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Resumen 

Debido a su complejidad geológica, el centro y sur de México son considerados áreas de alto endemismo. 

Esto deriva en que los taxones que se distribuyen en esa región presenten historias evolutivas complejas. 

El caso de la serpiente de cascabel enana de montaña Crotalus ravus sensu lato no es la excepción, ya 

que presenta poblaciones con distribuciones alopátridas en esta zona. Por medio de marcadores 

moleculares (ND4, 12S y L51) se estudiaron las relaciones filogenéticas dentro del grupo, a través de 

análisis bayesiano y de máxima verosimilitud. Además, se elaboró una red de haplotipos, se calcularon 

las distancias genéticas, tiempos de divergencia, se hizo un árbol de especies y se analizaron las 

estructuras de morfología hemipenial de los tres taxones reconocidos dentro de C. ravus. En los dos 

análisis filogenéticos, bayesiano y máxima verosimilitud, se recuperó la monofília de los tres linajes con 

valores de apoyo altos (>0.9 PP; >75 para los tres clados). El tiempo de divergencia del grupo con 

respecto a los demás miembros de las serpientes de cascabel de montaña, se estimó en el Mioceno-

Plioceno (~5-7 Ma) y los análisis de la red de haplotipos, distancias genéticas y la estructura hemipenial 

proveen, de manera conjunta, evidencia de la independencia de cada linaje. Estos resultados difieren de 

trabajos anteriores, en cuanto a las relaciones filogenéticas dentro del grupo y a los tiempos de 

divergencia estimados para el clado C. ravus sensu lato. Se propone que la formación de la Faja 

Volcánica Trans-Mexicana fue el principal evento precursor vicariante que promovió la diversificación 

de los linajes dentro de esta serpiente de cascabel. Debido a la amplitud del muestreo y diferentes 

evidencias obtenidas mediante distintas aproximaciones, se propone el reconocimiento específico de 

cada linaje del complejo C. ravus, así como la correspondiente reevaluación de su estado de 

conservación. 
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Abstract 

Given its complex geography, Central and Southern Mexico are considered areas of high endemism, 

promoting complex evolutionary histories of the taxa distributed therein. The case of the Pygmy 

Mountain Rattlesnake, Crotalus ravus sensu lato is not an exception, having populations with allopatric 

distributions in this region. Using molecular markers (12S, ND4 and L51) the phylogenetic relationships 

of the group were estimated by both Bayesian and Maximum Likelihood approaches. Additionally, a 

haplotype network was constructed, genetic distances calculated, divergence times and species tree 

estimated, and hemipenial morphological characters analyzed in each of the three taxa within C. ravus. 

Both Bayesian and Maximum Likelihood phylogenetic analyses, recovered the monophyly of the three 

lineages, with high support scores (>0.9 PP; >75 BS, for the three clades). Divergence time of the group 

was estimated between the Miocene-Pliocene (~5-7 Mya) and the analyses of the haplotype network, 

genetic distances and hemipenial structures jointly provide evidence of each lineage independence. These 

results, differ from previous works concerning the phylogenetic relationships of the group and estimated 

divergence times of the C. ravus sensu lato clade. We propose that the formation of the Trans Mexican 

Volcanic Belt was the main vicariant precursor event promoting the diversification of the lineages of this 

rattlesnake. Due to ample sampling and different evidences obtained, the specific recognition of each 

lineage of the C. ravus complex is suggested as well as the corresponding conservation status 

reevaluation. 
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Introducción 

Avise et al.  (1987) propusieron el término filogeografía para definir el estudio del reparto de los linajes 

dentro de la geografía donde se distribuyen. Esta definición vino rápidamente a situarse en el centro de 

la controversia sobre la relación entre los procesos macroevolutivos y microevolutivos. Se ha debatido 

de manera constante si es posible extrapolar procesos como mutación, deriva génica, flujo genético, 

historia demográfica y selección natural, a procesos a gran escala como extinciones en masa, patrones de 

diversificación, novedades evolutivas o disparidad morfológica (Erwin, 2010). La filogeografía utiliza 

conceptos y técnicas de diferentes áreas de la Biología como la genética de poblaciones, demografía, 

sistemática filogenética, etología y paleontología (Avise, 2000). Esto permite lograr un enfoque 

integrativo, que se reconoce como una línea directa entre los estudios microevolutivos y los 

macroevolutivos (Avise, 1998). 

Algunos autores proponen que el límite entre un estudio a nivel macroevolutivo y microevolutivo está 

delineado por la frontera del concepto de especie (Erwin, 2010). Es decir, procesos que ocurren por 

debajo del nivel específico son considerados microevolutivas y por encima de este nivel, son 

considerados macroevolutivos. Esto nos lleva a considerar las diferentes definiciones de especie y la 

controversia alrededor de este concepto tan fundamental en Biología (Mayr, 1987; Rojas, 1992; Hudson 

& Coyne, 2002; Pigliucci, 2003). Bajo este panorama, de Queiroz (2005) definió a las especies como 

linajes a nivel poblacional que presentan historias evolutivas independientes y que las propiedades que 

definían los conceptos pasados de especie (aislamiento reproductivo, monofília, diagnosticabilidad, etc.), 

son en realidad propiedades emergentes que sirven como evidencia para poder discriminar entre estas 

entidades de ancestría-descendencia. Bajo esta perspectiva, la identificación de linajes poblacionales que 

presenten historias evolutivas independientes resulta práctica, permitiendo así la proposición de especies 

putativas. 

Por otro lado, la identificación de especies siempre ha representado un reto para los biólogos debido a 

que el proceso de especiación no necesariamente viene acompañado de cambios morfológicos evidentes 
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(Bickford et al., 2007). Esto quiere decir que existe variación derivada de las presiones selectivas a las 

que están siendo sometidos los linajes, que no necesariamente es apreciable a simple vista (Erwin, 2010). 

Por lo anterior, la diversidad conocida probablemente sea mayor a la estimada hasta este momento. La 

subestimación del número de linajes dentro de una especie nos lleva a concluir que existen especies 

crípticas, especialmente si algunos linajes se consideraban una misma especie por su parecido 

morfológico (Bickford et al., 2007).  

La delimitación de especies se vuelve una herramienta importante para los planes de conservación. Sobre 

todo en especies crípticas que, por sus características naturales y distribución, son proclives a presentar 

complejos de especies. Además de que si estos taxones suelen encontrarse bajo alguna categoría de 

protección, la identificación de especies crípticas se vuelve crucial, ya que involucraría una reducción en 

la distribución de estas nuevas entidades identificadas, colocándolas en un riesgo mayor (Bickford et al., 

2007). 

Tal es el caso de los reptiles en general, se distribuyen en microhábitats específicos, y son un grupo que 

juega un papel importante en los ecosistemas (Raxworthy et al., 2008; Read, 1998; Böhm et al., 2013). 

Características como la filopatría, poca vagilidad y morfología conservada, provoca que sus 

distribuciones sean considerablemente más reducidas a comparación de otros vertebrados como 

mamíferos o aves (Böhm et al., 2013). Lo que ha derivado en un número considerable de trabajos sobre 

diversidad críptica dentro de este grupo de vertebrados (Poulin & Pérez-Ponce de León, 2016, trabajos 

ahí referidos). No hay que perder de vista que los reptiles actualmente son un grupo en peligro crítico de 

extinción, ya que son propensos a amenazas como el cambio de uso de suelo, contaminación y 

fragmentación de los hábitats, actividades que han venido en aumento actualmente por la actividad 

humana. (Sarukhán et al., 2009).  

El caso particular de las serpientes de cascabel, presenta un panorama desalentador. Esto se debe a que 

no sólo se enfrentan a las amenazas antes mencionadas, sino que afrontan la caza y muerte para uso en 

medicina tradicional (Pérez-Gil et al., 1996), o simplemente por miedo, convirtiendo a los humanos como 
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sus principales amenazas (Campbell & Lamar, 2004; Monroy-Vilchis et al., 2008). En contraparte, 

estudios recientes sugieren que la diversidad de las serpientes de cascabel es aún desconocida (Reyes-

Velasco et al., 2013; Bryson et al., 2014; Blair et al., 2018). Igualmente este desconocimiento de la 

verdadera diversidad existente, representa un reto para la conservación, y la correcta implementación de 

estrategias que busquen protegerla. 

Los bosques de montaña del centro y sur de México son de las zonas más diversas en cuanto a diversidad 

de serpientes de cascabel, incluso se ha propuesto que podrían representar el centro de diversificación de 

este grupo (Blair et al., 2016). Esto se debe a que México se encuentra en la zona de contacto de fauna 

entre dos grandes regiones biogeográficas, la Neotropical y la Neártica (Halffter, 1987; Morrone, 2010), 

lo que le confiere un alto grado de endemismos, debido a su accidentada topografía (Flores-Villela, 1993; 

Flores-Villela & Gerez, 1994; Peterson et al., 1993; Ramamoorthy et al., 1993). Además, numerosos 

trabajos han evidenciado una fuerte asociación entre la complejidad geográfica y la diversidad ambiental, 

con el número de especies crípticas encontradas en esa zona (p. e. Bryson et al., 2014; García-Vázquez 

et al., 2018; Ruiz-Vega et al., 2018; Hernández-Canchola et al., 2018).  

Crotalus ravus (Cope, 1865) es una serpiente de cascabel de montaña considerada dentro del grupo de 

las cascabeles enanas (Campbell & Lamar, 2004). Se distribuye entre los 1500-3000 msnm, en las 

montañas del centro de México, centro del estado de Guerrero y serranías del estado de Oaxaca (Harris 

& Simmons, 1978; Campbell & Armstrong, 1979; Campbell & Lamar, 2004). Las tres poblaciones de 

este taxón, presentan una distribución alopátrida (Campbell & Lamar, 2004). Esta especie ha sido 

declarada como amenazada por la norma mexicana NOM-059 (SEMARNAT, 2010) y de preocupación 

menor a nivel mundial (IUCN, 2019). A pesar de considerarse una especie tolerante al disturbio 

antropogénico (según nuestra experiencia en campo), el cambio de uso de suelo y la fragmentación, han 

reducido considerablemente el hábitat donde se distribuye y por ende el tamaño de sus poblaciones. Por 

todo lo anterior, por medio de un análisis filogeográfico, se buscará observar la diversidad genética y 

morfológica dentro de este grupo de serpientes de cascabel de montaña. El objetivo del estudio es analizar 
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las historias evolutivas y patrones de diversificación de Crotalus ravus desde una perspectiva de la 

taxonomía integrativa, con comentarios sobre su conservación.   
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Abstract 

Central Mexico is one of the world’s biodiversity hotspots given its location as a transitional zone 

between the Nearctic and Neotropical biogeographical regions, as well as its complex orographic and 

geologic history. Species distributed in this zone have been shown to have complex evolutionary 

histories. Such is the case for the montane rattlesnake Crotalus ravus sensu lato, distributed 

allopatrically along the mountain ranges of central and southern Mexico. Using a molecular dataset of 

two mitochondrial markers (ND4 and 12S) and one nuclear marker (L51), we investigates the 

phylogenetic relationships of the three recognized lineages within this taxon using Bayesian and 

Maximum Likelihood methods. Additionally, we constructed haplotype networks, calculated genetic 

distances, estimated divergence times of major lineages, and constructed a species tree using the 

molecular dataset, while an analysis of hemipenial structures of the three lineages added a 

morphological component. Both the Bayesian and Maximum Likelihood analyses recovered the 

monophyly of each lineage within Crotalus ravus with high support values (>0.9 PP; >75 BS, 

respectively). The estimated root age of the clade was dated around the Miocene-Pliocene (~5–7 Ma), 

and the species tree, haplotype networks, genetic distances, and hemipenial structures support the 
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evolutionary distinctiveness of the three lineages through an integrative approach. These results differ 

from previous works in respect to the phylogenetic relationships recovered and estimated divergence 

times. The formation of the Trans-Mexican Volcanic Belt (TMVB) likely promoted the development of 

independent evolutionary histories between the three lineages through vicariant processes, leading to 

the current distribution of Crotalus ravus sensu lato. As such, with the evidence presented in this study 

and the breadth of sampling, we propose the three disjunct populations of this Mexican pygmy 

rattlesnake to be recognized as separate species. 

 

Keywords: Phylogeography, Crotalus ravus, biodiversity hotspot, lineage, rattlesnake, vicariance 

 

1. Introduction 

 The Mexican Transition Zone (MTZ) is a biogeographic province that represents a connection 

between biota of the Nearctic temperate and Neotropical tropical zones (Halffter, 1987; Morrone, 

2010). The geographic location of the MTZ, in addition to its complex orographic history and the 

convergence of climatic factors, has given rise to high species richness, diversity, and endemism that 

has led the region to be recognized worldwide as a ‘biodiversity hotspot’ (Flores-Villela & Gerez, 

1994; Peterson et al., 1993; Ramamoorthy et al., 1993). 

 The relationship between geography and the distribution of lineages through time and space has 

been discussed extensively within the MTZ across various taxonomic groups (Morrone, 2009, 2017). 

These studies show that the dynamic orography of the MTZ has molded the evolutionary histories of 

species through different processes. Of these, both vicariance and dispersal are commonly proposed 

(Table 1), making it difficult to ascribe one encompassing biogeographic pattern and highlighting the 

importance of further studies in the regions (Flores-Villela & Martínez-Salazar, 2009). Taxa distributed 

in the highlands of the MTZ have been of particular interest to researchers, given that they have been 

shown to possess complex evolutionary histories and specific patterns of diversification. This is largely 

due to the asynchrony in the formation of the MTZ’s geological components, including the relatively 

recently formed Trans-Mexican Volcanic Belt (TMVB) of Miocene origin, and the more ancient 

mountain ranges of Eocene and Oligocene origin, including the Sierra Madre Occidental (SMOc), 

Sierra Madre Oriental (SMOr), and Sierra Madre del Sur (SMS) (Ferrusquía-Villafranca & González-

Guzmán, 2005). This dynamics has caused lineages to become isolated or connected through the 

formation and dissolution of physical barriers through time. 

 One taxon that has received particular attention are rattlesnakes (Bryson et al., 2011a, 2011b; 

Blair & Sánchez-Ramírez, 2016; Blair et al., 2018), composed of approximately 49 species (Uetz et al., 
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2019) in two genera (Crotalus and Sistrurus), broadly distributed across the American continent 

(Campbell and Lamar, 2004). Phylogenetic and phylogeographic studies recognize the highlands of the 

MTZ as a possible evolutionary area of origin for this group of reptiles (Reyes-Velasco et al., 2013; 

Alencar et al., 2016; Blair & Sánchez-Ramírez, 2016) given the early divergences of rattlesnakes 

distributed in this zone, although information regarding how these orographic events influenced the 

phylogenetic relationships of supraspecific lineages of Crotalus is still lacking. For this reason, 

rattlesnakes distributed in the highlands of the MTZ present a good model for understanding 

evolutionary patterns that have molded the present-day distributions of lineages in central Mexico. 

Particularly, the Mexican pygmy rattlesnake (Crotalus ravus) is an ideal study group for evaluating 

historic evolutionary patterns in the highlands of the MTZ, given that they are distributed across the 

montane pine-oak forests of the TMVB and the SMS. The phylogenetic placement of this rattlesnake 

species has been given considerable attention since its original description (Cope, 1865; Boulenger, 

1896; Davis & Smith, 1953; Murphy et al., 2002; Wallack et al., 2014; Alencar et al., 2016; Blair & 

Sanchez-Ramirez, 2016). Once considered in the genus Sistrurus due to shared morphological 

characters such as the nine symmetrical plates of scales at the head (Boulenger, 1896; Gloyd, 1940; 

Davis & Smith, 1953; Klauber, 1972; Campbell & Armstrong, 1979), recent molecular data has 

confidently placed this taxon as the earliest divergent clade of the Crotalus triseriatus species group 

(Bryson et al., 2011a) within Crotalus (Murphy et al., 2002; Wallack et al., 2014; Alencar et al., 2016; 

Blair & Sanchez-Ramirez, 2016). Furthermore, the allopatric distribution and morphological 

characteristics of different populations (Table 2) have led to the recognition of distinct subspecies. The 

first of these to be described was C. r. brunneus, a population restricted to the Oaxacan highlands 

(Harris & Simmons, 1978). One year later, Campbell & Armstrong (1979) described C. r. exiguus from 

the Sierra Madre del Sur in Guerrero, ascribing the nominotypical form C. r. ravus to the central 

Mexican highlands of the TVMB. 

Regarding	the	conservation	perspective,	Crotalus	ravus	has	been	declared	threatened	by	

the	Mexican	authorities	(SEMARNAT,	2010),	and	internationally	is	considered	as	least	concern	

(IUCN,	2019),	since	in	some	localities	is	relatively	common	and	it	seems	to	have	tolerance	to	

disturbed	environments.	This	tolerance	does	not	preclude	this	snake	from	the	constant	threats	to	

which	rattlesnakes	are	subject;	as	be	killed	by	fear	or	to	use	them	for	traditional	medicine,	

turning	humans	into	the	main	destroyers	of	these	snakes	(Campbell	&	Lamar,	2004).	

Furthermore,	the	increasing	deterioration	of	the	environment	caused	by	man,	due	to	the	change	

in	land	use	and	urbanization,	have	caused	an	increase	in	the	fragmentation	of	many	habitats	in	

recent	decades	(Sarukhán	et	al.,	2009),	causing	the	decline	in	rattlesnakes	populations	(Campbell	
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&	Lamar,	2009;	Monroy-Vilchis	et	al.,	2008).	Insufficient	conservation	policies	have	resulted	in	

only	about	20%	of	the	current	distribution	of	this	rattlesnake	considered	within	a	protected	

natural	area.	

This work analyzes the evolutionary history and patterns of diversification of the three recognized 

lineages of Crotalus ravus through a taxonomy approach, with comments on their conservation status. 

 

2. Materials and Methods 

2.1 Sampling and DNA Extraction 

 Thirty-six tissue samples were obtained for this study and an additional 20 sequences of 

Crotalus ravus were downloaded from GenBank. Our sampling nearly covers the entire known 

distribution of the three recognized lineages, C. ravus exiguus, C. ravus brunneus, and C. ravus ravus 

(Figure 1). We consider C. molossus, C. scutulatus, Sistrurus milliarius and S. catenatus as external 

groups for both analysis from two mitochondrial loci, NADH dehydrogenase 4 and flanking tRNA´s 

(ND4) and the 12S ribosomal subunit (12S), as well as one nuclear locus, Locus 51 (L51) (Gibbs et al., 

2010) were sequenced for this study. Primers for two of the three loci (ND4 and 12S) were taken from 

previous studies on montane rattlesnakes (Bryson et al., 2011a; Bryson et al., 2014) (Table 3). Genomic 

DNA was obtained from the muscle, liver, skin and/or skin molts following the Dneasy kit protocol 

from Qiagen (Qiagen Valencia, CA). 

 

2.2 Sequencing Mitochondrial and Nuclear Markers 

 All of the extracted DNA samples successfully amplified using the polymerase chain reaction 

(PCR) protocol in the Qiagen PCR kit (Qiagen Valencia, CA). Each reaction of 25 μl contained 0.5 μl 

of deoxynucleotide triphosphates (dNTP’s) (2 mM), 0.25 U of Taq DNA polymerase, 0.5 μl each of 

forward and reverse primers (10 mM), 3 μl of magnesium chloride (25 mM), 2.5 μl of 10X PCR buffer, 

16.75 μl of double-distilled water, and 1 μl of template DNA. The thermocycler protocol consisted of 

95° C for 1 minute, followed by 37 cycles of 95° C for 30 seconds, 30 seconds of annealing 

(temperatures varied by gene: 52–54° C for ND4, 50° C for L51, and 61° C for 12S), and a 30 second 

extension at 72° C. The samples were then kept at 12° C until removal. PCR product was visualized by 

gel electrophoresis using a gel of 1% agarose and ethidium bromide. Purification of PCR product was 

done using the Qiagen quick PCR Purification Kit (Qiagen Valencia, CA), following the given 

protocol. Sanger sequencing was performed on a Biosystems 3730/3730XL sequencer. Forward and 

reverse sequences were assembled in Sequencer v.5.4.6. 
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2.3 Haplotype Networks 

 Genealogical relationships between the sequences of the Crotalus ravus (sensu lato) complex 

were calculated and visualized using Templeton’s parsimony algorithm implemented in the software 

TCS v.2.1 (Clement et al., 2000). This algorithm constructs a haplotype network based on the number 

of mutational changes that separate distinct linages. Exceeding a certain connectivity limit renders 

distant haplotypes as non-related. A 95% connectivity limit was implemented, and gaps were treated as 

missing data. Loops in the network were resolved using the method described by Pfenninger & Posada 

(2002). 

 

2.4 Phylogenetic Analyses 

 Contigs were edited and aligned manually using the software PhyDE v.0.9971, while 

jModelTest v.2.1.10 was used to find the best-fit model of substitution for each gene according to AIC 

criteria with 95% confidence credibility (Darriba et al., 2015). Phylogenetic analyses were performed 

using Bayesian inference (BI) and maximum likelihood (ML) methods on each gene independently as 

well as a concatenated. BI was carried out in MrBayes v. 3.2.5 (Huelsenbeck & Ronquist, 2001) and 

concatenation was done in Mesquite v.3.5.1 (Maddison & Maddison, 2018). The analyses ran for 50 

million generations with a sample frequency of 1000, and a 25% burn-in was implemented for each 

analysis. Convergence of the four chains were evaluated in Tracer v.1.4 (Rambaut & Drummond, 

2007), making sure that ESS values for every parameter exceeded 200, signifying sufficient sampling 

of the posterior distribution. Subsequently, posterior probability (PP) support values were estimated for 

each clade using a majority consensus (>50%) of the results from each run, and PP values greater than 

95% were considered strongly supported (Felsenstein, 2004). The resulting trees were visualized in 

FigTree v.1.4.3 (Rambaut, 2012), while density trees were visualized in DensyTree v.2.2.6 (Bouckaert 

et al., 2014). 

 ML analyses were performed on the online platform Cyberinfrastructure for Phylogenetic 

Research (CIPRES; Miller et al., 2010) with the same partitions used in the BI analyses. The GTRCAT 

model of substitution was used, and 1000 non-parametric bootstrap pseudoreplicates (BS) were 

implemented to assess nodal support. Bootstrap support values greater than 70 were considered 

strongly supported (Hillis & Bull, 1993), and trees were visualized in FigTree v.1.4.3 (Rambaut, 2012). 

 

2.5 Species Tree and Genetic Distances 

 A species tree was estimated for C. ravus lineages using the coalescent algorithm of *BEAST 

implemented in BEAST v.2.5.0 (Bouckaert et al., 2014). Mitochondrial loci were treated separately 
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using the previously inferred models of substitution, allowing for the independent evolution of each 

gene. Two independent runs of 50 million generations were performed, sampling every 1000 

generations. The Yule speciation tree model was used, in addition to a relaxed lognormal clock model 

(Drummond et al., 2005). Results were visualized in Tracer v.1.4 (Rambaut & Drummond, 2007) to 

assure ESS values above 200 for every prior. The two runs were combined using LogCombiner 

(Drummond & Rambaut, 2007), and the maximum clade credibility tree was obtained using 

TreeAnnotator v.2.5.0 (Drummond & Rambaut, 2007). DensiTree v. 2.2.6 (Bouckaert et al., 2014) was 

used to visualize the density tree, while the remaining trees were visualized in FigTree v.1.4.3 

(Rambaut, 2012). 

 Genetic distances were estimated between lineages. The analysis was performed on the 

concatenated dataset (ND4 + 12S + L51), using the Kimura 2-parameter model (d: Transitions + 

Transversions) in MEGA v.7.0.26 (Kumar et al., 2016), which establishes a gamma variation in site 

distribution and a shape parameter of four, per the default settings. 

 

2.6 Divergence Dating 

 To obtain estimates of divergence dating between major lineages, we produced a phylogeny in 

the program BEAST v.2.5.0 (Bouckaert et al., 2014). Given the low support values found for the 

relationships within C. r. ravus (and the large number of terminal taxa), only the most divergent taxa 

found in the concatenated analysis were used for the BEAST analysis. Too many terminal taxa were 

found to make convergence of the distinct chains difficult, as well as hinder the correct phylogenetic 

estimation, even when runs were extended to over 1 billion generations. A relaxed lognormal clock was 

used with a Yule tree prior. Substitution models were taken from the previous analyses and left 

unlinked. Two independent analyses ran for 50 million generations each, with a sample frequency of 

10,000. 

 Calibrations for node ages were taken from previous studies based on the fossil record or from 

biogeographic events of divergence (Holman, 2000; Castoe et al., 2007; Parmley & Holman, 2007). 

Choice of priors in BEAST to calibrated was based on previous publications that carried out similar 

divergence dating (Bryson et al., 2011a; Reyes-Velasco et al., 2013; Schield et al., 2018). Tracer v.1.4 

(Rambaut & Drummond, 2007) was used to visualize the results and to check for sufficiently high 

values of effective sample size (ESS) for the priors (>200). 

 Fossil calibrations included the oldest fossil record known for Sistrurus (Clarendonian, late 

Miocene, ~9 mya) (Parmley & Holman, 2007), used with a lognormal prior distribution with an offset 

of 8, mean of 0.01 and standard deviation of 0.76, resulting in a 95% confidence interval of 8.17–12.76 
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mya. Additionally, as the genus Agkistrodon was considered as an outgroup, the fossil A. contortrix 

(late Hemphillian, ~10 mya) (Holman, 2000) was also included. This fossil was used to calibrate the A. 

contortrix-A. piscivorus node, set with a lognormal prior distribution with an offset of 6.0, mean of 

0.01 and standard deviation of 0.42, resulting in a 95% confidence interval of 6.09–10.7 mya. In order 

to establish a calibration within the genus Crotalus, the divergence between C. atrox and C. ruber (~3.2 

mya) estimated by Castoe et al. (2007) was used. For this node, a normal prior distribution with an 

offset of 3.2, mean of 0.01 and a standard deviation of 1.0 was used, resulting in a 95% confidence 

interval of 3.1–4.7 mya. 

 Two independent analyses were run for 50 million generations each, sampling every 10,000 

generations. LogCombiner (Drummond & Rambaut, 2007) and Tracer v.1.4 (Rambaut & Drummond, 

2007) were used to combine the two runs and check for adequate sampling of the posterior probabilities 

(ESS>200). The maximum clade credibility tree was obtained using TreeAnnotator v.2.5.0 (Drummond 

& Rambaut, 2007) and visualized in FigTree v.1.4.3 (Rambaut, 2012). 

 

2.7 Revision of Hemipenial Structure 

 Hemipenial morphology was analyzed following the methods outlined by Myers & Cadle 

(2003) and Zaher & Prudente (2003) on specimens collected for this study, as well as previously 

preserved specimens (Appendix A). Terminology follows Dowling & Savage (1960) and Savage 

(1997), while choice of informative characters follows Jadin et al. (2010). 

 

3. Results 

3.1 Sequence Production 

Sequences from 61 individuals from the three subspecies of C. ravus were obtained by a 

combination of sequences generated for this study and sequences available from GenBank. Genetic 

samples represent the majority of the lineages’ known distributions, with seven haplotypes of C. r. 

brunneus and four haplotypes of C. r. exiguus. Crotalus r. ravus was represented by 48 haplotypes, 

fully covering the extremes of its known distribution (GenBank numbers: MN 527363-527408, MN 

527037-527037 and MN539031-MN539078).  

 

 3.2 Phylogenetic Reconstruction 

 The phylogenetic relationships obtained from the different analyses described above all showed 

similar topologies for the 60 sampled individuals. The monophyly of Crotalus ravus sensu lato was 

consistently recovered with respect to the chosen outgroups in both phylogenetic inference methods 
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(ML and BI), and the recovered clades correspond to the geographic ranges of the subspecies 

previously defined by morphological characters (Figure 2). 

Both the ML and BI trees recovered a well-supported clade for C. r. ravus, with a distribution 

spanning the highlands of the TMVB in central Mexico. Crotalus r. brunneus was recovered as sister to 

C. r. ravus, with a distribution covering northern, central, and southeastern Oaxaca. Crotalus r. exiguus 

from central Guerrero was recovered as sister to (C. r. ravus + C. r. brunneus). The only topological 

different between trees was with the nuclear dataset (L51), for which little structure was observed 

between lineages of C. ravus (Appendix B, Fig. B.3). 

 

3.3 Haplotype Networks 

 The haplotype networks from the mitochondrial loci reflect the results of the phylogenetic 

analyses (Figure 3). The three subspecies show distinct haplotypes that are separated by a large number 

of mutational events. Crotalus r. ravus from the highlands of central Mexico shows the highest 

diversity of haplotypes, while C. r. brunneus is shown to be related to C. r. ravus, although with a 

considerable amount of unsampled haplotypes separating the two. Lastly, the haplotypes corresponding 

to C. r. exiguus seem to be the most isolated, as they do not share any connections with the haplotypes 

of the other two subspecies. 

 

3.4 Species Tree and Genetic Distances 

 The species tree recovered the same relationships obtained by the gene tree analyses. Crotalus 

r. exiguus was recovered as the earliest divergent lineage within the species complex with high support 

(>0.9). Within the (C. r. ravus + C. r. brunneus) clade, support values were slightly lower (0.9), 

perhaps due to the large genetic diversity found within C. r. ravus.  

 In concordance with the species tree, the genetic distances between different C. ravus lineages 

were found to be greater than 3%, which can be considered high according to Knight et al. (1993). The 

most isolated lineage was C. r. exiguus, showing between 4–5% divergence from the other two 

lineages. Crotalus ravus brunneus was found to have 5.4% divergence with respect to C. r. exiguus, 

and 3.4% divergence from C. r. ravus (Table 4). 

 

3.5 Divergence Date Estimation 

 The results of the divergence dating analysis estimate the diversification of the subspecies of C. 

ravus to be in the late Miocene (Figure 4). The first lineage to diverge is C. r. exiguus from (C. r. ravus 

+ C. r. brunneus) approximately 7 mya (11.82–3.5 mya, 95% HPD), while the split between C. r. ravus 
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and C. r. brunneus took place at the end of the Miocene, approximately 5 mya (9.49–2.1 mya, 95% 

HPD). 

 

3.6 Hemipenial Structure 

 Five hemipenes from C. r. ravus, three from C. r. brunneus, and three from C. r. exiguus were 

examined. As in most viperids, the hemipenis of C. ravus is bifurcated, uncapitated, and with the sulcus 

spermaticus divided below the spinose region of the hemipenial body. Characteristics of each of the 

three lineages are further explained below and illustrated in Figure 5. 

 

Crotalus ravus brunneus 

 The length of the retracted hemipenis (MZF 23873) extends in situ to the tenth subcaudal; the 

retractor muscle inserts between subcaudal 27–28; the two branches of the sulcus spermaticus extend to 

the most distal region of each lobe; the sulcate wall has 27–36 spinules and hooks of mostly subequal 

size; smaller spines are found near the branches of the sulcus spermaticus, while larger hooks are found 

near the calyculate region; the lobes are cylindrical in shape with rounded tips; the ornamentation of 

each lobe consists of 25–29 rows of spinnulate calyces that become larger and more scarce towards the 

tip of the lobe on the asulcate side. 

 

Crotalus ravus exiguus 

 The in situ length of the retracted hemipenis (MZFC 2893) could not be measured given that the 

organ had been previously everted upon fixation. The retractor muscle inserts between subcaudal 26–

27; the branches of the sulcus spermaticus reach the tip of each lobe; the sulcus walls are smooth and 

unfolded; the sulcate face has 49 spines that get smaller in size towards the base of the sulcus 

spermaticus; parallel rows of enlarged spines border the branches of the sulcus spermaticus; the largest 

hooks are found in the center of the spinose region, approximately halfway between the base and the 

calyculate region; the lobes are nearly cylindrical with rounded tips; the ornamentation of the lobes 

consists of 19–21 rows of spinnulate calyces arranged in folds on the asulcate face. It is worth noting 

that the spines of the calyces in this lineage are more spread out from each other, resulting in a fewer 

number of total spines than observed in the other lineages.  

 

Crotalus ravus ravus 

 The in situ length of the retracted hemipenis (MZFC 34499) is between 8–14 subcaudals; the 

retractor muscle inserts between subcaudal 24–26; the branches of the sulcus spermaticus reach the tip 
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of the lobes, where small calyces form a border; the distal side of the sulcus is covered in folds, while 

the proximal side is smooth; the sulcate wall has 44 spines and hooks, with the spines being smaller 

near the base and concentrated on the undivided region of the sulcus; parallel rows of spines border the 

sulcus branches; the largest hooks are located near the calyculate region; the lobes are cylindrical, 

decreasing in width as they approach the rounded tips; the ornamentation of the lobes consists of 25–27 

rows of profusely spinnulate calyces on the asulcate face.  

 

4. Discussion 

The TMVB’s Influence on the Historical Biogeography of Crotalus ravus 

 The formation of the TMVB has been recognized as one of the principal orographic events in 

the creation of the MTZ and has had a significant influence on the distribution of most central and 

southern Mexican taxa (Míguez-Gutiérrez et al., 2013). The C. ravus complex is no exception, as the 

divergence dates estimated in this study (Figure 4) suggest that the primary influential factor on the 

current distribution of these three rattlesnake lineages was the formation of this volcanic range. 

According to Gómez-Tuena et al. (2005), the formation of the TMVB can be divided into four main 

episodes of orogenic activity during the mid and late Miocene. The diversification of these focal 

rattlesnake lineages corresponds to the third of these episodes, between ~7.5–3 mya. The uplift of the 

TMVB also led to the formation of low-altitude regions such as the Balsas River basin and the 

Papaloapan River basin, which probably have served as barriers to these rattlesnake populations 

(Campbell & Armstrong, 1979; Bryson et al., 2011a), effectively isolating them by limiting gene flow. 

Using mitochondrial data, Bryson et al. (2011a) proposed that climatic fluctuations during the 

Pleistocene were most influential in the diversification of montane rattlesnakes, while Blair et al. 

(2016) suggested that the orogenic events of the Miocene were responsible for the diversification of the 

group, based on both mitochondrial and nuclear data. The results of this study support the 

diversification of C. ravus during Miocene orogenic episodes. Recently, Blair et al. (2018) found 

support for Pliocene orogenic activity as primary factor influencing the diversification of C. ravus 

using genomic ultraconserved elements (UCE’s). This conclusion is partially corroborated by the 

present study, as the estimated divergences were found to be associated with late Miocene for the first 

split of C. r. exiguus from (C. r. ravus + C. r. brunneus) (~7.34 mya), and the early Pliocene for the 

split between C. r. ravus and C. r. brunneus (~5.23 mya) (Figure 4). The discrepancies in historical 

biogeographic hypotheses for this group reflect the complex relationship between the evolutionary 

history of this region’s biota and the geography in which it is evolving (Flores-Villela & Goyenechea, 

2001; Flores-Villela & Martínez-Salazar, 2009). Additionally, the differences in resolution of different 
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hypotheses reflect the importance of considering distinct sources of variation in an integrative 

taxonomic view, especially when considering taxa distributed in topographically complex regions such 

as the MTZ. 

 

Taxonomic Implications 

 The phylogenetic hypotheses obtained in this study reflect the geographic distribution of the C. 

ravus complex. The concatenated ML and BI gene trees recovered the monophyly of the three lineages 

within C. ravus with high support values (Figure 2). Additionally, the *BEAST species tree 

corroborated these relationships with PP values greater than 0.9. All analyses support the 

differentiation of the three lineages within C. ravus. The data suggests that C. r. exiguus was the 

earliest lineage to diverge from other populations. This corroborates the results from Bryson et al. 

(2011a) that used mitochondrial data, yet is inconsistent with the UCE results presented by Blair et al. 

(2018). These discrepancies may be attributed to the different sources of genetic data analyzed, the 

different phylogenetic reconstruction methods utilized, and the overall complexity of the TMVB’s 

geological history. 

 The haplotype networks (Figure 3) show that C. r. brunneus and C. r. ravus have maintained 

genetic connectivity in the two genes examined (ND4 and 12S) although several “lost” haplotypes 

separate them. Crotalus r. exiguus retains the most private haplotypes of the three.  

These haplotypic relationships are in concordance with the results of the divergence dating 

estimations and the phylogenetic reconstructions (Figures 2 and 4), in which C. r. exiguus was the first 

lineage to diverge in the complex. The split of this central Guerrero lineage corresponds with the 

formation of the Balsas Basin, which has been previously proposed as a potential barrier to gene flow 

in this group (Bryson et al., 2011a), caused by episodes of high volcanic activity and uplift of the 

TMVB (Gómez-Tuena et al., 2007). 

Additionally, the genetic distances found between the lineages represent significant 

divergences, according the Kinght et al. (1993) who found divergence values of at least 2% between 

different species in the genus Crotalus. Within C. ravus sensu lato, the highest genetic distances were 

found separating C. r. exiguus from C. r. brunneus with 5.4% and from C. r. ravus with 4.0%; while C. 

r. brunneus were separated by 3.4% divergence with C. r. ravus (Table 4), reflecting their more recent 

split. 

 All three lineages showed a noticeable change in hemipenial ornamentation, which transitioned 

from spines on the body of the structure to folds on the distal region of each lobe as proposed by 

McCranie in 1988 (Figure 5). This condition is considered one of the principle characters 
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distinguishing Crotalus from Sistrurus (Gloyd, 1940; Klauber, 1972), thus supporting with 

morphological evidence this rattlesnake clade’s phylogenetic position within Crotalus, despite their 

shared characteristic with Sistrurus of large symmetric plates on top of the head. Within the species 

complex, distinguishing characters were recognized for the three distinct lineages, included the position 

of the largest hooks, the size and position of the spines that border the branches of the sulcus 

spermaticus, and the position of the spinules on the calyces. Genitalia characters have been shown to be 

under rapid evolution in other Squamate lineages (Klackzco et al., 2014), as the structural differences 

may impede gene flow between nearby populations to avoid hybridization, eventually giving way to 

cladogenesis processes (Arnqvist, 1997). Other hypotheses such as sexual selection or pleiotropy have 

been considered as influential in the diversification of genital structures in other internally fertilizing 

organisms, however these have not been explored in detail in snakes. In the case of the C. ravus 

complex, we consider an isolation by vicariant process to best explain the morphological diversity of 

hemipenial structures, leading to the differences in observed genitalia morphotypes that result from 

limited gene flow between lineages, which is also shown in the phylogeographic and phylogenetic 

structure of the group.  

 The utility of morphological characters such as genitalia structure in identifying cryptic species 

is well-known. Campbell & Armstrong (1979) first recognized the distinctiveness of C. r. exiguus 

based on morphology and designated it as a distinct taxonomy entity at the subspecific level, 

distinguishable from the other C. ravus sensu lato populations. We suggest that future taxonomic 

studies on montane rattlesnake (or any other snakes) should examine morphological characters such as 

hemipenial structures in addition to molecular data, given that these structures may shed light on 

taxonomic distinctiveness as they are under heavy sexual selection.  

 Integrative taxonomy is a very useful tool for understanding the evolutionary histories of 

closely related taxa, especially in regions with a complex geological history. Considering distinct 

sources of variation using different methods allows a clearer understanding of the diversity present in 

these species complexes (Dayrat, 2005; Padial, 2010; Yeates et al., 2011). In the case of C. ravus 

whose evolutionary history is linked tightly with the complex geological history of the TMVB and the 

SMS, an integrative approach within this specie is necessary to reveal the evolutionary processes that 

have influenced the diversification of different lineages. The disjunct distributions of this species 

promoted by a vicariant process have facilitated the allopatric speciation, the results of this study 

support this hypothesis. 

 Considering the entirety of the available data from molecular (Bryson et al., 2011a; Blair et al., 

2016 and 2018; this study) and morphological (Campbell & Armstrong, 1979; this study) sources, we 
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conclude that these three lineages represent independent evolutionary histories, and, therefore propose 

their recognition as distinct species (de Queiroz, 1999, 2007). Given that recent work using niche 

modeling in rattlesnakes has been shown to have limited use (Meik et al, 2015), we recommend the 

exploration of population dynamics models that may identify possible introgression events between the 

three linages. Additionally, identifying how population sizes have interacted and fluctuated through 

time may shed light on their evolutionary pasts. 

 

Conservation aspects 

 With the proposals to modify the taxonomy within the Crotalus ravus complex, a reevaluation 

of the conservation status of each putative species becomes necessary. The habitat fragmentation may 

result in the decrease of genetic diversity (Roques et al., 2014; Rueda-Zozaya et al., 2016), thus 

increasing the risk of being subject to phenomena such as local extinction (Newman & Tallmon, 2001). 

In addition to the above, low vagility, high philopatry and relatively small home ranges (Böhm et al., 

2013) promote that organisms do not move far from their original distribution areas in search of new 

habitats.  

The case of these three species is an example of the aforementioned. While all three taxa have been 

collected in relative disturbed habitats (our field experience), owing to the possible availability of food 

or shelter (Bastos et al., 2006; Cortés-Ávila & Toledo, 2013). The advance of deforestation and the lack 

of more protected areas within their distribution, may in the future promote that populations of these 

rattlesnakes disappear completely or are reduced to marginal. Such is the case of C. exiguus, which 

initially was under protection when Omiltemi (Guerrero) had the status of State Park, which recently 

was revoked as a protected area. In the case of C. brunneus, 5.9% of its distribution is included in a 

protected area. While C. ravus has the greatest portion of its range within a protected area (19.6%), but 

also is the taxon with the largest geographic range. 

 Finally, we think that the development of phylogeographic studies should go hand in hand with 

analysis of species conservation, especially in areas of high herpetological diversity such as central and 

southern Mexico (Flores-Villela & Canseco-Márquez, 2004); this may warrant preservation of species 

over time. These studies should connect with public policies that efficiently establish conservation 

zones for species susceptible to negative anthropogenic activities, such as rattlesnakes are. 
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Figure 1. Map displaying the present-day distribution of Crotalus ravus (per Campbell & Lamar, 

2004) and the representative samples obtained for this study. Blue dots represent C. r. ravus, green dots 

represent C. r. brunneus, and orange dots represent C. r. exiguus. 

 

Figure 2. Phylogenetic trees of the Crotalus ravus complex using the concatenated dataset of the three 

loci examined in this study (ND4, 12S, and L51). A) Density tree from the Bayesian analysis; B) The 

phylogenetic relationships obtained from the maximum likelihood and Bayesian analyses, which 

recovered the same topology; C) Species tree obtained from *BEAST. Numbers above branches 

represent posterior probability support values, while numbers below branches reflect bootstrap support 

values. Asterisks denote significant support values (>0.95 PP; >75 BS). 

 

Figure 3. Haplotype networks of the mitochondrial ND4 (A) and 12S (B) loci, showing a correlation 

between haplotypes and geographic distribution of distinct rattlesnake lineages. 

 

Figure 4. Time-calibrated relaxed clock tree of Crotalus ravus senus lato. Black arrows denote 

calibrations used in the analysis, and values above nodes represent the 95% confidence interval of 

estimated node age in millions of years. 

 

Figure 5. Hemipenial structures of the three lineages comprising the C. ravus complex. Panel A shows 

the sulcate and asulcate parts of the hemipenial structures characteristic of the Crotalus ravus brunneus 

(MZFC 23873) lineage from southwestern Oaxaca; Panel B displays both sides of the hemipenis 

characteristic of the Crotalus ravus exiguus lineage (MZFC 2893); and panel C shows both sides of the 

hemipenis characteristic of the Crotalus ravus ravus lineage (MZFC 34499) from the eastern part of 

this taxon’s range in central Mexico.  
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Tables. 

Table 1. References of works carried out in the ZTM where the estimated geological time and the 
possible speciation events giving rise to the divergence of the taxa studied.  
 

Author Taxa Geological time Possible speciation 
event 

 Anphibians   

Mulcahy et al., 2006 Bufo (now Rhinella) 
marina, Ollotis (now 
Incillius) valliceps and 
nebulifer 

Pliocene and 
Pleistocene 

Dispersal and 
Vicariance 

Bryson et al., 2010 Hyla arenicolor Miocene-Pliocene Dispersal and 
Vicariance 

Rovito & 
Parra-Olea, 2016 

Neotropic salamanders Pliocene and 
Pleistocene 

Vicariance 

Bryson et al., 2018  Isthnura belli Miocene Dispersal 

 Reptiles   

Daza et al., 2009 Leptodeira Miocene Vicariance 

Castoe et al., 2009 Atropoides, Cerrophidion 
and Botriechis 

Miocene-Pliocene and 
Pleistocene 

Dispersal and 
Vicariance 

Bryson et al., 2011 Crotalus triseriatus 
(group) 

Miocene-Pliocene and 
Pleistocene 

Dispersal and 
Vicariance 

Bryson et al., 2011 Pituophis catenifer, 
Pituophis deppei y 
Pituophis lineaticollis 

Miocene-Pliocene and 
Pleistocene 

Dispersal and 
Vicariance 

Bryson e t al., 2011 Crotalus intermeidus Pleistocene Dispersal and 
Vicariance  

Bryson et al., 2012 Sceloporus scalaris 
(group) 

Miocene-Pliocene Vicariance 

Blair et al., 2016 Crotalus y Sistrurus Miocene Vicariance 

García-Vázquez et al., 
2018 

Gherronotus Miocene-Pliocene Vicariance 

 Birds   

Rodríguez-Gómez & 
Ornelas, 2015 

Amazilia violiceps and 
Amazilia viridifrons 

Pleistocene Vicariance 

Hernández-Soto et al., 
2018 

Colibri thalassinus Pleistocene Dispersal and 
Vicariance 

Venkatraman et al., 
2018 

Aphelocoma unicolor Pliocene and 
Pleistocene 

Dispersal and 
Vicariance 
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 Mammals   

Edwards y Bradley, 
2002 

Neotoma mexicana 
(group)  

Plioceno and 
Pleistocene 

Dispersal and 
Vicariance 

León-Paniagua et al., 
2007 

Habromys  Pleistocene Dispersion 

Hernández-Canchola & 
León-Paniagua, 2017 

Sturnira parvidens Pleistocene Dispersal and 
Vicariance 

Ruiz-Vega et al., 2018 Osgoodomys banderanus Pliocene Dispersal and 
Vicariance 

 
 
Table 2. Morphological characteristics that distinguish the Crotalus ravus subspecies proposed by 
Campbell and Armstrong (1979). Taken and modified from Campbell & Lamar (2004). 
 
Subspecies Parietal 

condition 
Dorsal 
scale rows 
at 
midboby 

Prefoveals Rattle size 
(dorsoventral 
width of 
proximal rattle 
segment of tail 
lengh) 

Number of Tail 
Bands 

Crotalus 
ravus 
brunneus 

Usually 
undivided  

23 3-6 Large 
Male
s 

 
Females 

Males 
5-8 

Females 
4-6 

>10% >13% 

Crotalus 
ravus 
exiguus 

Usually 
divided 
transversely 

23 6 or more Small  Males 
3-6 

Females 
2-4 

Males 
<10% 

Females 
<13% 

Crotalus 
ravus ravus 

Highly 
variable 

21 < 3 Small  2-4 both sexes 
Males 
<10% 

Females 
<13% 
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Table 3. Primers used for each locus considered in this work. 
 
Locus Primers Nucleotide sequences Bibliography 

ND4, tRNA H 
and tRNA S 
(768 pb) 

ND4 (F) 5´ -
CACCTATGACTACCAAAAGCTCATGTAGAA
GC 

Arévalo et al., 1994 

 LEU (R) 5´ -CATTACTTTTACTTGGATTTGCACCA Arévalo et al., 1994 
L51 (373 pb) L51 (F) 5´ -ACTTGCCTTCAGAAATCATG Gibbs & Díaz, 2010 
 L51 (R) 5´ -GGGATCAAAGGTTTAAAGAA Gibbs & Díaz, 2010 
12S (526 pb) L1091 (F) 5´-CAAACTGGGATTAGATACCCCACTAT Arévalo et al., 1994 
 H1478 (R) 5´-AGGGTGACGGGCGGTGTGT Arévalo et al., 1994 

 
Table 4. Genetic distances calculated for the three lineages of Crotalus ravus sensu lato. Values 
greater than 2% in the intersections between lineages of this rattlesnake are highlighted in bold (see 3.4 
section for details). The values denote percentage of genetic divergence. 
 
 C. r. exiguus C. r. brunneus C. r. ravus 

C. r. exiguus -   

C. r. brunneus 0.054 -  

C. r. ravus 0.0404 0.0341 - 
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Figures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Map displaying the present-day distribution of Crotalus ravus (per Campbell & Lamar, 

2004) and the representative samples obtained for this study. Blue dots represent C. r. ravus, green dots 

represent C. r. brunneus, and orange dots represent C. r. exiguus. 
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Figure 2. Phylogenetic trees of the Crotalus ravus complex using the concatenated dataset of the three 

loci examined in this study (ND4, 12S, and L51). A) Density tree from the Bayesian analysis; B) The 

phylogenetic relationships obtained from the maximum likelihood and Bayesian analyses, which 

recovered the same topology; C) Species tree obtained from *BEAST. Numbers above branches 

represent posterior probability support values, while numbers below branches reflect bootstrap support 

values. Asterisks denote significant support values (>0.95 PP; >75 BS). 
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Figure 3. Haplotype networks of the mitochondrial ND4 (A) and 12S (B) loci, showing a correlation 

between haplotypes and geographic distribution of distinct rattlesnake lineages. 
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Figure 4. Time-calibrated relaxed clock tree of Crotalus ravus senus lato. Black arrows denote 

calibrations used in the analysis, and values above nodes represent the 95% confidence interval of 

estimated node age in millions of years. 
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Figure 5. Hemipenial structures of the three lineages comprising the C. ravus complex. Panel A shows 

the sulcate and asulcate parts of the hemipenial structures characteristic of the Crotalus ravus brunneus 

(MZFC 23873) lineage from southwestern Oaxaca; Panel B displays both sides of the hemipenis 

characteristic of the Crotalus ravus exiguus lineage (MZFC 2893); and panel C shows both sides of the 

hemipenis characteristic of the Crotalus ravus ravus lineage (MZFC 34499) from the eastern part of 

this taxon’s range in central Mexico. 
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Appendix 

Appendix A. Specimens considered for the analyzing of the hemipenes structure.  

Linage Collection Id Collector id Country State Minicipality 

C. r. brunneus MZFC 23873 RVT 138 Mexico Oaxaca Santa María 
Yavesia 

C. r. exiguus MZFC 2893 AMA 267 Mexico Guerrero Chilpancingo de 
los Bravo 

C. r. ravus MZFC 34499 AYCB 14 Mexico Puebla Zotoltepec 
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Appendix B. Phylogenetic relationships of the different sets of sequences per gene considered in this 
study. Subsection B.1) represents the tree obtained by analyzing only the ND4 locus; subsection B.2) 
contains the resulting tree for the 12S locus; subparagraph B.3) is the resulting tree with the set of the 
L51 gene; while subsection B.4) represents the tree resulting from the combination of the ND4-12S 
genes. 
  

B.1) 
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Comprobante de requisito para titulación por artículo científico 
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Discusión 

La independencia de las historias evolutivas en los linajes de C. ravus sensu lato, según los resultados 

del estudio, ha sido influenciada por la formación de la Faja Volcánica Trans-Mexicana (FVTM). Esta 

formación fisiográfica de origen relativamente reciente ha moldeado de manera directa a varios linajes 

de las especies que se distribuyen ahí (Míguez-Gutiérrez et al., 2013). Al tratarse de una serpiente con 

poca vagilidad y de hábitos montanos (Campbell & Lamar, 2004), tiene sentido que la reciente formación 

de un sistema montañosos constituido principalmente por volcanes, haya tenido influencia en el reparto 

de los linajes dentro de este complejo. Nuestros resultados sugieren una divergencia dentro del grupo de 

alrededor de ~7.5-3 Ma, lo cual concuerda con periodos de actividad volcánica intensa en la zona 

(Gómez-Tuena et al. 2005). Se ha propuesto que las contracciones y expansiones de los bosques de pino-

encino han influido en la formación de los linajes de C. ravus (Bryson et al., 2014), conectando a las 

poblaciones y permitiendo el flujo genético, para después contraerse y aislarlas entre sí. Los resultados 

obtenidos con nDNA (L51) (Apéndice 2, B3), revelan una baja resolución dentro del complejo, mientras 

que los dos genes mitocondriales recuperan de manera sustancial la monofilia de los tres clados, C. ravus, 

C. brunneus y C. exiguus. Parece ser que la divergencia del grupo es un poco más antigua que lo 

propuesto por Bryson et al. (2011) (Pleistoceno). Además, estos autores sugieren que los cambios en la 

extensión del bosque de pino-encino permitieron cierto contacto entre las poblaciones (flujo genético), 

aunque no lo suficiente como para que los linajes perdieran locus privados. Por ejemplo, C. exiguus, que 

fue el linaje que divergió primero, posee más loci privados. Asimismo, parece ser que la causa que limitó 

el flujo genético fue la formación de la cuenca del Balsas, separando las poblaciones de C. ravus y de C. 

brunneus; mientras que, entre C. ravus y C. exiguus, la formación de la cuenca del río Papaloapan, fue 

la causal de esta interrupción en el flujo genético, lo que concuerda con Bryson et al. (2011) en cuanto a 

que la formación de las cuencas de los ríos, afectaron el flujo génico entre poblaciones. Estas cuencas 

funcionaron como barreras geográficas para organismos montanos como estas serpientes. En resumen, 

parece ser que la alta actividad tectónica que existía en la zona (en el Mioceno-Plioceno) fue el principal 
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factor responsable del acomodo de los tres linajes en la geografía, efecto que demuestra la compleja 

influencia que guarda la geografía del centro y sur de México con los grupos biológicos que exhiben 

distribuciones en esas zonas. 

En cuanto a las implicaciones taxonómicas, podemos decir que existe una clara correspondencia 

geográfica y filogenética en los linajes de C. ravus sensu lato. Es decir, se había propuesto la existencia 

de subespecies dentro de este complejo por la forma de la distribución de sus poblaciones y por ciertas 

características morfológicas (Harris & Simmons, 1978; Campbell & Armstrong, 1979; Campbell & 

Lamar, 2004), pero no se había realizado un estudio integral que evaluara la independencia de las 

historias evolutivas de los linajes de esta serpiente de cascabel.  

Recientemente, Blair et al. (2018), con base en elementos ultra conservados del genoma (UCE) 

reconocieron que existen tres linajes dentro del complejo C. ravus, pero su trabajo se limitó a evaluar 

pocos miembros de cada subespecie. En este trabajo se respalda lo propuesto por Blair y colaboradores, 

pero con mayor evidencia, con un muestreo más amplio y con fuentes de información distintas. Por lo 

tanto, aquí se propone reconocer a los tres linajes establecidos, dentro de este complejo, a nivel 

específico. Se plantea que la identificación se lleve a cabo a partir de las características morfológicas de 

escutelación propuestas por trabajos previos (Campbell & Armstrong, 1979; Campbell & Lamar, 2004), 

sin perder de vista la variación en la arquitectura hemipenial presentada en este trabajo. 

Finalmente, se propone llevar a cabo una revaluación del estado de conservación de cada especie, ya que 

la situación de dos de las tres resulta crítica. En el caso de la distribución de C. brunneus, sólo el 5.9% 

del territorio se encuentra protegida bajo alguna categoría en el estado de Oaxaca. Para C. exiguus la 

situación se torna aún peor, al no contar con protección en ninguna de las zonas donde se distribuye, 

considerando la reciente pérdida del nombramiento de Parque Estatal en la localidad de Omiltemi, la cual 

abarca gran parte de la distribución de esta serpiente de cascabel en el centro del estado de Guerrero. El 

caso de C. ravus, que es la que tiene el área de distribución de mayor extensión, la preocupación es 

menor, ya que cerca del 20% de su distribución se encuentra bajo alguna área protegida. Tomando en 
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consideración los datos actuales en cuanto a la distribución de estas serpientes, es importante resaltar que 

la FVTM y la SMS se han visto afectadas actualmente por actividades antropogénicas como la 

fragmentación del hábitat y el cambio de uso de suelo (Sunny et al. 2018). Estos procesos pueden derivar 

en un mayor riesgo de extinción biológica (Newman & Tallmon, 2001) al no permitir que existan zonas 

de flujo genético entre poblaciones o que preserven el hábitat natural. Por lo anterior, es conveniente que 

al realizar estudios que deriven en el reconocimiento de especies nuevas, se lleve a cabo una 

reconsideración de su estado de conservación, para promover la protección de la diversidad que ya se 

conoce y la que se potencialmente puede descubrirse.  

Conclusiones 

El llevar a cabo un análisis filogeográfico debe de ser un proceso que involucre de manera explicita el 

mayor número de datos disponibles sobre el taxón en cuestión, desde la perspectiva de la taxonomía y 

la biogeografía. El trabajo aquí presentado muestra que la serpiente de cascabel de montaña C. ravus 

sensu lato está compuesto por tres linajes con historias evolutivas independientes, por lo cual deben de 

elevarse las subespecies a nivel específico. Esta independencia se originó debido a procesos de 

especiación alopátrida promovidos por eventos vicariantes en la zona de distribución de estas especies, 

principalmente influenciados por la formación de la Faja Volcánica Trans-mexicana. Este proceso de 

cladogenesis comenzó a finales del Mioceno y principios del Plioceno, alrededor de hace 7.5 Ma 

cuando las poblaciones, ahora especies, comenzaron a aislarse entre ellas impidiendo el flujo genético 

entre ellas. Por todo lo anterior, se sugiere llevar a cabo una revaluación de los estados de conservación 

de las especies reconocidas en este estudio debido a su distribución en zonas propensas a actividades 

humanas como la fragmentación, cambio de uso de suelo y contaminación.  
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