotype.—Universidad Nacional Auténoma de México, Mu-
seo de Zoologia “Alfonso L. Herrera” MZFC 35381, field number
OFV 1331, female of El Pilon, Jalpan de Serra Municipality,
Querétaro, México, 1,134 m (21.499°, —99.173°) collected on 30
June 2015 by Jacinto Chavez.

Paratype—Universidad Nacional Autonoma de México, Mu-
seo de Zoologia “Alfonso L. Herrera” MZFC 35382, field number
OFV 1336, male of Valle Verde, Jalpan de Serra Municipality,
Querétaro, México, 1,132 m (21.497°, —99.170°) collected on 18
July 2015 by Jacinto Chavez.

Diagnosis.—Metlapilcoatlus borealis is a medium-sized, moder-
ately robust viper (TL: males 657 mm, females 594 mm), has 22—
25 rows of scales over the mid part of the body, nasorostral scales
4-6, ventrals 130-132, subcaudals 26-35, supraoculars 8-10,
interoculabial 2-3, scales from 21-26 shields at the sides of the
body before the cloaca. Additionally, Metlapilcoatlus borealis
possess three unique nucleotides for cyt b at positions 21 (C),
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Fic. 5. Phylogenetic relationships of the genus Metlapilcoatlus obtained through Bayesian inference (IB) and maximum likelihood (ML) function
with the RAXML software. The condensed nodes (black) correspond to the genera used in the external group. All nodes are shown with a subsequent
probability (PP) > 90 except those indicated with an arrow. The values obtained through IB are shown, followed by the values obtained through ML

(IB/ML). Names of specimens at terminals correspond to IDs given in Table 1 and Supplemental Material 4.

369 (A), 378 (A); and three for ND4 at positions 192 (C), 405 (G),
and 459 (T).

Externally, M. borealis can be distinguished from M. indomitus
by having fewer ventral scales (130-132 vs. 133-142); in
addition to the fact that the rows of scales in the mid part of
the body do not exceed 25 (M. indomitus = 23-25, M. mexicanus
= 22-27, M. nummifer = 23-28, M. occiduus = 23-27, M. olmec =
22-26); with regard to M. mexicanus and M. olmec, M. borealis can
be distinguished because the supraocular scales are never
divided, whereas in the other two species they can be; the
postorbital stripe is narrower with respect to those of M.
mexicanus and M. nummifer, covers a lower number of temporal
scales (M. borealis = 3-5, M. indomitus = 4, M. mexicanus = 1-7,
M. nummifer = 4-8, M. occiduus = 5-6, M. olmec = 3-6); has a
lower average number of interoculabial scales (M. borealis = 2-3,
M. indomitus = 4-5, M. mexicanus = 2-5, M. nummifer = 2-5, M.
occiduus = 4-5, M. olmec = 4-6), and a higher number of scales
in contact with the supraoculars (M. borealis = 4-6, M. indomitus
= 4-5, M. mexicanus = 3-5, M. nummifer = 3-5, M. occiduus = 4,
M. olmec = 3-5). Metlapilcoatlus borealis has a completely dark
pigmentation in the last third of the body after the cloacal scale,
as opposed to other species, where this region is black with light
spots.
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In addition to the differences in external morphology, the
more distinctive traits are found in the hemipenial morphology,
where M. borealis presents a strongly thickened sulcus sperma-
ticus that turns ventro-diestrally to the apex of the lobes, while it
is a thin structure that runs longitudinally along the center of
the hemipenes sulcate side in the rest of the species of
Metlapilcoatlus; the calyculate area in the interior region of the
sulcate side of the hemipenis is laid out obliquely with respect to
the spinous area, unlike in the rest of the species where the
division of the spinous area and the calyculate area cuts
transversally across the sulcate side of the hemipenis, forming a
groove shaped like a “V”. The exception to this is M. occiduus,
where there is no division of the calyculate area, since this
species does not appear to have spines in the hemipenes; M.
borealis has the smallest hemipenis of the entire genus, even
among similarly sized males (M. borealis HL = 13.21, HW =
2.21; M. indomitus HL = 27 mm, HW = 10.5 mm; M. mexicanus
HL > 20 mm, HW = 11. 25 mm; M. nummifer = HL > 16 mm,
HW = 9 mm; M. occiduus HL > 20 mm, HW = 7.5 mm; M. olmec
HL = 20 mm, HW = 10 mm). Metlapilcoatlus borealis can be
distinguished from M. mexicanus—M. nummifer—M. olmec by its
higher number of spines at the base of the lobes (M. borealis = 6,
M. indomitus = 13, M. mexicanus = 4, M. nummifer = 3, M.
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Fic. 6. Distribution of the specimens analyzed in this study. (A) Distribution of all species of the genus Metlapilcoatlus from Costa Rica to Mexico
and location of the specimens used of the species M. nummifer (black box, solid line). (B) The two northernmost clades formed by the specimens of M.
borealis and M. nummifer are showed in the black box. Shaded region represent the Transmexican Volcano Belt (TVB).

FiG. 7. (A) Metlapilcoatlus borealis specimen from the locality of San Juan de los Durén, in Jalpan de Serra, Querétaro, (B) dorsal view of the
holotype of M. borealis, (C) ventral view of the holotype of M. borealis. All photographs correspond to MZFC-35381 from San Juan de los Durén,
Municipality of Jalpan de Serra, Querétaro. Photographs by Oscar Flores-Villela (A) and Mauricio Tepos Ramirez (B and C).
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occiduus = 0, M. olmec = 3) and a higher number of rows of
calyces in the lobes (M. borealis = 6, M. indomitus = 13, M.
mexicanus = 4, M. nummifer = 3, M. occiduus = 0, M. olmec = 3).

Holotype and Description.—Female adult holotype features are
followed by male adult paratype variation in parentheses. Rostral
wider than longer, 5.7 x 3.5 mm (7.2 x 3.1), concave, rounded
apex reaching the canthal crest; four nasorostral scales (6) that
allow extensive contact between rostral and nasal scale at both
sides; prefoveals 4/6 (3/4); subfoveals (3/3), and postfoveals 2/2
(4/4); wide prelacular and extended towards the eye, in contact
with both preoculars and loreals; prelacunar scale narrow in its
inferior part, which grows wider and projects internally in the pit;
loreals 1/1, in contact with superior preocular; preocular 2/2 (2/
2), superior preocular enlarged, inferior elongated towards the
anterior part of the head, reaching the half of the pit; suboculars
1/1 (1/1); postoculars 3/1 (4/3); supralabial 9/10 (9/10); mental
wider than longer, 5 x 4 mm (5.5 x 3.8); infralabials 12/11 (9/10);
canthals % (3/3); simple, big, and narrow supraocular, 4.6/5 mm
(5.7/4.5); head dorsal scales keeled; scales between the first
canths 4 (4); intersupraoculars 9 (8); interrictals 25 (27); 34 pairs
of gulars between the chin shields and first ventral; rows of
dorsal scales 28-25-20 (24-25-20), keeled; ventrals 129; single
anal scale; subcaudals 35 (38), not divided.

Coloration in Life—Collected specimens of M. borealis presented
a base coloration ranging from orange to dark brown. Dorsal and
lateral blocks always darker than the base color, and sometimes
the fringes of the blocks had darker colorations. Ventral
coloration went from light yellow and white hues to yellow
and orange in the gular region.

Etymology.—The specific epithet, borealis, references the north-
ernmost distribution of this taxon with respect to the other taxa of
Metlapilcoatlus.

Distribution and Ecology.—Metlapilcoatlus borealis is restricted to
the tropical montane cloud forest in the confluence zone of the
states of Hidalgo, San Luis Potosi, Querétaro and Veracruz.

Remarks—Metlapilcoatlus borealis populations have differenti-
ated from those of the group consisting of M. mexicanus—M.
nummifer—M. olmec because of their isolation, which was likely
brought about by two of the great biogeographical barriers that
the TMVB and Sierra Madre Oriental pose to the genus
Metlapilcoatlus distribution. However, it is possible that it is
sympatric with M. nummifer, specifically in zones of mid and low
elevations in central and south Veracruz, below the TMVB.

Acknowledgments.—We thank the communities of Valle Verde
and San Juan de los Durén, especially Jacinto, Silvino, Pipi and
families for their hospitality and help during the field work. We
thank UNAM (Universidad Nacional Autonoma de México,
Museo de Zoologia “Alfonso L. Herrera”) and J. A. Campbell, E.
N. Smith, and C. J. Franklin (Amphibian and Reptile Diversity
Research Center, University of Texas at Arlington) for access to
specimens and granting us permission to dissect hemipenes
from those specimens. Additionally, we thank A. Resetar, J.
Ladonski, and H.K. Voris (FMNH) and S. Gotte (USNM) for
loaning specimens for external morphological examination.
Scientific collection permit was issued by SEMARNAT to OFV
(FAUT-0015).

LiTERATURE CITED

ALENCAR, L. R., T. B. Quentar, E G. Grazziotin, M. L. ArLraro, M.
MARTINS, M. VENZON, AND H. ZaHER. 2016. Diversification in vipers:

Downloaded From: https://bioone.org/journals/Journal-of-Herpetology on 11 Jun 2021
Terms of Use: https://bioone.org/terms-of-uselAccess provided by University of Texas at Arlington

Phylogenetic relationships, time of divergence and shifts in
speciation rates. Molecular Phylogenetics and Evolution 105:50-62.

ALENCAR, L. R, M. Martins, aAND H. W. Greene. 2018. Evolutionary
history of vipers. eL.5:1-10.

ANGARITA-SIERRA, T. 2014. Hemipenial morphology in the semifossorial
snakes of the genus Ninia and a new species from Trinidad, West
Indies (Serpentes: Dipsadidae). South American Journal of Herpe-
tology 9:114-130.

ARrevarLo, E., S. K. Davis, anp J. W. Sites. 1994. Mitochondrial DNA
sequence divergence and phylogenetic relationships among eight
chromosome races of the Sceloporus grammicus complex (Phrynoso-
matidae) in central Mexico. Systematic Biology 43:387-418.

BeCERRA, J. X. 2005. Timing the origin and expansion of the Mexican
tropical dry forest. Proceedings of the National Academy of Sciences
of the United States of America 102:10919-10923.

Bryson, R. W., R. W. MurprHy, M. R. GRAHAM, A. LATHROF, AND D. LAazcaNoO.
2011. Ephemeral Pleistocene woodlands connect the dots for
highland rattlesnakes of the Crotalus intermedius group. Journal of
Biogeography 38:2299-2310.

CAMPBELL, ]. A., AND W. W. LamaR. 1989. The Venomous Reptiles of Latin
America. Comstock Publishing Associates, USA.

. 2004. The Venomous Reptiles of the Western Hemisphere.
Comstock Publishing Associates, USA.

CawmpBELL, J. A., D. R. Frost, AND T. A. CastoE. 2019. New generic name
for jumping pitvipers (Serpentes: Viperidae). Revista Latinoamaer-
icana de Herpetologia 2:52-53.

CARBAJAL-MARQUEZ, R. A., J. R. CEDENO-VAZQUEZ, A. MARTINEZ-ARCE, E.
NEr1-CastrO, AND S. C. MACHKOUR-M'RABET. 2020. Accessing cryptic
diversity in Neotropical rattlesnakes (Serpentes: Viperidae: Crotalus)
with the description of two new species. Zootaxa 4729:451-481.

Carrasco, P. A., F. G. GrazzioTiN, R. Santa Cruz-FarraN, C. Koch, J. A.
OcHoA, G. J. ScroccHI, G. C. LEYNAUD, AND J. C. CHAPARRO. 2019. A new
species of Bothrops (Serpentes: Viperidae: Crotalinae) from Pampas
del Heath, southeastern Peru, with comments on the systematics of
the Bothrops neuwiedi species group. Zootaxa 4565:301-344.

CastoE, T. A., AND C. L. PARkiNsON. 2006. Bayesian mixed models and the
phylogeny of pitvipers (Viperidae: Serpentes). Molecular Phyloge-
netics and Evolution 39:91-110.

Castog, T. A., P. T. CHiPPINDALE, J. A. CampseLL, L. K. AMMERMAN, anD C.
L. ParkinsoN. 2003. Molecular systematics of the Middle American
jumping pitvipers (genus Atropoides) and phylogeography of the
Atropoides nummifer complex. Herpetologica 59:420-431.

Castog, T. A, M. M. Sasa, anp C. L. Parxinson. 2005. Modeling
nucleotide evolution at the mesoscale: the phylogeny of the
Neotropical pitvipers of the Porthidium group (Viperidae: Crotali-
nae). Molecular Phylogenetics and Evolution 37:881-898.

Castog, T. A., J. M. Daza, E. N. SmitH, M. M. Sasa, U. KucH, J. A.
CampBeLL, AND C. L. ParkINSON. 2009. Comparative phylogeography
of pitvipers suggests a consensus of ancient Middle American
highland biogeography. Journal of Biogeography 36:88-103.

Daza, J. M., T. A. Castog, aND C. L. ParxinsoN. 2010. Using regional
comparative phylogeographic data from snake lineages to infer
historical processes in Middle America. Ecography 33:343-354.

DixoN, J. R., AND J. A. Lemos-EspINAL. 2010. Anfibios y reptiles del estado
de Querétaro, México/ Amphibians and reptiles of the state of
Querétaro, Mexico. CONABIO, Mexico.

DixoN, J. R., C. A. KercHERrsID, AND C. S. Lies. 1972. The herpetofauna of
Querétaro, México, with remarks on taxonomic problems. South-
western Naturalist 16:225-237.

Doan, T. M., A. J. Mason, T. A. Castog, M. Sasa, aND C. L. PARKINSON.
2016. A cryptic palm-pitviper species (Squamata: Viperidae: Bothrie-
chis) from the Costa Rican highlands, with notes on the variation
within B. nigroviridis. Zootaxa 4138:271-290.

DowLing, H. G. 2002. Intraspecific variation of the hemipenis, a
correction, with comments on other erroneous descriptions. Herpe-
tological Review 33:12-14.

DowLING, H. G., AND J. M. SAVAGE. 1960. A guide to the snake hemipenis:
a survey of basic structure and systematic characteristics. Zoologica
45:17-28.

Fenwick, A. M., R. L. GUTBERLET Jr., J. A. Evans, aND C. L. PARkINSON, 2009.
Morphological and molecular evidence for phylogeny and classifi-
cation of South American pitvipers, genera Bothrops, Bothriopsis, and
Bothrocophias (Serpentes: Viperidae). Zoological Journal of the
Linnean Society 156:617-640.

FernanDes, D. S., E L. Franco, aAND R. FErRNANDEs. 2004. Systematic
revision of the genus Lachesis Daudin, 1803 (Serpentes, Viperidae).
Herpetologica 60:245-260.




190 M. TEPOS-RAMIREZ ET AL.

FIGUEROA, A., A. D. McKELvY, L. L. GrisMER, C. D. BELL, AND S. P. LAILVAUX.
2016. A species-level phylogeny of extant snakes with description of
a new colubrid subfamily and genus. PLoS One 11:e0161070.

FLores-ViLLELA, O. 1993. Herpetofauna of Mexico: Distribution and
Endemism. Pp. 253-280 in T. P. Ramamoorthy, R. Bye, A. Lot, and ].
Fa (eds.), Biological Diversity of Mexico: Origins and Distributions.
Oxford University Press, USA.

GAMEZ, N., T. EscALANTE, G. RODRIGUEZ, M. LINAJE, AND ]. J. MORRONE.
2012. Caracterizacion biogeografica de la Faja Volcanica Trans-
mexicana y andlisis de los patrones de distribucion de su
mastofauna. Revista Mexicana de Biodiversidad 83:258-272.

GmrisH, P. S., A. S. R. AnjaNeyuLu, K. N. Viswas, B. M. SHIVAKUMAR, M.
ANAND, M. PATEL, AND B. SHARMA. 2005. Meat species identification by
polymerase chain reaction-restriction fragment length polymor-
phism (PCR-RFLP) of mitochondrial 12S rRNA gene. Meat Science
70:107-112.

GonNzALEzZ-EspiNosa, M., J. A. MEave, N. RamirREz-MARCIAL, T. TOLEDO-
Aceves, E. G. LorREA-HERNANDEZ, AND G. IBARRA-MANRIQUEZ. 2012. Los
bosques de niebla de México: conservacion y restauracion de su
componente arboreo. Revista Ecosistemas 21:36-52.

GrUNwALD, C. 1., J. M. Jongs, H. Franz-CHAVEZ, AND 1. T. AHUMADA-
CArrILLO. 2015. A new species of Ophryacus (Serpentes: Viperidae:
Crotalinae) from eastern Mexico, with comments on the taxonomy of
related pitvipers. Mesoamerican Herpetology 2015: 388-416.

GurtserLet, R. L., Jr. 1998. The phylogenetic position of the Mexican
black-tailed pitviper (Squamata: Viperidae: Crotalinae). Herpetolog-
ica 54:184-206.

GutserLET, R. L., Jr., AND M. B. HarvEY. 2002. Phylogenetic relationships
of New World pitvipers as inferred from anatomical evidence. Pp.
51-68 in G. W. Schuett, M. Hoggren, M. E. Douglas, and H. W.
Greene (eds.), Biology of the Vipers. Eagle Mountain Publishing,
Eagle Mountain, Utah, USA.

. 2004. The evolution of New World venomous snakes. Pp. 634—
682 in J. A. Campbell and W. W. Lamar (eds.), Venomous Reptiles of
the Western Hemisphere. Comstock Publishing Associates, USA.

Huersenseck, J. P, anp F. Ronquist. 2003. MRBAYES: Bayesian inference
of phylogenetic trees. Bioinformatics 17:754-755.

JapiN, R. C., R. L. Gursereer, Jr., AND E. N. Smith. 2010. Phylogeny,
evolutionary morphology, and hemipenis descriptions of the Middle
American jumping pitvipers (Serpentes: Crotalinae: Atropoides).
Journal of Zoological Systematics and Evolutionary Research 48:
360-365.

JapN, R. C., E. N. SmitH, AND J. A. CampgeLL. 2011. Unravelling a tangle of
Mexican serpents: a systematic revision of highland pitvipers.
Zoological Journal of the Linnean Society 163:943-958.

JapiN, R. C., J. H. TownsenD, T. A. Castog, anD J. A. CampBELL. 2012.
Cryptic diversity in disjunct populations of middle American
montane pitvipers: a systematic reassessment of Cerrophidion god-
mani. Zoologica Scripta 41:455-470.

JapiN, R. C., F. T. BursrINK, G. A. Rivas, L. J. ViTT, C. BARRIO-AMOROS, AND
R. P. GuraLnick. 2014. Finding arboreal snakes in an evolutionary
tree: phylogenetic placement and systematic revision of the
Neotropical birdsnakes. Journal of Zoological Systematics and
Evolutionary Research 52:257-264.

JapiN, R. C., J. R. MHALJEVIC, AND S. A. OrLOFSKE. 2019. Do New World
pitvipers “scale-down” at high elevations? Macroecological patterns
of scale characters and body size. Ecology and Evolution 9:9362—
9375.

JapiN, R.C., C. BLAIR, S. A. OrRLOFSKE, G. A. Rivas, L. J. ViTT, . M. Ray, E. N.
SmitH, M. J. Jowers, AND J. C. MurpHY. 2020. Not withering on the
evolutionary vine: systematic revision of New World vine snakes.
Organisms, Diversity, and Evolution 20:723-746.

Kearse, M., R. Mor, A. WisoN, S. Stones-Havas, M. CHEUNG, S.
STURROCK, S. BuxTON, A. COOPER, S. MARKOWITZ, C. DURAN, T. THIERER,
B. AsHToN, P. MENTJIES, AND A. DRUMMOND. 2012. Geneious Basic: an
integrated and extendable desktop software platform for the
organization and analysis of sequence data. Bioinformatics 28:
1647-1649.

KimMura, M. 1980. A simple method for estimating evolutionary rate of
base substitutions through comparative studies of nucleotide
sequences. Journal of Molecular Evolution 16:111-120.

Krecka, W. R. 1980. Discriminant Analysis: Quantitative Applications in
the Social Sciences. Sage, California, USA.

Kocher, T. D., W. K. THOMAS, A. MEYER, S. V. EDWARDS, S. PAABO, F. X.
ViLLaBLaNCA, AND A. C. WiLsoN. 1989. Dynamics of mitochondrial
DNA evolution in animals: amplification and sequencing with

Downloaded From: https://bioone.org/journals/Journal-of-Herpetology on 11 Jun 2021
Terms of Use: https://bioone.org/terms-of-uselAccess provided by University of Texas at Arlington

conserved primers. Proceedings of the National Academy of Sciences
86:6196-6200.

MarsHALL, C. J., aND J. K LieBHERR. 2000. Cladistic biogeography of the
Mexican Transition Zone. Journal of Biogeography 27:203-216.

MASTRETTA-YANES, A., A. MORENO-LETELIER, D. PINERO, T. H. JORGENSEN, AND
B. C. EmERsON. 2015. Biodiversity in the Mexican highlands and the
interaction of geology, geography and climate within the Trans-
Mexican Volcanic Belt. Journal of Biogeography 42:1586-1600.

MEIK, J. M., S. ScHaAack, O. FLORES-VILLELA, AND J. W. STREICHER. 2018.
Integrative taxonomy at the nexus of population divergence and
speciation in insular speckled rattlesnakes. Journal of Natural
History 52:898-1016.

MORRONE, J. J. 2014. Biogeographical regionalisation of the Neotropical
region. Zootaxa 3782:1-110.

Niero-MonTes DE Oca, A., AND E. PErez-Ramos. 1999. Anfibios y reptiles
del estado de Querétaro. Universidad Nacional Autonoma de
México, Facultad de Ciencias. Informe final SNIB-CONABIO
proyecto (H250). )

OcHoa-OcHoa, L. M., AND O. FLOREs-VILLELA. 2006. Areas de diversidad y
endemismo de la herpetofauna Mexicana: Universidad Nacional
Autonoma de Meéxico, Comision Nacional para el uso de la
Biodiversidad, México.

Papiat, J. M., A. MraLies, I. DE 1A Riva, aAND M. VENcEs. 2010. The
integrative future of taxonomy. Frontiers in Zoology 7:16.

Papira, U., anD R. PINEDA-LOPEZ. 1997. Vertebrados del estado de
Querétaro. Universidad Autonoma de Quéretaro, FOMES, CON-
CyTEQ, Meéxico.

Parkinson, C. L., J. A. CampseLL, AND P. T. CHIPPINDALE. 2002. Multigene
phylogenetic analysis of pitvipers, with comments on their bioge-
ography. Pp. 93-110 in G. W. Schuett, M. Hoggren, M. E. Douglas,
and H. W. Greene (eds.), Biology of the Vipers. Eagle Mountain,
Utah, USA.

Passos, P., A. L. PRUDENTE, L. O. Ramos, J. R. CAICEDO-PORTILLA, AND J. D.
Lynch. 2018. Species delimitations in the Atractus collaris complex
(Serpentes: Dipsadidae). Zootaxa 4392:491-520.

Posapa, D. 2008. jModelTest: phylogenetic model averaging. Molecular
Biology and Evolution 25:1253-1256.

PyroN, R. A., E. T. BursriNk, aND J. J. WiEns. 2013. A phylogeny and
revised classification of Squamata, including 4161 species of lizards
and snakes. BMC Evolutionary Biology 13:93.

QuiapA-MASCARENAS, A., AND W. WUsTER. 2009. Recent advances in snake
venom systematics. Pp. 25-64 in S. P. Mackessy (ed.), Handbook of
Venoms and Toxins of Reptiles. CRC Press, Florida, USA.

R Core Team. 2018. R: A language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna, Austria.
https:/ /www.R-project.org/

SmitH, E. N., AND J. A. FERRARI-CAsTRO. 2008. A new species of jumping
pitviper of the genus Atropoides (Serpentes: Viperidae: Crotalinae)
from the Sierra de Botaderos and the Sierra La Muralla, Honduras.
Zootaxa 1948:57-68.

StaMATAKIS, A. 2006. RAXML-VI-HPC: maximum likelihood-based
phylogenetic analyses with thousands of taxa and mixed models.
Bioinformatics 22:2688-2690.

SturarRO, M. J., M. T. Ropricues, G. R. Corui, L. L. Knowres, anp T. C.
AviLA-Pires. 2018. Integrative taxonomy of the lizards Cercosaura
ocellata species complex (Reptilia: Gymnophthalmidae). Zoologischer
Anzeiger 275:37-65.

Tamura, K., G. StecHER, D. PETERSON, A. FiLipski, AND S. Kumar. 2013.
MEGAG6: Molecular Evolutionary Genetics Analysis version 6.0.
Molecular Biology and Evolution 30:2725-2729.

Tmmms, J., J. C. CHAPARRO, P. J. VENEGAs, D. SALAZAR-VALENZUELA, G.
ScroccHi, J. Cuevas, G. LEYNAUD, AND P. A. Carrasco. 2019. A new
species of pitviper of the genus Bothrops (Serpentes: Viperidae:
Crotalinae) from the Central Andes of South America. Zootaxa 4656:
99-120.

TownsenD, J. H., M. MepINA-FLORES, L. D. WiLsoN, R. C. Jabin, anp J. D.
AusTIN. 2013. A new relict species of green palm-pitviper (Squamata:
Viperidae: Bothriechis) from the Chortis Highlands of Mesoamerica.
ZooKeys 298:77-105.

Tsar, L. C., M. T. Huang, C. T. Hsiao, A. C. Y. LiN, S. J. CHeN, J. C. LEE, AND
H. M. Hsien. 2007. Species identification of animal specimens by
cytochrome b gene. Forensic Science Journals 6:63-65.

VELASCO, J. A., AND A. HERreL. 2007. Ecomorphology of Anolis lizards of
the Choco’ region in Colombia and comparisons with Greater
Antillean ecomorphs. Biological Journal of the Linnean Society 92:
29-39.



PHYLOGENETICS AND MORPHOMETRICS OF METLAPILCOATLUS 191

WERrMAN, S. D. 1992. Phylogenetic relationships of Central and South Wuster, W., J. E. FERGUSON, J. A. QuijapA-MascareNas, C. E. Pook, M. Da

American pitvipers of the genus Bothrops (sensu lato): Cladistic GRACA-SALOMAO, AND R. S. THORPE. 2005. Tracing an invasion: land
analyses of biochemical and anatomical characters. Pp. 21-40 in J. A. bridges, refugia, and the phylogeography of the Neotropical
Campbell and E. D. Brodie, Jr. (eds.), Biology of the Pitvipers. Selva, rattlesnake (Serpentes: Viperidae: Crotalus durissus). Molecular
Tyler, Texas, USA. Ecology 14:1095-1108.

WsTer, W., R. S. THORPE, G. PuorTo, AND BBBSP. 1996. Systematics of the
Bothrops atrox complex (Reptilia: Serpentes: Viperidae) in Brazil: a Accepted: 7 March 2021.
multivariate analysis. Herpetologica 52:263-271. Published online: 11 June 2021.

Downloaded From: https://bioone.org/journals/Journal-of-Herpetology on 11 Jun 2021
Terms of Use: https://bioone.org/terms-of-uselAccess provided by University of Texas at Arlington



