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Resumen

El Valle de Cuatro Ciénegas (VCC) se encuentra ubicado en el Desierto Chiuahuense, cuya topografia
se caracteriza por la alternancia de tierras altas y cuencas de elevacion intermedia. En particular, el Valle
de Cuatro Ciénegas alberga una de las faunas mas ricas en endemismos de Norteamérica. Este
endemismo ha sido analizado infiriendo las filogenias de algunas especies acuaticas. Sin embargo, el
origen y las relaciones filogenéticas de los vertebrados terrestres de la cuenca son menos conocidas, y
Unicamente se tienen estudios preliminares que han puesto de manifiesto un origen relictual. En este
trabajo se investigan los eventos histéricos y procesos ecoldgicos que dieron origen al alto nivel de
endemismo presente en el valle tomando como modelo a los reptiles, uno de los grupos con mas
especies endémicas y con ayuda de herramientas modernas para evaluar la sincronia en el origen de
estas especies desde un punto de vista filogeografico, asi como la influencia de los factores ecol6gicos
sobre la distribucién actual de las especies del valle y sus especies hermanas. Para ello se estimaron las
relaciones filogenéticas de Terrapene coahuila, Gerrhonotus mccoyi, Scincella kikaapoa y una especie
no descrita de Storeria (con base en datos genéticos multilocus), taxones que ocupan ambientes
similares en el VCC, asociados con habitats acuaticos o semiacuaticos, pero difieren en caracteristicas
como el tamafio del cuerpo y las capacidades de dispersion. Para evaluar la sincronia en el origen de
estas especies, se estimo la antigliedad de los eventos de divergencia en los arboles filogenéticos
correspondientes calibrando dichos eventos en el tiempo utilizando fosiles, asi como las tasas de flujo de
genes para probar si estas especies comparten las mismas rupturas filogeograficas. Ademas, se utilizé un
método jerarquico de aproximacién bayesiana (hABC, por sus siglas en inglés) implementado en el

programa msBayes para probar las hipétesis de divergencia simultanea versus no simultanea.

La mayoria de las filogenias estimadas son similares a las encontradas en estudios previos y revelaron

una estrecha relacion entre las poblaciones del VCC y las que se encuentran en el este de los Estados



Unidos o la Sierra Madre Oriental de México, patrones observados en otras especies endémicas del
Valle. La prueba con el método hABC y los tiempos de divergencia estimados indican un origen
asincronico para las especies estudiadas, con dos eventos de divergencia no simultaneos, y sugieren que
la divergencia de los linajes endémicos del VCC estudiados ocurrié durante el Nedgeno, lo que indica
que los ciclos glaciales del Pleistoceno no jugaron un papel central en su origen. La diversificacion de
los linajes del VCC estudiados parece estar relacionada con la aparicion del Desierto Chihuahuense,
asociado con la aridificacion nedgena del hemisferio norte, y probablemente fue el resultado de una
variedad de factores asociados con la formacién de nuevos hébitats, como los cambios climaticos
importantes, eventos de orogenia durante el Mioceno y cambios globales en la vegetacién durante el
Plioceno. Las estimaciones del flujo de genes entre las poblaciones endémicas del VCC y sus
respectivos grupos hermanos fueron altas en todos los casos, lo que sugiere subdivisiones genéticas

profundas borradas por contacto secundario en el Pleistoceno.

Adicionalmente, durante el desarrollo de este trabajo se observo un fuerte impacto sobre la conservacion
de los grupos estudiados, especificamente en la disminucién de los ambientes donde habitan, por lo que
a menos que se implementen estrategias de conservacion urgentes para regular la extraccion de agua en

el VCC, estas especies podrian desaparecer en corto plazo.



Abstract

The Cuatro Ciénegas Basin (CCB) is located in the Chihuahuan Desert, whose topography is
characterized by alternating high- and medium-elevation basins. The Cuatro Ciénegas Basin (CCB) is
home to one of the most endemism-rich faunal communities in North America. This remarkable
endemism has been analyzed through the phylogenies of some aquatic species. However, the origin and
phylogenetic relationships of the terrestrial vertebrates in the basin are poorly understood, and only
known from preliminary studies revealing a relictual origin. This study proposes diverse historic events
and ecological processes as the drivers behind the high levels of endemism in the CCB, and it was
performed with representatives of the group with the most endemic species and with the help of modern
tools that allow the evaluation of the synchrony of species origin from a phylogeographic point of view,
as well as the influence of ecological factors on the current distribution of the species in the valley and
their sister species. The phylogenetic relationships of Terrapene coahuila, Gerrhonotus mccoyi,
Scincella kikaapoa, and Storeria sp. were estimated from genetic, multilocus data. These species occupy
similar environments in the CCB and are associated with aquatic and semi-aquatic habitats but differ in
body size and dispersion capabilities. To evaluate the timing of the origin of these species, we calibrated
their respective phylogenetic trees using fossils and estimated their rates of gene flow to test if they
share the same phylogeographic breaks. Additionally, a hierarchical Approximate Bayesian
Computation (hABC) method was used in the program msBayes to test for synchronous vs

asynchronous divergence.

The estimated phylogenies for the majority of species are similar to those found in previous studies of
their phylogenetic relationships and revealed a close relationship between populations in the CCB and

populations found in eastern United States and the Sierra Madre Oriental in Mexico, patterns observed



in other species endemic to the valley. The HABC model and the estimated divergence times indicate an
asynchronous origin for these species, with two non-simultaneous divergence events, and suggest that
the divergence of the lineages endemic to the CCB occurred during the Neogene, which indicates that
the glacial cycles of the Pleistocene did not play a major role in their origin. The diversification of the
lineages in the CCB appears to be related to the appearance of the Chihuahuan Desert, associated with
the neogenic aridification of the northern hemisphere, and probably was the result of a variety of factors
associated with the formation of new habitats, such as important climate change, orogeny during the
Miocene, and global changes in vegetation during the Pliocene. Gene flow estimations between the
populations endemic to the CCB and their respective sister groups were high in all cases, which suggests
deep genetic divisions blurred by secondary contact during the Pleistocene. Additionally, during this
study, conservation of the studied groups was severely impacted, specifically through reduction of their
habitat. Thus, unless urgent conservation strategies to regulate water extraction in the CCB are

implemented, these species may soon disappear.



Introduccion general

La comprension de los eventos geograficos y procesos ecologicos que conforman los patrones de
riqueza de especies es un problema central en la ecologia evolutiva (Wiens, 2011). Los estudios sobre el
origen y diversificacion de diversos taxones proveen ejemplos de como los eventos geoldgicos (Bryson
et al., 2012), los procesos ecoldgicos (Weir y Schluter, 2004) y climéticos (Wiens y Graham, 2005), y la
colonizacion de regiones nuevas (Simpson, 1980) influyen en la acumulacion de linajes (Byson et al.,
2014). Estos eventos pueden actuar solos o en conjunto para promover la especiacién (Wiens et al.,

2006).

El estudio comparado de los patrones filogeograficos de varias especies co-distribuidas permite plantear
hipotesis sobre su posible origen comun; por ejemplo, a través de vicarianza o dispersion, e identificar
las causas geoldgicas, ecoldgicas o etoldgicas que pudieron haber influido en dicho origen (Dominguez-
Dominguez y Vazquez-Dominguez, 2009). Sin embargo, los estudios filogeograficos comparativos a
menudo revelan diferentes edades de divergencia para linajes hermanos de distintos grupos separados
por una barrera comun, lo que lleva a la conclusion de que el aislamiento de dichos linajes por dicha
barrera no fue sincronico. Se han reportado estudios, donde los tiempos de divergencia no se comparten,
sino que los patrones filogeograficos observados son el resultado de varios procesos que ocurrieron en
diferentes momentos (Myers et al., 2016). Por el contrario, si un mismo evento historico afectd de
manera similar a diferentes linajes, se esperaria que éstos tengan edades de divergencia similares en
funcién de este evento (Hickerson et al., 2006). Sin embargo, la incongruencia en los tiempos de
divergencia entre distintos pares de taxones hermanos no descarta la posibilidad de divergencia
simultanea, ya que diferencias en los tiempos de divergencia también pueden deberse a la variacion en el

proceso de coalescencia. En otras palabras, la diferencia en los tiempos de divergencia estimados podria



representar una discrepancia entre el tiempo de divergencia de los genes y el tiempo de divergencia de
las poblaciones, que esta relacionada con la demografia de cada especie particular (Ornelas et al., 2013).
Por otro lado, si los eventos de divergencia fueron sincronicos, podria esperarse que existan patrones
filogeograficos concertados entre las especies co-distribuidas; estos patrones concordantes también
podrian corresponder a un solo pulso de diversificacion de multiples pares de poblaciones afectadas por

la misma barrera para el flujo de genes (Myers et al., 2017).

La evolucion en los desiertos de América del Norte ha interesado a los biogedgrafos y bidlogos
evolutivos debido a la topografia diversa de la region y su biota igualmente diversa (Wilson y Pitts,
2010). Entre los eventos que pudieron haber tenido una gran influencia en la expansion de los desiertos
y los procesos de especiacion que en ellos se desarrollaron, estan las glaciaciones del Pleistoceno
(Haffter, 1969). Esta hipdtesis se basa en que diversas zonas han estado sujetas a cambios
paleoclimaticos y tectonicos en el pasado reciente (Escalante y Llorente, 1985), y en que cada sucesion
de eventos de avance y retroceso de glaciares pudo haber provocado la contraccion, aislamiento, y
expansion de las areas de distribucién de las especies, con la consecuente diferenciacién—especiacion e
incremento de la riqueza. Asi, la extension de los periodos pluviales durante el Pleistoceno incrementd la
humedad de zonas desérticas permitiendo la invasion de habitats templados. A pesar de que los efectos
de estos eventos sobre la flora y fauna han sido sujetos de debate, es posible que diversos periodos de
gran precipitacion pluvial durante o inmediatamente después del Pleistoceno provocaran una retirada
gradual del desierto y la expansion de habitats mas templados y de las areas de distribucién de las
especies adaptadas a los mismos. De acuerdo con Milstead (1960), en el desierto Chihuahuense la
mayoria de las especies de filiacion templada desaparecieron tras el retorno de las condiciones
desérticas, pero algunas de ellas se mantuvieron como relictos en torno a diversos oasis, sefialando como

uno de ellos al Valle de Cuatro Ciénegas.



A pesar de la influencia de las glaciaciones Pleistocénicas en la diversidad actual, algunos estudios
sugieren que la diversificacion de especies precedio al Pleistoceno (Klicka y Zink, 1997; Zink et al.,
2004; Myers et al., 2017; Garcia-Vazquez et al., 2018a). Por lo tanto, en contra de la vision tradicional
de que las biotas del desierto regional de América del Norte han divergido recientemente (durante el
Pleistoceno), varios investigadores han sugerido que hubo divisiones histéricas mas profundas
(nedgenas) en estos desiertos regionales (Hafner y Riddle, 1997; Morafka, 1977; Riddle et al., 2000;
Scheinvar et al., 2017). Ante esta evidencia, se han propuestos diversos eventos para explicar estas
divergencias. La evidencia paleobioldgica, por ejemplo, sugiere que los eventos de elevaciéon del
Nedgeno que dieron origen a las grandes Sierras de México crearon un efecto de sombra de lluvia sobre
la mayor parte de América del Norte y, por lo tanto, condujeron a la formacion de las diferentes regiones
desérticas (Wilson y Pitts, 2010; Bryson et al., 2011c). Sin embargo, estos procesos no fueron Unicos, y
algunos autores han propuesto elevaciones secundarias que pudieron haber producido puentes que
conectaron la biota montana a través del Altiplano Mexicano (Bryson y Riddle, 2012). De acuerdo con
Riddle y Hafner (2006), después de su formacion durante el levantamiento piramidal, los semidesiertos
alcanzaron su area maxima durante el Plioceno temprano y se redujeron en area durante el Plioceno
himedo tardio y durante los intervalos pluviales del Pleistoceno. Wilson y Pitts (2010) identificaron mas
de 40 eventos de orogenia asociados a la composicion de los desiertos de Norteamérica y sugieren que
los eventos evolutivos que datan de entre 15y 2 millones de afios (Ma) podrian considerarse asociados
con la construccion de montafias y/o la actividad de formacion del desierto (Wilson y Pitts, 2010).
Ademas de los eventos orogénicos durante el Nedgeno, microfésiles de las floras del centro de México
muestran que climas mas frios y himedos en relacion con el presente estuvieron presentes en gran parte

del desierto de Chihuahua durante el Mioceno tardio (8 Ma) (Graham, 1987).



El Valle de Cuatro Ciénegas (VCC) se encuentra ubicado en el Desierto Chiuahuense, cuya topografia
se caracteriza por la alternancia de tierras altas y cuencas de elevacién intermedia (Milstead, 1960). En
particular, el Valle de Cuatro Ciénegas alberga una de las faunas mas ricas en endemismos de
Norteamérica (Alvarez y Ojeda, 2019), la cual incluye, entre otros, caracoles acuaticos (Taylor, 1966),
crustaceos isépodos (Cole y Minckley, 1966), peces (Miller, 1968), tortugas (Milstead, 1967) y
lagartijas y serpientes (Garcia-Véazquez et al., 2019). Una marcada diferenciacion morfoldgica y la lenta
diferenciacion genética de estos taxones sugieren una especiacion rapida debido al aislamiento de la
cuenca (Garcia-Vézquez et al., 2019). Este proceso de aislamiento ha sido analizado en esta zona
geogréfica usando filogenias de algunas especies acuaticas (Hulsey et al., 2004; Hsiu-Ping y Hershler,
2007). Sin embargo, las relaciones filogenéticas de los animales terrestres de la cuenca de Cuatro
Ciénegas son menos conocidas, y Unicamente se tienen estudios preliminares de escorpiones (Williams,
1968), anfibios y reptiles (McCoy, 1984), que han puesto de manifiesto su origen relictual y diversos

eventos de especiacion local (Meyer, 1973).

El origen de estas especies endémicas ha sido estudiado de manera independiente, existiendo varias
teorias. Milstead (1967) ubica al ancestro de Terrapene coahuila en el Pleistoceno, mientras que Miller
(1968) propone un origen en el Mioceno para uno de los peces endémicos, y sugiere que las pozas donde
habitan estos organismos estuvieron presentes en el Valle durante el Cenozoico. De acuerdo con Meyer
(1973), el alto grado de endemismo que exhibe la fauna del Valle puede ser explicado por la presencia
de cuerpos acuéticos y ademas sugiere aislamiento por un tiempo prolongado. Taylor (1966) sugiere que
el ancestro comun a los caracoles acuaticos endémicos al Valle se aislo a principios del Terciario o en el

Mesozoico Tardio.



Se han reportado nueve taxones de anfibios y reptiles endémicos al Valle de Cuatro Ciénegas: tres
tortugas (Apalone spinifera ater, Trachemys taylori y Terrapene coahuila), cinco lagartijas (Aspidoscelis
gularis pallida, A. inornata cienegae, Gerrhonotus lugoi, G. mccoyi y Scincella kikaapoa) y una rana
(Craugastor augustii fuscofemora) (McCoy, 1984; Garcia-Vazquez et al., 2019). Adicionalmente, en los
ultimos afios se han descubierto poblaciones de anfibios y reptiles asociadas a los cuerpos de agua cuya
distribucion y morfologia sugiere que se trata de especies no descritas con distribucion exclusiva al VCC
(Garcia-Vazquez et al., 2019): una serpiente (Storeria sp. VCC) y una rana (Eleutherodactylus sp.). A
pesar de que el estudio taxondémico de estas poblaciones esta todavia en curso, estas especies presentan
una distribucion similar a la de S. kikaapoa y G. mccoyi, exclusiva de las inmediaciones de los cuerpos
de agua (Garcia-Vazquez et al., 2010; 2018b; 2019). En conjunto, estos cuerpos de agua representan
microhdbitats con condiciones ecolégicas diferentes a las observadas en el resto del Valle (Garcia-

Vazquez et al., 2019).

Si bien los eventos historicos y geoldgicos y los procesos ecologicos que dieron origen y que han
afectado al VCC han sido bien documentados (Meyer, 1973; Mincley y Jackson, 2007), a la fecha no se
sabe en qué medida estos eventos han influido sobre la diversidad actual del Valle. Asimismo, y a pesar
de que algunos autores han intentado explicar el origen de las especies endémicas bajo diferentes
escenarios (Milstead, 1967; McCoy, 1984; Mincley y Jackson, 2007), no se tiene un estudio que aborde
esta problemética desde los puntos de vista filogenético y biogeografico. Particularmente, la
biogeografia comparada puede elucidar la influencia de eventos historicos sobre los patrones actuales de
biodiversidad, y puede identificar patrones de co-vicarianza entre taxones no relacionados que habitan

las mismas areas geogréaficas (Ornelas et al., 2013).



En este contexto, el objetivo principal de esta tesis, dividida en cuatro capitulos, es identificar los
eventos historicos y procesos ecoldgicos que dieron origen al alto grado de endemismo presente en el
valle tomando como modelo cuatro especies de reptiles, que es el grupo de vertebrados terrestres con
mas especies endémicas en el valle (Terrapene coahuila, Gerrhonotus mccoyi, Scincella kikaapoa y la
especie no descrita del género Storeria y con ayuda de herramientas que permitan evaluar la sincronia en

el origen de estas especies desde un punto de vista filogeografico (Ornelas et al., 2013).

En el primer capitulo se presenta un analisis donde se pone a prueba la hip6tesis del origen sincrénico de
las cuatro especies arriba mencionadas, para lo cual se obtuvieron hipétesis filogenéticas de cada una
(basadas en secuencias de mtDNA y nuDNA) que incluyeron representantes de todas sus especies
reconocidas, cubriendo toda su area de distribucién. A partir de estas hipotesis filogenéticas se estimaron
los tiempos de divergencia en cada grupo (usando un reloj molecular relajado) con el programa BEAST
v1.6.1 (Drummond y Rambaut, 2007). En todos los casos, los arboles se calibraron a partir del registro
fosil. Para probar las hipdtesis de un pulso Gnico (sincrono) contra multiples pulsos de diversificacion se
utiliz6 un método de aproximacién bayesiana (HABC) implementado en el programa msBayes
(Hickerson et al., 2006). Este programa se basa en un modelo coalescente jerarquico donde se utiliza la
estimacion de hiperparametros para discriminar las diferencias en el tiempo de divergencia entre pares
de taxones en tiempos coalescentes (Hickerson et al., 2006; Daza et al., 2010); por lo tanto, el método
HABC distingue razonablemente el aislamiento simultaneo de la incongruencia temporal en la
divergencia, y se ha demostrado que es efectivo en una variedad de condiciones con datos de un solo
locus (Hickerson et al., 2006; Ornelas et al., 2013) y con un tamafio de muestra de cinco 0 menos
individuos (Hickerson et al., 2007; Topp et al., 2013). Finalmente se discuten las afinidades
biogeograficas de cada especie estudiada y se propone una hipotesis biogeografica con base en los

eventos historicos y los procesos ecoldgicos que pudieron verse involucrados en el origen de estas
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especies, hipotesis que, contrario a hipétesis previas, pone en evidencia la poca o nula influencia de las

glaciaciones pleistocénicas en el origen de estas especies.

En el capitulo dos, usando un conjunto de datos multilocus se evalud la influencia de los eventos
geoldgicos del Nedgeno y del cambio climéatico del Pleistoceno en la diversificacion del género
Gerrhonotus usando datacion molecular y un analisis de reconstruccién de areas ancestrales; ademas, se
explor6 la estructura filogeografica del género mediante un andlisis coalescente de delimitacion de
especies. A partir de estos anélisis se encontré que los levantamientos orogénicos del Mioceno vy el
Plioceno, probablemente junto con el cambio climético en el Pleistoceno, parecen haber inducido una
divergencia alopatrica en una escala espacial relativamente pequefia en este género. Se discuten los

resultados principales y se proponen cambios taxonémicos para que el género sea monofilético.

En el tercer capitulo se realiza la descripcion formal de una de las especies endémicas del Valle de
Cuatro Ciénegas y se discuten aspectos de su afinidad ecoldgica, sus diferencias en la distribucién y

habitat con respecto a otras especies del género y su estado de conservacion.

Finalmente, en el capitulo cuatro se recopila y analiza el conocimiento actual de los anfibios y reptiles

del Valle de Cuatro Ciénegas, incluidas sus afinidades biogeograficas y la importancia historica y

ecologica de la cuenca para la diversidad de estos grupos en el desierto Chihuahuense.
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Capitulo I: Asynchronous origin of the endemic reptiles in the Cuatro Ciénegas Basin, Coahuila,

México (Manuscrito con formato para Journal of Biogeography)
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ABSTRACT

Aim: Despite the fact that numerous phylogeographical studies have been conducted at the
Cuatro Ciénegas Basin (CCB) in central Chihuahuan Desert, it remains unclear how the
combined effects of isolation by distance, environmental heterogeneity, or other barriers to
gene flow have promoted the high diversity of endemic species in the CCB. Herein, we
investigate the evolutionary history of four microendemic species of reptiles (one snake,
one turtle, and two lizards) in the CCB to test for codivergence. The focal taxa occupy
similar environments, being associated with aquatic or semiaquatic habitats, but they differ

in characteristics such as body size and dispersal capabilities.

Location: Northeastern Mexico and south-central United States.

Methods: Using mitochondrial and nuclear DNA sequence data, we test the hypothesis of
simultaneous divergence across four endemic species of the CCB. We time-calibrated
phylogenetic trees using fossils and estimated rates of gene flow to test whether these
species share the same phylogeographic breaks. We also used the hierarchical Approximate
Bayesian Computation (hABC) method implemented in the program msBayes to test

simultaneous versus non-simultaneous divergence.

Results: The estimated phylogenies for most of the species are similar to those in previous
studies of their phylogenetic relationships and revealed a sister-taxon relationship between
populations in the CCB and populations found in eastern USA and Sierra Madre Oriental of
Mexico. The hABC model testing showed strong support for asynchronous divergence

among the studied taxa, with the estimated divergence times encompassing the Late
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Miocene and Pliocene. Estimates of gene flow between the CCB endemic populations and

their respective sister groups were high in all cases.

Main Conclusions: The divergence of the studied lineages endemic to the CCB ocurred in
at least two non-simultaneous events during the Neogene, indicating that Pleistocene glacial
cycles did not play a central role in their origin. The diversification of the CCB lineages
seems to have been related with the emergence of the Chihuahuan Desert, associated with
the Neogene aridification of the Northern Hemisphere, and was likely the result of a variety
of factors associated with the formation of new habitats; namely major climatic changes,
orogeny events during the Miocene, and global shifts in vegetation. The high estimates of
gene flow between the CCB endemic populations and their respective sister groups suggest

deep genetic subdivisions blurred by secondary contact in the Pleistocene.

KEYWORDS

Approximate Bayesian computation, codivergence, comparative phylogeography, Cuatro
Ciénegas Basin, divergence time estimation, diversification, North American Desert,

Neogene.

1| INTRODUCTION
Reconstructing the historical processes that gave rise to the current biodiversity is a central
goal in evolutionary biology. To this purpose, inferring the evolutionary history of the

groups inhabiting a particular region is the first step to elucidate the processes by which the
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biota of the region originated (Colston et al., 2013; Garcia-Vazquez et al., 2018a). The
study of different evolutionary histories in the same region has allowed for the recognition
of common patterns that have emerged in several regions of North America, such as Baja
California (Riddle et al., 2000) and the North American Pacific Northwest (Cartens &
Richards, 2007). However, many regional study systems have demonstrated high variation

in geographic patterns (Gamez & Castellanos-Morales, 2019).

Evolution in the North American deserts has long interested biogeographers and
evolutionary biologists because of the region’s diverse topography and its equally diverse
biota (Wilson & Pitts, 2010). Traditionally, some authors have suggested that the present
North American biota was strongly influenced by the repeated expansion and contraction
cycles of the coniferous forests during the Pleistocene climatic fluctuations, which isolated
many populations, leading to speciation (Vanzolini, 1970; Bryson et al., 2011a). However,
some studies suggest that species diversification preceded the Pleistocene (Lynch, 1988;
Klicka & Zink, 1997; Zink et al., 2004; Myers et al., 2017). Thus, contrary to the traditional
view that the North American desert biotas have diverged recently (during the late
Pleistocene), several researchers have suggested that there are deeper (Neogene) historical
divisions in these regional deserts (Hafner & Riddle, 1997; Morafka, 1977; Riddle et al.,
2000). Despite the timing of species diversification, many taxa were displaced from much
of their current distributions while tracking suitable habitat as glaciers repeatedly advanced
and retreated during the Pleistocene. Regardless the timing of species diversification, many
taxa were displaced to much of their current distributions while tracking suitable habitat as
glaciers repeatedly advanced and retreated during the Pleistocene, which could have erased

or obscured previously acquired signals of historical isolation (Bryson et al., 2011a).
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On the other hand, concerted phylogeographical patterns between co-distributed species
might be expected. A single pulse of diversification might explain these concordant
patterns across multiple population pairs distributed on each side of a barrier to gene flow.
However, evidence against this has been reported, where divergence times are not shared
but rather the observed phylogeographical patterns are the result of various processes

occurring at different times (Soltis et al., 2006)

The existence of deeper historical divisions anterior to the Pleistocene in the biotas
of North American deserts could indicate some common responses across taxa to vicariant
geological events. The degree to which divergent sister taxa collectively reveal a general
history of vicariance rather than idiosyncratic dispersal events is a question that ultimately
requires analyses of codivergence across multiple codistributed taxa to be answered (Riddle

et al., 2000).

Located in the southeastern Chihuahuan Desert (CD) in the Mexican state of
Coahuila, the Cuatro Ciénegas Basin (CCB) is a small (approximately 40 km long by 25
km wide), butterfly-shaped intermontane valley with the basin floor about 740 m above sea
level and surrounded by mountains rising higher than 2500 m (Meyer, 1973). This valley is
surrounded by steep limestone sierras capped by conifer forest. The CCB is nearly bisected
from the south by the outputting tip of Sierra San Marcos. Bordering ranges are Sierra San
Vicente and Sierra La Purisima to the east, Sierra La Fragua to the west, and Sierra de la
Madera and Sierra Menchaca to the northwest and northeast, respectively (Pinkava, 1984).
The CCB is a unique place because of its varied aquatic features, including lagoons, playas
and associated gypsum dunes, rivers, subterranean tubes, artesian wells, ponds, and

cienegas. The vegetation on the basin floor has been divided into several major zones: basin
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zacaton grasslands, aquatic and semi-aquatic habitats (sedges and marshes), gypsum dune
assemblages, and a transition zone of shrubs and trees between the grasslands and the
slopes at the foot of the steep limestone sierras that surround the region (Pinkava, 1979,

1984).

The CCB lies in the southeastern portion of the CD, the largest desert in North
America, with an extension of over 450,000km?, and one of the most diverse deserts in the
world (Morafka, 1977; Alvarez & Ojeda, 2019). The degree of endemism exhibited by the
fauna of the CCB implies long term isolation of the valley and its drainages (Meyer, 1973).
However, the time and conditions in which these species originated is unclear, and some
authors suggest that different taxa speciated at different times. For example, Milstead
(1967) suggested that the ancestor of the endemic box turtle Terrapene coahuila became
isolated in Cuatro Ciénegas sometime in the Pleistocene. Later, as the environment became
more arid, selection favored mutations leading to the distinct aquatic adaptations of the
living species. Taylor (1966) wrote that ancestral stocks common to the endemic snails
became isolated in the early Tertiary or late Mesozoic. However, Johnson (2005) estimated
a younger age for the endemic snail Mexipyrgus churinceanus, with the most recent
common ancestor of living populations inferred to be approximately 2.5 million years old.
Miller (1968) proposed a Miocene origin for one of the endemic fishes, suggesting that the
unique spring and pond habitats those organisms require existed in the basin throughout the
Cenozoic. On the other hand, Coghill et al. (2019) and Chaves-Campos et al. (2011)
estimated an age of 1-1.75 and 1.9-11.2 million years for the origin of the endemic fish

Lepomis megalotis and the shrimp Palaemonetes suttkusi, respectively. Finally, Gdmez &
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Castellano-Morales (2018) found robust evidence to consider the mountain areas of the

CCB as a Pleistocene refuge for a large number of mammals of the CD.

The origin of the basin is quite remarkable, since it is possible that it has been in a
stable landmass with similar climatic conditions for the last 15 millon years (Wilson &
Pitts, 2010; Souza et al., 2012). If this is true, then the CCB has possibly served many times
as a refuge for animal species as dissimilar as copepods and birds, and harbored speciation
events in groups that are remarkably different such as mollusks and reptiles (Alvarez &
Ojeda, 2019). The geology of the valley lends independent support to these postulations of

environmental stability (Meyer, 1973).

Despite the fact that numerous phylogeographical studies have been conducted
within the CCB (Johnson, 2005; Chaves-Campos et al., 2011; Coghill et al., 2019), it
remains unclear how the combined effects of isolation by distance, environmental
heterogeneity, or other barriers to gene flow have promoted the high diversity of the CCB.
Testing for simultaneous divergence (vicariance) across different population-pairs that span
the same historical barrier to gene flow provides insights into the effects of historical
events, and whether species had similar responses (Hickerson et al., 2007). Herein, we
investigate the evolutionary history of four microendemic species of reptiles (one snake,
one turtle, and two lizards) to test for codivergence. The focal taxa occupy similar
environments in the CCB, being associated with aquatic or semiaquatic habitats. However,
they differ in important ecological characteristics such as body size and dispersal
capabilities (Garcia-Vazquez et al., 2019). Using mitochondrial and nuclear DNA sequence
data, we test the hypothesis of simultaneous divergence across four endemic species. We

generated time-calibrated phylogenetic trees using fossils and estimated rates of gene flow
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to test whether these species share the same phylogeographic breaks. In addition, we
performed analyses on the multiple species data set to test for simultaneous versus non-

simultaneous divergence.

2| MATERIALS AND METHODS

2.1 | Study taxa and genetic data

Four species of reptiles endemic to the CC were used as focal species: two lizards
(Scincella kikaapoa and Gerrhonotus mccoyi), a turtle (Terrapene coahuila), and a
population of snake (genus Storeria) that likely represents an undescribed species (Garcia-
Véazquez et al., 2019). Herein, we refer to this undescribed species as Storeria sp. To
determine the sister group of each taxon and estimate divergence times, representatives of
all species of each genus, as well as external groups, were included in a first estimation of

their phylogeny (Appendix S1).

DNA data were obtained from Genbank and from previous and ongoing projects
investigating the evolutionary history and species limits of the different groups. For
Scincella, the mitochondrial fragment included the genes that code for 16S ribosomal RNA
(16S) and tRNA-Met (in part) as well as the full length of the genes coding for the NADH
dehydrogenase subunit 1 (ND1) and associated tRNAs (Leu, lle, and GIn), for a total of 962
base pairs (bp) for all individuals (n = 75). Additionally, two nuclear loci were sequenced
for a subset of the specimens (n = 39) representing the main clades inferred from our

mtDNA dataset, including 716 bp and 612 bp of the genes coding for the megakaryoblastic
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leukemia 1 (MKL1) and RNA fingerprint 35 (R35) proteins, respectively. For Storeria, we
included data from two mitochondrial genes: a segment of 1011 bp of the gene coding for
the NADH dehydrogenase subunit 2 (ND2) and 930 pb of the gene coding for the NADH
dehydrogenase subunit 4 (ND4) for all individuals and outgroups (n = 16). For Terrapene,
several previously published phylogenies included Terrapene coahuila (Spinks et al., 2009;
Wiens et al., 2010; Martin et al., 2013); however, the relationships of this taxon are not
consistent across them (see Fritz & Havas, 2014). In order to clarify the phylogenetic
position of Terrapene coahuila, we performed a new analysis based on sequences from two
mitochondrial and two nuclear genes. The mitochondrial fragment included segments of
1081 bp and 611 bp of the genes coding for cytochrome b (Cytb) and cytochrome oxidase |
(CQI), respectively. The nuclear segment included 905 bp of the gene coding for the intron
1 of RNA fingerprint 35 (R35) and 430 bp of the gene coding for the Glyceraldehyde-3-
phosphate dehydrogenase (GAPD). Finally, for Gerrhonotus mccoyi, we analyzed the
mitochondrial fragment (composed of partial sequences of the gene coding for the ND4,
complete sequences of the genes coding for the tRNA-His and tRNA-Ser, and partial
sequences of the gene coding for tRNA-Leu) and the nuclear fragment composed of partial
sequences of the genes coding for the brain-derived neurotropic factor (BDNF) and the
prolactin receptor (PRLR) from the phylogenetic study of Garcia-Vazquez et al. (2018a), as
well as the same fragments from seven additional samples. In all cases, the analyzed loci
were selected because they have been previously shown to be informative at different levels
of divergence within the different groups (Alfaro & Arnold, 2002; Bryson & Riddle, 2012;

Martin et al., 2013; Garcia-Vazquez et al., 2018a; Pavon-Vazquez et al., 2018).
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In order to evaluate synchrony of divergence across the different taxa, we defined
two populations for each taxon based on our phylogenetic reconstructions. The first
population included representatives of the CCB endemic species and the second included
representatives of its respective sister species/clade. Partial sequences of the mitochondrial
gene coding for the NADH dehydrogenase subunit 4 (ND4), complete sequences of the
genes coding for the tRNA-His and tRNA-Ser, and partial sequences of the gene coding for
the tRNA-Leu, for a total of 980 bp, were obtained from 71 samples representing 15-22
individuals from each pair of populations (Table 1; Appendix S2). Primer sequences for
ND4 are given in Arévalo et al. (1994); for Scincella, in Pavén-Vazquez et al. (2018); for
Storeria (ND2), in de Queiroz et al. (2008), and for Gerrhonotus in Garcia-Vazquez et al.
(2018). We focused this last part of the study on mtDNA loci because they represent
rapidly evolving and coalescing genomic regions that often reflect population history (Zink
& Barrowclough, 2008; Bagley et al., 2018). The GenBank accession numbers for
published and new DNA sequences obtained for this paper are provided in Appendixes S1

and S2. For technical details on DNA sequencing and sequence edition see Appendix S3.

2.2 | Phylogenetic reconstruction

For each focal taxon, the phylogeny was inferred using Bayesian inference methods.
Partitioned analyses were carried out to improve phylogenetic accuracy. The best-fitting
substitution models and partitioning schemes were selected jointly using the Bayesian
Information Criterion in the software PARTITIONFINDER V1.1.1 (Lanfear et al., 2012).
Bayesian inference analyses were conducted using MRBAYES v3.2.1 (Ronquist et al.,

2012). Four runs were conducted using the ‘nruns = 4’ command, each with three heated
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and one cold Markov chains with sampling every 1000 generations for 60 million
generations. Output parameters were visualized using TRACER v1.4 (Rambaut &
Drummond, 2007) to ascertain stationarity and convergence. The first 25% of the
generations were discarded as burn-in. Nodes were considered strongly supported if

Bayesian posterior probability was > 0.95 (Huelsenbeck & Rannala, 2004).

2.3 | Divergence time estimation

The phylogeny and divergence times were estimated simultaneously for each focal taxon
using a relaxed Bayesian molecular clock framework implemented in BEAST v1.6.1
(Drummond & Rambaut, 2007). To estimate divergence times, each dataset was used with
a relaxed, uncorrelated lognormal clock and node constraints obtained from the fossil
record with lognormal distributions. The same partition strategy implemented in the
corresponding phylogenetic analysis (see above) was used. Different fossil calibration
points for each focal taxon were used (Appendix S4).

Analyses were run for 50 million generations, samples were retained every 1000
generations, and a Yule tree prior was specified. Results were displayed in TRACER v1.5 to
confirm acceptable mixing and likelihood stationarity of the Markov chain Monte Carlo
(MCMC) analyses, appropriate burn-in, and adequate effective sample sizes (>200 for each
estimated parameter). After discarding the first five million generations (10%) as burn-in,
parameter values of the samples from the posterior were summarized on the maximum
clade credibility tree using TREEANNOTATOR Vv1.4.8 (Drummond & Rambaut, 2007) with

the posterior probability limit set to 0.1 and mean node heights summarized.
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2.4 | Gene flow

We used IMa (Hey & Nielsen, 2007) to estimate gene flow between populations from the
CCB and their respective sister groups as well as confidence intervals for migration rates;
these estimates were used as priors for tests of simultaneous diversification using
Approximate Bayesian Computation (ABC) methods. IMa analyses were performed with
burn-in periods of 1000000 steps, with 30000000 steps in the chain following burn-in.
Convergence was assumed when effective sample sizes (ESSs) were greater than 50 for all
parameters (Hey & Nielsen, 2007). We obtained the lower and upper probability density
estimates of migration rates between populations (m1, m2), which were converted to the
effective number of migrants per generation by using estimates of theta (Ornelas et al.,

2013).

2.5 | Test for synchronous diversification

If the same event had similarly impacted on the diversification of different lineages, it
would be expected that these lineages would share similar divergence times across the
event. However, incongruence in divergence times between taxon pairs does not rule out
the possibility of simultaneous divergence. Even in a speciation event, differences in times
of divergence can also be due to variance in the coalescent process; the difference in
estimated divergence time may represent a discrepancy between gene divergence time and
population divergence time, which is related to the demography of each particular species
(Edwars & Berrli, 2000; Ornelas et al., 2013). Here, to address this issue, a hierarchical

approximate Bayesian computation (hABC) method implemented in the program msBayes
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(Hickerson et al., 2006) was employed to test the hypotheses of a single (synchronous)
versus multiple pulses of diversification of four endemic CCB species. MsBayes
implements an approximate Bayesian computation approach using a hierarchical coalescent
model where hyper-parameter estimation is utilized to discriminate the differences in time
of divergence among pairs of taxa in coalescent times (Hickerson et al., 2006; Daza et al.,
2010); thus, the hABC method reasonably distinguishes simultaneous isolation from
temporal incongruence in the divergence, even with sparse sampling of individuals, and has
been shown to be effective over a range of conditions with a single locus (Hickerson et al.,
2006; Ornelas et al., 2013) and with population sample size of five or less (Hickerson et al.,

2007; Topp et al., 2013).

We allowed the maximum value for Theta to be estimated as part of the analysis.
The obtained value was 0.1711312, which is appropriate for mtDNA (Ornelas et al., 2013).
The prior for the upper limit of Tau was set to 3 based on the divergence time obtained
from the BEAST analysis. The prior for the maximum possible number of divergence
events (‘P) was set to be equal to the number of linage pairs evaluated. Because gene flow
after divergence can affect coalescent processes, the mean migration rate (obtained from
the IMa analysis) was incorporated as prior information in the simulation stage of msBayes.
For the analysis we drew 3 x 10° samples from the hyper-prior and, using the hierarchical
approximate Bayesian computation acceptance/rejection algorithm, constructed the hyper-
posterior from 1000 samples with a tolerance of 0.0005, because this sampling parameter
showed better resolution in the posterior probability density graph. Hickerson et al. (2007)
recommends using both ¥ and Q (=Var(t)/E(t)) to evaluate the relative strengths of each

hypothesis, where a low value (approximately 0) of Q and a W¥=1 suggest the data fit a
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simultaneous model; thus, we used both statistics to evaluate the relative support for each

hypothesis (Ornelas et al., 2013).

3| RESULTS

3.1 | Study taxa and genetic data

Except for Storeria sp., our estimated phylogenies revealed a sister-taxon relationship
between populations in the CCB and populations mostly found in eastern USA (Fig. 1). In
Storeria, the CCB population appeared as sister taxon to the populations of St. dekayi from
the Sierra Madre Oriental of Mexico. The estimated phylogenies for Gerrhonotus (Garcia-
Véazquez et al., 2018a) and Scincella and Terrapene (Appendix S5) are similar to those in
previous studies of their phylogenetic relationships (Spinks et al., 2009; Linkem et al.,
2011; Pyron et al., 2016; Spinks et al., 2016). In the phylogenies estimated herein, G.
mccoyi was the sister taxon to populations of G. infernalis from Texas, USA (Garcia-
Vazquez et al., 2018); S. kikaapoa was the sister taxon to S. lateralis; Storeria sp. was the
sister taxon to Mexican populations of St. dekayi from Puebla and Hidalgo, Mexico; and
Terrapene coahuila was the sister species to T. carolina (including T. c. carolina and T. c.
major; Martin et al., 2013). In all cases, the relationship of the CCB endemic population

and its sister taxon was strongly supported (Appendix S5).

In all cases, the sister taxa of the CCB endemic populations have broad
geographical distributions. However, in some or most cases this may be due to poorly

resolved taxonomy. Because our results corroborate the paraphyly of T. c. major with
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respect to T. c. carolina previously documented by Butler et al. (2011) and Martin et al.
(2013), here we consider T. c. carolina and T. c. major as a single lineage (but see Martin et
al., 2013). Combined, these taxa are distributed throughout much of the eastern United
States, from New York and Kansas south to central Texas and northern Florida (Dodd,
2001). Similarly, S. lateralis is found throughout much of eastern USA, from New Jersey,
Ohio, and Kansas south to Texas and Florida, as well as in northern Mexico (Garcia-
Vazquez et al., 2010; Jackson & Austin, 2010). However, despite this large distribution, it
should be noted that only samples from Texas were included in the phylogenetic analysis.
In the remaining cases, Storeria sp. and Gerrhonotus mccoyi were the sister taxa to a clade
of S. dekayi from Hidalgo and Puebla in the Sierra Madre Oriental, Mexico, and a clade of
G. infernalis from Texas (Fig. 1), respectively. However, whereas S. dekayi and G.
infernalis (as currently recognized) have both large geographic distributions, they were
paraphyletic with regard to the endemic CCB populations of Storeria and Gerrhonotus,
respectively, and it seems likely that they represent composite species rather than single
lineages (Garcia-Vazquez et al., 2018a, and personal observation). However, additional

study is needed to evaluate their species limits.

3.2 | Divergence time estimates and gene flow

The CCB endemic reptiles included in our study do not appear to share the same temporal
pattern of divergence (Fig. 1). The mean divergence times from BEAST ranged from 3.19
Ma (late Pliocene) for Gerrhonotus to 8.72 Ma (late Miocene) for Terrapene; the additional

divergence events represent the split between Storeria sp. and the populations of St. dekayi
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from the Sierra Madre Oriental in the mid Pliocene (4.03 Ma) and the split between
Scincella kikaapoa and S. lateralis in the early Pliocene (5.1 Ma) (Table 1). When the 95%
highest posterior densities (HPDs) are considered, these results suggest that diversification
in the CCB has occurred multiple times between the late Miocene and the late Pliocene.
Importantly, the 95% HPDs of the most recently diverged populations do not overlap with
those of the more ancient population divergences (Table 1; Fig. 2). Estimates of gene flow
between the CCB endemic populations and their respective sister groups were high in all

cases (0.30-0.38 migrants per generation; m/g) (Table 2).

3.3 | Test for synchronous diversification

In testing for simultaneous divergence across the four reptile species endemic to the CCB,
the msBayes estimates of Omega (Q) for each of the splits showed no support for
simultaneous divergence. The values of Q (a parameter that measures the incongruence
among divergence times along the same phylogeographic barrier) for these four species
indicate non-simultaneous divergence (2 mode = 0.122; Q mean [95% quantiles] = 0.292
[0.032-0.931]). In fact, we detected two distinct episodes of divergence (¥ mode = 2)
among these taxa (Fig. 3). Mean values for the tMRCA suggest that the turtle Terrapene
coahuila split in more ancient times, and the lizards Scincella kikaapoa and Gerrhonotus
mccoyi as well as the snake Storeria sp. experienced more recent divergence events.
Additionally, mean values for the tMRCAs suggest that the splits for most of these endemic

reptiles occurred during the Pliocene (Fig. 2).
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4| DISCUSSION

4.1 | Phylogenetic relationships

The phylogenetic relationships recovered for Terrapene and Scincella were concordant
with previous studies (Pyron et al., 2013; Martin et al., 2014); yet, our analyses contained
lineages and populations that had not been previously sampled, including those from the
CCB. Terrapene coahuila was the sister species of Terrapene carolina, composed of T. c.
carolina and T. c. major (Martin et al., 2013). As in previous studies of Scincella, we
recovered a clade composed by S. assata, S. cherriei, and S. gemmingeri to the exclusion of
S. lateralis (Pyron et al., 2013), with the addition of S. kikaapoa as sister to S. lateralis. On
the other hand, whereas in a previous phylogenomic study Pyron et al. (2016) found strong
support for Storeria storerioides + (St. dekayi + St. occipitomaculata) and all species were
monophyletic, our analyses recovered St. dekayi as sister taxon to St. occipitomaculata + St.
storerioides. Interestingly, whereas Pyron et al.’s (2016) samples of St. occipitomaculata
were from eastern United States, our samples came from the Sierra Madre Oriental in
Mexico. Previous to Pyron et al.’s (2016) work, the latter populations were assigned to St.
hidalgoensis, in this work the authors synonymized this taxon with St. occipitomaculata
based on the morphology of a single specimen. However, our results suggest that St.
hidalgoensis might be a valid species distinct from St. occipitomaculata. Also, because in
our analyses the Mexican populations of St. dekayi were recovered as sister taxon to
Storeria sp. CCB, St. dekayi may be composed of multiple evolutionary independent
lineages. However, additional research with a more extensive sampling and including all

known populations of Storeria is needed to confirm this. Finally, the samples of
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Gerrhonotus generated in this study and included in our analysis in addition to those of
Garcia-Vazquez et al. (2018a) did not alter the relationships among the lineages found in

the latter study.

4.2 | Biogeographic affinities of the endemic reptile species

Our estimated phylogenies for Gerrhonotus, Scincella, and Terrapene revealed a close
relationship between populations in the CCB and populations mostly found in eastern USA.
On the other hand, Storeria sp. CCB was sister to the population of St. dekayi from the
Sierra Madre Oriental (Fig. 1). Studies that have evaluated the phylogenetic relationships of
species endemic to the CCB are limited. However, in congruence with our results, similar
patterns have been found in endemic fishes and scorpions. Specifically, a sister relationship
between species endemic to the CCB and species from the southeastern USA was
recovered for the fish genera Etheostoma and Herichthys (Hulsey at al., 2004; Near et al.,
2011). Furthermore, Ennen et al. (2017) found a strong association between the turtles from
the Texas Coast—Southern High Plains Aquatic Province (which includes the Cuatro
Cienegas Basin) and the provinces of eastern USA. The province of Texas Coast-Southern
High Plains Aquatic Province is considered a remnant of a Late Miocene Great Plains
surface that persists via protection from fluvial erosion (Thornbury, 1965; Trimble, 1990).
These relationships are apparently related to a complex history of isolation in the Rio

Grande Basin (Ennen et al., 2017; Garcia-Vazquez et al., 2018a).

On the other hand, a close relationship between the taxa endemic to the CCB and

species from the Sierra Madre Oriental has been observed in numerous taxa, including fish
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(i.e., Cyprinella, Schonhuth et al., 2006; Cyprynodon, Haney et al., 2009; Gambusia,
Lydeard et al., 1995; and Xiphophorus, Kang et al., 2013) and scorpions (i.e.,
Chihuahuanus, Gonzalez-Santillan & Prendini, 2015).While the CCB lies in the
southeastern portion of the CD, the mountains that surround the CCB have been considered
the northernmost portion of the Sierra Madre Oriental by several authors (Meyer, 1973;
Espinosa et al., 2014), given the presence in the former mountains of species associated to

the conifer forests of the Sierra Madre Oriental (Pinkava, 1984).

4.3 | Diversification of the endemic species

Determining whether species assemblages experienced shared evolutionary responses to
historical/geological and climate-change events is a central but challenging goal of
comparative phylogeography (Arbogast & Kenagy, 2001; Bagley et al., 2018). The hABC
method for comparative phylogeography used in this study incorporates intrinsic variation
in ancestral coalescence and among-taxon demographic histories (Hickerson et al., 2006;
2007; Topp et al., 2013). The approach accounts for potentially confounding stochastic
coalescent effects while estimating parameters of phylogeographic datasets in a way that
sidesteps the need to calculate explicit likelihood functions (Bagley et al., 2018). In this
way, hABC allows testing explicit hypotheses about the timing of genetic divergences that
have arisen during the assembly and diversification of regional species assemblages. These
methods are effective even with population sample sizes of five or less (Hickerson, et al.,
2007; Topp et al., 2013). We used hABC coalescent models and Bayesian estimates of

divergence times with a relaxed molecular clock to investigate temporal patterns of
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diversification of four reptiles endemic to the CCB to test two hypotheses about the origin
(synchronic or asynchronic) of these species.

Using hABC, we detected two non-simultaneous divergence events: one exclusive
to a single taxon and the other shared by three lineages consistent with our Bayesian
divergence dating analyses. We detected a first event for the origin of Terrapene coahuila
during the late Miocene and a second event for the origin of Gerrhonotus mccoyi, Scincella
kikaapoa, and Storeria sp. in the CCB during the Pliocene (Fig. 1; Table 1). Thus, our
results suggest that divergence of the lineages endemic to the CCB occurred during the
Neogene, indicating that Pleistocene glacial cycles did not play a central role in their origin,
contrary to traditional views for mammals (Findley, 1969), other non-avian reptiles
(Morafka, 1977), and birds (Hubbard, 1973) from the Sonoran and Chihuahuan regional
deserts (Riddle et al., 2000). The diversification of the CCB lineages was likely the result of
a variety of factors associated with the formation of new habitats, namely major climatic
changes, orogeny events during the Miocene, and global shifts in vegetation (Zachos et al.,

2001; Leavitt et al., 2012).

4.4 | Biogeographical reconstruction

The CCB represents a relict zone, where pluvial periods during or immediately following
the Pleistocene apparently caused a gradual withdrawal of the eastern border of the
Chihuahuan Desert, which permitted the colonization of more mesic-adapted lineages from
the east (Milstead, 1960; Morafka, 1977). Most of these colonists presumably perished with
the return of desert conditions, but some lineages remained as relicts clinging to a
precarious existence around oases (Garcia-Vazquez et al., 2018b). This is ecologically

concordant with the fact that the genera included in this study are mostly mesic-adapted,
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while the species of the CCB currently occupy habitats exclusively associated with water
bodies (Morafka, 1977; Garcia-Vazquez et al., 2019). However, the focal CCB lineages
appear to have originated prior to the Pleistocene.

According to our results, the origin of the reptiles endemic to the CCB seems to be
related with the emergence of the Chihuahuan desert, associated with the Neogene
aridification of the Northern Hemisphere (Morafka, 1977), and with orogenic events during
the Miocene (Bryson et al., 2013). While there is ample evidence that the Chihuahuan
Desert region was drying during the Miocene, it is unclear how far-reaching this
desertification was (Wilson & Pitts, 2010). Microfossil floras, for example, show that
cooler, wetter climates were present in much of the Chihuahuan Desert during the late
Miocene (8 Ma) relative to the present (Graham, 1987). Based on the various dates given
for mountain building and desert formation, Wilson & Pitts (2010) suggest that
evolutionary events dating anywhere between 15 and 2 Ma could be considered associated
with mountain building and desert formation activity.

An event that could be associated with the origin of some reptiles endemic to the
CCB is the expansion of savanna habitats in the late Miocene. Presumably, during the Late
Miocene the continuity between the Gulf Coast Fauna and the Plains onto the Mexican
Plateau represents an eastward expansion of the savanna corridor that earlier had been
largely confined to the Rio Grande Trench (Webb, 1977). The Late Miocene expansion of
woodland savanna around much of the Gulf Coast also produced a major disjunction
between the mesic forest of the eastern United States and those farther south (Estes, 1970;
Martin, 1958; Martin & Harrel, 1957; Webb, 1977). In association with the isolation of the
CCB caused by orogeny events in the Early and Middle Miocene (Chavez-Cabello et al.,

2005; Wilson & Pitts, 2010), the transformation of an originally more continuous landscape
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to one of isolated forest patches may have provided opportunities for rapid, early
diversification of the ancestor of Terrrapene coahuila.

In a biogeographic study of the Gerrhonotus infernalis clade, Garcia-Vazquez et al.
(2018a) found evidence for a vicariant event between G. mccoyi and its sister species
associated with the expansion of the southern drainage of the Rio Grande at the end of the
Pliocene. This expansion is associated with dispersal and subsequent isolation events
between the Mexican Plateau and surrounding sierras (2.7-4.1 Ma), and probably explains
the origin of some endemic relict species in the southern portion of the Chihuhuan Desert,
including G. mccoyi and Scincella kikaapoa. Additionally, uplift of the Central Mexican
Plateau coupled with the subsequent aridification and late Pliocene development of the
Chihuahuan Desert (Jaeger et al., 2005; Bryson et al., 2011c) may have played a role in the
final isolation and speciation of some reptiles endemic to the CCB, including Storeria sp.
However, whereas the origin of Storeria sp. may be associated with the uplift and
subsequent aridification of the Central Mexican Plateau, unlike Gerrhonotus and Scincella
the ancestor of Storeria sp. CCB was probably distributed in the Sierra Madre Oriental.

Historically, the mountains that surround the CCB have been considered part of the
Sierra Madre Oriental (Meyer, 1973; Espinosa et al., 2014). However, the Sierra Madre
Oriental appears to be divisible into some unique regions (Salinas-Moreno et al., 2004;
Espinosa et al., 2014). Several mesic taxa display distinct genetic breaks across lowlands
devoid of coniferous forest (Farjon & Styles, 1997; Bryson et al., 2011a; McCormack et al.,
2008; Bryson et al., 2012b). Lowlands with these characteristics appear to be dividing the
distributions of Storeria sp. CCB and the populations of S. dekayi from the Sierra Madre
Oriental. Climate change in the area that was punctuated by a dramatic shift in atmospheric

conditions during the late Pliocene (Retallack, 1997; Bryson et al., 2013), or perhaps the
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appearance of filter barriers such as major river drainages (Bryson et al., 2011a), could
have promoted the dispersion and subsequent separation of the ancestor of Storeria sp.
CCB, a pattern observed in several mesic species (Anducho-Reyes et al., 2008;
McCormack et al., 2008; Moreno-Letelier & Pifiero, 2009; Bryson et al., 2011a).

Finally, the high estimates of gene flow between the CCB endemic populations and
their respective sister groups suggest recent divergence (Ornelas et al., 2013). However,
expansions of pine-oak woodlands during Pleistocene glacial cycles (Bryson et al., 2011b;
Gugger et al., 2011) may have promoted dispersal and periodic bouts of gene flow that
could have erased or obscured previously acquired signals of historical isolation (Bryson et
al., 2011a). Similar patterns of deep genetic subdivisions blurred by secondary contact have
been observed in other mesic North American taxa, like Pines, Aves and Reptiles (Moreno-

Letelier & Pifiero, 2009; Ornelas, et al., 2010; Bryson et al., 2011b).

5| CONCLUSIONS

Our comparative data suggests that although some lineages appear to have spatially
congruent distributions and genetic breaks, there are differences in the species’ geographic
origin, and divergences across spatial boundaries are asynchronous among some lineages.
The reptile species endemic to the CCB show specialized ecological requirements for
humid habitats, and therefore are closely associated with geological features, like the
isolation of the CCB. These lineages show signatures of pre-Pleistocenic divergence, in

contrast with the diversification times of other taxa that also inhabit the North American
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deserts. These endemic species may thus offer novel insights into the deeper biogeographic

history of the highland landscapes of southeastern North America.

ACKNOWLEDGEMENTS

Many people helped to collect samples for this study. We thank all of them, and especially
the late F. Mendoza, D. Lazcano, L. Canseco, E. Centenero, O. Flores, J. Jones, G.
Castafieda, J. Castafieda, E. Smith, A. Contreras, and M. Trujano. We thank J. A. Campbell
for the donation of several tissue samples. Permits were provided by the SEMARNAT to
A. Nieto-Montes de Oca (FAUT-0093) and U. O. Garcia Vazquez (FAUT-0243). Financial
support for field work was provided by grants from CONABIO (FB220/G015/95),
DGAPA, UNAM (PAPIIT no. IN224009), and CONACYT (no. 154093) to A. Nieto-
Montes de Oca; and from DGAPA, UNAM (PAPIIT no. IN221016) and CONACyYT (CVU
48339) to U. O. Garcia-Véazquez. Lastly, we thank the Posgrado en Ciencias Bioldgicas of
the Universidad Nacional Autonoma de México. This work is part of the Ph. D. research

project of U. O. Garcia-Vazquez.

REFERENCES

Anducho-Reyes, M.A., Cognato, A. I., Hayes, J. L. & Zuniga, G. (2008) Phylogeography

of the bark beetle Dendroctonus mexicanus Hopkins (Coleoptera: Curculionidae:

Scolytinae). Molecular Phylogenetics and Evolution, 49, 930-940.

36



540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

Alfaro, M. E., & Arnold, S. J. (2001). Molecular systematics and evolution of Regina and
the Thamnophiine snakes. Molecular Phylogenetics and Evolution, 21, 408-423.

Alvarez, F., & Ojeda, M. (2019). The Fauna of the Cuatro Ciénegas Basin, a Unique
Assemblage of Species, Habitats, and Evolutionary Histories. In F. Alvarez & M.
Ojeda (Eds.), Animal Diversity and Biogeography of the Cuatro Ciénegas Basin (pp 1-
10). Springer Nature Switzerland AG.

Arbogast, B. S., & Kenagy, G. J. (2001). Comparative phylogeography as an integrative
approach to historical biogeography. Journal of Biogeography, 28, 819-825.

Bagley, J. C., Hickerson, M. J., & Johnson, J. B. (2018). Testing Hypotheses of
Diversification in Panamanian Frogs and Freshwater Fishes Using Hierarchical
Approximate Bayesian Computation with Model Averaging. Diversity, 10,
10.3390/d10040120.

Bryson Jr., R. W., Murphy, R. W., Graham, M. R., Lathrop, A., & Lazcano-Villareal D.
(2011a). Ephemeral Pleistocene woodlands connect the dots for highland rattlesnakes
of the Crotalus intermedius group. Journal of Biogeography, 38, 2299-2310.

Bryson Jr., R. W., Garcia-Vazquez, U. O., & Riddle, B. R. (2011b). Phylogeography of
Middle American gophersnakes: mixed responses to biogeographical barriers across
the Mexican Transition Zone. Journal of Biogeography, 38, 1570-1584.

Bryson Jr., R. W., Murphy, R. W., Lathrop, A., & Lazcano-Villareal, D. (2011c).
Evolutionary drivers of phylogeographical diversity in the highlands of Mexico: a case
study of the Crotalus triseriatus species group of montane rattlesnakes. Journal of

Biogeography, 38, 697-710.

37



562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

Bryson Jr., R. W., & Riddle, B. R. (2012). Tracing the origins of widespread highland
species: a case of Neogene diversification across the Mexican sierras in an endemic
lizard. Biological Journal of the Linnean Society, 105, 382-394.

Bryson Jr., R. W., Garcia-Vazquez, U. O., & Riddle, B. R. (2012). Relative roles of
Neogene vicariance and Quaternary climate change on the historical diversification of
bunchgrass lizards (Sceloporus scalaris group) in Mexico. Molecular Phylogenetics
and Evolution, 62, 447—457.

Bryson Jr., R. W., Savary, W. E., & Prendini L. (2013). Biogeography of scorpions in the
Pseudouroctonus minimus complex (Vaejovidae) from south-western North America:
implications of ecological specialization for pre-Quaternary diversification. Journal of
Biogeography, 40, 1850-1860.

Butler, J. M., Dodd Jr., C. K., Aresco, M., & Austin, J. D. (2011). Morphological and
molecular evidence indicates that the Gulf Coast box turtle (Terrapene carolina major)
is not a distinct evolutionary lineage in the Florida Panhandle. Biological Journal of
the Linnean Society, 102, 889-901.

Carstens, B. C., & Richards, C. L. (2007). Integrating coalescent and ecological niche
modeling in comparative phylogeography. Evolution, 61, 1439-1454.

Chéavez-Cabello, G., Aranda-Gomez, J. J., Molina-Garza, R. S., Cossio-Torres, T., Arvizu-
Gutiérrez, I. R., & Gonzalez-Naranjo, G. A. (2005). La falla San Marcos: una
estructura jurasica de basamento multirreactivada del noreste de México. Boletin de la
Sociedad Geoldgica Mexicana, 57, 27-52.

Chaves-Campos, J., Johnson, S. G., Garcia de Leon, F. J., & Hulsey, C. D. (2010).

Phylogeography, genetic structure, and gene flow in the endemic freshwater shrimp

38



585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

Palaemonetes suttkusi from Cuatro Ciénegas, Mexico. Conservation Genetics, 12,
557-567.

Colston, T. J., Grazziotin, F. G., Shepard, D. B., Vitt, L. J., Colli, G. R., Henderson, R. W.,
... Burbrink, F. T. (2013). Molecular systematics and historical biogeography of tree
boas (Corallus spp.). Molecular Phylogenetics and Evolution, 66, 953-959.

Coghill, L. M., Hulsey, C. D., Chaves-Campos, J., Garcia de Leon, F. J., & Johnson, S. G.
(2013). Phylogeography and conservation genetics of a distinct lineage of sunfish in
the Cuatro Ciénegas Valley of Mexico. PloS ONE, 8, e77013.

Daza, J. M., Castoe, T. A. & Parkinson, C. L. (2010). Using regional comparative
phylogeographic data from snake lineages to infer historical processes in Middle
America. Ecography, 33, 343-354.

Dodd, K. C. (2001). North American Box Turtles, A Natural History. University of
Oklahoma Press, Norman.

Drummond, A. J., & Rambaut, A. (2007). BEAST: Bayesian evolutionary analysis by
sampling trees. BMC Evolutionary Biology, 7, 214.

Edwards, S. V., & Beerli, P. (2000). Perspective: Gene divergence, population divergence,
and the variance in coalescence time in phylogeographic studies. Evolution, 54, 1839-
1854.

Ennen, J. R., Matamoros, W. A., Agha, M., Lovich, J. E., Sweat, S. C., & Hoagstrom, C.
W. (2017). Hierarchical, quantitative biogeographic provinces for all North American
turtles and their contribution to the biogeography of turtles and the continent.
Herpetological Monographs, 31, 114-140.

Espinosa, D., Aguilar, C., & Ocegueda. S. (2014). Identidad biogeografica de la Sierra

Madre Oriental y posibles subdivisiones bidticas. In I. Luna, J. J. Morrone & D.

39



609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

Espinosa (Eds.). Biodiversidad de la Sierra Madre Oriental (pp. 487-500). Las
Prensas de Ciencias, México, D. F.
Estes, R. (1970). Origin of the Recent North American lower vertebrate fauna: an inquiry

into the fossil record. Forma et Functio, 3, 139-63.

Farjon, A., & Styles, T. B. (1997). Pinus (Pinaceae). Flora Neotropica Monograph (\Vol.
75). Organization for Flora Neotropica. The New York Botanical Garden, New York,
USA.

Findley, J. S. (1969). Biogeography of southwestern boreal and desert mammals. In J. K.
Jones Jr. (Ed.), Contributions in Mammology (Vol 51, pp. 113-128) University of
Kansas Miscellaneous Publications of the Museum of Natural History Press.

Fritz, U., & Havas, P. (2014). On the reclassification of box turtles (Terrapene): a response
to Martin et al. (2014). Zootaxa, 3835, 295-298.

Gamez, N., & Castellanos-Morales, G. (2019). Evaluating the Hypothesis of Pleistocene
Refugia for Mammals in the Cuatro Ciénegas Basin. In F. Alvarez & M. Ojeda (Eds.),
Animal Diversity and Biogeography of the Cuatro Ciénegas Basin (pp. 203-224).
Springer Nature Switzerland AG.

Garcia-Vazquez, U. O., Canseco-Marquez, L., & Nieto-Montes de Oca, A. (2010). A new
species of Scincella (Squamata: Scincidae) from the Cuatro Cienegas basin, Coahuila,
México. Copeia, 2010, 373-381.

Garcia-Vazquez, U. O., Nieto-Montes de Oca, A., Bryson Jr., R. W., Schmidt-Ballardo, W.,
& Pavon-Vazquez, C. J. (2018a). Molecular systematics and historical biogeography of

the genus Gerrhonotus (Squamata: Anguidae). Journal of Biogeography, 120, 16-27.

40



631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

Garcia-Vazquez, U. O., Contreras-Arquieta, A., Trujano-Ortega, M., & Nieto-Montes de
Oca, A. (2018b). A new species of Gerrhonotus (Squamata: Anguidae) from the
Cuatro Ciénegas Basin, Coahuila, Mexico. Herpetologica, 74, 269-278.

Garcia-Vazquez, U. O., Trujano-Ortega, M., Contreras-Arquieta, A., Avalos-Hernandez,
O., Escobedo-Contreras, O., & Corcuera, P. (2019). Diversity of Amphibians and
Reptiles in the Cuatro Ciénegas Basin. In F. Alvarez & M. Ojeda (Eds.), Animal
Diversity and Biogeography of the Cuatro Ciénegas Basin (pp. 175-188). Springer
Nature Switzerland AG.

Gonzalez-Santillan, E., & Prendini, L. (2015). Phylogeny of the North American vaejovid
scorpion subfamily Syntropinae Kraepelin, 1905, based on morphology, mitochondrial
and nuclear DNA. Cladistics, 31, 341-40.

Graham, A. (1987). Tropical American Tertiary floras and paleoenvironments: Mexico,
Costa Rica, and Panama. The American Journal of Botany, 74, 1519-31.

Gugger, P. F., Gonzélez-Rodriguez, A., Rodriguez-Correa, H., Sugita, S., & Cavender-
Bares, J. (2011). Southward Pleistocene migration of Douglas-fir into mexico:
phylogeography, ecological niche modeling, and conservation of ‘rear edge’
populations. New Phytologist, 189, 1185-1199.

Hafner, D. J., & Riddle, B. R. (1997). Biogeography of Baja California Peninsular Desert
mammals. In: T. L. Yates, W. L. Gannon & D. E. Wilson (Eds.), Life Among the
Muses: Papers in Honor of James S. Findley (pp. 39-68). The Museum of
Southwestern Biology, Albuquerque, USA.

Haney, R. A., Turner, B. J., & Rand, D. M. (2009). A cryptic lineage within the pupfish
Cyprinodon dearborni suggests multiple colonizations of South America. Journal Fish

Biology, 75, 1108-1114.

41



655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

Hey, J., & Nielsen, R. (2007). Integration within the Felsenstein equation for improved
Markov chain Monte Carlo methods in population genetics. Proceedings National
Academy of Science of the United States of America, 104, 2785-2790.

Hickerson, M. J., Stahl, E., & Takebayashi, N. (2007). msBayes: Pipeline for testing
comparative phylogeographic histories. BMC Bioinformatics, 8, 268.

Hickerson, M. J., Stahl, E., & Lessios, H. A. (2006). Test for simultaneous divergence
using approximate Bayesian computation. Evolution, 60, 2435-2453.

Hubbard, J. P. (1973). Avian evolution in the aridlands of North America. Living Bird, 12,
155-196.

Huelsenbeck, J. P., & Rannala, B. (2004). Frequentist properties of Bayesian posterior
probabilities of phylogenetic trees under simple and complex substitution models.
Systematic Biology, 53, 904-913.

Hulsey, C. D., Garcia de Ledn, F. J., Sdnchez-Johnson, Y., Hendrickson, D. A., & Near, T.
J. (2004). Temporal diversification of Mesoamerican cichlid fishes across a major
biogeographic boundary. Molecular Phylogenetics and Evolution. 31, 754-76.

Jackson, N. D., & Austin, C. C. (2010). The combined effects of rivers and refugia generate
extreme cryptic fragmentation within the common ground skin (Scincella lateralis).
Evolution, 64, 409-428.

Jaeger, J. R, Riddle, B. R. & Bradford, D. F. (2005). Cryptic Neogene vicariance and
Quaternary dispersal of the red-spotted toad (Bufo punctatus): insights on the evolution
of North American warm desert biotas. Molecular Ecology, 14, 3033-3048.

Johnson, S. G. (2005). Age, phylogeography and population structure of the microendemic

banded spring snail, Mexipyrgus churinceanus. Molecular Ecology, 14, 2299-2311.

42



678

679

680

681

682

683

684

685

686

687

6388

689

690

691

692

693

694

695

696

697

698

699

700

701

Kang, J. H., Schartl, M., & Meyer, A. (2013) Comprehensive phylogenetic analysis of all
species of swordtails and platies (Pisces:Genus Xiphophorus) uncovers a hybrid origin
of a swordtail fish, Xiphophorus monticolus, and demonstrates that the sexually
selected sword originated in the ancestral lineage of the genus, but was lost again
secondarily. BMC Evolutionary Biology, 13, doi:10.1186/1471-2148-13-25.

Klicka, J., & Zink, R. M. (1997). The importance of recent ice ages in speciation: a failed
paradigm. Science, 277, 1666-1669.

Lanfear, R., Calcott, B., Ho, S. Y., & Guindon, S. (2012). PartitionFinder: combined
selection of partitioning schemes and substitution models for phylogenetic analyses.
Molecular Biolology and Evolution, 29, 1695-1701.

Leaviit, S. D., Esslinger, T. L., Divakar, P. K, & Lumbsch, H. T. (2012). Micocene and
Pliocene dominated diversification of the lichen forming fungal genus Melanohalea
(Parmeliaceae, Ascomycota) and Pleistocene population expansions. BMC
Evolutionary Biology, 12, doi:10.1186/1471-2148-12-176

Linkem, C. W., Diesmos, A. C., & Brown R. M. (2011). Molecular systematics of the
Philippine forest skinks (Squamata: Scincidae: Sphenomorphus): testing morphological
hypotheses of interspecific relationships. Zoological Journal of the Linnean Society,
163, 1217-1243.

Lydeard, C., Wooten, M. C. & Meyer, A. (1995). Cytochrome-B sequence variation and a
molecular phylogeny of the live-bearing fish genus Gambusia (Cyprinodontiformes,
Poeciliidae). Canadian Journal of Zoology, 73, 213-227.

Lynch, J. D. (1988). Refugia. In: A. A. Myers & P. S. Giller (Eds). Analytical
Biogeography. An Integrated Approach to the Study of Animal and Plant

Distributions (pp. 311-342). Chapman & Hall, London.

43



702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

722

723

Martin, P. S. (1958). A biogeography of reptiles and amphibians in the Gomez Farias
Region, Tamaulipas, Mexico. Miscellaneous Publications Museum of Zoology,

University of Michigan, 101, 1-102.

Martin, P. S., & Harrell, B. E. (1957). The Pleistocene history of temperate biotas in

Mexico and the United States. Ecology, 38, 468-80.

Martin, B., Bernstein, N. P., Birkhead, R. D., Koukl, J. F., Mussmann, S. M., & Placyk jr.
J. S. (2013). Sequence-based molecular phylogenetics and phylogeography of the
American box turtles (Terrapene spp.) with support from DNA barcoding. Molecular
Phylogenetics and Evolution, 68, 119-134.

McCormack, J. E., Bowen, B. S., & Smith, T. B. (2008). Integrating paleoecology and
genetics of bird populations in two sky island archipelagos. BMC Biology, 6,
doi:10.1186/1741-7007-6-28.

Meyer, E. R. (1973). Late Quaternary paleoecology of the Cuatro Cienegas Basin,
Coahuila, Mexico. Ecology, 54, 982-985.

Miller, R. R. (1968). Two new fishes of the genus Cyprinodon from the Cuatro Cienegas
Basin, Coahuila, Mexico. Occasional Papers of the Museum of Zoology, University of
Michigan, 659, 1-15.

Milstead, W. W. (1967). Fossil box turtles (Terrapene) from central North America, and
box turtles from eastern Mexico. Copeia, 1967, 168-179.

Milstead, W. W. (1960). Relict species of the Chihuahuan desert. The South Western

Naturalist, 5, 75-88.

44



724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

745

746

747

Morafka, D. J. (1977). A Biogeographical Analysis of the Chihuahuan Desert Through its
Herpetofauna. Biogeografica (\VVol 9).

Moreno-Letelier, A., & Pifiero, D. (2009) Phylogeographic structure of Pinus
strombiformis Engelm. across the Chihuahuan Desert filter-barrier. Journal of
Biogeography, 36, 121-131.

Myers, E. A., Hickerson, M. J., & Burbrink, F. T. (2017). Asynchronous diversification of
snakes in the North American Warm Deserts. Journal of Biogeography, 44, 461-474.

Near, T. J., Bossu, C. M., Bradburd, G. S., Carlson, R. L., Harrington, R. C.,
Hollingsworth, P. R., ... Etnier D. A. (2011). Phylogeny and temporal diversification
of darters (Percidae: Etheostomatinae). Systematic Biology, 60, 565-595.

Ornelas, J. F., Ruiz-Sanchez, E., & Sosa, V. (2010). Phylogeography of Podocarpus
matudae (Podocarpaceae), pre-Quaternary age relicts in the northern Mesoamerican
cloud forests. Journal of Biogeography, 37, 2384-2396.

Ornelas, J. F., Sosa, V., Soltis, D. E., Daza, J. M., Gonzélez, C., Soltis, P. S., ... Ruiz-
Sanchez, E. (2013). Comparative phylogeographic analyses illustrate the complex
evolutionary history of threatened cloud forests of Northern Mesoamerica. PLoS ONE,
8, d0i:10.1371/journal.pone.0056283.

Pavon-Vazquez, C. J., Garcia-Vazquez, U. O., Bryson Jr., R. W., Feria-Ortiz, M.,
Manriquez-Moran, N. L., & Nieto-Montes de Oca, A. (2018). Integrative species
delimitation in practice: Revealing cryptic lineages within the short-nosed skink
Plestiodon brevirostris (Squamata: Scincidae). Molecular Phylogenetics and
Evolution, 129, 242-257.

Pinkava, D. J. (1979). Vegetation and flora of the Bolson of Cuatro Cienegas region,

Coahuila, Mexico, I. Boletin de la Sociedad Botanica de México, 38, 35-44.

45



748

749

750

751

752

753

754

755

756

757

758

759

760

761

762

763

764

765

766

767

768

769

770

Pinkava, D. J. (1984). Vegetation and flora of the Bolson of Cuatro Cienegas region,
Coahuila, Mexico: IV. Summary, endemism and corrected catalogue. Journal of the
Arizona—Nevada Academy of Science, 19, 23-47

Pyron, R. A., Burbrink, F. T., & Wiens, J. J. (2013). A phylogeny and updated
classification of Squamata, including 4161 species of lizards and snakes. BMC
Evolutionary Biology, 13: 93, d0i:10.1186/1471-2148-13-93

Pyron, R. A., Hsieh, F. W., Lemmon, A. R., Lemmon, E. M., & Hendry, C. R. (2016).
Integrating phylogenomic and morphological data to assess candidate species-
delimitation models in brown and red-bellied snakes (Storeria). Zoological Journal of
the Linnean Society, 177, 937-949.

Rambaut, A., & Drummond, A. J. (2007). Tracer v1.5., http://beast.bio.ed.ac.uk/Tracer.

Retallack, G. J. (1997). Neogene expansion of the North American Prairie. Palaios, 12,

380-390.

Riddle, B. R., Hafner, D. J., & Alexander, L. F. (2000). Phylogeography and systematics of
the Peromyscus eremicus species group and the historical biogeography of North
American warm regional deserts. Molecular Phylogenetics and Evolution, 17, 145—
160.

Ronquist, F., Teslenko, M., van der Mark, P., Ayres, D. L., Darling, A., Heohna, S., ...
Huelsenbeck, J. P. (2012). MrBayes 3.2: efficient Bayesian phylogenetic inference and
model choice across a large model space. Systematic Biology, 61, 539-542.

Salinas-Moreno, Y., Mendoza-Correa, G., Barrios, M. A., Cisneros, R., Macias-Samano, J.,
& Zufiga, G. (2004). Areography of the genus Dendroctonus (Coleoptera:

Curculionidae: Scolytinae) in México. Journal of Biogeography, 31, 1163-1177.

46



771

772

773

774
775
776

777

778

779

780

781

782

783

784

785

786

787

788

789

790

791

792

793

794

Schoénhuth, S., & Mayden, R. L. (2006). Phylogenetic relationships in the genus Cyprinella
(Actinopterygii: Cyprinidae) based on mitochondrial and nuclear gene sequences.
Molecular Phylogenetics and Evolution, 55, 77-98.

Simpson, G. G. 1980. Splendid isolation: the curious history of South American Mammals.
Yale University Press, New Haven, C. T.
Soltis, D. E., Morris, A. B., McLachlan, J. S., Manos, P. S. & Soltis, P. S. (2006)

Comparative phylogeography of unglaciated eastern North America. Molecular
Ecology, 15, 4261-4293.

Souza, V., Siefert, J. L., Escalante, A. E., Elser, J. J., & Eguiarte, L. E. (2012). The Cuatro
Ciénegas Basin in Coahuila, Mexico: An Astrobiological Precambrian Park.
Astrobiology, 12, 641-647.

Spinks, P. Q., & Shaffer, H. B. (2009). Conflicting mitocondrial and nuclear phylogenies
for the widely disjunt Emys (Testudines: Emydidae) species complex, and what they
tell us about biogeography and hybridization. Systematic Biology, 58, 1-20.

Spinks, P. Q., Thomson, R. C., McCartney-Melstad, E., & Shaffer H. B. (2016). Phylogeny
and temporal diversification of the New World pond turtles (Emydidae). Molecular
Phylogenetics and Evolution, 103, 85-97

Taylor, D. W. (1966). A remarkable snail fauna from Coahuila, Mexico. The Veliger, 9,
152-228.

Thornbury, W. D. 1965. Regional Geomorphology of the United States. JohnWiley and
Sons, USA.

Topp, C. M., Pruett, L. C., McCracke, K. G., & Winker, K. (2013). How migratory
thrushes conquered northern North America: a comparative phylogeography approach.

PeerJ, 1:e206; DOI 10.7717/peerj.206.

47



795  Trimble, D. E. (1990). The Geologic Story of the Great Plains. Richtman’s Printing, USA.
796  Vanzolini, P. E. (1970). Zoologia sistematica, Geografia e a origem das especies. Sao
797 Paulo. Universidade de Sao Paulo, Instituto de Geografia.

798  Webb, S. D. (1977). A history of savanna vertebrates in the new world. Part I: North

799 America. Annual Review of Ecology and Systematics, 8, 355-80.

800  Wiens, J. J., Kuczynski, C. A., & Stephens, P. R. (2010). Discordant mitochondrial and
801 nuclear gene phylogenies in emydid turtles: implications for speciation and

802 conservation. Biological Journal of the Linnean Society, 99, 445-461.

803  Wilson, J. S., & Pitts, J. P. (2010). Illuminating the lack of consensus among descriptions
804 of earth history data in the North American deserts: a resource for biologists.

805 Progressin Physical Geography, 34, 419-441.

806  Zachos, J., Pagani, M., Sloan, L., Thomas, E., & Billups, K. (2001). Trends, rhythms, and
807 aberrations in global climate 65 Ma to present: Science, 292, 686-693.

808  Zink, R. M., & Barrowclough, G. F. (2008). Mitochondrial DNA under siege in avian
809 phylogeography. Molecular Ecology, 17, 2107-2121.

810  Zink, R. M., Klicka, J., & Barber, B. R. (2004) The tempo of avian diversification during

811 the Quaternary. Philosophical Transactions of the Royal Society B: Biological
812 Sciences, 359, 215-220.
813

814  Table 1. Total numbers of sequenced base pairs and sampled individuals for each taxon in
815 the BEAST analysis. Also presented are the divergence time estimates.

Taxon Locus (bp) Number of Divergence time estimates Period
samples (95% HDP)
(phylogeny/div
ergence times)

Gerrhonotus  ND4 (980), BDNF (720), PRLR (627) 86/46 3.19 Ma (1.86 Ma-5.17 Ma) Late Pliocene

48



Scincella ND1 (962), BDNF (716), R35 (612) 57/40 5.1 Ma (2.51 Ma-6.09 Ma) Early Pliocene

Storeria ND2 (1011), ND4 (930) 17/17 4.03 Ma (2.07 Ma-6.03 Ma) Middle Pliocene
Terrapene cytb (1081), COI (611), GAPD (430), R35 (905)  24/24 8.72 Ma (6.18 Ma-10.67 Ma)  Late Miocene
816
817
818
819 Table 2. IMa estimates of gene flow between populations of each focal taxon included in
820 this study.
Taxon Sample size m; m,
mean  HPD95%Lo HPD95%Hi mean  HPD95%Lo HPD95%Hi
Gerrhonotus  10/10 0.3712 0.0125 0.8835 0.4539  0.0365 0.9235
Scincella 9/13 0.3024 0.0085 0.8125 0.2608 0.0065 0.7555
Storeria 9/7 0.3185 0.0095 0.8355 0.3065 0.0085 0.8245
Terrapene  9/6 0.3385 0.0105 0.8595 0.3464 0.0105 0.8665
821
822
823  Biosketches. The authors share a general interest in the systematics and biogeography of
824  amphibians and reptiles from Mexico. Author contributions: U.O0.G.V. and A.N.M.O.
825  conceived the project, analyzed the data, collected specimens and data, and shared in the
826  writing.
827
828  Figure 1. Left: BEAST maximum clade credibility (MCC) time tree for all four focal
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Figure 2. Posterior density plot of divergence times for endemic focal species from the

Cuatro Cienegas Basin (CCB).

Figure 3. Result of the ABC analyses using msBayes. Posterior probability densities for Q
(left) and the approximate joint posterior estimates of Var(t)/E(t)) against (E(t) (right)
between lineage pairs of lizards, snakes, and turtles. Prior (dashed red lines) and posterior

(solid blue lines) distributions.

SUPPORTING INFORMATION

Additional Supporting Information may be found in the online version of this article:

Appendix S1: List of samples used in this study and GenBank accession numbers.

Appendix S2: List of samples used in the test for synchronous diversification in this study

and GenBank accession numbers.

Appendix S3: Technical details on DNA sequencing and sequence edition.

Appendix S4: Technical details on fossils utilized for the divergence time estimates.
Appendix S5: Genetic structure within Scincella, Storeria, and Terrapene inferred from

Bayesian analyses of their respective DNA sequence datasets.
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Appendix S1. Taxon, locality and museum voucher data, and gene sampling for genetic samples used in this study. Institutional codes
for museum and collections follow Sabaj-Pérez (2016). ANMO, UOGV, RLR, LCM, IDF, ENS, AMH, JAC, CVS, JJW, FHH and
TJL are field identifiers for uncatalogued specimens being deposited in the MZFC. * = Used as outgroup in the phylogenetic
reconstruction in MrBayes; ** = used as outgroup for divergence time estimation (fossil calibration) in Beast; *** used as outgroup in

both phylogenetic reconstruction and divergence time estimation.

Scincella

Scincid lizard genus Scincella is composed of eight species in America: Scincella assata with two subspecies (S. a. assata and S. a. taylori), S.
cherriei with three subspecies (S. c. cherriei, S. c. ixbaac and S. c. stuarti), S. gemmingeri with two subspecies (S. g. forbesorum and S. g.
gemmingeri), S. incerta, S. kikaapoa, S. lateralis, S. rara (not included in this study) and S. silvicola with two subspecies (S. s. caudaequinae and
S. s. silvicola) (Garcia-Vazquez et al., 2010; Linkem et al., 2011).

Taxon Country State Locality Voucher References Genbank access Key
R35 ND1 MKL1
Aspidoscelis tigris ** USA California MVZ179799 Brandley etal., 2011 | HM161145 | HM160767 | - Scl
Cordylus sp.** Africa "Africa" No voucher Schmitz et al., 2005 - AY315566 | - Sc2
Gerrhosaurus major** Somalia Awdal MVZ241366 Brandley etal., 2011 | HM161062 | HM160779 | HM161157 | Sc3
Lepidophyma flavimaculatum ** NUM-Az372 Kumazawa, 2007 - AB162908 | - Sc4
Marisora unimarginata * México Guerrero Chilpancingo UOGV-628 This study XXXXX XXXXX XXXXX Sc5
Plestiodon brevirostris ** México Tlaxcala IDLH-16 Brandley etal., 2011 | HM161075 | HM160701 | HM160701 | Sc6
Plestiodon lynxe ** México San Luis Potosi LSUMZ-H14823 Brandley etal., 2011 | HM161112 | HM160829 | HM161207 | Sc7
Scincella assata assata México Chiapas Pijijiapan RLR-1094 This study - XXXXX - Sc9
Scincella a. taylori México Colima Comala UOGV-718 This study XXXXX XXXXX XXXXX Sc8
Scincella a. taylori México Guerrero Chilpancingo UOGV-629 This study XXXXX XXXXX XXXXX Sc71
Scincella cherriei cherriei México Oaxaca La gringa LCM-260 This study XXXXX XXXXX XXXXX Scl10
Scincella c. cherriei Honduras ENS-10902 This study XXXXX XXXXX XXXXX Scll
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Taxon Country State Locality Voucher References Genbank access Key
R35 ND1 MKL1
Scincella c. cherriei Guatemala ENS-7113 This study XXXXX XXXXX XXXXX Scl2
Scincella c. cherriei Costa Rica MF-6067 This study XXXXX XXXXX XXXXX Scl3
Scincella c. ixbaac México Campeche 1SZ-211 This study XXXXX XXXXX XXXXX Scl4
Scincella c. stuarti México Veracruz Las Choapas JLAL This study XXXXX XXXXX XXXXX Sc15
Scincella c. stuarti México Veracruz Orizaba UOGV-342 This study XXXXX XXXXX XXXXX Scl16
Scincella cf. gemmingeri México Oaxaca Cerro Baul JAC-23168 This study - XXXXX - Scl7
Scincella cf. gemmingeri México Oaxaca JAC-23175 This study - XXXXX - Scl8
Scincella cf. gemmingeri México Chiapas Tuxtla Gutierrez IDF-163 This study XXXXX XXXXX XXXXX Sc19
Scincella cf. gemmingeri México Oaxaca 2.1 mi NE Totontepec JAC-21543 This study - XXXXX - Sc20
Scincella cf. gemmingeri México Oaxaca Santa Maria Guienagati | JAC-22952 This study XXXXX XXXXX XXXXX Sc21
Scincella cf. gemmingeri México Oaxaca Santa Maria Guienagati | JAC-23139 This study - XXXXX - Sc22
Scincella cf. gemmingeri México Oaxaca Pluma Hidalgo ICS-25 This study - XXXXX - Sc23
Scincella cf. gemmingeri México Oaxaca Pluma Hidalgo UOGV-1761 This study - XXXXX - Sc24
Scincella cf. gemmingeri México Oaxaca Pluma Hidalgo UOGV-1763 This study XXXXX XXXXX XXXXX Sc25
Scincella cf. gemmingeri México Veracruz Los Tuxtlas No voucher This study - XXXXX - Sc26
Scincella cf. gemmingeri México Veracruz Los Tuxtlas UOGV-378 This study XXXXX XXXXX XXXXX Sc27
Scincella gemmingeri forbesorum | México Hidalgo Jacala AMH-687 This study - XXXXX - Sc28
Scincella g. forbesorum México Hidalgo Jacala UOGV-1373 This study XXXXX XXXXX XXXXX Sc29
Scincella g. gemmingeri México Hidalgo DMA-31 This study - XXXXX - Sc30
Scincella g. gemmingeri México Veracruz La Selva UOGV-500 This study - XXXXX - Sc31
Scincella g. gemmingeri México Hidalgo MZFC-14215 This study - XXXXX - Sc32
Scincella g. gemmingeri México Puebla Zacatlan FHH-122 This study - XXXXX - Sc33
Scincella g. gemmingeri México Puebla Tlatlauquitepec 1SZ-137 This study - XXXXX - Sc34
Scincella g. gemmingeri México Puebla Zacapoaxtla UOGV-115 This study - XXXXX - Sc35
Scincella g. gemmingeri México Puebla Zacapoaxtla UOGV-112 This study XXXXX XXXXX XXXXX Sc36
Scincella g. gemmingeri México Oaxaca Totontepec ANMO-2295 This study XXXXX XXXXX XXXXX Sc37
Scincella g. gemmingeri México Oaxaca Totontepec ANMO-2296 This study - XXXXX - Sc38
Scincella g. gemmingeri México Oaxaca Vista Hermosa JAC-21632 This study - XXXXX - Sc39
Scincella g. gemmingeri México Oaxaca Pefia del Aguila CVS-3 This study - XXXXX - Sc40
Scincella g. gemmingeri México Oaxaca Vista Hermosa JIW-794 This study - XXXXX - Sc4l
Scincella g. gemmingeri México Veracruz La Perla JAC-22567 This study - XXXXX - Sc42
Scincella g. gemmingeri México Veracruz La Perla UOGV-223 This study XXXXX XXXXX XXXXX Sc43
Scincella g. gemmingeri México Veracruz Xico JAC-24979 This study - XXXXX - Sc44
Scincella g. gemmingeri México Oaxaca UOGV-242 This study XXXXX XXXXX XXXXX Sc45
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Taxon Country State Locality Voucher References Genbank access Key
R35 ND1 MKL1

Scincella incerta Guatemala JAC-19573 This study - XXXXX - Sc46
Scincella kikaapoa México Coahuila Cuatro Ciénegas UOGV-2123 This study XXXXX XXXXX XXXXX Sc47
Scincella kikaapoa México Coahuila Cuatro Ciénegas UOGV-566 This study - XXXXX - Sc48
Scincella kikaapoa México Coahuila Cuatro Ciénegas UOGV-569 This study XXXXX XXXXX XXXXX Sc49
Scincella kikaapoa México Coahuila Cuatro Ciénegas UOGV-567 This study - XXXXX - Sc50
Scincella lateralis USA Texas TJL-2296 This study XXXXX XXXXX XXXXX Sc51
Scincella lateralis USA Texas MF-4740 This study - XXXXX - Sc52
Scincella lateralis USA Texas TJL-2223 This study - XXXXX - Sc53
Scincella lateralis USA Texas TJL-2276 This study - XXXXX - Sc54
Scincella lateralis USA Texas WGS This study - XXXXX - Sc55
Scincella lateralis USA Louisiana KU-289470 This study XXXXX XXXXX XXXXX Sc56
Scincella reevesi** China KU-291934 This study XXXXX XXXXX XXXXX Sc57
Scincella silvicola caudaequinae México Nuevo Leén Santiago JLAL-247 This study - XXXXX - Sc58
Scincella s. caudaequinae México Nuevo Leén Santiago UOGV-561 This study XXXXX XXXXX XXXXX Sc59
Scincella s. caudaequinae México Queretaro Landa de Matamoros JAC-24531 This study XXXXX XXXXX XXXXX Sc60
Scincella s. caudaequinae México Queretaro Landa de Matamoros JAC-24532 This study - XXXXX - Sc61
Scincella s. caudaequinae México San Luis Potosi JAC-25991 This study - XXXXX - Sc62
Scincella s. caudaequinae México Tamaulipas JAC-24547 This study - XXXXX - Sc63
Scincella s. caudaequinae México Tamaulipas MZFC-647 This study - XXXXX - Sc64
Scincella s. silvicola México Oaxaca Coyula LCM-1181 This study - XXXXX - Sc65
Scincella s. silvicola México Oaxaca Buenos Aires AMH-191 This study XXXXX XXXXX XXXXX Sc66
Scincella s. silvicola México Oaxaca Monteflor CVS-6 This study - XXXXX - Sc67
Scincella s. silvicola México Puebla Eloxochitlan UOGV-1232 This study XXXXX XXXXX XXXXX Sc68
Scincella s. silvicola México Puebla Eloxochitlan UOGV-910 This study - XXXXX - Sc69
Scincella s. silvicola México Puebla Cuetzalan JAC-22499 This study XXXXX XXXXX XXXXX Sc70
Sphenomorphus indicus** China KU-291935 This study XXXXX XXXXX XXXXX Sc72
Sphenomorphus maculatus** Myanmar CAS-204863 This study XXXXX XXXXX XXXXX Sc73
Xantusia vigilis** USA California MVZ249144 Brandley et al., 2011 | HM161146 | HM160768 | HM160768 | Sc74
Zonosaurus sp** "Pet trade" TNHC 55947 Schmitz et al., 2005 - AY315567 | - Sc75
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913 Storeria

914  Colubrid snake lizard genus Storeria is composed of five species in America, St. dekayi, St. occipitomaculata, St. storerioides, St. victa (not
915 included in this study), and an undescribed species from CCB with no subspecies recognized (Pyron at al., 2016; Garcia-Vazquez et al., 2019)

Taxa Country State Locality Voucher References Genbank access Key
ND4 ND2

Storeria dekayi México Hidalgo Tlanchinol ANMO-1655 This study XXXXX XXXXX Stl
Storeria dekayi México Puebla Tlatlauquitepec 1SZ-187 This study XXXXX XXXXX St2
Storeria dekayi México Puebla Tenango de Doria AMH-122 This study XXXXX XXXXX St3
Storeria dekayi México Hidalgo Tlanchinol JAC-26039 This study XXXXX XXXXX St4
Storeria dekayi México Puebla Tlatlauquitepec 1SZ-24 This study XXXXX XXXXX St5
Storeria dekayi USA Kansas KU-290676 This study XXXXX XXXXX St6
Storeria dekayi USA Texas TNHC-66469 This study XXXXX XXXXX St7
Storeria occipitomaculata México Tamaulipas JAC-29645 This study XXXXX XXXXX St8
Storeria occipitomaculata México Tamaulipas JAC-29763 This study XXXXX XXXXX St9
Storeria occipitomaculata México Nuevo Lebn Pablillo UOGV-526 This study XXXXX XXXXX St10
Storeria sp. nov. México Coahuila Cuatro Ciénegas MZFC-29652 This study XXXXX XXXXX St11
Storeria sp. nov. México Coahuila Cuatro Ciénegas UOGV-1998 This study XXXXX XXXXX St12
Storeria storerioides México Chihuahua JAC-29229 This study XXXXX XXXXX St14
Storeria storerioides México Ciudad de México Magdalena Contreras UOGV-737 This study XXXXX XXXXX St15
Storeria storerioides México Ciudad de México Magdalena Contreras UOGV-1902 This study XXXXX XXXXX St16
Virginia striata*** AF384852

Virginia striata*** AF384852

916
917  Terrapene

918  Box turtle genus Terrapene is composed of six species in America: Terrapene carolina with four subspecies (T. c. bauri, T. c. carolina, T. ¢. major
919 andT. c. triunguis), T. coahuila, T. mexicana with two subspecies (T. m. mexicana and T. m. yucatana), T. nelsoni with two subspecies (T. n.

920  nelsoni and T. n. klauberi) and T. ornata with two subspecies (T. 0. ornata and T. o. luteola) (Butler et al., 2011; Martin et al., 2013; Spinks et al.,
921  2016).

922
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Taxa Country State Locality Voucher References Genbank acces Key
Cytb col GAPD R35

Clemmys marmorata***

Clemmys marmorata***

Emys orbicularis*** Hungary Mike HBS-108692 Spinks & Shaffer, 2009 EU787075 | - - EU787216 | Tel
Emys orbicularis*** France Ramatuelle IPMB-4597 Spinks & Shaffer, 2009 EU787065 | - - EU787185 | Te2
Glyptemys insculpta*** USA New York Hofstra University No voucher Feldman & Parham, 2002; AF258876 | - GQ896117 | DQ661020 | Te3

Wiens et al., 2010
Terrapene carolina bauri USA Florida Hernando No voucher Martin et al., 2013 KF059126 | KF059156 | KF059230 | - Ted
Terrapene c. carolina USA North Carolina Jackson Co. MVZ-137441 Feldman & Parham, 2002; AF258871 | KC181202 | - KC181178 | Te5
Angielczyk & Feldman, 2013

Terrapene c. carolina USA New York Suffolk Co. JIW-1852 Wiens et al., 2010 GQ896202 | - GQ896138 | GQB89I6249 | Teb
Terrapene c. major USA Alabama Mobile No voucher Martin et al., 2013 KF059122 | KF059171 | KF059229 | - Te7
Terrapene c. major USA Mississippi Forrets No voucher Martin et al., 2013 KF059119 | KF059170 | KF059218 | - Te8
Terrapene c. major USA Mississippi Perry No voucher Martin et al., 2013 KF059120 | KF059159 | KF059217 | - Te9
Terrapene c. major USA Louisiana Concordia No voucher Martin et al., 2013 KF059118 KF059158 | KF059214 | - TelO
Terrapene c. triunguis USA Missouri Jefferson No voucher Martin et al., 2013 KF059142 | KF059173 | KF059233 | FJ770702 Tell
Terrapene c. triunguis USA Louisiana Vernon No voucher Martin et al., 2013 KF059133 | KF059172 | KF059232 | FJ770703 Tel2
Terrapene coahuila México Cuatro Ciénegas Cuatro Ciénegas AO0-233 Wiens et al., 2010 AF258872 | - GQ896140 | - Tel3
Terrapene coahuila México Cuatro Ciénegas Cuatro Ciénegas No voucher Martin et al., 2013 KF059124 | KF059160 | - FJ770700 Teld
Terrapene coahuila México Coahuila Cuatro Ciénegas No voucher Martin et al., 2013 KF059124 | KF059161 | KF059213 | FJ770699 Tel5
Terrapene nelsoni Sonora No voucher Martin et al., 2013 KF059080 | KF059167 | KF059234 | KC181180 | Tel6
Terrapene ornata luteola USA New Mexico Socorro No voucher Martin et al., 2013 KF059070 | KF059164 | KF059178 | FJ770701 Tel7
Terrapene o. luteola USA New Mexico Socorro No voucher Martin et al., 2013 KF059067 | KF059165 | KF059181 | EU787170 | Tel8
Terrapene o. ornata USA Wisconsin Columbia No voucher Martin et al., 2013 KF059079 | KF059166 | KF059183 | DQ649464 | Tel9
Terrapene o. ornata USA Wisconsin Columbia No voucher Martin et al., 2013 KF059076 | KF059162 | KF059182 | HQ266664 | Te20
Terrapene mexicana yucatana México Yucatan No voucher Martin et al., 2013 KF059154 | KF059177 | KF059215 | - Te2l
Terrapene m. mexicana México Tamaulipas No voucher Meartin et al., 2013 KF059153 | KF059175 | KF059233 | - Te22
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Appendix S2. Taxon, locality and voucher data, and GenBank Accession number for genetic samples used in the test for synchronous

diversification in this study. Institutional codes for museum and collections follow Sabaj-Pérez (2016). UOGV, JAC, and TJL are field

identifiers for uncatalogued specimens being deposited in the MZFC.

Key Group Taxon Country State Locality Voucher LAT LONG GenBank Access
TC1 Terrapene Terrapene carolina carolina USA North Carolina | Jackson Co. MVZ-137441 | 36.240676 -77.53812 AF258859
TC2 Terrapene Terrapene carolina carolina USA New York Suffolk Co. JIW-1852 40.848627 -73.033244 GQ895902
TC3 Terrapene Terrapene carolina major USA Alabama Mobile No voucher 30.874623 -88.755918 XXXXX
TC4 Terrapene Terrapene carolina major USA Mississippi Forrets No voucher 32.613907 -89.367412 XXXXX
TC5 Terrapene Terrapene carolina major USA Mississippi Perry No voucher 30.940269 -89.605395 XXXXX
TC6 Terrapene Terrapene carolina major USA Louisiana Concordia No voucher 31.290994 -91.699379 XXXXX
TCCB1 Terrapene Terrapene coahuila México Coahuila Cuatro Cienegas AO-233 26.911334 -102.016545 | AY673523
TCCB2 Terrapene Terrapene coahuila México Coahuila Cuatro Cienegas No voucher 26.96466 -102.109694 | AY673522
TCCB3 Terrapene Terrapene coahuila México Coahuila Cuatro Cienegas No voucher 26.947969 -101.926091 | AY67352
TCCB4 Terrapene Terrapene coahuila México Coahuila Cuatro Cienegas No voucher 26.911334 -102.016545 | XXXXX
TCCB5 Terrapene Terrapene coahuila México Coahuila Cuatro Cienegas No voucher 26.96466 -102.109694 | XXXXX
TCCB6 Terrapene Terrapene coahuila México Coahuila Cuatro Cienegas No voucher 26.947969 -101.926091 XXXXX
TCCB7 Terrapene Terrapene coahuila México Coahuila Cuatro Cienegas No voucher 26.911334 -102.016545 | XXXXX
TCCBS8 Terrapene Terrapene coahuila México Coahuila Cuatro Cienegas No voucher 26.96466 -102.109694 | XXXXX
TCCB9 Terrapene Terrapene coahuila México Coahuila Cuatro Cienegas No voucher 26.947969 -101.926091 XXXXX
SCCB1 Scincella Scincella kikaapoa México Coahuila Cuatro Cienegas UOGV-2123 | 26.947969 -101.926091 XXXXX
SCCB2 Scincella Scincella kikaapoa México Coahuila Cuatro Cienegas UOGV-566 26.908996 -102.009192 XXXXX
SCCB3 Scincella Scincella kikaapoa México Coahuila Cuatro Cienegas UOGV-569 26.812757 -102.000538 | XXXXX
SCCB4 Scincella Scincella kikaapoa México Coahuila Cuatro Cienegas UOGV-567 26.853752 -102.160133 | XXXXX
SCCB5 Scincella Scincella kikaapoa México Coahuila Cuatro Cienegas MZFC-17664 | 26.947969 -101.926091 XXXXX
SCCB6 Scincella Scincella kikaapoa México Coahuila Cuatro Cienegas MZFC-17668 | 26.908996 -102.009192 | XXXXX
SCCB7 Scincella Scincella kikaapoa México Coahuila Cuatro Cienegas UOGV-2114 |26.78708333 |-102.0007222 | XXXXX
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SCCB8 Scincella Scincella kikaapoa México Coahuila Cuatro Cienegas UOGV-2119 |26.78708333 |-102.0007222 | XXXXX
SCCB9 Scincella Scincella kikaapoa México Coahuila Cuatro Cienegas UOGV-2120 |26.78708333 |-102.0007222 | XXXXX
SL1 Scincella Scincella lateralis USA Texas Bastrop MF-4740 30.202059 -97.248885 XXXXX
SL2 Scincella Scincella lateralis USA Texas Bastrop TJL-2223 30.080427 -97.172751 XXXXX
SL3 Scincella Scincella lateralis USA Texas Jarvis TJL-2276 31.712434 -95.428837 XXXXX
SL4 Scincella Scincella lateralis USA Texas El llano WGS 30.659715 -98.608731 XXXXX
SL5 Scincella Scincella lateralis USA Louisiana Ouachita KU-289470 32.390438 -92.467276 XXXXX
SL6 Scincella Scincella lateralis USA Texas Smith TJL-2296 29.305786 -97.322684 XXXXX
SL7 Scincella Scincella lateralis USA Texas Smith KU-289536 31.017518 -93.993279 XXXXX
SL8 Scincella Scincella lateralis USA Oklahoma LeFlore OMNH-6818 | 34.871048 -94.942268 XXXXX
SL9 Scincella Scincella lateralis USA Oklahoma Ellis OMNH-7080 |36.512331 -99.806797 XXXXX
SL10 Scincella Scincella lateralis USA Oklahoma Pushmataha OMNH-9315 | 34.43306 -95.417355 XXXXX
SL11 Scincella Scincella lateralis USA Texas Jarvis TJL-2275 31.712434 -95.428837 XXXXX
SL12 Scincella Scincella lateralis USA Texas San Saba TNHC-53249 |31.188524 -98.745455 XXXXX
SL13 Scincella Scincella lateralis USA Texas Sabine TNHC-65406 |31.199809 -93.883562 XXXXX
STD1 Storeria Storeria dekayi México Puebla Tenango de Doria AMH-122 20.330363 -98.232415 XXXXX
STD2 Storeria Storeria dekayi México Hidalgo Tlanchinol ANMO-1655 |21.00177778 |-98.65286111 | XXXXX
STD3 Storeria Storeria dekayi México Puebla Tlatlauquitepec 1SZ-187 19.85302778 | -97.47269444 | XXXXX
STD4 Storeria Storeria dekayi México Puebla Tlatlauquitepec 1Sz-24 19.89663889 | -97.47880556 | XXXXX
STD5 Storeria Storeria dekayi México Hidalgo Tlanchinol JAC-26035 21.02103 -98.64006 XXXXX
STD6 Storeria Storeria dekayi México Hidalgo Tlanchinol JAC-26039 21.02103 -98.64006 XXXXX
STD7 Storeria Storeria dekayi México Querétaro Landa de Matamoros JAC-24631 21.225507 -99.283121 XXXXX
STCCB1 | Storeria Storeria sp México Coahuila Cuatro Cienegas UOGV-2005 |26.939243 -102.119264 | XXXXX
STCCB2 | Storeria Storeria sp México Coahuila Cuatro Cienegas UOGV-1998 |26.939243 -102.119264 | XXXXX
STCCB3 | Storeria Storeria sp México Coahuila Cuatro Cienegas MZFC-29652 | 26.927534 -102.130223 | XXXXX
STCCB4 | Storeria Storeria sp México Coahuila Cuatro Cienegas MZFC-29651 |26.927534 -102.130223 | XXXXX
STCCB5 | Storeria Storeria sp México Coahuila Cuatro Cienegas UOGV-1999 | 26.919308 -102.134744 | XXXXX
STCCB6 | Storeria Storeria sp México Coahuila Cuatro Cienegas MZFC29645 |26.927534 -102.130223 | XXXXX
STCCB7 | Storeria Storeria sp México Coahuila Cuatro Cienegas MZFC-29641 |26.927534 -102.130223 | XXXXX
STCCB8 | Storeria Storeria sp México Coahuila Cuatro Cienegas MZFC-29646 |26.939243 -102.119264 | XXXXX
STCCB9 | Storeria Storeria sp México Coahuila Cuatro Cienegas MZFC-29649 | 26.927534 -102.130223 | XXXXX
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Gl1 Gerrhonotus Gerrhonotus infernalis USA Texas Crockett TJL-2350 29.911378 -99.927052 MH181257
Gl2 Gerrhonotus Gerrhonotus infernalis USA Texas Real TJL-2351 31.345397 -95.718372 MH181258
GI3 Gerrhonotus Gerrhonotus infernalis USA Texas Devils No voucher 29.933717 -100.995241 | JN547348
Gl4 Gerrhonotus Gerrhonotus infernalis USA Texas Devils No voucher 29.933717 -100.995241 JIN547346
GI5 Gerrhonotus Gerrhonotus infernalis USA Texas Austin Austin_1 30.242617 -97.743784 MH181242
Gl6 Gerrhonotus Gerrhonotus infernalis USA Texas Austin Austin_2 30.242617 -97.743784 MH181243
Gl7 Gerrhonotus Gerrhonotus infernalis USA Texas Crockett TJL-2352 29.911378 -99.927052 XXXXX
GCCB1 | Gerrhonotus Gerrhonotus mccoyi México Coahuila Cuatro Cienegas MZFC-29667 |26.82580556 |-102.0224722 | MH181314
GCCB2 | Gerrhonotus Gerrhonotus mccoyi México Coahuila Cuatro Cienegas MZFC-29668 |26.82580556 |-102.0224722 | XXXXX
GCCB3 | Gerrhonotus Gerrhonotus mccoyi México Coahuila Cuatro Cienegas UOGV-1440 |26.91997222 |-102.1147778 | MH18131
GCCB4 | Gerrhonotus Gerrhonotus mccoyi México Coahuila Cuatro Cienegas UOGV-1438 |26.91997222 |-102.1147778 | MH181311
GCCB5 | Gerrhonotus Gerrhonotus mccoyi México Coahuila Cuatro Cienegas UOGV-1439 |26.91997222 |-102.1147778 | MH181312
GCCB6 | Gerrhonotus Gerrhonotus mccoyi México Coahuila Cuatro Cienegas MZFC-29655 |26.91997222 |-102.1147778 | XXXXX
GCCB7 | Gerrhonotus Gerrhonotus mccoyi México Coahuila Cuatro Cienegas MZFC-29656 |26.91997222 |-102.1147778 | XXXXX
GCCB8 | Gerrhonotus Gerrhonotus mccoyi México Coahuila Cuatro Cienegas MZFC-29657 |26.91997222 |-102.1147778 | XXXXX
GCCB9 | Gerrhonotus Gerrhonotus mccoyi México Coahuila Cuatro Cienegas MZFC-29658 |26.91997222 |-102.1147778 | XXXXX
GCCB10 | Gerrhonotus Gerrhonotus mccoyi México Coahuila Cuatro Cienegas MZFC-29659 |26.91997222 |-102.1147778 | XXXXX
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Appendix S3. Technical details on DNA sequencing and sequence edition

DNA extraction, amplification, and sequencing and sequence edition. Total genomic DNA was
extracted from liver, muscle, or shed skins using proteinase K (25 mg/mL in 10 mM Tris-HCI, pH 7.5)
in lysis buffer (100 mM Tris, 5 mM Na:EDTA, 200 mM NacCl, 0.2% SDS) and incubated at 52 °C. Shed
skins often required 2—3 days to fully digest, and an additional 12.5 pl of proteinase K were added every
24 h. Samples were cleansed with two rinses of phenol:chloroform:isoamyl alcohol (25:24:1) followed
by a final rinse of chloroform:isoamyl alcohol (24:1). Additionally, we used the standard protocol from
the commercial extraction kit DNeasy Blood & Tissue Kit (QUIAGEN). All gene regions were
amplified via the polymerase chain reaction (PCR) in a 25 pul reaction volume containing 0.5-1.0 pl
deoxynucleoside triphosphates (ANTPs; 10 mM), 18-19.25 ul double-distilled water, 0.2-0.5 pl each
primer (10 mM), 2.5 pl 1 X PCR buffer, 1.2 mM MgCl. (Fisherbrand, Pittsburgh, PA, USA), 0.15-0.20
pl Tag DNA polymerase (Fisherbrand), and 1.0-1.5 pl template DNA. For mtDNA, DNA was
denatured at 94 °C for 2 min, followed by 38-40 cycles of: 94 °C for 30 s, 48-50 °C for 45 s, and 72 °C
for 45 s. A final extension phase of 72 °C for 7 min terminated the protocol. For nuclear genes, DNA
was denatured at 94 °C for 2.5 min, followed by 38 cycles of: 94 °C for 15 s, 51* °C for 20 s (* where
temperature is reduced by 0.3 degrees each cycle), and 72 °C for 1 min. A final extension phase of 72 °C
for 7 min terminated the protocol. Double-stranded amplified products were checked by electrophoresis
on a 1% agarose gel. PCR products were purified with polyethylene glycol precipitation (Lis, 1980).
DNA templates were sequenced in both directions with the Big Dye Terminator v. 3.1 cycle sequencing
kit (Applied Biosystems, Inc.) and an ABI 3100 automated DNA sequencer (Applied Biosystems, Inc.)
using the amplification primers (Table S3). Sequences were assembled and edited in the Staden Package

v 1.6.0 (Whitwham & Bonfield, 2005).
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Table S3. Primers used in this study.

Primer name Sequence 5' — 3' Gene Group Reference

ND4 CAC CTATGA CTA CCA AAA GCT CAT GTA GAA GC ND4 All Arévalo et al., 1994
LEU CATTACTTTTACTTG GAT TTG CAC CA ND4 All Arévalo et al., 1994
L5238 ACM TGA CAA AAA ATY GC ND2 Storeria De Queiroz et al., 2004
H5382 GTG TGG GCR ATT GAT GA ND2 Storeria De Queiroz et al., 2005
16AR2 CCC GMC TGT TTA CCA AAA ACA ND1 Scincella Reeder, 2003

16DR CTA CGT GAT CTG AGT TCA GAC CGG AG ND1 Scincella Leaché & Reeder, 2002
ND1-INTR2a |GGY TCT TTR RTR ADA GTT THA CNC ND1 Scincella This study
ND1-INTF4a GTR GCM CAA ACM HAT YTC MTA YGA ND1 Scincella This study
ND1-INTR2 CRA AKG GGC CDG CTG CRT AYT CTAC ND1 Scincella Schmitz et al., 2005
TMET TCG GGG TAT GGG CCCRARAGCTT ND1 Scincella Leaché & Reeder (2002)
MKL1 f1 GTG GCA GAG CTG AAG CAR GAR CTG AA MKL1 | Scincella Townsend et al., 2008
MKL1_r2 GCRCTCTKR TTG GTC ACR GTG AGG MKL1 | Scincella Townsend et al., 2008
R35-F GAC TGT GGA YGA YCT GAT CAG TGT GGT GCC R35 Scincella Brandley et al., 2011
R35-R GCC AAA ATG AGS GAG AARCGC TTC TGA GC R35 Scincella Brandley et al., 2011
BDNF-F GAC CAT CCT TTT CCT KAC TAT GGT TAT TTC ATACTT | BDNF | Gerrhonotus | Brandley et al., 2011
BDNF-R CTATCT TCCCCT TTT AAT GGT CAG TGT ACA AAC BDNF | Gerrhonotus | Brandley et al., 2011
PRLR_f1 GAC ARY GAR GAC CAG CAACTRATGCC PRLR Gerrhonotus | Townsend et al., 2008
PRLR_r3 GAC YTT GTGRAC TTC YAC RTA ATC CAT PRLR | Gerrhonotus | Townsend et al., 2008
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Appendix S4. Fossils utilized for the divergence time estimates

Gerrhonotus (Garcia-Vazquez et al., 2018). (1) 99 Ma (Albian-Cenomanian boundary) for the most
recent common ancestor (MRCA) of Anguidae, Aniellidae, and Helodermatidae based on the fossil
helodermatid Primaderma (Nydman, 2000); (2) 70 Ma, latest date for Upper Cretaceous MRCA of
Anguidae and Aniellidae based on the fossil anguid Odaxosaurus (Gilmore, 1928); (3) early Pliocene
(Clarendonian) for the MRCA of Gerrhonotinae based on the fossils “Gerrhonotus” mungerorum

(Holman, 1975; Good, 1988) and Paragerrhonotus ricardensis (Estes, 1963; Good, 1988).

Scincella. (1) 70 Ma, latest date for Upper Cretaceous MRCA of Scincidae based on the fossils
Contogenys and Sauriscus (Estes, 1983; Wiens et al., 2006; Mulcahy et al., 2012); (2) 65 Ma (Upper
Cretaceous) for the MRCA of Xantusidae, Cordylidae and Gerrhosauridae based on the fossil
Konkasaurus (Mulcahy et al., 2012); (3) 151 Ma, inferior Cretaceous (Berriasiense), for the MRCA of

Scincomorpha based on the fossil Sakurasaurus (Brandley et al., 2011).

Storeria. (1) 12-17 Ma (middle Miocene) for the MRCA of Storeria based on the fossil Storeria sp
(Holman, 2000); (2) 93 Ma, Upper Cretaceous (Turoniense), for the MRCA of Boidae and Colubridae
based on the fossil Coniophis (Mulcahy et al., 2012); (3) 130 Ma (early Cretaceous) for the MRCA of

Serpentes based on the fossil Laparentophis defrennei (Pyron, 2010).

Terrapene. (1) 29 Ma, latest date for Upper Oligocene MRCA of Emydinae based on the fossil

Chrysemis antiqua (Crawford et al., 2015); (2) 15 Ma (early Miocene) for the MRCA of Graptemys

based on the fossil Pseudemys idahoensis (Gilmore, 1933); (3) 12.5 Ma, middle Miocene
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(Serravalliense), for the MRCA of Terrapene based on the fossil Terrapene ornata (Spinks & Shaffer,

2009; Martin et al., 2013).
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Appendix S5. Genetic structure within Scincella, Storeria, and Terrapene inferred from Bayesian

analyses of their respective DNA sequence datasets. Black dots represent strongly supported nodes

(Bayesian posterior probability value >0.95).
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Capitulo 11: Garcia-Vazquez, U.O., A. Nieto-Montes de Oca, R.W. Bryson, Jr., W. Schmidt-
Ballardo, y C. J. Pavon-Vazquez. 2018a. Molecular systematics and historical biogeography of the
genus Gerrhonotus (Squamata: Anguidae). Journal of Biogeography, 45:1640-1652. (Articulo de

requisito: Publicado en Journal of Biogeography)
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Abstract

Aim: Multiple geological and climatic events have created geographical or ecological
barriers associated with speciation events, playing a role in biclogical diversification
in Mexico. Here, we evaluate the influence of Meogene geological events and of
Pleistocene climate change in the diversification of the genus Gerrhonotus using
muolecular dating and ancestral area reconstruction.

Location: Mexico and south-central United States.

Methods: A multilocus sequence dataset was generated for 84 individuals of
Gerrhonotus from most Mexican biogeographical provinces and belonging to five:
of the sewen currently recognized species, as well as two putative undescribed
species. Phylogeographical structure was explored using Poisson-Tree-Processes
molecular species delimitation. Divergence events were estimated based on the
fossil record wsing a relawed uncomrelated lognormal cock. Ancestral areas were
estimated at divergence ewents aoross the tree using a probabilistic Bayesian
approach.

Resulis: Extensive geographical structure was evident within three well-supported
dlades. These clades probably diverged from each other in the early to mid-Mio-
cena, and their divergence was followed by six divergences in the late Miocene
and eight divergences in the Pliocene. The ancestral origin of Gerrhonotus with
keeled dorsal scales (keeled-scale Gerrhonotus] was reconstructed to be across
the Pacific Coast Province. Our phylogenetic analyses did not support the mono-
phyly of Gerrhonotus.

Main conclusions: Miocene and Pliocene geomorphology, perhaps in conjunction
with climate change, appears to have induced allopatric divergence on a relatively
small spatial scale in this genus. The late Miocene—Pliocene reduction in the high-
lands along the Tehuantepec fault probably created a large marine embayment that
led to an early divergence in a clade of Gerrhonotus. Our analysis suggests uplifting
of the Trans-Mexican Volcanic Belt during this same time period resulted in addi-
tional diversification. This was followed by more recent, independent colonization
events in the Pliocene from the Mexican Plateau to the Sierra Madre Oriental,
Sierra Madre Occidental, Tamaulipas and Edwards Plateau provinces. A genus Ger-
rhonotus with the keeled-scale species in addition to Coloptychon rhombifer - G.

Journal of Biogeogrophy. 2018;1-13.
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rhombifer) is strongly supported. Inclusion of the smooth dorsal-scale species in the
gems is uncertain and maintained only tentativehy.

KEYWORDS

arncestral ares reconstruction, Coloptychon, diverpenee dating, diversification, Germhonotus,
Isthmus of Tehuarteper, Medoan Platesu, Trans-Meocan Volcaree Belt

1 | INTRODUCTION

IrifesTing the evolutionary history of the proups in 3 partsoular region
is the first step to elucidate the processes by which the fauna of
that region ongnated (Cobston et al. 20131 Multiple phdogecgraph-
ical studies of species with broad distributions in the Mexican Tran-
sition Zone (MTZ) provide an dlustrative case ez Bryson, Pastorini,
Bubrnk, & Forstner, 2007 Ledn-Paniapua, Mavaro-Spieroca,
Hermadndez-Banos, & Morales, 2007, The MTZ is a complex area
where Meotropical and Mearctic biotas overlap, spanreng the region
From the deserts of south-western United States and northern Mex-
ioo to the dry and humid forests of the Micaaguan lowlands (Mor-
rome, 20000

Multiple peological and dimatic events have created peopragphacal
or ecological barriers associated wath speciation events. playing a
role in biological diversification in Mexico [Bryson, Garcia-Vazguez,
& Reddle, 30423; Lecn-Paniagua et al, 3007), but four are consid-
ered of primary importance and hawe received the most atbention
(Bryson. Garoa-VWarguer & Riddie, 2011 Ferrusguia-Villafana &
Gorzalez-Guzman, J005; Vanzolni, 1970). One of these events was
the formation cwer 30 malicn years ago [Ma) of three of the four
major mountain ranges in Mexco [ie. the Sierra Madre Occidental
[SMO)], Seerra Madre Oriental [SME] and Sierra Madre del Sur [SMS]
Fermnsguiz-Vilhfranca & Gonmler-Cuman, 2005). The formation of
the=e mounitains probably pre-dates the origin of most extant spe-
cies [Bryson, Garoa-Vieguez. & Riddle, 2013h). Ancther event was
the formation of the Trans-Meocan Volcarec Belt (TVE) durng the
Meogene, which resubted in major mountain formations that almost
completely subdnaded Mexico. The uphft of these mountains dunng
two magor wolcarss episodes, one around 10-19 Ma snd another
pne around 3-7.5 Ma oeated new peographical bariers and
undoubtedly affected both the timing and tempo of diversification of
the bicta [Anducho-Reyes, Copnato, Hayes, & Zuniga, 3008; Bryson
et al. 201Zh). A third event was the faultng and marine seaway
development acrass the Isthmus of Tehuantepec in southern Mesioo
arcund 3 Ma. The Isthmus is 3 narrow lowland region that has been
typically invwoked as a biogeopraphical barrier for many upland taxa
(Castoe et al, 2009). The kst event was the repeated expansion and
contraction cycles of the coniferous forests dunng Plestocens cli-
matic fluctuabors, whech isclied many populstons of forest-
adapted taxa in refugia keading to spedation (Vanrolini, 19700 A
number of studies heve identified ather magor biogeographical barri-
ers aoross Mexico, such as mver draireges within the mefor siemrss
(Bryson, Murphy, Graham, Lathrop & Lazcano-Willareal, 2011; Bryson

et al. 2007, 2012a, 201Zh; Leon-Paniagua et al., 2007 Yet, the
effectiveness of thess barmiers in isolating Eneapges throughout the
past several millicn years remains unckesr (Bryson et al, 200260

The anguid lizard penus Gerhonohes (Gerhonotnae] is dis-
tributed throughout most of the MTZ (Figure 1. Cumently, seven
species are formally recognized [Banda-Leal, Mevarer-de los Reyes,
& Bryson, 2017). OF these, G. infermalis & the most widely dis-
tributed, coourring from cendral Texss in the USA sowth to Hidalgo,
Mexico, with isolated populations in several parts of northern Mex-
ico (Good, 1994) Gerfonohe Focepholus & distributed from central
Guerrern and central Pushla south and esst o south-esstern Chia-
pas, with an isolated population in the Los Tuxtias mountain ange n
southem YWeracnuz (Good, 1994]. Gerhonohs ophiunes coours from
sowth-esstemn Tamaulipas to central Weraonr, Mesico [(Garois-Padilla
& Wilegzs-Ruiz, 20100 The other four species (G for G hegoi, G
larcanoi and . porvus) have restricted distributions in northem Mex-
ico. Gerrhomotes fugoi & fourd near the Cuatro Cieregas Basin (CCH],
Coahuila, and into adjscent Mueve Leon; G porvus and G larcanoi
range across cenbral Muevo Leon, and G. favri is known only from a
small region of Tamaulipas ([Banda-Leal et al., 2017 In addition o
these seven species, the existence of two undescribed species bos
been sugpested. Good [19794) tentatively assigned populations from
western Mexico (Sinaloa, Colma and Jaliscol to & Gocephahs. but
suppested that they could represent one or more distinect speoes.
Camtuglia, Anessi, Bezerra, Ganoa, ard Flores-Wilksla (3010 found sup-
part for the specific status of the populations from Jalisco in a phy-
logenetic analysis based on matochondrial DNA  [(mtDNA] data
Similarly, Contreras-Arquieta (1989) sugzested that the population of
Gerrhonotus in the vicnity of the CCB represented a new subspecies
of G hocephaius. However, examination of several specimens of Ger-
rhonotus from the CCB and the surrounding mountains suggests that
thizs population actuslly repressnts 2 distinct, undesoribed  species
Garda-Virguer et sl submitted). Howewer, both of these putative
species remain undesoribed. Good (1994) and Pyron. Burbeink, and
Wiens (2013] performed phyvlopenetc znalyses that included some,
but not all, of the ourrently recogrized species of Gervhonotus. Al=o,
the ktter authors found that Coloptychon, an enigmatic alligator
lizard from Middle America. is nested withan Gerrhonotus. Thus, the
moraphyly of Gerrhonotus B uncertain

I this study_ the phydopenetic relatiorships of Gerrhonotus were
described in order to evaluate the role of the major crogenic events
and Plestocene dimatic fluctuatiors on linesge diversficatson. Sam-
ples of five of the seven recogrized and the two putstive unde-
seribed species of Gerrhonotus were included. One mtochondrial and
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two nuclear loci were sequenced. Phylogeographical structure was
inferred and 3 time-cafibrated species tree estimated from these
data Finally, ancestral ranges at each divergence event were recon-
structed. The resulting patterns of diversification are discussed
in the context of mountan building and Pleistocene dimatic
fluctuations.

2 | MATERIALS AND METHODS

21 | Taxon sampling and laboratory methods

Eighty six individuals of Gerrhonotus were collected from throughout
the distribution of the penus (Figure 1 see Appendix S1). Our sam-
plng spans most of the geographical distributions of the currently
recognized species with the exception of G. forn and G. lazcanci, two
species known cach only from the holotype. Samples of the two
putative undescribed species from western Mexico and CCB also
were included. To time calibrate our phylogenetic tree, sequences

from seven other anguid genera and their closest relatives within
Angummorpha were included {Pyron et al, 2013: Appendix 51). Par-
tial sequences of the mitochondnal gene coding for the NADH dehy-
drogenase subunit 4 (NDS). complete sequences of the genes coding
for the tRNA-His and tRNA-Ser, and partial sequences of the gene
coding for tRNA-Leu were obtained for a total of 980 base pairs
(bp) for Al of the 86 mdividuals of Gerrhonotis and outgroups. Two
nuclear lod also were sequenced for 3 subset of the specimens
(n = 46] representing the main lincages inferred from our mtDNA
dataset (see bedow), including 720 bp of the gene coding for the
brain-derived neurotropic factor (BONF) and 627 bp of the gene
coding for the profactin receptor (PRLR). Loci were selected because
they have been previously shown to be informative at different
levels of divergence within anguid fzards (Bryson & Riddle, 2012;
Vidal et al. 2012). Primer sequences for ND4 are given in Arévalo,
Dawvis, and Sites {1994), and for BONF and PRLR in Towrsend, Ale-
gre. Kelley, Wiens, and Reeder (2008). See Appendix S2 for technical
detads on DNA sequencing and sequence edition.
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2.2 | miDMA phylogenetic inference

The full miDMNA datzset (0 = 100, induding cuteroups) was analysed
to sunvey range-wide genetic struchure and delineate geographically
cohesive lineages (see below)]. The mitDMA phviopery was infered
wsing Bayesian inference and maximum likelihood (ML) phylopenetic
meethods. For both methods, partitioned analyses were carried out to
improwe phhiopgenstc sccuracy. The best-fittng substibution models
and partitsoning schemes were selected pointly wsing the Bayesian
Information Critericn i the software Pagymosrsices 111 [Lanfear,
Calcott, Ho, & Guindor, 2017]. Bayesizn inference anabyses wens
conducted using MeBsyes 1.21 (Ronguist et al, 2017 Four runs
were conducted wsing the “reuns = 4" command, each with three
heated and one codd Markow chains with sampling every 100 genera-
tiors for 40 milion generations. Culput parameters were visualized
wsing Tesces 1.4 [Rambaut & Drummond, 2007) to ascertain station-
arity amd convergence. The first 25% of the pererafions wene dis-
carded as buwmrin. Maximom Eelhood analyses were conducted
using Rl 726 (Stamatakis. 2008] under the GTRCAT model,
with 1.000 norparametnc bootstrap replicates to assess nodal sup-
port. Nodes were comsidered strongly supported if their Bayesian
posterior probabilty was =095 and their bootstrap value wees >70%
[Husdserbeck & Rannala, 2004)

23 | Phylogeographical estimation

Poizson-Tree-Processes molecular speces delimtation (PTP; Zhang,
Kaplh, Pawlides, & Stamatakis, 2013) was wsed to delineate peretically
detinct peopraphical dusters of samples (henceforth “lineages”). FTP
was used because this approach does not reguire ultrametrization of
trees (and fx associabed bizses) showing more obustness o
changes in the dected phylogenetic reconstruction method (Tang,
Humphireys, Fontaneto, & Barackugh, 2014; Thang et al, 3043 In
the PTP model, speciation or banching everts are modelled in terms
of the number of substitutions frepresented by branch lenptha)l o it
only requires a phylogenetic input tree. Although this method & a
useful tool for identifving structured phvlogeographical lineages,
dverpence by itself is not evidence of speciation. and therefore
chizaning speces hypotheses only with molecular eviderce and
geretic methods n overestimate the rumber of species, consader-
ing diverpent populatiors as different lineages (Tang et al, 2014).
The delimi#ation of species must be camied using ntegratiee
approaches. including bicinformatics. gemetic and meorphological
aspects. The lack of any of thess smpects imples biases in the gener-
ation of hypotheses of the number of species proposed (Pyron,
Hsieh, Lemmaon, Lemmon, & Hendry, 2016). Becase obtzamning other
types of evidence for integrative species delimitation in Gerfonatus
is beyond the poals of this study. speces delimitabon was not fur-
ther pursued. The PTP analysis was conducted on the Web server of
the Exelods Lab [bitpe! /species h-its.org/ ptps’). & mesimum Fkelihood
tree was used as mput. This tree was estimated as above but with a
reduced number of termanals (n = §11 as PTP tends to owerestimate
the rumber of recopnized species when there is an uneven sampling

of individuzls per species Thang =t al, 20130 Thas, sl ideriscal
sequences were first removed and the PTP arclysis then ran for
200,000 MCMC generatiores with a thirming vahe of 100 and bum-
in of 25%. Qutgroups were removed to improve species delimitation
[Cottontail et al., 2014)

Stronply supported clusters concoedant with peopraphy and pro-
posed as distinet species by PTP were each considered as 3 distinct
“lineage" Howewer, when seweral chusters proposed as destinct spe-
cies by PTP comprized a strongly supported. morphodogically homo-
pericpus clade distributesd in the ssme biopeographical regior, the
clade was consdered az 3 single lineage. Single diverpert samples
from umique peopraphical areas also were referred to as lineages
when they were recopnzed as distinct, evolutionary independent
from other samples by the PTP model and represented apparenthy
isolated populations.

24 | Divergence time estimates

Testing temnporal aspects of biopeographical hypotheses reguires a
time-calibrabed phylogeny (Cobston et al. 3013} To thes end, diver-
gence times and phylogeny were estimated simultanecusly using a
relawed Bayesian molecular clock framework implemerted in Beest
141 (Drummond & Rambeut, 2007). Because of potential problems
associated with model paramester variance across heteropensous dats-
st (Guiher & Burbrnk, 200B] and to capfure penetic diversity in other
lewels but reduce computational burden and sequencng costs, 1-2 indi-
widuals were selected from each currently recogriced species or phivio-
peopraphical lineage inferred from the mitDNA dstaset (n = 43) and
two ruclesr perees sequenced for this reduced datsset (see abowe].

To estimate divergence times, our mulioos dataset was used
with 2 relawed uncosrelated ognormal diock and node consbraints
obtained from the fossil record with lognormal distributsors to esti-
mate dverpence dates throughout the tree. The same pastition strag-
egy mpleme=nted in the phyiopenetic anclyses (se= above) was wsed,
except for the addition of 3 separate parttion for esch ruclear pene.
Three fossil calibration points of Anguids and relates groups were
used. See Appendix 52 for technical details on calibration points.

Analyses were run for 40 millon generations, samoles wers
retained every 1000 generations and a Yule tree pricr was specified.
Results were desplayed m Tracers 15 to confirm accepiable moong
and likelihood stationarity of the Markow chain Monte Carda (MCMC)
analyses, approprioie bum-in and sdequate effective sample sizes
(=200 for each estimated parameterl After discarding the first four
million penerations (10%) as bum-in, parameter values of the wm-
ples from the posterior were summanzed on the moximum dads
credibdlity tree wsing Tesfusoratoe 148 (Drummond & Rambaut,
2007 with the posterior probabiity limit set to 0.1 and mean node
hesghts summarnized.

25 | Ancestral area reconstruction

The ancestral range st each divergencs ewent was reconsbructed
binary Markow chaan b Cardo arcbysis [EEM) ==

i [
UsIng By
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implemented in Rea= 2.2 (Y Harris, Blir, & He, 2015) This propram
determines the probability of an ancestral range 3t & node by awver-
aging over s posterior set of trees, thereby sccounging for phviope-
retic uncertainty [Bryson. Sswary. & Prendini, 2043). A total of
36000 pest-burn-in trees were loaded from the divergence time
arakyses into Rasp. Each sample from the phyviogeny was assipned to
one of the following nine terminad biogecgraphical provinces and
Morth American berrestrial ecoregions  [Momone,  J005; Wiken,
Fmenez-Mava, & Griffith, 2011} (1) Mewican Plateaw (MPy (2] Gulf
of Mexico [GME (1) Pacific Cosst [PCE (4) Sierra Madre Oriertal
[SMEL (5] Serra Madre Ocodental (SMOL (&) Sierra Madre del Sur
[SMSE [7) Tamaulipas (TAME (5] Trans-Medcan Volcarne Belt [TVE]
and %) Edwards Plateau (EP). The probazhilities for nodes in the phy-
logeny were estimated. The anabyses were conducted for 1 million
penerations with szmpling every 100 using 10 chains. The fist 25%
of generations were discarded as bum-n.

3 | RESULTS

31 | mtDMA phylogenetic inference

The final dataset consisted of 980 alipred rucleotide positions. The
partitions and models that best fit the dsta were 2z folows: NDJd
first position and tRMAs, TrM=G; ND4 second paosition, HKY<1; and
MDA third peasticn, TG A s=quences were deposited i Gen-
Bank (Appendix 51)1 ML and Bayesian inference analyses resulted in
highly congruent phylogenetic trees with most clades strongly sup-
ported [Fipure 2. The recovered relatiorships betessen the penera
of Anguinae were i agreement with recently published phvlogerses
(=g Pyron et al, 2013), thershy prowsding a sobd platform for diver-
pence datng snabysis.

Our phylogenetic arnslyses did mot support the monophyly of
Gerrhonotus [Figure 2 Gerbonotes gol was the sister taxon to Ban-
sig although this relationship was not strongly supported], and the
strongly supported group with the remaining species of Gerrhanotus
wat paraphyietic with respect to Coloptychon, while G. parvee was
strongly supported 2= siber tzoon to the latter species and Cologply-
chon. Except for G infernalis, which was paraphyletic with respect to
G “CCE." all of the spedes of Gerhomnohes were monophyletic. Fur-
thermore. G infernalis, G ophiunes and G. locephahs each contained
zeveral sirongly supported, peographically delimited reages ndud-
ing =ngletons)

32 | Phylogeographical estimation

Gerrhonotus lupoi was ewcluded from the PTP arclyses because of its
uncertzan phylogenetic relatiornships. The semples of Coloptychon and
G porvus alo were exduded after preiminary anabyses including
them resulbed in evident over-splitting. likely due o their sigrificank
divergence and long-branch  attraction. Thus, the arclsis wes
forused on the group of keeled-scale Gerrhonotus [“core™ Garrhono-
tus]l In addition. the ssmples of G liscephalus from the TVE and
ShAS, which were estimated to comprise three distinct, evolutionary

Eogeegraphy

midependent dusters by the PTP model, were consdered as @ single
irespe because these chesters comprised a strongly supportesd, mor-
phologically homogeneous clede and were destibuted in the same
biogeographical regicrs, yet were not seprepated by region (e two
of the custers were distributed both in TVE and SM5, and were nok
sister tauon to each other).

Within the group of keeled-scale Gerhonotus, extensive peo-
graphical structure was evident within three well-supported major
clades [Figure 7. One dade compreed all populstsons of G nder-
nalfis, G ophiune and the putative undescribed species from CCE.
The second cade comesponded to G ocephabs. and the third
clade to the populatiors of the putatve undescribed species from
western Mexico. Evolutionary independent clusters estimated by
the PTP model were largely concordant with peopraphy (e indi-
widuals from regiors @ cdose pecgraphical prosimity  eenerzlly
formed monophvietic proups] (Figure 3). Al of the haplotypes from
the PC north from Guerrero comprised a clade (clade |, Figure 20
Although the PTP model recognized three evolutionary independent
clusters within this dade, the clade was corsidered as a single lin-
eape because it was strongly supported. morpholopically homoge-
necus (e, all the specimens hawe 8-9 dorsal crossbands and dark
bars on the |aberal fold) and restricted to the =cologcally homoge-
necus PO Thus, on the bass of these samples and corsistert with
previows research [Good, 1984), the PC Bneape was considersd to
represerit 3 snple undescribed speces, hereafter referred to s G
“western.”

Samples of G ophiuns comprised three strongly supported main
lirespes recopnized 2= detnct speces by PTP (Fipures 2 & 3). One
irexpe nchuded the haplotypes from southerm SME (L wheress twa
lirespes contsined the haplotypes from the GM: one was composed
of haplotypes from exctremie sowth-eastern Smn Luis Potosi, adjacent
Hidalpo amd cembral Weraonuz (I}, whereas the other one cortsined
haplotypes from contral Versornur and the Los Tustls region in
southern Veracruz (V) Previously, the population from Los Tuetlas
wars assignied to G locephalus by Good (19%4) on the basis of exter-
nal morphology. Although this zssierment is in conflict weth our
results, the phenotype of our specsmen = corsistert wath that of
other populations of G. ophivrus je.g. in the possession of a canthalo-
real and 10 dorsal crossbands on the bodyl, which supports its
assigriment to this taxon. The PTP model recognized 12 evolutionary
mdependent Bneapes withen G infermali. In two cazes, however, teo
or more lineages proposed by the PTP moded formed a sbrongly sup-
ported, morpholopically homogeneous clade and were distributed in
the same bopeographical province with no evident peographical bar-
riers between them. One case imvolved the haplotypes from south-
en MP (Jineage [X, Fipures 2 & 3], which were estmated to
represent theee distinct ineages in the Sesra Gorda region by the
PTP model. The second e imvolved four samples sstimated to rep-
resent fwo distinct lineages by the PTP model (Eneage VL Figures 2
& T despite all ssmples being distrbuted in the TAM and separabed
from =ach other by less than 80 ko Based on this, for the purposes
of owr bispeocgraphical mterpretation only nire ireages withan the
wiadespread G, infermalis  were recogrized.  These nine  distanct,
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FIGURE 2 Genetic structure within Gerrhonotus inferred from a maximum kefibood analysis of the mitochondrial DNA dataset. Black dots
represent strongly supported nodes (bootstrap value >70; Bayesian posterior probabdity value =0.95). Numbers at other nodes are boostrap/
Bayesian posterior probability values. Vertical lines accompansed by roman numerals comrespond to the penetically distinct. peographically
cohesive lineages delimited by the Posson-Tree-Processes model Samples in boldface are samples used in the multilocus dataset analysis

w G OCRT (VI ® G infermati MP (.
® G weten ICH) W G infermsatis MPXD)
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FIGURE 3 Dastribution of the genetically distinct, geographically cohesive ineages defimited by Poisson-Tree-Processes model. Inset: Tree
of the matemal gensalogy based on Bayesian nference and maximum kelihood analyses. The asterisks represent strongly supported

nodes (bootstrap value >70 and/or Bayesian posterior probability value »0.95). Selected incages are collapsed for clarity. B8, Balsas Basax EP,
Edwards Plateaw: GM, Gulf of Mexico; MP, Mexican Plateau; PC, Pacfic Coast: Plo, Pliccene; SME. Sierra Madre Oriental; SMO, Sierra Madre

Occidentat SMS, Sierra Madre del Sur; TAM, Tamaulipas; TVE. Trans-Mexican Volcanic Belt

(Figures 2 & 3). The first and northernmost clade induded three lin-
eages: one from the EP (V) another one from the TAM (V1) and the
other one from Sierra La Madera in central MP (VII). This clade also
included the population from CCB in Coahuila (VMl), also recognized
by the PTP analysis s an independent lineage hereafter referred to
as G, "CCB." The second major clade included four lineages: one
from southern MP (IX). one from Sierra Jimuko n central MP (X),
one from Sierra La Madera in central MP (XI) and 2 singleton from
Durango in the SMO (XIl). The remaining major clade included two
lineages, the first one from the SME (XII) and the second one from
the MP (XIV).

The samples of G. focephalus were estimated to represent five
evolutionary independent clusters by the PTP moddl However, the
three clusters from the TVB and SMS were considered as a single
ples from Oaxaca-Chispas in PC east of the Isthmus of Tehuantepec
(XV1), and 3 single sample from the Mixe region. Oxaca, in PC west
of the Isthmus of Tehuantepec (XVIIL.

3.3|Dlvergenoetines

Complete genetic data could not be obtained for three samples used
n our mutilocus analysis (Appendix S1) Specfically. PRLR sequences
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could not be obtained from Coloptychon rhombifer, Barisia imbricata
and Abronia; thus, these samples were represented only by the
mtDNA + BONF data. The best-fitting models of sequence evolution
for the data partitions were 25 follows: HKY + G for the first codon
position of ND4, GTR + G = | for the second and third codon posi-
tiors of ND4, TN + G for PRLR and JC + G for BDNF.

The multiiocus analysis produced a phylogenetic reconstruction for
Gerrhonotus with moderate resolution and nodal support (78% of
nodes with PP = 0.95). The fossil-calibrated tree suggested that diver-
sification in Gerrhonatus probably began in the late Ofigocens 27 Ma
{Figure 4) with a basal divergence between G panus and its sister
group, inchuding Coloptychon. Several divergences appear to have fol-
lowed in the Miocene, including the divergences between Coloptychon
and the speces of core Gerrhonotus (20.8 Ma) and between G. “west-
em” and the other keded-scale species (19.5 Ma) in the early Mio-
cene, and five splits within the G. ophiurus + G. infernabis dade and one
within the G. focephalus diade in the mid- to late Miocene. Our esti-
mates placed the remaining divergences within the PSocene (Figure 4)

34 | Historical biogeography

To assess the historical biogeography of the genus. the ancestral area
divergence time estimates from the BEAST analysss of the multilocus
dataset. Exduding G. hgoi, G. parvus and C. rhombifer {see Discussion],
the Rasp analysis supported the assessment that the divers#ication of

core Gerrhonotus likely began in the early Msocene in an ancestor dis-
tributed across the PC approximately 208 Ma An initial divergence
occured wathin this ancestor approximately 19.5 Ma that separated
the lineage from western Mexico from the MRCA of the other core
Gerrhonotus. Subsequently, due to a second divergence within the st
ancestor spproximately 16.2 Ma, 2 southem and a northem clades
emerged (Figures 4 & 5). The southern dade, distributed across the
PC, SMS, Balksas Basin and eastern TVB. spiit between 2 and 11.5 Ma
into three lineages of G. liocephalus (eastern Isthmus [XVH], western
Isthmus [XV1] and SMS-TVE [XV]). Afterwards, in an important disper-
sal event, the MRCA of G. ophiunus, G. infemaits and G. "CCB* became
widespread in the GM and MP during the mid-Miocene (11.7-
13.4 Ma}. This was followed by two vicanant events that occurred in
the GM and MP during the bte Miocene. The northern dade, dis-
tributed across the MP, SME, SMO, TAM, GM and EP. split between 2
and 117 Ma into three neages of G. ophiunus, nine ineages of G
infernalis, and G. *CCB" Divergences within these regional clades
appear to have happened during distinct temporal periods, inchiding
five recent events of colonization.

4 | DISCUSSION

4.1 | Historical biogeography

Based on our results, it appears that aligator lizards of the genus
Gerrhonotus have had a relatively long history in the Mexican
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FIGURE 4 Dwergence time estimates for Gerrhonotus estimated from the multilocus dataset using BEAST. Bars indicate 95% highest
pasterior densities of divergence dates, with mean estimates in milions of years ago {Ma) given at nodes. Nodes with black dots are wel-
supported nodes. and numbers at other nodes are Bayesian posterior probability values. EP, Edwards Plateau; GM, Gu¥ of Mexico; MP,
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TAM, Tamaulipas; TVB, Trans-Mexican Volcanic Belt
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FIGURE 5 Left: Dated multiiocus pinlogeny for Gerrhonotus, showing ancestral area reconstructions. Sample localities are colour-coded to
match the colours of the biogeographical regions in the inset box. Right: Geographical distribution of the Bneages deimited by the Poisson-

Tree-Processes model. The continuous lines and indicate i

tations of historical events that affected diversification, representing

vicariance and dispersion events, respectively. 1 = kthmus of Tehuantepec, 2 ~ Trans-Mexican Volcanic Belt, 3 ~ Cemitos-Arista/Saladan
barriers, 4 = Rio Grande. Abbreviations for biogeographical regions are as follows: EP, Edwards Plateau; GM, Gu¥ of Mexico; MP, Mexican
Plateau; PC, Pacific Coast: SME, Sierra Madre Oriental; SMO, Sierra Madre Occidentak SMS, Seerra Madre ded Sur; TAM, Tamaulipas: TVB,

Trans-Mexcan Volcanic Belt

territory. In G. Aocephalus, the northermost phylogroup consists of
relatively undifferentiated samples from the SMS and TVB (neage
XV). These two mountain ranges are separated by the Bakas Basin,
an arid lowland depression that formed in the Pliocene and Pleis-
tocene in resporse to the uplfting of the TVB (Bryson, Murphy,
et al, 2011). The Bakas Basin is 3 wel-known barrier to gene flow
in other taxa (Navamo-Siguenza, Peterson, Nyan, Garcia-Deras, &
Garoa-Maoreno, 2008) and the lack of genetic structuning in fneage
XV could seem surprising. However, G. liocephalss inhabits 3 wide
range of habitats Induding pine forest, cak forest 3nd desert scrub)
and is distributed in the Baksas Basin between the SMS and TVE
(Castro-Frarco & Bustos, 2003). On the other hand, the southem
phylogroup of G. liocephalus spiit in the late Miocene-early Piocene
into lineages XVI and XVIl west and east of the Isthmus of Tehuan-
tepec. respectively. Geological evidence suggests that from the late
Msacene and through the late Pliocene an extensive subsidence of
the eastern bloc along the Tehuantepec fault resulted n 2 massive
reduction n the highlands and probably created 2 Grge manne
embayment (Bammier, Velasquillo, Chavez, & Gauon, 1998; Daza, Cas-
toe, & Parkinson, 2010). Although it seems that most of the diver-
gence events n the lsthmus occurred during the Pliocene-
Pleistocene (Castoe et al. 2009) Daza et & (2010) found 3 more
ancient divergence in rattiesnakes, suggesting that a different geo-
logical/climatic event at the end of the Miocene [ep. vegetation

shifts; Cerling et al, 1997) may have been responsible for divergence
in this group. The spiit between the lineages cast and west of the
Isthmus in the late Miccene (5-6 Ma) in Gerrhonotus is consistent
with the atter hypothess and with the formation of a savanna-like
valley approximately 224 m above sea level and some 250 km wade
3t its narrowest point during the Miocene (ca. 6 Ma; Bamier et al,
1999).

The divergence between the southem and northem lineages of
G. ophiurus (IV and Il and i, respectively) in the te Miocene (8.4
10.2 Ma) coincides with the primary development of the TVE in the
Lte Miocene ca. 7-19 Ma (Rosas-Biguera et al., 20030 This spit is
spatialy and temporally consstent with estimated inter-specific
divergence dates in co-distributed taxa (Mexican jays. 4.4-9.4 Ma,
McCormack, Peterson, Bonaccorso, & Smith. 2008 montane rat-
tlesnakes, 5 8 Ma, Bryson, Garcia-Vizquez, et al, 2011; and gopher-
snakes, 5-8.6 Ma,. Bryson, Murphy, et al, 2011). A recent revision of
the past two decades of research on the origin of the TVB (Gamez-
Tuena, Orozco-Esquivel & Femari, 2007) suggests that four major
valcanic episodes during the Neogene formed maost of the range
One of these episodes around 10-19 Ma resulted in the nsing of
mountain formations that almost completely subdivided the east por-
tion of Mexico (Bryson et al., 20123). These shared temporal diver-
gences suggest uplifting of the TVE in the Iste Miocene broadly
mpacted 3 variety of taxa (Bryson et al, 20128). The posterior
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dvergence between the northern GM [Jl] and SME (I lineages of G.
ophivrus during the early Pliocene could be facilitated by the devel-
opment of any of several hypothesized filter boriers [Morafka,
1977), such 2= the Rio Parwco basan [Anducho-Reyes et al, 2008
and Cerritos-Arista and Saladan Filter Barmers (Bryson, Garcia-
Warguez, et al. 2011) On the other hand, given non-identical En-
eapge ramges, soft allopstry through ecolopical vicarance may also
explain these distrbutions (Pyron & Burbrink, 20004 In addition. the
peographical structure of the populations of G ophiurus in southem
SME suppests the existence of two Fnesges in this province that are
separated by the Cerritos-fnsta’Saladan barriers, regions character-
ized by the absence of temperate vepetation (Morafka, 1977) and
corsidered of great influence in the deversification of several co-des-
tributed taxa (Bryson, Garcia-Virquer, et al, 3011, McComack
et al, 2008). The potentizlly distinct Breage north of these bamriers
is represented by the haplotypes of G ophiuns from southem
Tamaulipas: however, the spht was not proposed by PTP.

The ancestral area reconsbruction sugrests the dispersal to and
colonization of the MP by the ancestor of G infernals and G “OCB"
durng the it Miocens (9.5-11.1 Ma), perhaps triggered by chang-
ing ecosystems associated with wetter dimate (Bryson, Garcia-
WVarguez, et al. 2011: Retallack, J001). Under this scenano, geologi-
cal barmers limiting Fresge distributiors and expliineng the diversifi-
cation within MP may not be evidert, but 3t lesst one of thess
events may have been caused by allopatnc frapmentation associated
with the expansion of pire-oak woodlands aoross the Mexican Pla-
teaw during the Pleistocens glacial periods (Bryson et al. 20131 The
confinement of the distrbution of G infermalis to MP & congruent
with regicnal penetic groups seen in other highland taxa. These peo-
graphically overapping linesges suppest similar responses to bamriers
acrass this region. However, the distributions of the sister lineages
of these MP Eneages vary, suggesting that the MP is acoumulating
lineages from peographscally different souwrces n different tasa (Bry-
son ef al, 2013a) On the other hand, estimated dates of divergence
vary across neapes in different studies, ranging from the Miocene
to the Pleistocene. This sugpests that deep canyons that bisect these
mountzins and low-elevation xeric habitats may be acting as over-
looked filber barriers that promote diversification through time
[Wiens, 200d]. Owr archysis suppests o first split in the late Miocens
(94104 Ma). The formation of the Ceritos-Arista and Saladan Fil-
ter Bariers may hawe sipnificantly affected the biogecgraphy of G.
infernalis. These lowland bamiers essentially bisect the Sierra Madre
Oriertal mear central San Luis Potos and cosrespond to the penetic
break between southem lineages m MP X and XIV) and the rests of
the Ereages (Figure 51 A peopraphically similar genetic break ooours
within the Sceloporus jarrowvii group (Wiers & Penkrot, 2002), Lampro-
peltis [Bryson et al. 3007) and plants of the penus Leucophyliem
|Gandara & Sosa, 2014).

Im addition. the ancestral area recorsbruction for G infermalis sup-
pests recent, independert colonizstion =vents from the MP: 3 first
everit (3.5 68 Ma) to the TAM (V1) and a posterior colonization
(27-41 Ma) to the SMO (X) and SME ML The ancestral area
recorstruction akso suggests 3 dispersal event to the EP (W) from MP

[22 47 Maf however, Gustavson [1991) found evidence that the
Rio Grande began its current southen drainage at the end of the
Phocens, conpruent with the =plit of G SCCB™ (VI and the EP [n-
eage (W) of G indermalis (32-4 7 Ma), which sugpests 3 vicariant
event Gerhonotus “CCE” is only lnown from the shores of several
small lagoons in the CBB (Garcia-Varguer et al., submitted]). Thes
region represents 3 relict rone where phovial pericds during or
immediately following the Pleistocene apparently caused a gradual
withdrawal of the eastern border of the Chihuahuan Desert, which
permitted the colorization of a3 more mesic-sdapted linesge from the
east (Milstezd, 19600 Most of these colonists presumahly pershed
with the retum of desert conditions. but some lineages jeg G
“CCE") remained as relicts clingng to a precanouws existence around
oxses. Finally, the remaining diverpences bebtween the neages of
Gerrhonotus i the MP began during the eardy Pliocers ard consader-
ably precede the Wisconsinan pluvial period. Thus, with the excep-
tion of G "00R" the latest Plembtocene glcial pericd does not
appear to have besn 3 factor in the orignation of the extant ineage
diversity or in the shaping of among-lineage peographical distribu-
tion, contrary to traditional viewes for mammals (Findley, 19469, other
mon-avian reptiles (Morafia, 1977) and bards (Hubbard, 1973) from
the Sormoran and Chibuahuan repioral deserts [Riddle, Hafrer, &
Mesander, 000, Additional phylopeographical studies of highland
taxa with wide distributions aooss Mewico ard subssquent analyses
within a comparative framework are needed to bebber elucidate
idicsyTicratic versus peneral processes promoting linesge deversifica-
tion aooss the MP and Mexican highlands (Bryson, Garcia-Vasguez,
et al. 2011L

42 | Composition of Germhonotus

The composition of Gerrhonotus and the phylogenetic placement of
G lugoi. G. parees and Coloptychon have been contentious for several
decades (Bryson & Graham, 2010 Pyron et al, 2013). Our analyses
phce G lugoi as either sister to Borwa [Figure 3) or 2= an early
diverging member of Gerhonotus  (Figure 4), suggesting  that
the placement of G. got within Gerhonohes s guestionable. On the
other hand, in cur analyses G ponae wes the sister tswon to
the core Gerrhonotus and Coloptychon, slthough this relaBonship waes
ot always sbrongly supported. In previcus studies, G, porvus also
has been recovered as the sister tzmon to core Germhonotus (Conroy,
Bryzon, Lazcano, & Knight, 2005) or to core Gevrhonotus and Colop-
tpchon (Pyron et al, 2003) In additior, in owr study Coloptychon and
the core Gerrhonotus always formed a strongly supported dade
encledve of the smooth-scale Gerhonoties In the last published spe-
cies-level phvlogery of Squamatas, Coloptychon abo was nested
within Cerrhonotus [Pyron et al, 2013 and this plecement was
strongly supported.

Betainirg Colophychon would require the phvdopenstic plhoement
of Colopdychon as sister to core Gerrhonotus, a position weakdy sup-
ported i ocur analyses. In addition, it would require srecting one
new penus for G pones. Transferring Cofoptychon into (errhonotus,
thus restoring the binomen Gerrhonotus rhombifer, is cormidersd
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herein 2 better dedsion. However, placement of G lugoi G. panas,
G fart and G. larcanoi is problematicat G. lugoi never formed a clade
with G. porvus or other Gerrhonotus, and s phylogenebc position
was weakly supported @ all the analyses; the posison of G parvus
3z sizter tzwon of the core Gerhonotus znd Coloptychon was not
always strongly supporbed, and G. loxconol and G forni could not be
included = this study. Furthermore, all of these species exhibit a
unigue set of morpholopical dharacters that are not present n the
other speces of Gerhonotus ep smooth dorsal scales, rostral-nasal
contact and suprancasks camtholoresls contact; Bryson & Graham,
20101 Given the presert uncertsanty reparding the phyiopermetic
relatiorehips of G forn, G lazcanoi, G. lwgod and G. panae, they are
kept herein in the gerus Gerrhonotus, but this placement must be
regarded zs tentatve. Cearty, future research wath more extersive
sampling of koo and taxa, mduding G famrm and G larcanoi, is needed
to betber ascertain the composition of the penus and the pinvloge-
reetic positiors of the smooth-scale Germhonotus.

Samilarly, the paraphyly of G. infermaks, in addition o the exis-
terce of seweral strongly supported, peopraphically delemited, ard
sometimes moderately divergent Eneages within G infernaks. G, bo-
cephalus and G. ophiunss suggest that exch of these taka may be
composed of multiple evolutionary independent lineages or species.
An integrative speces delmitation study of the keeled-scale Ger-
rhonotus is needed to determine the number of evolutioniary inde-
pendent Eneapes in the dade.

5 | COMCLUSIONS

Buopeographical studies se=k to explean the distributions of speces
in terms of histoncal factors and contemporary ecology. The e
Geyrhonotus has proven to be an insighitful model for studyving these
factors in a widdy distributed proup. Extreme cdimatic csollations
during the Pleistocene, 3 key dower of diversification betwessn lin-
eapes i some taxka (Leor-Panisgua et al, 20070 do not sppear to
hawve substartially affected diversificstion in Gerrhonotus. Irstead,
Miocene and Pliocere gromombology, perhaps in conjunction with
climate change, appears to have mnduced allopatric divergence on a
relatively small spatial scale in this penus. There is strong support for
a ponus Gerrhonotus composed of the keeled-scalle species in the
penus i addition to Coloptychon rhombifer [= G. rhombifer], whereas
inclusion of the smooth-scale Gerhonotus into the penus should be
regarded as fentative. Gerhonodus infernalis, G Focephalus and G
ophiune may each be composed of multiple evolutionzry indepen-
dent Eneages.
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Tuk ANGUID lizard genus Gerrhonotus Wiegmann 1525 is a
icuons ent of the herpetofunna of south-central
United States and Mexico. The genus is churacterized by the
loss of at lewst one scale in the canthalloreal series and the
possession of five or fewer temporals per vertical row, 10-14
longitudinal rows of ventrals, four large and one small pairs
of chinshiclds, and o light-on-dark dorsal cross-banding
pattern (Good 1988: Garcfa-Vizguez et al. 2018). Currently,
eight species of Gerrhonotus are formally recognized. Good
(1994), in a comprehensive study of species limits in the
genus, recognized four species: Gerrhonotus Tugoi McCoy
1970 distributed in the Sierra de San Marcos v Pinos and
Sierra de la Madera mountain surrounding  the
Cuatro Ciénegus Basin (CCB) in central Coahuila, Mexico,
and an isolated population in central Nuevo Ledn (Garefa-
Vizquez et al. 2016); G. infernalis Baird 1558 distributed
from central and west-central Texas, USA, south to central
Hidulgo, Mexico, with isolated populations in south-central
Chihuahus and adjacent Durango and southwestern Coa-
huila and adjacent Durango (Good 19894; Ramirez-Bautista
ctal. 2010%; G. liocephalis Wiegmann 1525 distributed from
central Guerrero and central Puebla south and east to
sontheastern Chiapas, with an isolated population in the Les
Tuxtlas mountuin range in southem Vereruz and G
ophiures Cope 1867 distributed from southeastern San Lais
Potosi and southeastern Tamuulipas (Garcia-Padilla and
Villegas- Ruiz 2010) southeast to central Veracmz, Mexico. In
addition, G. parvus Knight und Scudday 1985 was deseribed
from the Sierra Mudre Oriental in west-central Nuevo Leon.
This species was subsequently trunsferred 1o the genus
Elgaria Gray 1838 by Smith (1956) and then placed back
into Gerrlionotus by Conrov et al. (2005). Bryson and
Graham (2010) described G. forri Bryson and Graham 2010,
and Banda-Leal ef al. (2017) described G. Jazcanoi Banda-
Leal, Nevirez-de los Reyes und Bryson 2017, both from the

4+ CORRESPONDENCE: e-mail, ansetomontesdeocalime com

Sierra Madre Oriental of extreme soutlwestern Tamaulipas
and central Nuevo Ledn, r ively. Finally, G. dombifer
Peters 1576 was described from the Province of Chirigui in
western Panamd. Later, Tihen (1949) erected the monotypic
genns Coloptychon Tihen 1949 to accommedate this species.
Garcia-Vizguez et al. (2018) placed C. rhombifer back into
Gerrhonotus, however, mising the number of recognized
species in this genus to eight.

Good (1994) tentatively referred certain populations of
Gerrhonotuy in western Mexico (from Durango, Sinaloa,
Jalisco, and Colimu) to G liocephalus (his G. cf. liocephalus
Samples 19 and 20). However, presumably becanse the
limited number of avuilable samples hindered a proper
charascterization of the geographic variation of morphological
churacters within and among Gerrhonotus speces, Good
(1994) was unable to determine with certainty whether these
populations were conspecific with G. liocephaluy or repre-
sented one or more distinet species. Recenthy, Castigha et al.
(2010} provided molecular evidence suggesting that popula-
tions of Gerrhonotuy from western Jalisco might represent
an undeseribed species. While preparing this paper. based
on the revision of a greater sample of specimens, we have
gathered morphological and molecular evidence that cor-
roborates this suggestion (A. Nicto-Montes de Oca, personal
observation) and describe this species ebewhere. For the
purposes of this paper, we refer to this undescribed taxon as
Gerrhonotux cf. liocephalus from Western Mexico.

In a scientific meeting in 1959, A. Contreras-Arquicta
(personal communication) suggested that the population of
Gerrhonotus in the vicinity of the CCB, Coahuila. repre-
sented a new subspecies of G. liocephalus (G. liocephalus
aguayoi) and provided a brief description for this taxon in
the abstract for the meeting. Good (1994), however, was
unable to include this tavon in his analysis of species limits in
the genus and wsigned all populations of Gerrfumotus from
Coahuila to G infernalis. Nonetheless, examination of
several specimens of Gerrhonotus from the CCB and the

a6
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surrounding mountains, as well as additional specimens of
Gerrhonotus from Mexico and the United States, suggested
that the population from the CCB actually represents a
distinet, undescribed species. Herein, we formally describe
this species.

MATERIALS AND METHODS

We examined a total of 16 specimens of Gerrhonotus from
the CCB, Coahuila. All specimens were collected during
ficldwork conducted in the Basin between 2008 and 2013,
The specimens were fixed in 10% buffered formalin,
preserved in 708 ethanol, und deposited in the herpetolog-
ical collection of the Museo de Zoologia of the Facultad de
Cicncias, Universidad Nacional Auténoma de México
(MZFC). These specimens were compared with representa-
tives of G, infernalis, G. liocephalus, G. Iugoi, G. ophiurus,
and G ef. liocephaluy from Western Mexico (Appendix). The
diagnosis is based on the specimens examined and the
relevant lterature (Good 19894: Bryson and Graham 2010;
Lamar et al. 2015; Banda-Leal et al. 2017).

Nomenclature of scales follows Bogert and Porter (1967)
and Good (1994). Scule counts were performed with the aid
of a dissecting microscope. The number of trunsverse dorsal
scale rows was determined following Campbell (1982).
Measurements were taken with calipers (£0.1 mm). In the
description of the holotvpe, bilateral characters were scored
on both the left und right sides. When the condition of a
given meristic or morphometric character was not identical
on hoth sides, the conditions on the left and right sides are
reported as leftright. Scale counts and measurements for G.
farri, G. lazcanci. G. parvas, and G rhombifer were
obtained from Bryson and Graham (2010), Banda-Leal et
al. (2017), and Lamar et al. (2015). Institutional codes for
musenm and collections follow Sabay-Perez (2016). We
adhere to the Evolutionary Species Concept of Wiley and
Miyden (2000) using morphological diagnosability (i.e. the
presence of exclusive morphologies) as evidence to mfer the
existence of distinet species.

SPECIES DESCRIFTION

Gerrhonotus mecoyi sp, nov.
(Figs. 1, 2. Table 1)

Gerrhonotus infernalis Baird 1859: Good (1984), in part,

Holotype. —MZFC 29654 (field number UOGV 1438),
adult male from Poza Churinee, municipality of Cuatro
Ciénegas, Coalmila, Mexico (26°55'11.97N. 102°06'53.2"W,;
datum = WGSSH), 739 m elevation. collected 8 September
2007 by U.O. Garcia-Vizguez, M. Trufano-Ortega, and A
Contreras-Argquicta.

Paratypes.—Fifteen specimens; all from the municipality
of Cuatro Ciénegas, Coahuila, Mexico: 13 (MZFC 2065566,
20664) from the same locality as the holotvpe and two
(MZFC 20667-68) from Pozas Azules, Rancho Promutura
(26°49'32. 8N, 102°01'20.97W: datiim = WGSS4), Tld m
elevation,

Diagnosis.—Gerrionotus mecoyi sp. nov. can be distin.
guished fram its congeners by a combmation of characters
which indudes the presence of a cantholoreal scale (72%: o
= 16), a dark mark extending anteriorly from the Jower
temporal scales through the lower border of the orbit to the

_Gwhmmnm . nov. halotype (MZFC 29554). Head

Fic. 1
scules in doesal (top), left

- imtentianally mirrored), and ventral
(bottom) views. Scale bary = 3 mum. -

preocular or cantholoreal scales, keeled dorsal scales, usually
(75%; n = 16) 7-9 dorsal cross-bands mestly interrupted or
barely discernible on middorsum (few cross-bunds continu-
ous, noticeable across middorsum in some specimens;
midsection of cross-bands paler, narrower than the lateral
sections), wsmally indiscernible vertical dark bars on the
lateral fold (few, faint bars occasionally present), and black
Aecks scattered on the venter.

Comparisons with other species (Table 2) - Gerrio.

notus nccoyi sp. nov. can be distinguished from the other
species of the genus by having black lecks scattered on the
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1

Fic. 2 —Gerrfumethus meoogid sp. nov. in life (A) Male paratype MZFC
206685). {B) Femule, not collecied. Fhotographs by UOG-V and P. Heimes
respectively, A color yersion of this figure is ailahle onhne

venter (venter immacnlate or with marks other than black
Hecks, or dark marks restricted to the sides of the venter in
the other species [venter pale gray or pale brown, distinetly
mottled with white in G. nfernalis and G. rhombifer; dark
marks restricted to the sides of the venter rareky present in
G liox .'phuhn G np/uunn and G. parces; usually a row of
small dark spots on ecach side of the venter in G. cf
lincephalus from Western Mexico—in this latter species, the
dark spots tend to merge into dark |mlqihu]uu| stnpes m
some specimens, and a gray midventral stripe is present in
some specimens|). Gerrhonotis mecoyi sp. nov differs from
[ ﬁrrn'. G. lazeanvi, G l'u._a-a G parcis and G rhombifer
by having keeled dorsal scales (dorsal scales smooth in the
other species); from G. farrd, G. infernalis, G. lazcanoi, G
lugoi, G. ophiurus, G. parvas, wnd G. rhombifer by having a
dorsal baxdhy pattern nmml}} (nm[um-nl of cross-bands maostly
interrupted or barely discernible on middorsum (eross-bands
continuons, conspicuons across middorsum present in the
other species); and from G. liccephalus, G. ophiurus and G
of. liocephalus from Western Mexco by usually lacking
discernible dark bars on the lateral fold (dark bars on the
lateral fold prominent m the other species). Gerrhonotus
MCCOli SP. TOV. can be distinguished from all of the species
of the genus, except G .’im-phu{us and G up]:iunn In
having a dark temporal-cantholoreal mark (dark temporal-
cantholoreul mark absent in the other species ]pn'.\«'m only
in young specimens, vestigial in adults, n G. infernalis and
G. rombifer; head completely black in G lazeanoi]); and
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from G. forvi, G infernalis, G lezcanoi, and G lugoi by
usually having a cantholoreal scale (cantholoreal scale usualky
ahsent [82%, n = 39] in G. inferneliz, and absent in the other
:Iln:'u 5l

Descri of holotype (Fig. L)—Adult male with
both hemipenes partially everted. Head scales flat, smooth.
Snout bluntly roaunded in domal view, truncate in lateral
view. Rostral ~1.5 % wider than tall, bordered posteriory by
one medial postrostral and one antetior internasal on each
siche ol postrostral. Postrostral kite-shaped, 1.3 % wider than
lomg, in marrews comtact anteriorly with rostral, browd contact
anterolaterally with anterior internasal and posterclaterall
with l'IIPI'.l.ﬂ.IJ-.I] on each side, and narrow contact posteriory
with posterior internasals. Anterior internasals approximateh
as wide as, and slightly shorter than, postrostral, each in
contact laterally with first supralabial and nasal, and
posteriorhy with postrostral and  sopranasals. Supranosals
1.2 ¥ widler than long, obliquely oriented, separated medially
from each other by postrostral. Posterior internasals la.ru:t-r
than supranasals, 1|n'|1|.'||:|1u sby oriented, each in broad oontact
laterally with supranasal and upper pastnasal, posterolater-
ally with cantlial, and posteriorhy with frontonasal. Fronto-
nasal 1.5 ¥ wider than long, in contact laterally with canthal
on either side and posterioty with pre “Fromtals. Frefrontals
1.2 % wider than leng, in narrow and brood contact laterall
with canthal and cantholoreal, respectively: in contact
posteriorhy with fist median supraocular, one small scale
between first median suprescular and frontal, and frontal.
Fromtal 2.1 ¥ longer than wide, in contact laterally with one
small scale between prefrontal and second median supra-
ocular, second and third median supracculars, and fronto-
parietal on either side, and posteriorly with interparietal.
Fromtoparictals imabely a5 wide as long, esch in
contact laterally with third and fourth median supracculars,
Puulrr-uhh'raﬂm with upper primary temporal, and posteri-
orly with parietal. Median supraoculars 35; first 1.9 % longer
than wide; second as wide o long: third, fourth, and fifih
1.2-1.6 ¥ wider than kmg: lateral supracculars 33, much
smaller than median supracealars. Interparietal 1.3 % longer
than wide, kite-shaped, enclosed by frontoparietals, parietals,
and interoceipital; pineal eve p-u-wrl". defined, situated on its
posterior half. Paretals 1. 1 longer than interparictal, in
contact anteroluterally with apper primary temporal, pos-
terolaterally with a larger upper temporal (presumably
representing  fused upper secondary and upper tertiony
temporals), posteriorly with nﬂ.lplt.ﬂ and [Hu‘bt-l'ulnnd:.ﬂh
with interoccipital. Two rows of postoccipitals; transvense
seale rows on each side of postoceipitals extending laterall
bor uppeer margin of car.

Nazals clongate antero-posteriorly, with naris situated
posteriorhy; separated  from rostral by anterior internasal.
Postnasals 272, subequal in size; lower ones in narrow and
brow] contact with second and third supralabials, respec-
tivelv. Canthu: rostralis rounded. Canthals 101, alightly
hqu.-r than wide. Loreals 171, slightly wider than long,
l]l_q]ltl'_'. larger than canthals. Contheloreals 171, about as
large: as canthal and loreal combined, in contact anteriordy
with canthal and loreal, posteriorhy with first superciliary and
upper preocular, and ventrally with fourth and Gfth supra-
lahials on left side and ffth =|.1|1-mlal1|.1] on right side. One
romghly triangular scale betacen cantholoreal, upper pre-
ocular, and supralabisls on either side. Preooulars 141,

imately a3 wide w long; subssenlars 22, anterior one
slightly Iungrr than wide, posterior one Jongitudinally
elongate; postoenlars 33, Superciliaries 7/7; first superciliany
larger than remaining superciliaries. Supralabials 13/13; last
three much larger and higher than anterior ones. Temporal
scales in five rows. Primary temporals 494, lower primary
temporal in contect with 11th and 12th supralabials on either
side. Upper secondary and upper tertiory  temporals
presumably fused into one luge scale in chorsal contact with
parictal and occipital on either side; 23 and 44 secondany
anitl tertiary temporals, respectively, extending ventrally from
presumabily  fused upper secondary and upper tertiory
temporal scales. Lower secondary and lower  tertiory
temporals in contact with 12th and 13th and 13th supra-
labials, respectively, on either side.

Mental approsimately 1.5 % wider than kng. Infralabials
12711, Two postmentals. Six pairs of chinshiclds: those of
first pair in broad contact with each other, those of second
amicl third pairs separated by one and two scales, respectively.

External ear opening oval, vertically elongate (maximum
width = 0.8 mm, maximum height = 3.0 mm), without
kbules or spines. Dorsal scales keeled, imbricate, neary
ecual in size to ventrals; in 10 longitudinal rows on neck and
14 rows at level of midbody; in 47 transverse rows from first
row of muchals to last scale row lving at least partially over
posterior portion of thighs, Lateral fold well developed.
Ventral scales in 40 transverse rows from ankerior insertion
of forelimbs to vent; in 12 longitudinal rows at level of
midbssdy. Medial pair of I'IITI"'I:']I:K.I...IJ seales nearly twice as
large as lateral precloacal scales. Scales on dorsal surface of
forelimbs smooth except for some faintly keeled scales on
arms; scales on anterodorsal surfaece of thighs and dorsal
surfuce of shanks smooth. Supredigital scales in one row;
subdigital lumellae rounded. Subsdigital lamellae on manus 1
TR, 1LA1, IIT 14013, IV 167, W L0 Sulﬂjipjl:u]
Lumelle on pes I B, I 12712, TIT 15704, IV 16418, W 12712,
Hemipenes bifurcate distally.

Color in preserative.—Hewd, body, limbs, and tail
ground color light brown  domally amd laterally, white
ventrally. Head immaculate dorsally and laterally l."I.I:'\l.'Ilt s
one dark brown spot on anteroventral comer of lower
primary temporal scale on each side, one dark scale on
temporal region on right side, and another one on nuchal
region on beft side. Body with eight dark, dorsal cross-baneds;
ome at level of midneck and seven between levels of anterior
msertion of arms and groin; eros-bands  heterogeneos;
their midsection narmower and paler than lateral sections,
compased of two or three often frogmented rows of
intermingled white, pale brown, or dark brown scales; their
lateral sections wider, overall darker, nanally composed of 2-
4 (poeasionally 3) short seale rows checkered with white,
dark brown, and black scales; cros-bands separated from
cach other by 23 transverse scale rows. Lateral fold white;
vertical dark bars indiscernible except for few (<5), barely
perceptible, poory defined bars on each side. Thighs with
ferw, small, irregular dark spots on anterodorsal surface. Tail
with four dark, dorsal cross-bands on anterior end; st at
kevel of posterior insertion of legs, remaining ones separated
from each other by two scale rows: each cross-band
composed of three scale rows checkered with white, pale
broram, and dark brown scales; fist eross-band conspicouons;

remaining ones gradually becoming fainter  posteriorly.
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Ventral surfuce of head, body, limbs, and tail immaculate
white except for some irmegular, scattered black Hecks on
helly.

Variation.—This section is based on all of the paratypes.
Multistate characters: Postrostrul xpamh'd from posterior
internasal by supranasal on right side in MZFC 20660;
sepurated from peoterior internasals by one tiny scale in
MZFC 20660, Supranasal divided on right side in MZFC
26667, Cantholoreal absent on both sides in four specimens,
absent on left side in MZFC 29664, Upper primary temporal
in contact with first supraocular on left side in MZFC 29665,
Moeristic characters: Canthals 1-3. X = 15 (171 [0 = 7], 112
In=1.21n=1122[n=51.32[n=1]); loreals 1-3 X =
15 (1 [n=3,22[n=19],32n=1], 33 [n = 2]

iliaries -8, X =65 (66 [n =5L 6T [n = 3], 76 [n =
2], 77 [n = 4], 87 [n = 1]); supralubials 12-13, X = 12.7 (1
12 [n =1}, 12713 [0 = 3], 1312 [0 = 4], 1¥13 [0 = T}

s 12 X =11 (M [n=13L12[n=1],22 |n =
1]); suboculars 1.3, X =21 (12 [n = 1], 22 [n = 10], 23 [n
= 4]); postoculars 34, X = 3.1 (373 [n = 12], 344 [0 = 2], ¥4
[n=1]% pnmm temporals 4-5, X = 4.2 (44 [n=10]. 45 [n
= 3], 54 [n = 2]); secondary tem 34, X=31(33n
= 13)], 34 [n = 2]} longttudmul dorsal scale rows 16 m all
qmims:&mrmdasdxn!cnm:b—ﬂ) X =473
lamellae under fourth toe 17-21. X = 188 (17/18 [n = 2]: 17/
19 [n = 1], 1819 [ = 3]; 1820 [n = 4]; 1919 [n = 1]; 1920
[n = 1] 1921 [n = 1]; 20020 [ = 1]; 21/21 [ = 1]).

Color pattern (in preservative).—This section is based
on all of the ) unless noted otherwise. The head,
body, limbs, and tuil ground color was pale to medium brown
on the dorsal and lateral surfuces. A dark brown mark on the
side of the head was present in all of the specimens (n = 14;
MZFC 29656 damaged); however, it was highly variable in
distinctness and extent. Usnally, the mark consisted of a dark
brown spot on the anteroventral corner of the ower primary
temporal (gradually becoming diffuse on the rest of the
scale) that extended anteriordy through the lower pastocular,
then narrowed into a thin line along the dorsal margin of the
suboculars, and broadened again into a diffuse splotch on the
upper portion of the preocular. The mark was usually
evident on the lower primany temporal and kower postocular,
but became barely tible on the dorsal murgin of the
suboculars and upper of the preocular in most of the
specimens. The mark further extended to the cantholoreal in
three specimens (MZFC 29655, 29662, and 20664). to the
lower secondary temporal in MZFC 296685, to the cantho-
loreal and the dorsal margin of the supralabials adjcent to
the Jower primary temporal in MZFC 20661, and (if faintly)
to the cantholoreal and the middle of the lower secondan
temporal in MZFC 29666. In addition, the mark wis bmvl}
discernible on the lower postocular on the left side in MZFC
20667, absent on the lower postocular on the right side in
MZFC 29668, absent on the lower primary temporul on the
left side in MZFC 29657, and absent on the lower primary
temporal on the right side in MZFC 29663. A small, dark
brown spot was present on the posterodorsal comer of the
temporal region in 10 specimens (MZFC 2965563 [ahsent
on left side in MZFC 29663] and MZFC 20665-65).

Dorsal cross-bands 7-9 (X = 5.1). Mast or all of the cross-
bands were continmous across the dorsum (their mid portion
composed of 2-3 scale rows checkered with pake and dark
brown scales, often Hecked with white) in three specimens

(MZFC 29667-60 ) there were no, or only few (usually 2.3,
occasionally 4 or 5), cross-bands discemnible across the
dorsum (their mid portion usually composed of a single row
of pale brown scales, thus rrndcrmg the middorsum
distinctly paler than the fanks) in the remaining specimens.
The chest and venter exhibited from few to numerous
scuttered bluck Aecks (faint in MZFC 29655).

Etymology.—The species epithet is a noun in the
genitive case and a patronvm for the late Clarence Jack
McCoy in recognition of his many and significant contriba-
tions to the knowledge of the amphibians and reptiles from
the Cuatro Cienegas Basin,

Distribution and ¢ —Gerrhonotus  mecoyi  sp.
nov. is known only from the shores of several small lagoons
in the Cuatro Ciénegas Basin, Coahuila (Fig. 3). The
vegetation on the Cuatro Ciénegas Basin win descnibed by
Finkava (1979, 19584) as composed of grasslands, sedges, and
marshes, gypsum dune assemblages, desert serub, and
chaparral. The climate at the type locality is temperate
(mean annual temperature = 214°C: mean b tures of
the coldest and warmest months are 12°C and 28°C,
respectively) and arid, with annual seasonal precipitation
averaging <200 mun, and a miny season that extends from
May througl December (Instituto Nucional de Estadistica,
Gcogmﬂ'n e Informdtica [INEGI1] 1984). All specimens of
this species were collected at night, when most of them were
active on the vegetation around the pools at heights of up to
2 m (Fig. 4a). The activity of this species ars to be
restricted to the period of the summer with the highest
precipitation (between June and September).

Conservation.—The conservation status of the CCB
lagoons has long been a matter of concern (ie., Pinkava
1957; Breunig 2006). Currently, the Basin is considered the
continent’s second-smallest freshwater ccoregion (492 km?).
Because of its large number of unique (endemic) organisms
andd the imminent threats to their existence, it is classified,
along with only 11 of North America’s 76 freshwater
ecoregions, in the First Priority class for conservation action
by the Waorld Wildlife Fund (Abell et al. 2000). \gncultur.d
dnvlaymrm and associated water extraction in the
have pliced pressure on the ecological integrity of lhh
unique ecasystem (Souza et al. 2006), Water extraction has
significantly reduced the amonunt of habitat available for the
endemic species of amphibians and reptiles that are closely
associated with the bumid zones in the Basin (McCoy 1984),
which las reduced their distribution within  the Basin
(Gurcia-Vazgquez et al 2010), Unless urgent conservation
strategies are implemented to regulate water extraction in
the CCB, many species in the Basin could disappear.

DIsCUssIoN

Good (1994) regarded the brief description of Gerrhonotus
liocephalus aguayoi provided by Contrerus-Anquicta as ques-
tionable because it appeared only in an abstract for u 1989
scientific conference. In addition, becanse no type material of
G. | aguayoi was designated, the tlations referable to this
tuxem were unclear, and Good (1994) did not include it in his
study. Furthermore, whereas the asforementioned description
by Contreras-Arquicts suggested that G. | aguayoi differed
from G. 1. infernalis by the presence of a cantholoreal scale,
dorsal eross-bands with black anterior and posterior margins,
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Fic. 3.—Collecting Jocalities of Gerrhonots moongi and other species of Gerronotis distributed in central Coalnsls, Mévico (inset). White line

repeesents stabe boendaries

ared black flecks on the venter, Good (1994:198) stated that
some (but not all) of the specimens from central Coahuila that
be examined had a color pattern *. . reminiscent of the brief
deseription provided by Contreras-Arguicta,” but that all of
them had the canthalforeal condition charscteristic of G
infernalis. Thus, Good (1994) regarded the evidence to warrant
taxomomic recognition of G. liocephalus aguagei as insufficient

and assigned the populations of Gerrhionotus from central
Coalmila to G infernalis

Examination of additional specimens of Gerrfionotus from
the CCB revealed that all of them have a ventral color
pattern similar to that described by Contrerus-Arquicta for
G. liocephalus aguayoi, a pattern different from that of all
the other species of Gerrfionotus (Fig. 4). Also, most (T2%)
of the specimens from the CCB possess a cantholoreal scale,
which is usually absent in G infernalis (Good 1994).
Whereas this indicated that the population in the CCB does
represent a distinet, independent lineage from G. infernalis
and all of the other known species in the genus, it was
intriguing that Good (1894) found the diugnestic characters

of G. I. aguayoi ounly in some of his specimens from central
Coahnila. This might be explained by Good's (1964:1958)
sample from “central Coahuila™ which was composed of five
specimens from the CCB and nine from the surrounding
monntains. Unlike the specimens of the CCB, those from the
Sierra La Madera and Sierra San Marcos v Pinos mountain
runges do exhibit the diagnostic characters of other
populations of G. infernalis sensu Good (1984). Thus, it
appears that Good's (1994) central Coabmila sample simply
was composed of both specimens of G infornaliy and G
mMeCoyi Sp. nov.

Even though they ocour in apparent geographic proximity,
G. mecoyi sp. nov. and G infernalis are allopatric, o G
mecoyi sp. nov. is restricted to the halophytic vegetation
along the water bodies in the lowest arcas of the \a“r_\'.
below 730 m elevation (Fig. 4a), whereas G. infernalis is
restricted to the higher slopes of the mountain ranges
surrounding the CCB where it inhabits cak and pine-oak
forests shove 1300 m elevation (Fig, 4b). Gerrhonotus lugoi,
the other species in the Cnatro Ciénegas region, is
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FIC. 4 —Habstat and color pattern m life of ?unu-s of Gerrhonots in the Cuatro Cienegas region, Méexico. (A) G- meocoge sp. nov, (B) G infernali, (€1 G
.}

Jugai. Photographs of hubitsts and specimen ¢
respectively. A color version of this figure is avialable oodine

distributed at elevations intermediate between the elevi-
tional runges of the two other species. and it is found in rocky
habitats where xeroplytic serub is the dominant vegetation
(Fig. 4c; McCaoy 1970)

In a recent multilocus phvlogeny of the genus Gerrhionaties
(Garcta-Vizguez et al. 2015), the four inchided samples of G
mecoyi sp. nov. and formed a strongly supported  clade
Gerrlwomnotus infernalis wiss ]nxr.x]all)'||-tl(' with respect to G
mecoyi sp. nov., however, and the latter taxon was the sister
tuxon of the samples of G. infernalis from Texas and Nuevo
Leon and not of the closest population of G. infernalis (from
Sierma la Madera). Thus, we consider that the paraphyly of G
infernalis is likely attributable to incomplete lineage sorting.

G. infernatis by UOG-V; those of specimens of G. mecogi sp. nov. and G Jugoi by P. Heimes and | Jowes

Interestingly, a similar pattern is known for lizards of the genns
Scincella: in a mitochondrial ph}ltt_‘lvm of the S oligosoma
group, S. lateralis was paraphyletiowith respect to S kikaapos. a
species endemic of the CCB (¢ sarcia-Vignquez 2012)
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RESUMEN: Se describe una especie nueva de
Gerrhonotus, previamente confundida con G
infernaliv, de ls Cuenca de Cuatro Ciénegas,
Coahnila, México. La especie nueva se conoce salo
de la Jocalidad tipo v se carscteriza por la siguicnte
combinacion de caracteres: escama  cantoloreal
usualmente presente, una marca oscura gue se
extiende anteriormente desde las escamas temporales
inferiores a través del borde inferior de la 6rbita hasta
la escama preocular o cantoloreal, escamas dorsales
aguilladas, patrén de colorwcién dorsal del cnerpo
usnalmente compuesto de bandas transversales
tipicamente intermampidas o apenas visibles en I
parte media del dorso, barras oscuras verticales en ¢l
pliegm- lateral nsualmente no discernibles (algunas
buarras ¢t lmente presentes). v mamclms
negras pequefias dispersas en el vientre, La
nueva es geogrificamente mds cercana o G. Jugoi v G.
infernalis, pero morfologicamente mis similar o G
infernalis.
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APTENINX
Specmens Examined
Institutional codes for muzsetsm and collections follow § wrez | 2016).
Gerrhonotms infernafis —MEXICO: COAHUTLA: Ejido La Casita,
Sterra la Concordia (MZFC 32946); Sierra de Jim La Flor de
imulco, Torredn (MZFC 32947, 32058} Sierra de fimuko. El Chiva,
iesca (MZFC 3294529 ); Rancho La Cut& Sm Madera |[MZFC

32051-53); Rancho El Chgnh\;' ™ Allm& Madera (MZFC 32854).
v

(.vU\\AL\'I'OShnE (MZFC 33955,
HIDA (MZFC 4875); (MZFC T776).,
\UE\"OLEO\' (MZFC 4667 53h FPoza, near Santa

d.lnlMZFC'JﬁS] 2 ke W Harsetail Falls. 14 km W Santiago on road
a S.u:lu-x (MZFC 11219}, Rancho El Manzano, s.-n.’?.

Ia?l tiago (MZFC 32956 13 ma La Ciénega (MZFC 745)
EﬁETAHOCﬂm‘h&' MmthEbrml’hMﬂ
Arbolito (MZFC 8010-11 ) Caderevia de Montes | MZFC 7825-27_ 8012
13); Cadereta de Montes, La Ne (MZFC &378); Caderevta de
Noda Mesa de Lean (MZFC 7777k

33392), TU.IAUIJI’AS
l’clh Jova Prlnm IMZFC 8429). UN|
of deEfwihmRnrrleAm ws..i
NXNE Dmlrn. head of Piston canyvon (UTA 20241 6.3 mi NE of
Wimberly (UTA 1613); Austin (UTA 54603); Austin: Zilcher Pnl: UTA
53257 ), Boerne (UTA 54600 ); ca. § km NW Boerme (UTA 25608 GtLol
Austm, Mavficld Park near Mount Bonell (MZFC 6738); Clarent

Drive and Cumberland Street (UTA 44263); FM 337, 90 km W jct FM
157 (UTA 25805-06}; Gorman Falls (UTA 308550); Hunt (UTA LN
sido Austin. near Decker Lake (UTA 259100
Gerrhonotus v —MEXICO: ESTADO DE MEXICO: Villa de
Guerrern, Rancho el Tej (MZFC 5000-31). GUERRERO: Vallecitos
(MZFC 20066). DAXACA: 3 km :c«lumzr’c:ms‘> lﬁhu\ !l
Jicars (MZFC 6969); Head Santa Maria G
IMZFUC 16888 ); Raman Escobar Balboa |MZFC 33380 Fa
(MZFC 333%0-91); Cerm Bal, 19 ks NW Rizo de Oro (UTA S784, 12224,
30328 El Tejocote (UTA 6065, 6104, 10226, 12221 15681, 22564, 22573,
30849). Huantls de Tuerto de La Soledad (MZFC 13233)
PUEBLA: 1 mi N Cacaloapan (UTA 4715); 4 km N San Jum Tepanco
: " ~MEXIC AHUILA: Cifnegas, Moun-
L O CO Cuatm .
uu\ Nueva AhEu(MZFC 23318, 27351).
s —MEXICO: HIDALGO: Mentitlin, 1 ki N de
m L‘&:&.?SﬂkEidnclPiom.lskmS acala (MZFC
k eailhl)olZFCST-lM:T IMZFC 611, QUERETARO:
Cadervyta de Montes (MZFC 87170 SAN LUIS POTOSE: Km 241, road
Xifitla-Sum del Rio (MZFC 55601 Xilitla (MZFC 50309, 6106),
VERACRUZ: 20 mi NE Catemaco, N sde of Lago Catemaco (UTA
ms:cmmmzrc 13579}, Miantla (MZFC 32060-62).
Gerrhonotus of lmrtgiﬁa (Western Mexico ). —MEXICO: COLIMA:
Munzanillo, 1.4-2.4 ki E La Central (MZFC 32563); Mamatitlin, km 2.5
camino a El Terrern (MZFC 80380 JALISCO: Chamela (MZFC 8425,
32064). MICHOACAN: Chindcusly to Puerto el Caimin (MZFC
14110, 32965).
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Chapter 13 @
Diversity of Amphibians and Reptiles ]
in the Cuatro Ciénegas Basin

Uri Omar Garcia-Vizquez, Marysol Trujano-Ortega, Arturo Contreras-
Arquieta, Omar Avalos-Herniandez, Omar Osvaldo Escobedo-Correa,
and Pablo Corcuera

Abstract We gathered and analyzed the current knowledge of the amphibians and
reptiles of the Cuatro Ciénegas Basin (CCB), including their biogeographical affini-
ties and the historical and ecological importance of the basin to the diversity of these
groups in the Chihuahuan Desert (CD). The CCB has a characteristic topography
with altemating highlands and basins. The degree of endemicity of the fauna within
the CCB is one of the highest in North America. Morphological and genctic differ-
entiation of these taxa suggests a quick speciation due to the isolation of the basin.
Further, the restricted distribution within the CCB of some taxa indicates a high
ecological dependence on aquatic microhabitats. The herpetofauna present in the
CCB is composed of seven amphibian and 46 reptile species, from which 2 amphib-
ians and 9 reptiles are endemic to the basin. Bufonidae and Colubridae are the most
diverse familics, while Lithobates berlandieri and Aspidoscelis inornata cienegae
arc the most abundant species of Amphibia and Reptilia. respectively. Twelve of the
previously reported species had not been recorded recently, but we recorded five
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specics for the first time in the CCB. Most of the species are distinctive of the CD:
however, the endemic species are more closely related with taxa of the Tamaulipan
province. Edwards Platcau, and the Sicrra Madre Oricntal province.

Keywords Amphibian - Reptiles - Endemism - Behavior - Biogeographic affinities
- Chihuahuan Desert

13.1 Introduction

The diverse herpetofauna is one of the most important clements of the Mexican
fauna (Flores-Villela and Gérez 1994). An cstimated 864 species of reptiles are dis-
tributed in Mexico. described in 159 gencra and 40 familics, which constitute 8.7%
of the reptiles worldwide. Of these 864 species, 417 arce lizards, 393 snakes and
vipers, 48 turtles, 3 amphishacnians, and 3 crocodiles. Also, 493 taxa are endemic to
Mexico (Flores-Villela and Garcfa-Vizquez 2014). On the other hand, amphibians
are one of the most diverse groups of vertebrates with 376 species in Mexico, clas-
sified into 16 families in three orders: this places Mexico as the country with the fifth
highest diversity of this group. The degree of endemism is high. considering that
more than 50% of the specics in seven families are endemic to Mexico, including
seven endemic generu, three anurans, and four salumanders (Parra-Olea et al. 2014).
Amphibians and reptiles are key groups in xeric environments, being found in
very specific and particular sites. The two groups participate in the natural control of
populations of potentially harmful vertebrate and invertebrate species. Amphibians,
in particular. are associated with aquatic habitats, which mukes them vulnerable to
perturbations produced by pollution, desiccation, and global warming. They are con-
sidered great bioindicators of the ccosystem health. As for the reptiles, some specics
are closely associated with specific habitats and, therefore, sensitive to anthropogenic
modifications (Kremen 1992; Colwell and Coddington 1994; Fitzgerald et al. 2004).
The CCB in Coahuila, Mexico. is a unique region in the CD because of its water
reservoirs. 1t contains one of the most endemic-rich faunas of North America, which
includes, among others. aquatic snails, isopod crustaceans, fishes, turtles, and liz-
ards (Garcia-Vizquez et al. 2010). Particularly, amphibians and reptiles are possibly
the most studied groups of vertebrates in the CCB, because of their high degree of
endemism. Milstead (1960) recognized three amphibian and seven reptile species
from the CCB as relicts. These are mesic-adapted species in the CD, existing in the
region as apparently disjunct popalations considerably apart from the main portion
of the range of the species. Later, McCoy (1984) reported 66 native specics to the
CCB (8 amphibians and 58 reptiles) and 2 introduced reptile species. Of these, 41
were typical desert species, 13 riparian, 6 semiaguatic. and 6 exclusively aquatic. In
the last study of the herpetofauna from Coahuila, Lemos-Espinal and Smith (2016)
reported 24 specics of amphibians and 109 of reptiles. of which 4 specics are
endemic to the CCB. However, these authors considered Gerrhonotus fugoi McCoy,
1970, as endemic, a species recently reported in Nuevo Leén (Garefa-Vizguez et al.
2016); additionally. they omitted in their list of endemics Craugastor augusti fusco-
femora Zweifel, 1956, Aspidoscelis inornatus cienegae (Wright and Lowe 1993),
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and Aspidoscelis gularis pallidus (Ducllman and Zweifel 1962); all of them
exclusive to the CCB. Finally, Garcia-Vizquez et al. (2018a) described Gerrhonotus
mecoyi Garefa-Vizquez, Contreras-Arquicta, Trujano-Ortega, and Nicto-Montes de
Ocu, 2018, a new endemic species of the CCB.

Previous studies summarize the historical records of the last 70 years; however,
there are no recent ccological studies which assess the current diversity of these
groups in the OCB. We present a systematic faunistic study of the amphibians and
reptiles in the CCB. The diversity. abundance, specics nichness, origin, and biogeo-
graphical affinitics arc analyzed. This study will contribute to the understanding of
the current ventiebrate communitics of the CCB and particularly of the human activi-
tics which arc impacting these specics.

13.2  Materials and Methods

We sclected seven sites in three localities: (1) Las Teclas in Antiguos Mincros del
Norte; (2) Mezquital, Poza Bonita, Poza Churince, and Poza de en Medio in
Churince: and (3) Poza Escobedo and Poza Tio Cindido in Rancho Orozco. These
sites were selected according to size, environmental heterogencity, and previously
observed diversity of cach locality (Fig. 13.1). All localitics have superficial water,

e
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Fig. 13.1 Map of stady sites within the Cuatro Ciénegas Basin, Coalmila
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except Mezquital. Most Jocalities present some degree of perturbation due to the
presence of cattle, crops. and tourism. The main vegetation types in the CCB are
grasslands, sedge marshes, gypsum duncs, desert scrub, and chaparral (Pinkava
1979, 1984). The mean annual temperature is 21.4 °C and ranges from 12 °C in the
coldest months to 28 “C in the warm scason. Annual scasonal precipitation averages
200 mm. and the rainy scason extends from May through December (INEGI 1994).
Most habitats present in the CCB were included: sotol, mesquite, secondary grass-
land, and semiaquatic vegetation associated with ponds.

13.2.1 Fieldwork

Fourteen field trips were made from 2012 to 2013 in order to determine and count
the amphibians and reptiles found on cach site. In addition, we included records
from the literature and made sporadic trips in 2009, 2010, 2014, and 2015 to
complete the taxonomic composition. Only the field records in 2012 and 2013
were included in the statistical analysis. The sampling effort involved 72 days
with at least three collectors cach day. To make sure to include diumal, crepuscu-
lar, and nocturnal species, samplings were performed from 9:00 to 16:00 and
19:00 to 23:00 hours. Within cach site, we sampled all of the main habitats with
a procedure that included opportunistic scarching and lincar transect surveys that
varied in length depending upon the amount of habitat available (Campbell and
Christman |982).

13.2.2 Taxonomic Determination

We identified all of the observed amphibians and reptiles with Lemos and Smith
(2007) ficld guide and also verified the correct identifications with the specimens
kept in the Herpetological Collection of the Zoological Muscum “Alfonso
L. Herrera” of the Facultad de Ciencias, UNAM.

13.2.3 Data Analysis

We assessed the sampling efficiency with the Jackknife 1 and Chao 1 estimators
(Colwell 2006). The two estimators are reliable for relatively small sampling units
(i.c.. circular plots; Hortal et al. 2006). In addition, they are less dependent on sam-
pling intensity than other estimators (Colwell and Coddington 1994; Hortal et al.
2006). We used rarefaction technigues to compare and to assess if the number of
specics between years was significantly different. In order to test if there were
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differences of the relative reptile abundance between years among sites, we used an
X* goodness of fit test. Dominance, diversity. and evenness were calculated with the
Simpson, Shannon-Wicener. and Piclou indexes. Similaritics between localities with
similar sumpling efforts were estimated with the Bray-Curtis index. Lastly, biogeo-
graphic affinitics were determined with specialized literature considering two
regions, Nearctic and Neotropical {Morrone et al. 2002).

13.3  Results

The herpetofauna of the CCB is composed of 5 amphibian and 14 reptile familics,
including 6 gencra and 11 species of amphibians and 37 genera and 61 species of
reptiles, from which 2 amphibians and 9 reptiles are endemic to the CCB. Colubridac
with 23 taxa, Phrynosomatidac with 11 taxa, and Bufonidac and Viperidac with 5
taxa cach were the most diverse familics. Seven familics were represeated by only
one specics. Teiidac was the most abandant family with 413 observed specimens,
followed by Phrynosomatidac with 286, Ranidac with 166, and Scincidac with 152;
seven families were represented by 10 or fewer organisms. Specifically, Aspidescelis
inomatus cienegae (Teiidac) and Lithobates berlandieri (Baird, 1859) (Ranidac)
were the most dominant species on both spatial and temporal scales.

We found one taxon that had not been previously recorded in Coahuila (Salvadora
grahamiae grahamiae (Baird and Girard. 1853)). and three are new to the state and
endemic for the CCB (Elewtherodactylus sp. nov., Storeria sp. nov., and Gerrhonotus
mccoyi). On the other hand, 12 taxa that had been previously collected in the CCB
were not observed in this study.

13.3.1 Species Richness

We found from 75 to 89% of the estimated specics in 2012 and 74% of the estimated
richness in 2013, according to Chao | and Jackknife | estimators (Table 13.1.
Fig. 13.2). Because the confidence intervals between years overlapped. the number
of species was not significantly different between the two years (Fig. 13.3).

Table 131 Number of observed species and percemtage of the expected richness in the Cuatro
Ciénegas Basin, Coahuila, according 10 the Chao | and Jackknife | esttmators

Year Observed Chao | (%) Jack | (%)
2012 21 $8.8 754
2013 17 740 739
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Fig. 133 Species observed of amphibians and reptiles {rom the Cuatro Ciénegas Basin, Coahuila

13.3.2 Diversity

There was o significant difference in the number of individuals among the seven
sites between the two years (X* = 116.03, 6 df, p < 0.001). In particular. in 2013 the
abundance in Churince was lower in Poza Churince (X* = 41.63, 1 df, p < 0.001)
and higher than expected in Poza Tio Cindido (X*=71.1, 1 df, p < 0.001) (Fig. 134;
Table 13.2). Dominance was higher in Churince in the second year. Diversity

showed the opposite trend.



107

13 Diversity of Amphibans and Reptiles in the Cuatro Ciénegas Basin 181

120 2012
m20]3

100 =

"

Abundansce
S

- [
) I
o I
Las Techs Maquial  Pos Poza Pomdeen Pom Poza Tio
Honie  Clunnce medio Fscobalo  Ciladido

Fig. 134 Abundance in seven sites within the Cuatro Ciénegas Basin. Coahuila

13.3.3 Similarity

Las Teclas was the most dissimilar site according to the Bray-Curtis index. Mezquital
with Poza Bonity and Poza Churince with Poza Tio Cindido shared more species
with similar abundances (Fig. 13.5).

13.3.4 Biogeographic Affinity

Data of biogeographic affinity were obtained for the 68 native specics and subspe-
cics. Species composition of the CCB has an affinity with two regions. The Nearctic
region is the most represented (70%. 50 specices). The rest of the specics have an
affinity with the Neotropical region (30%. 18 specics). Of the latter. 11 species have
been considered relict popalations (Morafka 1977: Garcfa-Vizquez ct al. 2018b:;
this study). The Neotropical affinitics include both amphibians and reptiles from six
families: Elcutherodactylidae, Anguidae, Scincidae, and Trionychidac with onc
species cach and Colubridac and Emydidac with two species. It is worth noticing
that seven of these specics of Neotropical affinities are endemic to the CCB
(Fig. 13.6): one frog, Eleutherodactylus sp. nov.; onc snake. Storeria sp. nov.; two
lizards, Scincella kikaapoa Garca-Vizquez, Canscco-Marquez, and Nicto Montes
de Oca, 2010, and Gerrhonotus mccoyi; and three turtles. Terrapene coahuila
Schmidt and Owens, 1944, Trachemys taviori (Legler 1960), and Apalone spinifera
atra Webb and Legler, 1960.
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13.4 Discussion

The CCB is the site with the highest level of endemism of amphibians and reptiles
within the CD and possibly the region with the highest level of endemism in the
country (Lemos-Espinal and Smith 2016). Due to the high specics richness of
amphibians and reptiles. for many decades, the CCB was the best-sampled locality
of the CD. Conscquently, more than 30% of the specimens from Coahuila deposited
in scientific collections are from the CCB (Lemos-Espinal and Smith 2007).
However, most of the records are from a few species (v. gr. Terrapene coahuila,
Trachemys taylori) and around 35% of the species are known from five or fewer
specimens. By making a more general and complete sampling, here we repont four
taxa previously unrecorded for the CCB.

With the species recorded in the CCB, the total for the state of Coahuila increased
from 133 (Lemos-Espinal and Smith 2016) to 137 specices. This is important because
three of the new records represent species endemic to the CCB (Elentherodactylus
sp. nov., Storeria sp. nov.. and Gerrhonotus mecoyi), increasing the endemic taxa in
the CCB to two amphibians and nine reptiles. Additionally, preliminary data sug-
gest that there is another new species of snake to be described. Herpetofauna of the
CCB presents a species nchness pattern at the suborder level, different from those
described by Lemos-Espinal and Smith (2016) for Coahuila. They put lizards as the
richest group, but the CCB shows a higher diversity of snakes with six specics more
than lizards (51% of reptiles’ diversity). For amphibians and tortoises. the species
richness percentages within the CCB are similar 1o those reported for the state
(Mendoza-Quijano ct al. 2006 Lemos-Espinal and Smith 2016).

Based on species richness estimations, less than 50% of the historically reported
species for the CCB were observed during the sampling period. However, these
estimations were made with data of just seven sites, not including the edges of the
basin, where onc finds xeric shrubland. known to harbor a high diversity of reptiles.
Therefore, in order to determine the percentage of the herpetofauna community
documented in this inventory. compared with the total reported. the results (includ-
ing additional records from 2010, 2011, 2014, and 2015) were compared to the
historical lists of species occurring in the CCB based mainly on the reptile and
amphibian checklist by Lemos-Espinal and Smith (2016). There are 12 specics that
are likely to occur in the CCB that were not observed (1 toad. 1 lizard, and 10
snakes). All of these 12 species that were undetected in this study are present in the
region and were expected to be observed at the sites but may not have been encoun-
tered due to unfavorable environmental conditions, their cryptic nature, or low
abundances making detection difficult (Davis and LaDuc 2018). Considering iso-
lated records, this inventory may have documented 88% of the reptile and amphib-
ian species in the CCB.

Some previously reported specics that were not found are, considering their eco-
logical requirements, presumably now absent from the CCB. These are an amphib-
ian (Anaxyrus debilis [Girard, 1854]) and three reptiles ( Coleonyx reticulatus Davis
and Dixon, 1958; Heterodon nasicus Baird and Girard, 1852; and Sceloporus cou-
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chi Baird, 1859). Two of these species, A. debilis and 5. couchi, occupicd grassland
habitats and ephemerul ponds, habitats that are common in the CCB: also historical
records show a great abundance of these species in the past (Lemos-Espinal and
Smith 2007). Based on this evidence, these two species must have been extirpated
from the CCB. Regarding the reptiles, Coleonyx reticulatus and Heterodon nasicus
are known from one and two records, respectively: we consider these to be rare spe-
cics that are still present in the CCB.

Species richness of these groups of vertebrates is higher in the CCB than that
reported in any other studies conducted in different regions of the CD. Minton
(1958), for example, found 69 species in the Big Bend Region of Texas, while Prival
and Goode (2014) found between 59 and 28 species in six national parks in the
CD. Recently. Cruz-Elizalde et al. (2014, 2016) reported 45 reptiles and 9 amphib-
ians from the Real de Guadalcdzar State Reserve. San Luis Potost, Mexico. Finally,
Davis and LaDuc (2018) found 50 specices of herpetofauna in C.E. Miller Ranch and
the Sicrma Vicja in Texas. The amphibians and reptiles from the CCB represent 42%
of all herpetofauna reported for the CD (Morafka 1977). All this makes the CCB a
diversity hotspot within the Nearctic region,

At a smaller scale, Mezquital (Mez), Poza Bonita (Pb) and Poza Escobedo (Pe),
and Poza Churince with Poza Tio Candido were the most similar localitics, even if
they are separated by the San Marcos and Pinos mountain range. This shows in part
the homogencity of the environment, with mainly aquatic and semiaguatic habitats
around the ponds and halophyte and gypsum habitats in between the ponds.
Mcanwhile. the similarity between Mezquital and Poza Bonita is duc to the pre-
dominance of Mczquite shrubs in both of these sites and the species associated to
this habitat (i.c., Masticophis flagellum Shaw, 1302, and Sceloporus magister
Hallowell, 1854). Las Teclas was the site with fewer shared species with other sites,
and this could be because this site showed the greater changes in the vegetation,
associated with anthropogenic activities. Even if nine specics were observed, there
was a great bias in the abundance and dominance, with just two species (Lithobates
berandieri, Scincella kikaapoa) comprising 82% of all records. Most of these
records were associated with disturbed arcas.

Species richness and abundance were higher in 2012 than in 2013. Temperature
and rainfall affect the species richness, abundance, and diversity (Morafka 1977).
The highest diversity and abundance were recorded in 2013 when precipitation and
resource avuilability and quality were higher (Corcuera, unpub. data). Also, the num-
ber of records of species exclusively associated with water bodies (v. gr. Gerrionotus
mecovi, Eleutherodactylus sp. nov.. and all species of turtles) dropped 37%.

The CCB is located in the Altiplano Mexicano biogeographical province in the
Nearctic region (Morrone ot al. 2002); this is congruent with the biogcographic
affinity of most specics collected in this study; however, it is noteworthy the high
number of specics with Neotropical origin. In particular, the levels of morphologi-
cal and genetic differentiation of these taxa suggest that they speciated rupidly
because of the basin isolation (Garcia-Vazquez ct al. 2018b). This process has been
analyzed in the CCB with some aquatic species (Hulsey et al. 2004; Hsiu-Ping and
Hershler 2007), scorpions (Williams 1968), and amphibians and reptiles (McCoy
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1984), suggesting the relictual origin of these taxa and the possibility of extensive
local speciation (Meyer 1973). Besides, the high proportion of relictual species
associated with the Neotropical region agrees with the general pattern of the CD. In
the CD, 34% of the herpetofauna is closely related with the tropical species of the
Tamaulipan province (Morafka 1977).

This study is an update on the diversity of amphibians and reptiles in the
CCB. Long-term studies must be conducted in order to confirm the possible local
extinction of some species in the basin and to assess the effect of water loss on the
endemic species associated with water bodies {Garcia-Vizquez et al. 2010, 2018b).
In other arid habitats of the CD, amphibians and reptiles have shown great annual
variations (Davis and LaDuc 2018). In this regard. future faunistic or ccological
rescarch on these communities should focus its sampling effort on the endemic spe-
cies associated with aguatic habits. Garcla-Vizquez et al. (2010) in a visit to the
type locality of Scincella kikaapoa 2 years after the holotype and a paratype of this
species were collected noted that the extension of the pond had reduced and some
of the ditches connected to it had dried. During this study, additional dry ditches
were observed in the region. No Scincella, Gerrhonotus, or Eleutherodactylus spe-
cies, which inhabit only the halophilic vegetation surrounding the ponds, were
found in these dry sites.
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Discusién general

Diversidad y endemismo de anfibios y reptiles en el Valle de Cuatro Ciénegas

A partir del trabajo de campo y la revision bibliografica, se actualizé el conocimiento de la herpetofauna
del Valle de Cuatro Ciénegas (Garcia-Vazquez et al., 2019; Capitulo 4). Al hacer un muestreo mas
general y completo, se encontraron cuatro taxones no registrados previamente para el VCC, lo que
aumenta el numero de especies a siete anfibios y 46 reptiles. Con las especies registradas en el VCC, el
total para el estado de Coahuila aument6 de 133 (Lemos-Espinal y Smith, 2016) a 137 especies. Esto es
importante porque tres de los nuevos registros representan especies endémicas del VCC
(Eleutherodactylus sp. nov., Storeria sp. nov. y Gerrhonotus mccoyi [Capitulo 3]), lo que aumenta los
taxones endémicos en el VCC a dos anfibios y nueve reptiles. Los anfibios y reptiles del VCC
representan el 42% de toda la herpetofauna reportada para el Desierto Chihuahuense, riqueza de especies
similar a la reportada en cualquier otro estudio realizado en otras regiones del Desierto (Minton, 1958;
Prival y Goode, 2014; Cruz-Elizalde et al., 2016; Davis y LaDuc, 2018). Sin embargo, el nivel de
endemismo es notablemente mayor (Garcia-Vazquez et al., 2019; Capitulo 4), lo que hace que el VCC

sea un punto clave de diversidad dentro de la region Neartica.

Patrones geograficos de las especies de reptiles endémicas del VCC con afinidad templada

Las filogenias estimadas para Gerrhonotus, Scincella y Terrapene revelaron una estrecha relacion entre
las poblaciones en el VCC vy las poblaciones que se encuentran principalmente en el este de los Estados
Unidos, mientras que en el caso de Storeria sp., ésta muestra una mayor afinidad geogréafica con la

Sierra Madre Oriental (Garcia-Vazquez et al., 2018a; Capitulos 1 y 2). En congruencia con nuestros
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resultados, se han encontrado patrones similares en peces y escorpiones endémicos. Especificamente, se
recuperd una relacion hermana entre especies endémicas del VCC y especies del sureste de los Estados
Unidos para los géneros de peces Etheostoma y Herichthys (Hulsey at al., 2004; Near et al., 2011).
Ademaés, Ennen et al. (2017) encontraron una fuerte asociacion entre las tortugas de la costa de Texas y
la provincia acuética de las planicies altas del sur (que incluye la cuenca de Cuatro Ciénegas) y las
provincias del este de los Estados Unidos. Por otro lado, se ha observado una estrecha relacién entre
numerosos taxones endémicos del VCC y las especies de la Sierra Madre Oriental, incluyendo peces (e.
g. Cyprinella, Schonhuth et al., 2006; Cyprynodon, Haney et al., 2009; Gambusia, Lydeard et al., 1995;
y Xiphophorus, Kang et al., 2013) y escorpiones (ej. Chihuahuanus, Gonzalez-Santillan y Prendini,
2015). Dada la presencia de especies asociadas a los bosques de coniferas de la Sierra Madre Oriental
(Pinkava, 1984) y la historia geoldgica de la zona (Chavez-Cabello et al., 2005), algunos autores
consideran a las montafias que rodean el VCC como la zona mas septentrional de la Sierra Madre

Oriental (Meyer, 1973; Espinosa et al., 2014).

Origen de las especies endémicas del Valle de Cuatro Ciénegas

El Valle de Cuatro Ciénegas en Coahuila, México, es una region unica en el desierto Chihuahuense
debido a sus depdsitos de agua. Contiene una de las mayores faunas endémicas de América del Norte,
que incluye, entre otros, caracoles acuaticos, crustaceos isopodos, peces, tortugas y lagartijas (Alvarez y
Ojeda, 2019). El origen de estas especies endémicas ha sido estudiado de manera independiente, y
existen varias teorias que involucran edades que van desde el Mesozoico Tardio hasta el Pleistoceno
Tardio (Milstead, 1967; Taylor, 1966; Miller, 1968; Espinoza-Pérez y Lambarri-Martinez, 2019). En
particular, los anfibios y reptiles son posiblemente los grupos de vertebrados mas estudiados en el VCC,

debido a su alto grado de endemismo. De los nueve taxones de reptiles endémicos al VCC, cuatro son
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considerados como relictuales y con afinidades a los bosques templados y zonas de mayor humedad
(Garcia-Vazquez et al., 2019). Si bien no existen trabajos que aborden el origen de estas especies,
algunos autores consideran que el VCC representa una zona de relicto, donde los periodos pluviales
durante o inmediatamente después del Pleistoceno aparentemente causaron una retirada gradual de la
frontera oriental del Desierto de Chihuahua, lo que permitié la colonizacion de linajes adaptados a
climas templados (Milstead, 1960; Morafka, 1977). Presumiblemente, la mayoria de los linajes
perecieron con el regreso de las condiciones de desierto, pero algunos permanecieron como relictos, lo
cual promovio procesos de especiacion (Morafka, 1977). Esta hip6tesis se basa en que cada sucesion de
eventos de avance y retroceso de glaciares pudo haber provocado la contraccién, aislamiento, y
expansion de las areas de distribucion de las especies, con la consecuente diferenciacion—especiacion
(Moreno-Letelier y Pifiero, 2009), y en general representa una de las explicaciones més aceptadas para el
origen de las especies y patrones de distribucién en América del Norte (Riddle et al., 2000). En
particular, este fendmeno se ha documentado para mamiferos (Findley, 1969), reptiles (Morafka, 1977)

y aves (Hubbard, 1973).

Los resultados obtenidos en este estudio (Capitulo 1) son congruentes con eventos de especiacion
promovidos por aislamiento dentro del VCC (Milstead, 1960), sin embargo, nuestros resultados sugieren
que la divergencia de los linajes endémicos del VCC ocurrié durante el Nedgeno, lo que indica que los
ciclos glaciales del Pleistoceno no jugaron un papel central en su origen. En su lugar, la diversificacion
de los linajes del VCC fue probablemente el resultado de una variedad de factores asociados con la
formacion de nuevos habitats, cambios climaticos importantes, eventos de orogenia durante el Mioceno

y cambios globales en la vegetacion (Zachos et al., 2001; Leavitt et al., 2012).
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Por otra parte, determinar si los ensambles de especies experimentaron respuestas evolutivas
compartidas a eventos geoldgicos histéricos y de cambio climético es un objetivo central pero desafiante
de la filogeografia comparativa (Arbogast y Kenagy, 2001; Bagley et al., 2018). Sin embargo, el método
hABC para la filogeografia comparativa utilizada en este estudio incorpora la variacion intrinseca en la
coalescencia ancestral y las historias demogréficas entre taxones (Hickerson et al., 2006; 2007; Topp et
al., 2013), y usando HABC en conjunto con los andlisis de tiempo de divergencia detectamos dos
eventos de divergencia no simultaneos: uno para Terrapene coahuila durante el Mioceno tardio y un
segundo evento para el origen de Gerrhonotus mccoyi, Scincella kikaapoa y Storeria sp. VCC durante el

Plioceno (Capitulo 1).

Hipotesis biogeogréafica

El origen de los reptiles endémicos del VCC parece estar relacionado con los procesos de aridificacion
del hemisferio norte durante el Nedgeno (Morafka, 1977) y con eventos orogénicos durante el Mioceno
(Bryson et al., 2013), aunque no es claro en qué medida influyé cada evento en particular. En este
trabajo (capitulos 1 y 2) se plantea una hipotesis biogeografica tomando en cuenta los tiempos de

divergencia y el origen asincronico de las especies evaluadas.

Uno de los principales eventos que moldearon la distribucion de la fauna durante el Mioceno en el este
de Norteamerica fue la expansion de las sabanas que, como algunos autores sugieren, diferian de las
sabanas actuales en la presencia generalizada de arboles de origen templado (Webb, 1977). La
expansion en el Mioceno tardio de la sabana arbolada alrededor de gran parte de la costa del Golfo
también produjo una disyuncion importante entre el bosque templado del este de los Estados Unidos y el

norte de México (Estes, 1970; Martin, 1958; Martin y Harrel, 1957; Webb, 1977). La extension de la
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sabana, asociada a la fragmentacion del bosque templado y el aislamiento del VCC causado por los
eventos de orogenia en el Mioceno (Chavez-Cabello et al., 2005; Wilson y Pitts, 2010), pudieron haber
brindado oportunidades para una rapida diversificacion del antepasado de Terrrapene coahuila que

originalmente pudo haberse distribuido en todo el este de México y de Estados Unidos.

Un segundo pulso de diversificacion que involucra a tres de las especies analizadas parece haber
ocurrido durante el Plioceno. Si bien el evento de divergencia fue sincrdnico, los procesos anteriores a
las divergencias no pueden explicarse a partir del mismo fendmeno (Capitulo 1). Por una parte, tomando
en cuenta la distribucién de las especies hermanas y los tiempos estimados, divergencias mas recientes,
como en el caso de Gerrhonotus macoyi y Scincella kikaapoa, pudieron estar fuertemente influidas por
la expansion del drenaje sur del Rio Bravo al final del Plioceno (Garcia-Vazquez et al. 2018a; Capitulo
2). Se ha demostrado que esta expansion estd asociada con la dispersién y los sucesivos eventos de
aislamiento entre la Meseta Mexicana y las sierras circundantes (2.7-4.1 Ma) (Jaeger et al., 2005;

Bryson et al., 2011a), incluidas las Sierras que rodean el VCC (Chavez-Cabello et al., 2005).

En el caso de Storeria sp., cuya afinidad geografica es con la Sierra Madre Oriental, diversos autores
han propuesto que las montafias que rodean al VCC representan las formaciones més nortefias de la
Sierra Madre Oriental (Meyer, 1973; Espinosa et al., 2014) y que, asociado al cambio climético en el
area, marcado por un cambio dramatico en las condiciones atmosféricas durante el Plioceno temprano,
estas formaciones proveian las condiciones adecuadas para la presencia de taxones de afinidad templada
y de amplia distribucién, y que maés tarde, durante el Plioceno tardio, dichos taxones fueron aislados por
la reduccidn de los bosques templados y expansion de las regiones desérticas (Retallack, 1997; Bryson
et al., 2013). De manera consistente con esta propuesta, varios taxones de afinidad templada muestran

rupturas genéticas evidentes en tierras bajas desprovistas de bosque de coniferas (Farjon y Styles, 1997;
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Anducho-Reyes et al., 2008; McCormack et al., 2008; Moreno-Letelier y Pifiero, 2009; Bryson et al.,
20114, b, ¢; 2012). Entre las causas que dividen las especies de afinidad templada en el norte de México,
también se ha propuesto un cambio dramético en las condiciones atmosféricas durante el Plioceno tardio
(Retallack, 1997; Bryson et al., 2013), asi como la aparicion de barreras de filtro como los rios

principales del norte del pais (Bryson et al., 2011c).

Finalmente, y en aparente contradiccion con lo expresado arriba, las altas estimaciones del flujo de
genes entre las poblaciones endémicas de VCC y sus respectivos grupos hermanos sugieren una
divergencia reciente (Ornelas et al., 2013). Esto podria explicarse porque, independientemente del
momento de la diversificacion de especies, durante el Pleistoceno muchos taxones se desplazaron a gran
parte de sus distribuciones actuales mientras seguian su habitat adecuado a medida que los glaciares
avanzaban y retrocedian repetidamente, lo que podria haber borrado u oscurecido las sefiales de
aislamiento histérico previamente adquiridas (Bryson et al., 2011a). Se han observado patrones similares
de subdivisiones genéticas profundas borrosas por contacto secundario en otros taxones de afinidad
templada de América del Norte (Moreno-Letelier y Pifiero, 2009; Ornelas, et al., 2010; Bryson et al.,

20114, b).

Conservacion de los anfibios y reptiles del Valle de Cuatro Ciénegas

El estado de conservacion del VCC ha sido motivo de preocupacion durante mucho tiempo (ej. Pinkava
1987; Breunig 2006; Souza et al., 2006). Debido a su gran numero de especies endémicas y las
amenazas inminentes a su existencia, se clasifica, junto con solo 11 de las 76 ecorregiones de agua dulce

de América del Norte, en la clase de primera prioridad para la accion de conservacion del Fondo
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Mundial para la Naturaleza (Abell et al., 2000). El desarrollo agricola y la extraccion de agua asociada
en la region han ejercido presién sobre la integridad ecoldgica de este ecosistema unico (Souza et al.,
2006). Con base en las estimaciones de riqueza de especies (Garcia-Vazquez et al., 2019; Capitulo 4), se
observd que mas del 40% de las especies de anfibios y reptiles histéricamente reportadas para el VCC
no se han observado de manera reciente, por lo que se puede presumir que algunas especies reportadas
previamente y que no se han encontrado en trabajo de campo reciente han sido extirpados del VCC,
considerando sus requisitos ecologicos. Dos anfibios, Anaxyrus debilis y Scaphiophus couchi, ocuparon
habitats de pastizales y estanques efimeros, habitats que son comunes en el VCC, por lo que no es clara
la razon por la cual estan ausentes en el Valle, a pesar de que hay evidencia de una gran abundancia de
estas especies en el pasado (Lemos-Espinal y Smith, 2007). Con respecto a los reptiles, Coleonyx
reticulatus y Heterodon nasicus se conocen de uno y dos registros, respectivamente; por lo que podria

tratarse de registros esporadicos de especies que no habitan normalmente en el VCC.

Por otra parte, la extraccion de agua ha reducido significativamente la cantidad de héabitat disponible
para las especies endémicas de anfibios y reptiles que estdn estrechamente asociadas con las zonas
himedas en la cuenca (McCoy 1984), lo que ha reducido su distribucion dentro de la misma (Garcia-
Vazquez et al., 2019). Como muestra de ello, durante el trabajo de campo se visitaron sitios donde en
afios anteriores se podian observar de manera relativamente frecuente organismos de especies de
afinidad templada, tales como Scincella y Gerrhonotus (Garcia-Vazquez et al., 2010; 2018b), pero en
algunos de estos sitios, incluida la localidad tipo de Scincella kikapoa, se observé que la extension de los
cuerpos de agua se habia reducido y algunas de las zanjas que conectaban las pozas se habian secado
(Garcia-Vazquez et al., 2018b; Capitulo 3). Durante este estudio, se observaron zanjas secas adicionales
en la region. En estos sitios secos no se encontraron ejemplares de Scincella, Gerrhonotus, Storeria y/o

Terrapene, que habitan sélo la vegetacion halofila que rodea los estangues.
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Conclusiones generales.

Existe una mayor relacion geogréfica entre las poblaciones de Gerrhonotus, Scincella y Terrapene del
VCC con las poblaciones que se encuentran principalmente en el este de los Estados Unidos, mientras
que las poblaciones de Storeria sp. muestran una mayor afinidad geogréfica con la Sierra Madre

Oriental.

La diversificacion dentro del VCC no fue sincrénica, pues se documentarion al menos dos eventos de
divergencia no simultaneo: uno para Terrapene coahuila durante el Mioceno tardio y otro para el origen

de Gerrhonotus macoyi, Scincella kikaapoa y Storeria sp. VCC durante el Plioceno.

A diferencia de la hipdtesis mas extendida de divergencias durante el Pleistoceno, nuestros resultados
sugieren que la divergencia de los linajes endémicos del VCC ocurri6 durante el Nedgeno, lo que indica

que los ciclos glaciales del Pleistoceno no jugaron un papel central en su origen.

La diversificacion de los linajes endémicos de reptiles del VCC con afinidad templada fue
probablemente el resultado de una variedad de factores asociados con la formacion de nuevos hébitats,
cambios climaticos importantes, eventos de orogenia durante el Mioceno y cambios globales en la
vegetacion. Entre estos factores, la extension de la sabana, asociada a la fragmentacién del bosque
templado y el aislamiento del VCC causado por los eventos de orogenia en el Mioceno y la reducciéon de
los bosques templados y expansion de las regiones desérticas durante el Plioceno, jugaron un papel

central en los procesos de divergencia.
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Las altas estimaciones del flujo de genes entre las poblaciones endémicas de VCC vy sus respectivos
grupos hermanos sugieren contacto secundario durante el Pleistoceno, asociado a la expansion y

retraccion de los bosques.

Si bien no fue el objetivo central de este trabajo, durante el desarrollo del mismo se observé un fuerte
impacto sobre la conservacion de los grupos estudiados, por lo que a menos que se implementen
estrategias de conservacion urgentes para regular la extraccion de agua en el VCC, estas especies

podrian desaparecer.
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