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RESUMEN

La evolucion es el resultado de procesos como la seleccion natural, deriva, mutacion, migracion
y el sistema de apareamiento, cuyas interacciones han forjado la diversidad bioldgica.
Recientemente, el proceso de hibridacion ha sido reconocido como un fendmeno bioldgico
asociado con la generacion de diversidad a travez de la especiacién. Dicho proceso,
dependiendo de las fuerzas de seleccion prevalentes entre las especies que hibridizan, puede
tener como resultado la extincion de especies o favorecer la especiacion. El objetivo principal
del presente trabajo fue caracterizar genéticamente las poblaciones de Crocodylus moreletii y
C. acutus en su distribucion completa en México, bajo la hipdtesis de que estas especies
presentarian un complejo proceso de hibridacion mas allda de la zona histérica de
sobrelapamiento de su distribucién. Usé dos tipos de marcadores moleculares, microsatélites
nucleares y secuencias de ADN mitocondrial, asi como datos morfolégicos y geograficos. La
zona de hibridacién entre C.acutus y C. moreletii se extiende de norte a sur, abarcando
practicamente todo el Golfo de México y el Caribe. Se sugiere que la hibridacion se fue
promovida a partir de contacto secundario, donde las ultimas poblaciones parentales estan
aisladas en dos islas del Caribe para C. acutus (aguas salobres) y en islas al interior del
continente (cuerpos de agua dulce como lagunas) en el noroeste de México para C. moreletii.
Los caracteres morfolégicos mostraron un complejo mosaico que no permite identificar a
individuos hibridos de las especies parentales en vida libre sin un analisis genético. Asimismo,
para la zona del Pacifico también se identificaron individuos hibridos, a pesar de que esta no es
zona de distribucion natural de C. moreletii; los resultados sugieren que estas poblaciones con
individuos hibridos son remanentes de flujo genético ancestral entre ambos lados del
continente. En cuanto a la antigliedad del proceso de hibridacién se determind que éste es muy
antiguo, el cual probablemente inicié6 hace aproximadamente 2.5 millones de afos (1.06 — 4.46
ma, 95% HDP) en la region cercana a Campeche, a partir de la combinacién de linajes de C.
acutus del Pacifico y C. moreletii del Golfo de México, desplazandose al norte por el Golfo y
hacia el sur al Caribe. Se identificaron cinco grupos genéticos diferentes en correspondencia a
las clinas geograficas: C. moreletii en el noroeste del Golfo de México, hibridos en
practicamente todo el Golfo de México y el Caribe, C. acutus de las islas del Caribe, C. acutus
de la zona noroeste y central del Pacifico y C. acutus del sur del Pacifico. Determinar limites
entre especies en un sistema donde existe un proceso de hibridacién tan complejo como el de
estos cocodrilos, es dificil de resolver bajo un modelo estricto de bifurcacién entre especies.

Las poblaciones que consideramos como C. moreletii “puros” o ancestrales, se encuentran en



un potencial proceso de extincion, aunque desde otra perspectiva, la especie puede estar
evolucionando bajo un proceso de hibridacion. Finalmente, los resultados identificaron que
algunos loci presentan sefal de seleccion a favor de los hibridos, lo que sugiere que la
hibridacion entre estas dos especies de cocodrilos esté bajo un proceso de especiacion via

hibridacion homoploide.



ABSTRACT

The evolution is the result of processes such as natural selection, genetic drift, mutation,
migration and mating system, whose interactions have forged biological diversity. Recently,
hybridization has been recognized as a biological phenomenom associated with the generation
of diversity through especiation. Such a process, depending on the selection forces prevalent
among the species that hybridize, may result in the extinction of species or on the contrary favor
speciation. The main goal of the present work was to genetically characterize the populations of
Crocodylus moreletii and C. acutus along their entire distribution in Mexico, under the hypothesis
that these species would present a complex hybridization process beyond their historical zone of
sympatry. Two types of molecular markers were used, nuclear microsatellites and mitochondrial
DNA sequences, as well as morphological and geographic data. Resutls show that the hybrid
zone between C. acutus and C. moreletii extends from north to south, encompassing practically
the entire Gulf of Mexico and the Caribbean. Hybridization was promoted from secondary
contact, where the last parental populations are isolated in two Caribbean islands for C. acutus
(brackish waters) and on islands on the continent (freshwater bodies such as lagoons) in
northwestern Mexico for C. moreletii. The morphological characters showed a complex mosaic
that does not allow to identify hybrid individuals or parental species without a genetic analysis.
For the Pacific zone, hybrid individuals were also identified, although this is not a natural area of
distribution for C. moreletii; results suggest that these populations with hybrid individuals are
remnants of ancestral genetic flow between both sides of the continent. Five different genetic
groups were identified in correspondence to the geographic clines: C. moreletii in the northwest
of the Gulf of Mexico, hybrids in practically all the Gulf of Mexico and the Caribbean, C. acutus of
the Caribbean islands, C. acutus from the Pacific Northwest and C. acutus from the South
Pacific. Divergence results indicate that the hybridization process is very old, which began about
2.5 million years ago (1.06 — 4.47 my, 95% HDP) along a region near Campeche, from the
combination of lineages from Pacific C. acutus and Gulf of Mexico C. moreletii, dispersing to the
north by the Gulf and to the south into the Caribbean. Establishing species boundaries is rather
difficult in a system where such a complex hybridization process exists, hindering its evalution
under a strict bifurcation model between species. C. moreletii might be potentially facing
extinction, although from another perspective, it may actually be evolving under a hybridization
process. Finally, results showed that some loci have evidence of selection in favor of the
hybrids, suggesting that these two crocodiles species are going through a process of homoploid

hybrid speciation.



INTRODUCCION GENERAL

La evolucion es resultado de procesos como la seleccion natural, deriva génica, mutacion,
migracion y el sistema de apareamiento. La interaccion de estos procesos simultaneamente han
determinado (y continuan haciéndolo), en diferentes escalas temporales y espaciales, lo que
conocemos como la diversidad biolégica (Darwin 1859, Lewontin 1974). La biodiversidad
comprende la diversidad genética, la cual hace referencia a la variacién heredable de los genes
dentro y entre poblaciones de organismos. El estudio de los genes ha cobrado relevancia para
el entendimiento de la biodiversidad y para entender los procesos evolutivos que han llevado a
las especies a adaptarse y evolucionar. Las especies son una de las unidades fundamentales
de la biologia, haciéndolas comparables en importancia a los genes, células y organismos (De
Queiroz 2007). De manera general, se puede definir a las especies como poblaciones que son
diagnosticablemente diferentes, reproductivamente aisladas y cohesivas (ej. El concepto de
Especie Biologica de Mayr y Dobzhansky; Dobzhansky 1937; Mayr 1942). No obstante, los
organismos no son inmutables y los limites entre especies pueden variar segun la capacidad de
los organismos a adaptarse y evolucionar en relacién con su medio ambiente y los factores que
los afectan (Wu & Ting 2004; De Queiroz 2007; Harrison 2012).

La Ecologia Molecular es una rama de la Ecologia, la cual se basa en el uso de diferentes
marcadores y herramientas moleculares para responder preguntas planteadas en diferentes
niveles de estudio (microevoluciéon, macroevolucion vy filogeografia), a partir de la
caracterizacion genética de individuos, poblaciones y especies (Eguiarte et al. 2007). Esta rama
integradora busca describir cualitativa y cuantitativamente la diversidad genética presente en
los organismos, mediante la identificacion de los diferentes procesos ecolégicos y evolutivos
asociados con ésta. Estos procesos son fundamentales para tratar de responder diferentes
preguntas como: 4 Cual es la variacion genética existente en la poblacion y que procesos
evolutivos determinan su distribuciéon? (microevolucion); ¢ Cuantas especies existen y cual es su
origen? (macroevolucién); y ¢Qué procesos geograficos determinan la distribucion de los
organismos, linajes o especies? (filogeografia) (Eguiarte et al. 2007; Beebee & Rowe 2008).
Estas preguntas han sido tradicionalmente resueltas con base en el concepto de especie, sin
embargo cuando se trata de poblaciones/especies que presentan procesos de hibridacion y
donde el intercambio genético es continuo, el concepto de especie y los limites entre especies
no son tan claros, por lo que dichos procesos deben evaluarse de otra forma (Wu & Ting 2004;
De Queiroz 2007; Harrison 2012; Harrison & Larson 2014; Edwards et al. 2016; Gompert &
Buerkle 2016).



Hibridacion

La hibridacion se define como la produccién de descendencia a partir del entrecruzamiento de
individuos pertenecientes a diferentes poblaciones, o entre especies que tengan una poza
genética diferente, independientemente de su estatus taxondmico (Barton & Hewitt 1985;
Barton 2001; Abbott et al. 2013). La hibridacién ha sido vista como una fuerza destructiva
debido a que, si las barreras de flujo genético son débiles, ésta puede resultar en sumideros
genéticos que pueden erosionar la informacién genética establecida, afectando su origen y
mantenimiento, con la consecuente pérdida de biodiversidad (Arnold & Martin 2009; Nolte &
Tautz 2010; Gompert et al. 2010; Harrison & Larson 2014). Por otro lado, también ha sido vista
como una potente fuerza creativa en la evolucion, ya que la hibridaciéon puede resultar en la
mezcla de genotipos novedosos, con el potencial de adaptarse rapidamente a nuevas
condiciones ambientales y, ademas, dar origen a nuevas entidades taxondmicas (Barton &
Hewitt 1985; Seehausen 2004; Arnold & Martin 2009; Nolte & Tautz 2010; Gompert et al. 2010;
Soltis 2013; Harrison & Larson 2014).

En el contexto geografico, las zonas de hibridacion son &reas donde poblaciones
genéticamente distintas se mezclan y producen descendencia. Estas zonas se pueden
considerar como laboratorios naturales para el estudio de procesos evolutivos (Barton & Hewitt
1985). En algunos casos, donde la formacion de dos especies es resultado de divergencia
primaria, éstas pueden presentar una separacion incompleta de linajes y, en consecuencia, los
patrones genéticos son muy similares a los que se observan en zonas de hibridacion mediadas
por contacto secundario (Schumer et al. 2014). Por otro lado, si la zona de hibridacion es
producto de un contacto secundario, las especies pueden mantenerse por selecciéon endégena
en contra de los hibridos y por migracion dentro de la zona de hibridacion (zonas de tension)
(Barton & Hewitt 1985), o por seleccion exdgena (ambiental) a lo largo de un ecotono (Endler
1979; Nolte et al. 2009; Gompert et al. 2010). Las zonas hibridas pueden también presentar un
traslape ambiental, donde los hibridos no estan aislados espacialmente; en este caso, las
caracteristicas genéticas y fenotipicas pueden traslaparse, manteniendo una combinacion de
caracteres, lo que origina un gran mosaico donde es dificil determinar cuales son los limites de
la zona de hibridacion (Gompert et al. 2006, 2010).

Los estudios genéticos a nivel microevolutivo se basan tradicionalmente en la evaluacién
de las frecuencias alélicas dentro y entre poblaciones y especies, para determinar patrones de
variacion genética, estructura poblacional, flujo génico y endogamia, entre otros (Hansen &

Martins 1996; Diniz-Filho et al. 2008)). La estructuracién se relaciona principalmente con el flujo



genico, mientras que los niveles de variacidon genética se relacionan comunmente con el
potencial de adaptacion de las especies (Hansen & Martins 1996; Hamilton & Miller 2016). El
flujo génico esta mediado por la dispersidén y migracion de los individuos entre poblaciones, que
tiene resultados diferentes si se trata de poblaciones distribuidas geograficamente de forma
continua o fragmentada, separadas o no por barreras que impidan dicho flujo, o conectadas por
corredores que lo faciliten (Hey & Nielsen 2004). Sin embargo en zonas donde existe
hibridacion, las cuales pueden ser semipermeables, los limites entre poblaciones y especies no
son claros vy, por lo tanto, los patrones de flujo génico pueden resultar engafnosos; es decir, la
diversidad vy estructuracién genética son afectadas directamente por la hibridaciéon
interespecifica (Rand & Harrison 1989; Mallet 2005; Dowling & Secor 2011; Harrison 2012;
Larson et al. 2013; Harrison & Larson 2014; Kenney & Sweigart 2016; Payseur & Rieseberg
2016).

El reconocimiento de la existencia de hibridacion interespecifica actualmente ya no es
controversial (aunque en el pasado reciente si lo era; Mallet 2005; Baack & Rieseberg 2007;
Nolte & Tautz 2010; Harrison 2012; Arnold et al. 2012; Harrison & Larson 2014). Sin embargo,
aun es complicada la correcta identificacion de los individuos que se encuentran bajo un
proceso de hibridacion, principalmente porque en algunos casos, pueden mostrar patrones
similares e incluso idénticos de variacion genética y fenotipica a los encontrados en poblaciones
de una especie bien definida (Gompert & Buerkle 2016). Recientemente, gracias al uso de
diferentes marcadores moleculares y a novedosos modelos y programas estadisticos, es
posible identificar diferentes patrones de hibridacién y establecer los limites reales de especies
en poblaciones donde se ha encontrado hibridacién interespecifica (Harrison & Larson 2014;
Edwards et al. 2016; Pacheco-Sierra et al. 2016).

Los estudios macroevolutivos han usado tradicionalmente filogenias moleculares para
describir las relaciones entre taxones, ya sea entre especies cercanas o lejanamente
relacionadas (Brown et al. 2011). Sin embargo, cuando se incluyen hibridos, las
reconstrucciones filogenéticas pueden llevar a falsas inferencias acerca de las relaciones entre
linajes, debido a una divergencia incompleta de linajes, evolucién convergente o reticulacion
(Edwards et al. 2016; Gompert & Buerkle 2016; Abbott et al. 2016).

Todos los procesos evolutivos y ecoldgicos ocurren necesariamente en un contexto
geografico y en multiples niveles jerarquicos, incluyendo las zonas de hibridacion. En este
sentido, existe un area de investigacién que sirve de nexo entre los estudios microevolutivos y
los macroevolutivos: la filogeografia (Avise 2000; Vazquez-Dominguez 2007, Diniz-Filho et al.
2008; Hewitt 2011).



La filogeografia permite evaluar y explicar procesos ecologicos y evolutivos, considerando
el contexto geografico, a diferentes niveles temporales y espaciales, utilizando diferentes
herramientas moleculares. Las aproximaciones de la filogeografia han facilitado el estudio de
los procesos evolutivos que se dan en las zonas de hibridacion. De tal manera que con la
combinacion de diferentes marcadores moleculares con diferente resoluciéon y tasas de
divergencia (microsatélites, secuencias de ADN nuclear y mitocondrial y genomas), se han
podido describir de manera mas precisa los factores exdégenos (ambientales y geoldgicos) y las
fuerzas evolutivas (enddgenas) asociadas con los procesos de hibridacién y, eventualmente,
especiacion hibrida (Diniz-Filho et al. 2008; Edwards et al. 2016; Gompert & Buerkle 2016).

La especiacién hibrida es la formacion de una nueva especie como resultado de la
hibridacion, sobre lo cual se reconocen dos modelos:

i) especiacion por hibridacion alopoliploide (especiacion instantanea), basada en la
aparicion de dos o mas cromosomas homélogos derivados de la combinacién cromosdmica, es
decir, la ploidia de los individuos varia; y

ii) especiacién por hibridacién homoploide, en la que no existe cambios en la ploidia
(Buerkle et al. 2000; Seehausen 2004; Mallet 2005; Chapman & Burke 2007; Gross &
Rieseberg 2008; Mavarez & Linares 2008; Schumer et al. 2014).

En el primer caso, la especiacion es casi instantanea y dado que los individuos que
poseen una nueva ploidia y aunque pueden entrecruzarse con otros individuos que no tenga el
mismo numero cromosomico, los productos pueden ser rechazados o su decendencia resulta
infértil, resultando en un aislamiento reproductivo inmediato (Mallet 2005; Gross & Rieseberg
2008; Abbott et al. 2013). Por otro lado, la especiacion por hibridacion homoploide es mas
compleja, la cual conlleva procesos de retrocruzas e introgresién y donde las tasas de
estabilizacion del genoma son del orden de cientos o miles de generaciones. Cabe mencionar
gue en ese caso no existe una forma de conocer exactamente cual es el tiempo necesario para
la separacidon o los componentes criticos de aislamiento que preceden a la fijacion y
especiacion (Buerkle & Rieseberg 2008).

Para responder a la pregunta base: jexiste hibridacion?, la mayoria de los estudios a la
fecha se han basado en analisis bayesianos para cuantificar la contribucion genética de las
especies que estan hibridizando hacia individuos de ancestria desconocida (Pritchard et al.
2000; Anderson & Thompson 2002; Corander et al. 2003; Corander & Marttinen 2006).
Asimismo, han estimado indices de hibridacion con base en la proporcién de alelos que se
asume fueron heredados por las especies parentales, las cuales se identifican por medio de

una funcién de maxima verosimilitud (Buerkle 2005; Gompert & Buerkle 2010). Sin embargo, la



perspectiva analitica es limitada si s6lo se estiman estos indices, en particular si no se toman en
cuenta los procesos que pueden estar operando al interior de las poblaciones, los cuales
pueden generar valores similares a los que se encuentran en una zona de hibridacion (Gompert
& Buerkle 2016). Para poder validar correctamente la existencia de un proceso de hibridacion
interespecifica, es necesario tener un planteamiento correcto de la zona de hibridacién; un
muestreo que incluya la extencién completa de distribucion de las especies de estudio y; que
este incluya a las especies parentales. Asimismo, es necesario contar con marcadores
moleculares que puedan demostrar mezcla genética, para validar la presencia de hibridos en un
gradiente geografico (Gompert y Buerkle 2016, Pacheco-Sierra et al. 2016).

Los primeros estudios que mostraban evidencia de hibridacién se basaron en la
discordancia filogenética entre marcadores de organelos, marcadores nucleares y morfologia
(ver Arnold et al. 1988, Dowling & secor 1997, Cedefio-Vazquez et al 2008). Recientemente, la
mayoria de estudios de este tipo se centran en el analisis de marcadores nucleares que
demuestran ancestria hibrida en el genoma y dan evidencia de introgresion, aislamiento
geografico y gendmico (Abbott et al. 2010, 2013; Brennan et al. 2012; Harrison & Larson 2014;
Gompert & Buerkle 2016). Para ello se han desarrollado diferentes métodos que permiten
determinar la extension de la introgresion, los cuales se centran en dos tipos de analisis de
clinas: los basados en clinas geograficas para determinar qué alelos y frecuencias genotipicas
cambian en el espacio; y los que emplean clinas gendmicas para examinar los cambios en las
frecuencias genotipicas para loci individuales en un gradiente de mezcla genémica (Gompert &
Buerkle 2009, 2010, 2011, 2012, 2013; Fitzpatrick et al. 2009; Gompert 2016; Payseur &
Rieseberg 2016).

Crocodylus acutus y Crocodylus moreletii

Los cocodrilos incluyen 24 especies en todo el mundo; entre éstos, el género Crocodylus se
origind en el Mioceno tardio en la zona tropical del Indo-Pacifico, a partir de donde radiaron
rapidamente y se dispersaron globalmente, hasta formar las 12 especies que actualmente
componen la familia (Crocodylidae). El cocodrilo americano, Crocodylus acutus y el cocodrilo de
pantano, C. moreletii, divergieron aproximadamente hace 5 millones de afos en el Continente
Americano (Oaks 2011). Los estudios filogenéticos mas recientes muestran que estas dos
especies no se encuentran directamente relacionadas filogenéticamente: C. acutus es especie
hermana de C. intermedius (Colombia y Venezuela) y C. moreletii de C. rhombifer (endémica de
Cuba) (Meganathan et al. 2010; Meredith et al. 2011; Milian-Garcia et al. 2011, 2015; Oaks



2011). Estas especies presentan el mismo numero de cromosomas (2N=32); excepto C.
rhombifer (2N=30; Cohen & Gans 1970).

En México, la distribucion geografica reconocida de C. acutus es a lo largo de la franja
costera del Océano Pacifico, desde Sinaloa hasta Chiapas y en el Golfo de México en la
peninsula de Yucatan, aunque su distribucion completa abarca también, Guatemala, Colombia
y Venezuela. Por otro lado, C. moreletii se distribuye en el Golfo de México y el Caribe a lo largo
de las zonas aledafas a la franja costera, desde Tamaulipas hasta Quintana Roo (Alvarez del
Toro 1974; Sanchez Herrera et al. 2011). La zona de simpatria entre C. acutus y C. moreletii se
ha definido en una franja a lo largo del norte de Yucatan y la region del Caribe mexicano, donde
diferentes autores han documentado la existencia de procesos de hibridacién (Ray et al. 2004;
Cedeno-Vazquez et al. 2008; Rodriguez et al. 2008; Machkour-M’Rabet et al. 2009; Pacheco
2010).

Las caracteristicas morfolégicas que distinguen a C. acutus y C. moreletii se basan
principalmente en la coloracién, los patrones de escutelacion y de escamas caudales, la
longitud total en adultos y, principalmente, en la proporcién del largo y ancho del hocico
(Alvarez del Toro 1974; Platt & Rainwater 2005). No obstante, en la zona donde estas especies
son simpatricas, se han encontrado diferentes caracteres mezclados, los cuales hacen dificil su
identificacion, que posiblemente son resultado precisamente de su hibridacion (Cedefio-
Vazquez et al. 2008; Pacheco 2010). La principal diferencia ecoldgica entre ambas especies es
la asociacion de C. acutus a cuerpos de agua salada, mientras que C. moreletii habita
preponderantemente mas en cuerpos de agua dulce, ya que aunque ambas especies pueden
tolerar agua salada, dado que las dos cuentan con glandulas especializadas que permiten la
secrecién del exceso de sal en el organismo, en C. moreletii no se encuentran tan desarrolladas
como C. acutus (Taplin et al. 1982; Taplin 1988; Mazzotti & Dunson 1989). Dicha caracteristica
permite que las dos puedan desplazarse a lo largo de diferentes cuerpos de agua y sin barreras
geograficas que limiten su dispersioén; ello facilita el flujo génico continuo a lo largo de su
distribucion.

Durante la década de los afios 50 se desarrollé una caceria indiscriminada de las
especies de cocodrilos mexicanos, principalmente de C. moreletii, debido al alto valor de sus
pieles. Ello caus6 una disminucion drastica en sus tamafios poblacionales, por lo que en 1970
se impuso una veda total para la caceria del cocodrilo en México (Alvarez del Toro 1974;
Sanchez Herrera et al. 2011). Actualmente, ambas especies tienen estatus de ‘sujetos a
proteccion especial’ en la legislacion mexicana (NOM-059-2010; Semarnat 2010). Ademas, C.

acutus se encuentra enlistada en el Apéndice | del CITES en el cual se incluyen a todas las



especies en peligro de extincién y C. moreletii fue recientemente traspasada del Apéndice | al Il
en el cual se incluyen especies que no se encuentran necesariamente en peligro de extincién,
pero cuyo comercio debe controlarse a fin de evitar una utilizacién incompatible con su
supervivencia, dado que tiene un alto valor comercial (ver CoP 15 Inf. 34). Este cambio se basé
en los resultados de un monitoreo de poblaciones de C. moreletii a lo largo de su distribucion,
incluyendo la zona de simpatria, cuyos resultados indicaron que las poblaciones se encuentran
estables (Sanchez-Herrera et al. 2012). No obstante, la identificacion de los individuos en el
estudio se baso en la informaciéon de la distribucidon histérica de la especie, sin considerar el
potencial de hibridacién y la existencia de individuos hibridos, lo cual claramente puede tener
repercusiones contrarias en el estatus de conservacion de las dos especies.

Asi, considerando que las consecuencias de la hibridacion son variables y dependen de
numerosos factores, incluyendo la adaptacion de la descendencia hibrida, la amplitud y
naturaleza de la seleccién, los patrones de dispersién y el contexto ecoldgico en el cual ésta
ocurre (Gompert et al. 2010). Asimismo, tomando en cuenta que cuando se realizan estudios
genéticos en las zonas de hibridacién, sin conocer si este proceso esta presente, las inferencias
de la informacién analizada pueden llevar a conclusiones incorrectas, el objetivo principal del
presente trabajo fue: Caracterizar morfoldgica y genéticamente las poblaciones de Crocodylus
acutus y Crocodylus moreletii en México para determinar sus niveles de variacion genética,

estructura filogeogréfica e hibridacion.

El presente trabajo esta dividido en dos Capitulos, ademas de una Introduccion y una Discusion
Generales. En el Capitulo 1, publicado en Molecular Ecology con el titulo de “Genetic and
morphological evidence of a geographically widespread hybrid zone between two crocodile
species, Crocodylus acutus and Crocodylus moreletii” (Pacheco-Sierra et al. 2016), nos
planteamos dos preguntas principales:
i) ¢Esta la hibridacion e introgresion entre C. acutus y C. moreletii restringida a la zona de
simpatria o esta es geograficamente mas amplia? y;
ii) ¢ Pueden identificarse los individuos hibridos de los parentales a partir de las caracteristicas
morfologicas?

Para responder estas preguntas nos propusimos evaluar rigurosamente el nivel y
extension de la hibridacién entre C. acutus y C. moreletii a lo largo del Golfo de México vy el
Caribe, con ayuda de novedosos analisis estadisticos a partir del uso de microsatélites, aunado

a la evaluacion de informacion morfoldgica de todos los individuos capturados.
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A partir de los resultados derivados del Capitulo 1, en donde determinamos que existen
muy pocas poblaciones de C. acutus y de C. moreletii que no tengan algun nivel de admixia
(“no-mixturadas”) en vida silvestre en México, y que la zona de hibridacion es geograficamente
extensa y antigua (miles de generaciones), la cual se formé por contacto secundario, nos
planteamos tres preguntas principales en el Capitulo 2:

i) ¢, Cuando y como inicio el proceso de hibridacién entre C. acutus y C. moreletii?,

i) ¢Pueden distinguirse diferentes linajes en términos de especiacion por hibridacién
homoploide aun cuando el proceso de aislamiento reproductivo es improbable? vy;

iii) ¢Cuales son las principales fuerzas evolutivas asociadas con la hibridacién entre estas
especies de cocodrilos?

En este capitulo utilizamos microsatélites y secuencias de ADN mitocondrial a partir de
muestras que incluyeron la distribucién completa de Crocodylus en México. Nuestro objetivo
focal fue determinar los limites de especies en una zona de hibridacion tipo mosaico y muy
extensa mediante el uso de métodos comparativos e integradores para determinar variacion
genética (microevolucién), relaciones filogenéticas (macroevolucion) y los componentes

geograficos y geoldgicos asociados (filogeografia).
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Capitulo 1

Genetic and morphological evidence of a geographically widespread hybrid zone
between two crocodile species, Crocodylus acutus and C. moreletii.
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Abstract

Hybrid zones represent natural laboratories to study gene flow, divergence and the
nature of species boundaries between closely related taxa. We evaluated the level and
extent of hybridization between Crocodylus moreletii and Crocodylus acutus using
genetic and morphological data on 300 crocodiles from 65 localities. To our knowledge,
this is the first genetic study that includes the entire historic range and sympatric zone
of the two species. Contrary to expectations, Bayesian admixture proportions and maxi-
mum-likelihood estimates of hybrid indexes revealed that most sampled crocodiles
were admixed and that the hybrid zone is geographically extensive, extending well
beyond their historical region of sympatry. We identified a few geographically iso-
lated, nonadmixed populations of both parental species. Hybrids do not appear to be
F;s or recent backcrosses, but rather are more likely later-generation hybrids, suggest-
ing that hybridization has been going on for several to many generations and is mostly
the result of natural processes. Crocodylus moreletii is not the sister species of C. acu-
tus, suggesting that the hybrid zone formed from secondary contact rather than pri-
mary divergence. Nonadmixed individuals from the two species were distinguishable
based on morphological characters, whereas hybrids had a complex mosaic of morpho-
logical characters that hinders identification in the wild. Very few nonadmixed C. acu-
tus and C. moreletii populations exist in the wild. Consequently, the last nonadmixed
C. moreletii populations have become critically endangered. Indeed, not only the par-
ental species but also the naturally occurring hybrids should be considered for their
potential conservation value.

Keywords: crocodilia, hybridization, introgression, Mexico, microsatellites, reptiles
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Gompert et al. 2010, 2012; Harrison 2012; Abbott et al.

Introduction 2013). Hybrid zones are often narrow and can be stably

Hybrid zones, which form in geographic areas where
genetically distinct populations meet and produce off-
spring, represent natural laboratories to study evolu-
tionary processes (Endler 1977; Barton & Hewitt 1985;
Hewitt 1988; Arnold et al. 1999; Nolte et al. 2009;

Correspondence: Ella Vazquez-Dominguez, Fax: +5255
56161976; E-mail: evazquez@ecologia.unam.mx

maintained by endogenous selection against hybrids
and by migration into the hybrid zone (‘tension zones’;
Barton & Hewitt 1985), or by exogenous selection along
an ecotone (Endler 1977; Carling & Thomassen 2011).
Hybrid zones can exhibit coincident geographic clines
in trait values or allele frequencies. Some hybrid zones
exhibit show sharp clines over short geographic dis-
tances (greenshell mussel, Perna canaliculus; Gardner &
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Wei 2015), whereas clines in other systems extend
throughout large geographic regions (marine mussels;
Fraisse et al. 2014). More complex patterns, such as
mosaic hybrid zones that show steep clines between
habitat patch boundaries, have also been documented
(e.g. Gryllus spp.; Harrison et al. 1987; Ross & Harrison
2002). Indeed, the geographic location of a hybrid zone
may reflect differences in the environmental preferences
of the species, resulting in a mosaic or an environmen-
tal gradient (Confitti ef al. 2015; Gardner & Wei 2015),
like the complex mosaic hybrid zone along Europe
observed for the marine mussels Mytilus edilus and
Mytilus galloprovincialis (Fraisse et al. 2014). The long-
term evolutionary outcome of hybridization is less clear
in cases where no sharp transitions are involved and
hybrid zones are naturally diffuse.

Hybridization not only provides information about
the nature of species and species boundaries, but can
also be an important evolutionary process (Abbott et al.
2013). When inherent barriers to gene flow are weak,
hybridization can erode species differences and result
in hybrid swarms (i.e. all individuals of a population
have some level of hybridization) (Barton 2001;
Taylor et al. 2006; Bossu & Near 2013). Alternatively,
hybridization can spread beneficial alleles among differ-
entiated lineages or create novel combinations of geno-
types that facilitate rapid adaptation to new
environmental conditions (Ellstrand 2003; Martin et al.
2006; Nolte et al. 2009; Gompert et al. 2013). In some
instances, hybridization can even lead to the formation
of species (Mallet 2005, 2007; Abbott ef al. 2013). For
example, hybridization can generate novel genotypic
combinations that allow for adaptation to marginal
habitats not occupied by parental species (Rieseberg
et al. 2003; Gompert et al. 2006; Nice et al. 2013).

The conservation of hybrid individuals, especially
those originating from natural hybridization, is a con-
troversial ongoing debate (Jackiw et al. 2015). This is
mainly due to the fact that hybrids can have greater fit-
ness allowing for adaptation to novel environments
(Allendorf et al. 2001; Edmands 2007), whereas on the
other hand, hybridization and introgression have con-
tributed to the extinction of species, for instance when
rare or endemic species come into contact with more
abundant or non-native species (Rhymer & Simberloff
1996; Allendorf et al. 2001).

Crocodiles are a group of high conservation concern,
in which all 23 species worldwide are in some protected
category (IUCN red list). Crocodylus originated in a
region along the tropics of the Late Miocene Indo-Paci-
fic and rapidly radiated and dispersed around the globe
(Oaks 2011). Species in the American continent include
Crocodylus moreletii and  Crocodylus —acutus, which
diverged from each other about 5 million years ago

© 2016 John Wiley & Sons Ltd

(Oaks 2011). These species are not each other’s closest
relatives, rather C. moreletii is most closely related to
Crocodylus rhombifer from Cuba and C. acutus is most
closely related to Crocodylus intermedius, which occurs in
Colombia and Venezuela (Meganathan ef al. 2010;
Meredith et al. 2011; Milidn-Garcia et al. 2011, 2015;
Oaks 2011). The recognized geographic distribution for
C. moreletii in Mexico encompasses along the coast of
the Gulf of Mexico, from Tamaulipas on the north to
Quintana Roo on the Caribbean, while C. acutus is dis-
tributed mainly on the Pacific coast (from Sinaloa to
Chiapas) and the Caribbean (Alvarez del Toro 1974;
Sanchez-Herrera et al. 2011). The main ecological differ-
ence between the species is habitat: C. acutus has salt
glands and is more commonly associated with salt
water (Alvarez del Toro 1974), while C. moreletii favours
freshwater. However, both species can tolerate salt
water (Taplin et al. 1982; Taplin 1988; Mazzotti & Dun-
son 1989), which is a feature directly associated with
their high dispersal ability (Sdnchez-Herrera ef al. 2011).
In Mexico, these crocodiles do not have substantial geo-
graphic or environmental barriers preventing dispersal
(Sanchez-Herrera et al. 2011).

A sympatric region has been recognized for the two
species along the northern Yucatan peninsula and the
Caribbean (Cedeno-Vazquez et al. 2008), where
hybridization has been documented (Ray et al. 2004;
Cedeno-Vazquez et al. 2008; Rodriguez et al. 2008;
Machkour-M’'Rabet et al. 2009; Pacheco-Sierra 2010).
Although these species have certain morphological fea-
tures that clearly differentiate them (e.g. head morphol-
ogy, caudal scalation), they are difficult to identify in
the sympatric zones probably due to hybridization
(Cedeno-Vazquez ef al. 2008; Pacheco-Sierra 2010).
Hybrid individuals can exhibit a mosaic of parental
phenotypes creating uncertainty about the correct iden-
tification when based on morphological characters
(Allendorf et al. 2001). Also, hybridization is not always
apparent from morphological observations alone, partic-
ularly after several generations of backcrossing (Rhymer
& Simberloff 1996; Medina et al. 2013); therefore, detec-
tion of hybrids is enhanced when assessed both geneti-
cally and morphologically.

Recent surveys of hybridization between C. moreletii
and C. acutus (Cedeno-Vazquez et al. 2008; Rodriguez
et al. 2008; Machkour-M’Rabet et al. 2009; Pacheco-Sierra
2010) concluded that hybridization and introgression
are restricted to the area of sympatry on the Yucatan
peninsula and the Caribbean, and Gonzalez-Trujillo
et al. (2012) found no evidence of hybridization in cen-
tral Veracruz populations. However, in those studies
the distributional limits of the parental populations of
the two species are not clear; hence, the hybrid zone
could be larger, especially considering the dispersal
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potential of these crocodiles in both salt and freshwater
and the lack of major geographic barriers between
them. In this study, we aimed to rigorously evaluate
the level and extent of hybridization between
C. moreletii and C. acutus. This represents an interesting
system to evaluate the outcome of natural hybridization
when no sharp boundaries delimit the hybrid zone and
limits between species in nature are difficult to estab-
lish. This is also an interesting case because crocodiles
are long-lived and capable of dispersing large distances
(unlike most organisms usually studied in hybrid
zones), and thus, we expect a more widespread hybrid
zone, perhaps coupled with fuzzier species boundaries.
Considering that C. acutus and C. moreletii are protected
species by Mexican and international laws, our results
are discussed both in terms of hybridization theory and
for their conservation significance. We addressed two
specific questions: (i) Is hybridization and introgression
between C. moreletii and C. acutus indeed restricted to
the known area of sympatry or is it geographically
more widespread? (ii) Can hybrid individuals be differ-
entiated from parental based on morphological charac-
teristics alone? (the answer to this question has
practical implications for conservation efforts). We
include the most complete sampling regarding number
of individuals and extent of distributional cover of the
two species in the Gulf of Mexico and the Caribbean.

Materials and methods

Sample collection and microsatellite genotyping

We captured crocodiles from throughout the known
distribution of Crocodylus moreletii (Gulf of Mexico and
the Caribbean) including the reported sympatric zone
between C. moreletii and Crocodylus acutus (the Carib-
bean) and an isolated C. acutus population from Oaxaca
(Mexican Pacific Ocean) as an allopatric site for compar-
ison. The sampling scheme was designed to include
populations in different environments (coastal areas,
inland water bodies and islands) and to maximize the
number of individuals collected, to ensure the presence
of nonadmixed parental populations from both species.
We sampled 65 localities (Fig. 1) and captured an aver-
age of seven individuals per locality; from these, we
selected a total of 300 individuals for genetic analyses,
including all individuals from the putative parental
populations and those for which we had morphometric
information from the rest of localities. Preliminary iden-
tification of all captured individuals was based on char-
acters thought to be diagnostic of the two species (Platt
& Rainwater 2005; Platt et al. 2009). Crocodiles were
measured (see details below) and marked following a
unique pattern by clipping tail scutes, following a

numbered code, and liberated at the capture site. Tail
scutes were stored in Eppendorf tubes with 99% etha-
nol, while blood samples were taken from some indi-
viduals and stored in K2 EDTA (BD Vacutainer® Blood
Collection Tubes; BD Diagnostics).

We isolated and purified DNA from each crocodile
sample, ~20 mg of tail scute tissue or 20 puL of blood
using Qiagen’s DNeasy 250 Blood and Tissue Kit (Cat.
No. 69506; Qiagen, Inc.), following the manufacturer’s
protocol. We genotyped the individuals sampled using
12 polymorphic microsatellite loci using fluorescently
labelled microsatellite primers developed for these spe-
cies (Dever & Densmore 2001; FitzSimmons et al. 2001).
Microsatellite loci (Table S1, Supporting information)
were amplified by polymerase chain reaction PCR in a
7 uL reaction volume containing 2-5ng of DNA,
2.0 mm MgCl, 0.25 pm of ANTP Mix, 0.5 pum of each pri-
mer and 0.35 units of Taq polymerase (Vivantis). PCR
conditions consisted of an initial denaturation step at
94 °C for 2 min, followed by 35 cycles of 94 °C for 30 s,
58 °C for 1 min (except Cj16, Cj20 and Cjl09, 62 °C),
72 °C for 45 s and a final extension at 72 °C for 5 min.
Microsatellite products were multiplexed and run on an
ABI Prism3730x1 and 3100 Genetic Analyser (Applied
Biosystems), with ROX-500 as internal size standard
and allele size determined with the software GENEMARKER
v.1.97 (SoftGenetics). Negative controls were included
in all runs, and multiple samples were sized at least
twice for reproducibility and correct readings.

We tested for null alleles because their presence
could confound some analyses. Inference of null alleles
relies on the assumption that the studied population is
in Hardy-Weinberg equilibrium, so that the frequency
of null alleles can be estimated from a deficit of
heterozygotes. Inference of null alleles in admixed pop-
ulations would be confounded by the reduction in
observed heterozygosity (relative to expected heterozy-
gosity) caused by hybridization (Nolte et al. 2009).
Accordingly, we tested for null alleles only in geo-
graphically isolated populations that were unlikely to
have experienced admixture (C. moreletii from San Luis
and C. acutus from Ventanilla, Cozumel and Chin-
chorro); a lack of admixture at these sties was con-
firmed with downstream analyses (see Results). Null
alleles” frequencies were estimated with MICRO-CHECKER
2.2.3 (Van Oosterhout et al. 2004).

Detection of hybrids

We performed two different analyses to detect nonad-
mixed and hybrid individuals using Bayesian and maxi-
mum-likelihood methods. Bayesian inference of
admixture proportions, that is the proportion of each
individual’'s genome derived from each source
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Fig. 1 Map of sampling localities for Crocodylus acutus and Crocodylus moreletii throughout Mexico and the Caribbean. Circles indicate
sampling localities, the blue lines represent the river system and possible routes of migration, while the grey shadow is the historical
sympatric zone between the two species. Red and dark blue dots indicate the localities where nonadmixed individuals of C. acutus
(h = 0.95-1, lower bound of the 95% CI > 0.8) and C. moreletii (h = 0-0.05, upper bound of the 95% CI < 0.2) are present, respectively.
Admixed individuals are represented by circles, which are coloured to reflect the gradient in hybrid indexes with a colour gradient
(shown in the insert scale from blue to orange, with the corresponding hybrid index value). In order to place the sampling localities
at the level of state in the map and in association with their description in Table S2 (Supporting information), we grouped them
(dotted circles) and codes refer to: TM: Tamaulipas, SL: San Luis Potosi, VZ: Veracruz, TB: Tabasco, CP: Chetumal, YC: Yucatan, QR:

Quintana Roo, QZ: Cozumel, BC: Banco Chinchorro, VT: Ventanilla.

population i (g;), was conducted using STRUCTURE 2.3.4
(Pritchard et al. 2000). We used the admixture model
with correlated allelic frequencies, with a value of K = 2
source populations, because C. moreletii and C. acutus
represent differentiated entities. Model parameter esti-
mation was conducted based on 1 000 000 Markov
chain Monte Carlo (MCMC) iterations following a
500 000 burn-in; 10 replicate MCMC runs were per-
formed. STRUCTURE output files from the multiple runs
were modified with STRUCTUREHARVESTER (Earl & von-
Holdt 2012), and results were summarized and aver-
aged using cLumrp 1.1.2 (Jakobsson & Rosenberg 2007).
Maximum-likelihood estimation of hybrid indexes
was performed using the r package INTROGRESs (Gompert
& Buerkle 2010). First, admixture proportions from
STRUCTURE were used to identify nonadmixed individu-
als, which were then used to define the source popula-
tions to polarize the hybrid index. A value of h =0
corresponds to nonadmixed C. moreletii and h = 1 corre-
sponds to nonadmixed C. acutus individuals. Individu-
als selected as parental had point estimates of g; > 0.95
with the lower bound of the 95% credible intervals (CI)
for gq; > 0.8 for C. acutus and g, > 0.95 with the lower
bound of the 95% CI for g, > 0.8 for C. moreletii. The
remaining crocodiles were analysed as possible hybrid
individuals (see Table S2, Supporting information).
Most of the selected nonadmixed individuals were from
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isolated localities, that is inland lagoons and oceanic
islands, for example San Luis (SL), Laguna Las Ilu-
siones (TB) and Cozumel (QZ) and Chinchorro (BC)
islands (Fig. 1). We also calculated the correlation
between the admixture proportions (g) and the hybrid
indexes (h).

In order to test for the presence of F;s, we used a Baye-
sian method implemented in the NEWHYBRIDs software to
assign hybrids to classes based on the genetic data
(Anderson & Thompson 2002). Posterior probabilities of
assignment to different hybrid classes were inferred from
the genetic composition of individuals using a MCMC
algorithm. The presence of F;s would indicate recent and
ongoing hybridization between the parental species.
Hence, we estimated the posterior probability that each
individual belonged to one of six possible genealogical
classes, namely first- and second-generation products of
all possible matings between the two species and
hybrids: nonadmixed C. moreletii, nonadmixed C. acutus,
F,, F,, backcrosses to C. moreletii and backcrosses to
C. acutus. Note that later-generation hybrids will often be
classified as F»s or possibly backcrosses, as they will have
a genome composition more similar to these classes. We
ran 5 MCMC independent replicates with 1 000 000 sam-
pling iterations and 100 000 burn-in.

Consequently, we used a complementary approach to
summarize hybrid genome composition based on the
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combination of hybrid index and interspecies ancestry
(as in Gompert et al. 2014). Interspecific ancestry mea-
sures the proportion of an individual’s genome where
one gene copy was inherited from each parental spe-
cies, and can be used to distinguish between early- vs.
late-generation hybrids. For example, both F;s and
later-generation hybrids (e.g. Fs, Fyo, Fao, etc.) have an
expected hybrid index of 0.5 (with more variance in
later-generation hybrids), but F;s should be heterozy-
gous for ancestry (not allelic state) across the entire gen-
ome, whereas later-generation hybrids will have
reduced interspecific ancestry. We estimated interspeci-
fic ancestry by combining microsatellite alleles into alle-
lic classes with frequency differentials between the
parental species equal to those when each allele is con-
sidered separately (Zhu et al. 2005; Gompert & Buerkle
2009). This reduces the complexity of multi-allelic data
without a loss of information or distortion of the genetic
similarity between reference populations. We then cal-
culated hybrid indexes and interspecific ancestry coeffi-
cients based on these allelic classes using INTROGREss. We
simulated F;, F, and backcross individuals by randomly
sampling individuals from the parental populations,
and calculated hybrid index and interspecific ancestry
for these simulated hybrids to compare to the observed
data.

Spatial analyses of genetic variation

Next, we analysed spatial patterns of genetic variation
in the two crocodilian species and their hybrids. We
explored and visualized the genetic relationships
among individuals in a multidimensional scaling with
principal coordinates analysis (PCoA) using GENALEX 6.5
(Peakall & Smouse 2012). We used a matrix of individ-
ual pairwise genetic distances (Nei's Dp; Nei et al.
1983) obtained with the software PpoPULATION 1.2.32
(Langella 2002). PCoA aims to find the main axes
through a matrix by an eigenanalysis (sometimes
referred to as ‘singular value decomposition’), which
estimates a series of eigenvalues and eigenvectors. Each
eigenvalue has an eigenvector, with as many eigenvec-
tors and eigenvalues as there are rows in the initial
matrix. Based on the eigenvectors one can visualize the
main axes through the initial distance matrix. The
result is a rotation of the data matrix in which posi-
tions of points relative to each other are not changed.
Next, we took each individual on the PCoA and
assigned it to a category according to hybrid index ()
values and confidence intervals; that is, if an individual
had a & > 0.95 and the lower bound of the CI > 0.8, it
was classified as C. acutus, and likewise if an individ-
ual had 7 < 0.05 and the upper bound of the CI < 0.2,
it was classified as C. moreletii. The other individuals

with intermediate hybrid indexes were classified as
hybrids.

We tested for isolation by distance based on a matrix
of individual genetic distances (Nei's D,), estimated
with POPULATION, and a matrix of geographic distances.
For the latter, we did not use Euclidean distances esti-
mated from the geographic coordinates because croco-
diles disperse mainly via water bodies (coastline,
mangroves, lagoons, cenotes, flood zones, rivers).
Instead and more accurately, we traced the possible dis-
persal routes for every individual and estimated the
distance between all crocodile pairs sampled. To per-
form this, we used information from hydrologic, urban,
road and agricultural shape files from INEGI (http://
inegifacil.com/maps) and sampling coordinates for each
individual, which were overlapped using cvsic (http://
www.gvsig.org) to construct a final distribution map.
Geographic distances were estimated taking into
account the individuals” potential dispersal routes, that
is, not linearly but along rivers, coastlines, etc. (Fig. 1)
with Gvsic. We estimated the geographic distance
between every pair of individuals; in nine cases, where
individuals were sampled within areas of <15 km? (e.g.
small lagoons, the two islands), we calculated the cen-
troid value for the individuals in that locality and used
that distance value for comparisons. The latter was
based on the crocodile’s known home range (Campbell
et al. 2013). Next, we performed a Mantel test with the
genetic and geographic distance matrices using GENALEX
(Table S4, Supporting information). This was performed
based on individuals (not populations), because we did
not identify populations composed of nonadmixed indi-
viduals, except the geographically isolated ones chosen
as parental.

To formally quantify the spatial extent of the hybrid
zone, we fit two-parameter geographic clines models
for the microsatellite data (Barton & Hewitt 1985; Szy-
mura & Barton 1991), which also allowed us to place
lower bounds on the time since secondary contact. Prior
to fitting cline models, we converted latitude and longi-
tude coordinates for the sampled crocodiles into loca-
tions along an approximate one-dimensional transect.
We conducted this analysis by pooling samples from
nearby sites into the ten populations indicated in Fig. 1.
One population, Ventanilla, was removed as it was off
the main axis of sampling (thus, only nine populations
were analysed). We first calculated the distance
between each pair of localities using the spherical law
of cosines, and next used multidimensional scaling to
reduce this matrix of pairwise distances to a single
dimension that retained the overall structure (i.e. pair-
wise distances) of the distance matrix (as in Gompert
et al. 2010). We used this ordinated dimension as the
location along a pseudo-linear transect, which was
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strongly  correlated with longitude (r = —0.999,
P <0.0001). We then fit sigmoidal clines with two
parameters, cline centre and cline width using a Baye-
sian framework as implemented in the r package HzAR
(Derryberry et al. 2014). Clines were fit for each
microsatellite locus based on allelic classes (as calcu-
lated using INTROGRESS, see above for details). Parameter
estimates were based on posterior samples from two
MCMC runs with 500 000 iterations and a 10 000 itera-
tion burn-in.

Morphological analyses

We obtained 23 different morphological measures from
every captured individual used in this study and
selected the seven variables that are useful to distin-
guish both species (Platt & Rainwater 2005; Pacheco-
Sierra 2010): cranial proportion, total length/cranial
length and snout—cloacal length/cranial length, tail sim-
ple scutes, tail double scutes, subcaudal scalation, and
total nucal and cervical scutellation; these measures
were normalized and used for further analyses. We first
performed an exploratory principal component analysis
(PCA) to examine patterns of variation and covariation
for these characters. We next performed a canonical dis-
criminant analysis (CDA; Blackith & Reyment 1971)
using Fisher’s linear discriminant analysis (Fraley &
Raftery 2002), with spss 21.0. We used the same classifi-
cation criteria, based on the hybrid index () as in the
PCA, in order to explore whether the morphological
measures could discriminate the parental species
(C. moreletii, C. acutus) and the hybrid individuals.

Results

We amplified 12 microsatellite loci for 300 crocodile
individuals from 65 different localities throughout their
entire geographic range along the Gulf of Mexico and
the Caribbean. Individuals genotyped more than once
had concordant results. We found no evidence of null
alleles in either of the two nonadmixed reference pop-
ulations. Bayesian admixture proportions for K = 2 (gi)
indicated that a large proportion of individuals were
admixed, but also allowed us to identify nonadmixed
individuals and populations (Fig. 2C). The nonadmixed
crocodiles were mostly from the geographically iso-
lated populations: Crocodylus moreletii from San Luis
Potosi (SL; Presa San Diego and Cienega de Cabezas)
on the northwest and some individuals from Tabasco
from an isolated lagoon population (TB; Laguna Las
Iusiones) and Crocodylus acutus from islands in south-
ern Mexico, Cozumel (QZ) and Banco Chinchorro
(BC), and the population from Oaxaca on the Pacific
coast (VT; La Ventanilla) that we included as an
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allopatric population (Fig. 1). These individuals were
treated as parental individuals for the hybrid index
estimations (h).

Hybrid index estimates also indicated that a large
proportion of the crocodiles were admixed (Fig. 2A),
and were highly correlated with the Bayesian admixture
proportions (r* = 0.84; P < 0.001). Hybrids were com-
mon throughout much of the Gulf of Mexico and the
Caribbean and exhibited clinal variation with more
C. acutus like individuals in the known sympatric area
and more C. moreletii like individuals in the northwest;
also, some C. acutus individuals were found in the
northwest (Tamaulipas, sampling locality Vicente Guer-
rero; Table S2, Supporting information, Fig. 1). Also, the
lower and upper bounds of the confidence intervals
were higher overall in the admixed individuals (0.003—
0.38 to 0.24-0.90, range of lower and upper bounds,
respectively), while lower and upper bounds were neg-
ligible in the nonadmixed ones (0-0.13). The latter sug-
gests more uncertainty in the exact genomic
composition of hybrids than parentals (Fig. 2A,
Table S2, Supporting information).

Posterior probabilities for crocodiles being best-classi-
fied as F; or recent backcross individuals were uni-
formly low (Fig. 2B). Instead, most putatively admixed
individuals had the greatest posterior probability of
being F, (these could in fact be F, or later-generation
hybrids). Similarly, while hybrids exhibited a range of
hybrid index values and interspecific ancestry propor-
tions, most hybrids had reduced interspecific ancestry
relative to simulated F;s, Fps and backcrosses (Fig. 3).
These results suggest that multiple generations have
passed since hybridization started and that contempo-
rary hybridization involving nonadmixed parents (that
is to say, the production of F;s) is uncommon.

Given these results, we performed a new STRUCTURE
analysis assuming K = 3 putative source populations, to
assess to what degree the admixed individuals are
drawn from a third gene pool; we used the same model
parameters as with K = 2. The same genetic clusters for
C. acutus and C. moreletii were found, but a gradient of
admixture proportions for the hybrid individuals was
also evident (from north to south; see Fig. 2D).

The PCoA of the genetic distance matrix and the test
for isolation by distance demonstrated strong geo-
graphic structuring of the genetic variation across the
hybrid zone. In particular, the 2-first PCoA axes
explained 53% of the variation among individuals, and
ordinated the crocodiles in a manner that largely
reflected geography (Fig. S1, Supporting information).
Moreover, when considering both species and the
hybrids, genetic distances were significantly correlated
with the geographic distances between samples
(r =0.34, P < 0.01) (Fig. S2, Supporting information).
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Fig. 2 Bar plots of (A) Maximum-likeli-
hood estimates of hybrid indexes (Buer-
kle 2005), where solid lines are 95%
confidence intervals and blue and yellow
bars represent the statistical proportion
of the genome inherited from Crocodylus
moreletii (1—-h) and Crocodylus acutus (h),
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ability of assignment to different hybrid
classes from the software NEWHYBRIDS
(Anderson & Thompson 2002), where
hybrid classes are indicated as coloured
bars as follows: nonadmixed C. moreletii
(blue), nonadmixed C. acutus (yellow), F,
hybrids (black), F, hybrids (green), recent
backcrosses to C. acutus (red) and to
C. moreletii (grey). (C) Admixture propor-
tions with K =2 from stRUCTURE (Pritch-
ard et al. 2000) where solid lines are 95%
credible intervals and different colours
represent each admixture proportion:
C. acutus ancestry (yellow), C. moreletii
ancestry (blue). (D) Admixture propor-
tions with K =3 from STRUCTURE, where
different colours indicate C. acutus ances-
try (yellow), C. moreletii ancestry (blue)
and admixed ancestry (green). Admix-
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ture proportions are consistent with the
hybrid index results. Each vertical bar
corresponds to one individual ordered
from northwest to southeast populations
(left to right, where sampling localities
abbreviations are as listed in Table S2,
Supporting information and Fig. 1).
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Geographic clines were wide for all 12 microsatellite
loci with posterior medians ranging from 870 to
27 486 km; the widest clines were essentially flat, and
thus, these widths should be interpreted with caution.
Samples were pooled into populations by state for this
analysis; thus, nine localities were considered (Figs 4
and S3, Supporting information). Little direct informa-
tion is available about dispersal in C. acutus and
C. moreletii; however, we used what was known to
place rough lower bounds on the time since secondary
contact. In particular, under a neutral diffusion model,
cline width is equal to 2.51 ovf, where o is the average
dispersal distance between parents and offspring and ¢
is the time since secondary contact in generations (Bar-
ton & Gale 1993). Radio telemetry data suggest that
C. morelettii disperses about 1.2 km per year (Rueda
2015), begin reproducing at 7-10 years of age and con-
tinue having offspring until about age 60 (NEPA 2009).
Thus, using our narrowest cline (and thus giving the
lowest bound for time since secondary contact), our

QR QZ BCVT

results suggest secondary contact occurred at least 142.9
generations ago and hence thousands of years ago
(here, we assume that the net dispersal away from its
birth site is 1 km per year and that crocodiles have had
half of their offspring at age 29). In order for secondary
contact to have occurred recently, for example, within
the past 10 generations, dispersal distances () would
need to be 109.6 km per generation. These estimates
should of course be interpreted with caution given
the limited data available on lifetime dispersal in this
crocodiles and the potential for dispersal to vary with
habitat.

Finally, the PCA for the morphological measures
showed that the first component explained 29.5% of the
variation and included the simple and double tail
scutes, whereas 29.7% was explained by the second
component, grouping the proportion between total
length/cranial length and snout-cloacal length/cranial
length. The CDA results were significant (Wilks's
A =0.553; P <0.001), showing that the first function
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Fig. 3 Triangle plot summarizing patterns of genetic ancestry
in hybrids, based on hybrid index values (proportion of
Crocodylus acutus alleles) and interspecific ancestry (proportion
of loci where crocodiles inherited one allele copy from each
parental species). Results are shown from natural hybrids and
simulated hybrids. In each case, the lines depict the genetic
ancestry for individuals and are extended out from the group
mean. Dotted lines (forming the triangle) indicate the maxi-
mum possible interspecific ancestry for a given hybrid index.

explained 79% of the variance, in which the main mor-
phological features identified were the subcaudal scala-
tion and the total nucal and cervical scutellation (Fig. 5,
Table S3, Supporting information). Also, results showed
that 58% of all individuals were correctly classified (ei-
ther to C. acutus, C. moreletii or hybrids). Moreover, the
CDA was able to distinguish between parental species:
considering only the nonadmixed individuals, 100% of
C. acutus were correctly classified and 81% of the
C. moreletii (Table S3, Supporting information). Con-
versely, hybrid individuals were not clearly separated
from the nonadmixed ones, where 7% and 45% of indi-
viduals were classified as more similar to C. acutus and
C. moreletii, respectively, and 48% as hybrids.

Discussion

This is the first genetic study to include the entire his-
toric distribution for Crocodylus moreletii and the sym-
patric zone where it co-occurs with Crocodylus acutus
(Fig. 1). In stark contrast to previous studies with more
limited geographic sampling (Cedeno-Vazquez et al.
2008; Rodriguez et al. 2008; Pacheco-Sierra 2010;
Gonzélez-Trujillo et al. 2012), our results indicate that a
geographically widespread hybrid zone exists between
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C. acutus and C. moreletii in the Gulf of Mexico and the
Caribbean. This hybrid zone includes remote areas on
the mainland, some up to 450 km from the coastline in
isolated water bodies (Fig. 1). Our results also show
that nonadmixed populations of the parental species
occur in isolated areas and are morphologically distin-
guishable, while hybrids are widely dispersed and
encompass a mosaic of mixed genetic and morphologi-
cal characters. Moreover, our results indicate that the
hybridization between these two crocodilian species is
an ancient process, where secondary contact occurred
thousands of years ago.

Geography of hybridization

Bayesian admixture proportions and maximume-likeli-
hood hybrid indexes revealed a widespread hybrid
zone, where admixed individuals were found all
throughout the Gulf of Mexico and the Caribbean
(Figs 1 and 2). The current distribution of the hybrid
zone ranges from the southeast of Mexico, including
the known area of sympatry in the Yucatan peninsula,
all the way up to the north-northwest of Mexico, where
the parental populations of C. moreletii are distributed.
The fact that C. moreletii is a sister species of Crocodylus
rhombifer from Cuba and C. acutus of Crocodylus inter-
medius from Colombia and Venezuela (Meganathan
et al. 2010; Meredith et al. 2011, Milian-Garcia et al.
2011, 2015; Oaks 2011) supports this hybridization pro-
cess as an instance of secondary contact and not of pri-
mary divergence. We also found significant isolation by
distance for individuals across the entire hybrid zone,
including admixed and parental crocodiles. In the case
of C. acutus, we identified only two nonadmixed popu-
lations, from Cozumel and Banco Chinchorro, two
islands in the Caribbean separated from the mainland
35 and 45 km, respectively. This is consistent with the
results of Machkour-M'Rabet ef al. (2009), whom stud-
ied three continental and two island (also Cozumel and
Chinchorro) populations of this species in southern
Mexico, and concluded that ‘islands are the last refuge
with genetically pure American crocodiles in the Mexi-
can Caribbean’. Unexpectedly, we only found three
nonadmixed C. moreletii populations distributed on con-
tinental lagoons (Presa San Diego and C. de Cabezas,
SL; Lag. Las Ilusiones, TB; Fig. 1, Table S2, Supporting
information) in the northern limit of their distribution.
These populations represent ‘islands” on the mainland,
as they have low connection with other water bodies
(i.e. there is a geographic barrier to gene flow), decreas-
ing opportunities for gene flow between these
C. moreletii populations.

In agreement, we documented an isolation by dis-
tance pattern and a cline in genetic composition across
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Fig. 4 Plots depict geographic clines for each microsatellite locus. Symbols denote allelic class frequencies for individual populations.
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Fig. 5 Canonical discriminant analysis based on seven morpho-
logical parameters and labelled with the hybrid index values
for all individuals analysed on this study. The intermediate
grey squares and lines are nonadmixed Crocodylus acutus, the
dark grey circles are nonadmixed Crocodylus moreletii and the
light grey triangles and dashed lines are hybrid individuals,
each group with their respective centroid.

the range of the two species and their hybrids, both
indicative of neutral diffusion between adjacent popula-
tions (Figs 4, S2 and S3, Supporting information). This
gradient is evident from the southeast where hybrid
individuals are genetically more similar to C. acutus,
towards the north where hybrids are genetically more
similar to C. moreletii. This cline reflects the history,
geography and demography of secondary contact,
which likely occurred thousands of years ago in this
system. Specifically, in the absence of strong selection,
the genetic composition of hybrids should, at least ini-
tially, depend on the magnitude and direction of
genetic exchange. As a hybrid zone expands, hybrid
individuals at the edges should tend to be genetically
more similar to the contiguous parental species because
the probability of interbreeding with an individual of
the parental species is higher.

The genetic composition of hybrid individuals
throughout the hybrid zone is also probably associated
with the ecology and habitat preferences of these spe-
cies. The ability of C. acutus individuals to migrate has
been related to the lingual salt glands they possess,
which confer this species a high tolerance for salt water
(Taplin et al. 1982; Taplin 1988; Mazzotti & Dunson
1989). Little is known about the osmoregulatory capabil-
ities of C. moreletii; however, it can also be found along
brackish waters (Cedeno-Vazquez et al. 2006). Potential
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for dispersal and gene flow in C. acutus and C. moreletii
populations is enhanced by the coastal ecosystems they
inhabit and the large hydraulic network connecting
populations across rivers, lagoons, swamps, mangroves,
cenotes and floodplains characteristic along their distri-
butional area and hybrid zone.

Moreover, our morphological analysis also allowed
us to discriminate parental species (with 100% certainty
in the case of the C.acutus) from each other, but
hybrids, which exhibited a wide mosaic of mixed mor-
phological characters, were often not correctly classified.
Sanchez-Herrera et al. (2011) published a graphic guide
for morphologically identifying C. moreletii individuals
and possible hybrids with C. acutus. We could not fol-
low their identification tables because we obtained
nearly all possible combinations of states for the mor-
phological characters we analysed (e.g. Rand & Har-
rison 1989; Dodd & Afzal-Rafii 2004; Eaton et al. 2009;
Nolte et al. 2009; Warren et al. 2012; Zigler et al. 2012).
The latter illustrates that hybrids may resemble one of
the parental species phenotypically but not genotypi-
cally (cryptic individuals) (Barton 2001; De Queiroz
2007; Fitzpatrick et al. 2009; Arnold et al. 2012; Abbott
et al. 2013; Sousa-Neves et al. 2013); it also highlights
the problem of morphologically identifying hybrid indi-
viduals in the field, as their phenotypes depend on the
level of admixture or introgression (Hermansen et al.
2011; Schumer et al. 2014). In fact, such discordance
between morphology and genotype (at few loci) is
expected for old hybrid zones when hybrids are not
uniformly unfit (Abbott et al. 2013).

It is important to highlight that, considering our
intensive and extensive fieldwork, together with the
robust statistical and modelling results we obtained, we
are confident that we sampled the parental species to
the extent that they exist. This is an essential fact in
order to reduce the statistical error in analyses directed
to identify hybrid and parental individuals in a study
evaluating hybridization (Anderson & Thompson 2002;
Gompert & Buerkle 2010). For instance, Gonzalez-Tru-
jillo et al. (2012) report that they did not find hybridiza-
tion between C. moreletii and C. acutus in central
Veracruz. On the contrary, we identified hybrid indi-
viduals in most of the Veracruz state, including one
population sampled in both studies (La Mancha). A
likely explanation is that Gonzalez-Trujillo et al. (2012)
did not include nonadmixed crocodiles from the paren-
tal species in their analyses. When aiming to evaluate
hybridization between two species, samples from both
parental species are required in order to minimize sta-
tistical error. If one of the parental populations is small,
extinct or poorly sampled, estimates of hybrid indexes
or admixture proportions will be shifted, which could
give false evidence of the presence or absence of
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hybrids. Moreover, when samples of hybrid individuals
are analysed as a parental species, the proportion of
alleles that define each (nonadmixed) species is lost
and, consequently, the hybrids most genetically similar
to each of the parental species will be classified as non-
admixed, yielding erroneous results and no hybridiza-
tion signal between the species being analysed
(Anderson & Thompson 2002; Buerkle 2005; Gompert &
Buerkle 2009, 2010).

History and evolutionary dynamics of hybridization

Our results support a scenario where hybridization
began thousands of years ago, resulting in character
and genetic clines that have since begun to decay
because of weak or limited selection against hybrids. In
other words, in contrast to tension zone models where
narrow hybrid zones are maintained by selection
against hybrids, hybrids in this system are widespread
and are not obviously at a selective disadvantage. Sev-
eral lines of evidence support this conclusion. The Baye-
sian admixture proportions inferred when three source
populations were assumed clearly identified the nonad-
mixed parental populations and assigned most hybrids
a non-negligible proportion of ancestry from a third
source population, but with a wide range of admixture
proportions. Likewise, the majority of hybrids were
genetically most like a F, or late-generation hybrid,
with almost no probability of being F; or recent back-
crosses (Fig. 2B). These results indicate that the
hybridization between C. acutus and C. moreletii has
been occurring for at least several generations (Ander-
son & Thompson 2002), which was corroborated by the
cline analysis. If we consider the time needed for the
expansion of the hybrid zone along more than 2000 km,
in generation times, even for a long-lived species like
crocodiles, our results suggest that this hybridization
process has been going on over many generations (at
least 143 generations ago). Estimation of the historical
onset of the hybridization process requires the use of
DNA sequence data, which will help to solve this
intriguing question (G. Pacheco-Sierra, M. Suarez-
Atilano, J. Dominguez-Laso, Z. Gompert & E. Vazquez
Dominguez unpublished data). This is further sup-
ported by the pattern of isolation by distance indicating
gene flow between neighbouring populations, and
where nonadmixed populations are geographically iso-
lated in inland lakes or islands.

Conservation implications

Our findings of both an extended hybridization
between the two crocodilian species and of only a few
isolated parental populations have conservation

implications. Indeed, not only the parental species but
also the naturally occurring hybrids must be considered
for their conservation value (Jackiw et al. 2015). Crocody-
lus moreletii is a species protected by the Mexican law
as endangered (Semarnat 2010), and internationally by
IUCN and CITES (Cedeno-Véazquez et al. 2012; www.
cites.org/eng/app/appendices.php). A monitoring pro-
gramme was established over 5 years ago aiming to
ascertain the conservation status of this species; it was
focused solely on estimation of population numbers
and abundance (Sanchez-Herrera et al. 2011). The
results obtained in that monitoring programme sug-
gested that C. moreletii was not in danger of extinction,
based on which it was recently removed from
Appendix I to Appendix II on CITES, and also removed
from the Endangered Species Act (ESA) for the trade of
skins to North America (http://www.fws.gov/endan
gered /laws-policies/). Our results allow for two conser-
vation considerations: first, it must be taken into
account that individuals and populations routinely
identified as C. moreletii are most likely admixed; hence,
changes in the conservation status of C. moreletii should
consider that many of their populations could include
mostly hybrid individuals. Furthermore, our results
show that very few populations of parental (nonad-
mixed) C. moreletii remain in the wild, supporting its
original status as endangered. Indeed, C. rhombifer in
Cuba, a critically endangered island endemic, is in the
verge of extinction as a result of hybridization with
C. acutus, also enhanced by anthropogenic threats
(Milian-Garcia ef al. 2015). Hybridization can also signif-
icantly decrease reproductive success and fitness, as in
the case of the westslope cutthroat trout Oncorhynchus
clarkii lewisi that shows genetic introgression with the
rainbow trout (Oncorhynchus mykiss) (Muhlfeld et al.
2009). Hence, we advise about C. moreletii’s conserva-
tion status, which should be reconsidered by national
and international authorities, and that new conservation
strategies are needed for this species, especially in non-
admixed populations. Second, considering that
hybridization between C. moreletii and C. acutus is an
ancient, naturally occurring process, and mostly not
determined by anthropogenic factors (e.g. the species
overexploitation on the 1950s) as commonly thought
(Machkour-M'Rabet et al. 2009; Sanchez-Herrera et al.
2011), hybridization could be driving evolution of these
species, with the potential outcome of the extinction of
one (C. moreletii) or both parental species, or the forma-
tion of a new, hybrid one (Mallet 2005; Abbott et al.
2013; Keller et al. 2013). This would certainly require an
entire new discussion regarding the conservation of
these crocodile species. In the meantime, our efforts are
next directed to evaluate when the hybridization pro-
cess started, what historical dispersal routes were

© 2016 John Wiley & Sons Ltd
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followed and how many different genetic lineages have
actually diverged, information that will help to better
support conservation actions. It is also key to empha-
size the need to perform systematic studies in order to
assess whether more isolated C. acutus and C. moreletii
populations exist in the wild, to learn about their popu-
lation numbers, reproductive success, behaviour and
health, aspects that ultimately impact their survival and
conservation.
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Figure S1. Distribution of crocodile individuals in a multidimensional scaling based on results from a Principal Coordinates Analysis
(PCoA). Each individual was assigned, a posteriori, into a class according to hybrid index values (h) and confidence intervals as:

triangles are non-admixed individuals of C. acutus, circles are non-admixed C. moreletii and crosses represent hybrid individuals.
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Figure S2. Correlation between pairwise genetic (Da; Nei et al. 1983) and geographic distances along the entire distribution area

among the 300 crocodile individuals analyzed in this study. Gray dots represent pairwise comparisons and the dashed black line is

the best-fit regression trend line.
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Figure S3. Plot of geographic clines with all microsatellite loci combined, showing allelic class frequencies along a longitudinal

transect. Samples were pooled into populations by state for this analysis, thus nine sampling localities are indicated in the figure.
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Table S1. Polymorphic microsatellite loci (FitzSimmons et al. 2001) for Crocodylus moreletii and C. acutus from the Gulf of Mexico and

the Caribbean that amplified in the present study. Primer sequences (5-3’) and their corresponding dye are given.

Primer name Sequence 5-3’ Dye

Cj16 CAT GCAGATTGT TATTCC TGA TG FAM - F
TGT CAT GOT GTC AAT TAAACTC

Cj18 ATCCAAATCCCATGAACCTGAGAG HEX - F
CCG AGT OCT TAC AAG AGG CTG G

Cj20 ACA ATG GGG ATC AGT GCA GAG FAM - F
GTT TCA AAT CCA CAG TCA TAT AGT CC

Cj35 GTTTAGAAGTCTCCAAGCCTCTCAG FAM - R
CTG GGG CAAGGATTTAACTCTC

Cj109 GTATTG TCAACCCCACCGTGTC FAM - F
GTT TCC CCT CCACAGATTTACTTGC

Cj119 GTTTGCTGTGGAATGTTTCTAC HEX - R
CGC TAT ATG AAACGG TGG CTG

Cj127 CCCATAGTTTCC TGT TAC CTG HEX - F
GTTTCCCTC TCT GACTTCAGTGTT G

Cj128 ATT GGG GCA GATAAG TGGACTC HEX - F
GTTTCT TGC TTC TCT TCC CTA CCT GG

Cj131 GTTTGT CTTCTT CCT CCT GTCCCTC FAM-R
AAA TGC TGA CTC CTACGGATG G

CuD68 GCT TCA GCA GGG GCT ACC FAM-R
TGG GGA AAC TGC ACTTTA GG

Cj391 ATG AGT CAG GTG GCA GGT TC FAM - F
CAT AAA TAC ACT TTT GAG CAG CAG

CuJ131 GTC CCT TCC AGC CCAAATG HEX - R

CGT CTG GCC AGA AAA CCT GT
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Table S2. List of samples of Crocodylus moreletii and C. acutus from the Gulf of Mexico and the Caribbean, including sample

identification and population and locality names and coordinates. Includes the summary statistics results for the Bayesian inference

of admixture proportions analysis (STRUCTURE 2.3.4; Pritchard et al. 2000) and the Maximum-likelihood estimation of hybrid index (h)

(R package INTROGRESS; Gompert & Buerkle 2010). Bayesian admixture proportions (q;) for (K = 2; STRUCTURE) and lower and

upper credibility intervals (Cl) are given.

Coordinates WGS84 STRUCTURE INTROGRESS

Sample Population Locality Longitude Latitude lower Cl upperCl q; qg2(1-q4) lower Cl upper Cl h

SLO1 SanLuis Presa San Diego -100.101705 21.906036  0.000 0.019 0.003 0.997 0.000 0.000 0.000
SL02 SanLuis Presa San Diego -100.100266 21.907396  0.000 0.019 0.003 0.997 0.000 0.000 0.000
SLO3 SanLuis Presa San Diego -100.105779 21.908245  0.000 0.019 0.003 0.997  0.000 0.000 0.000
SL04 SanLuis Presa San Diego -100.104996 21.912537  0.000 0.053 0.008 0.992 0.000 0.000 0.000
SL05 SanLuis Presa San Diego -100.103546 21.907716  0.000 0.019 0.003 0.997 0.000 0.000 0.000
SL06 SanLuis C. de Cabezas -99.239420 21.839829  0.000 0.019 0.003 0.997 0.000 0.000 0.000
SLO7 SanLuis C. de Cabezas -99.236971 21.832713  0.000 0.028 0.005 0.995 0.000 0.000 0.000
SL08 SanLuis C. de Cabezas -99.231688 21.835019  0.000 0.022 0.004 0.996 0.000 0.000 0.000
SL09 SanLuis C. de Cabezas -99.224737 21.831119  0.000 0.021 0.003 0.997  0.000 0.000 0.000
SL10 SanLuis C. de Cabezas -99.204397 21.811128  0.397 0.992 0.681 0.319 0.133 0.673 0.369
SL11 SanLuis C. de Cabezas -99.200485 21.807247  0.000 0.254 0.072 0.928 0.029 0.411 0.161
TMO1 Tamaulipas Villa de Casas -98.709213 23.714266  0.275 0.805 0.528 0.472 0.276 0.836 0.554
TMO02 Tamaulipas Villa de Casas -98.719231 23.726084  0.232 0.777 0492 0.508 0.233 0.723 0.468
TMO03 Tamaulipas Villa de Casas -908.725584 23.731084  0.190 0.643 0.400 0.600 0.078 0.585 0.282
TM04 Tamaulipas Villa de Casas -98.709543 23.716330  0.497 0.903 0.711 0.289  0.092 0.691 0.339
TMO05 Tamaulipas Villa de Casas -98.715306 23.725800 0.501 0.912 0.719  0.281 0.229 0.876 0.568
TMO06 Tamaulipas Villa de Casas -98.693215 23.723282  0.244 0.798 0.509  0.491 0.190 0.794 0.473
TMO7 Tamaulipas Villa de Casas -98.695612 23.705908  0.331 0.864 0.589 0.411 0.103 0.570 0.298
TMO08 Tamaulipas Presa V.Guerrero -98.772430 23.830697  0.485 0.947 0.721 0.279  0.005 0.382 0.100
TMO09 Tamaulipas Presa V.Guerrero -98.731519 24.026471 0.628 0.996 0.840 0.160 0.312 0.832 0.582
T™M10 Tamaulipas Presa V.Guerrero -98.695851 23.918332  0.000 0.120 0.023 0.977 0.005 0.316 0.084
TM11 Tamaulipas Presa V.Guerrero -98.702248 23.885407  0.521 0.995 0.780 0.220 0.033 0.797 0.357
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T™M12
T™M13
T™M14
TM15
TM16
™17
T™M18
T™M19
TM20
TM21
TM22
TM23
TM24
TM25
TM26
TM27
TM28
TM29
TM30
TM31
TM32
TM33
TM35
TM36
TM37
TM38
TM39
TM40
TM42
VZ01

VZ02

Tamaulipas
Tamaulipas
Tamaulipas
Tamaulipas
Tamaulipas
Tamaulipas
Tamaulipas
Tamaulipas
Tamaulipas
Tamaulipas
Tamaulipas
Tamaulipas
Tamaulipas
Tamaulipas
Tamaulipas
Tamaulipas
Tamaulipas
Tamaulipas
Tamaulipas
Tamaulipas
Tamaulipas
Tamaulipas
Tamaulipas
Tamaulipas
Tamaulipas
Tamaulipas
Tamaulipas
Tamaulipas
Tamaulipas
Veracruz

Veracruz

Presa V.Guerrero
Presa V.Guerrero
Presa V.Guerrero
Estero Lomas
Estero Lomas
Estero Lomas
Estero Lomas
Estero Lomas
Laguna Conejo
Laguna Conejo
Laguna Cafon
Laguna Altamira
Laguna Altamira
Laguna Altamira
Laguna Altamira
Laguna Altamira
Laguna Altamira
Laguna Altamira
Laguna Chairel
Laguna Chairel
Laguna Chairel
Laguna Chairel
Laguna Carpintero
Laguna Carpintero
Laguna Carpintero
Noh Bec

E. tampico
Aldama

Gomez Farias
Rio Panuco
Tampamachoco

-98.678512
-98.772754
-98.761735
-97.896743
-97.905238
-97.910862
-97.912238
-97.916558
-97.880972
-97.885740
-97.868632
-97.895726
-97.892929
-97.903844
-97.916444
-97.920856
-97.907885
-97.916737
-97.898533
-97.910361
-97.958039
-97.970066
-97.855362
-97.854593
-97.855094
-98.954787
-97.845457
-98.954787
-98.801751
-97.795658
-97.357751

23.963199
24.006591
23.876798
22.474763
22.480032
22.471442
22.466474
22.466356
22.427639
22.433786
22.411096
22.337848
22.333736
22.329862
22.339376
22.331406
22.327407
22.324821
22.235110
22.242865
22.300669
22.296811
22.235840
22.229399
22.222319
23.812713
22.199503
23.812713
22.959399
22.261961
21.005627

33

0.421
0.469
0.717
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.811
0.060
0.000
0.000

0.976
0.931
1.000
0.052
0.053
0.055
0.054
0.052
0.310
0.136
0.237
0.075
0.176
0.068
0.063
0.153
0.066
0.093
0.061
0.063
0.156
0.053
0.054
0.099
0.318
0.053
0.136
1.000
0.505
0.168
0.037

0.697
0.707
0.908
0.010
0.010
0.010
0.010
0.010
0.121
0.031
0.084
0.014
0.044
0.013
0.012
0.038
0.012
0.017
0.011
0.012
0.043
0.010
0.010
0.019
0.123
0.010
0.028
0.948
0.260
0.032
0.006

0.303
0.293
0.092
0.990
0.990
0.990
0.990
0.990
0.879
0.969
0.916
0.986
0.956
0.987
0.988
0.962
0.988
0.983
0.989
0.988
0.957
0.990
0.990
0.981
0.877
0.990
0.972
0.052
0.740
0.968
0.994

0.017
0.016
0.239
0.000
0.000
0.000
0.003
0.003
0.024
0.000
0.000
0.008
0.030
0.005
0.004
0.021
0.005
0.029
0.004
0.000
0.003
0.000
0.003
0.003
0.023
0.000
0.005
0.694
0.134
0.028
0.004

0.631
0.595
0.848
0.115
0.102
0.132
0.240
0.229
0.398
0.112
0.106
0.371
0.424
0.330
0.286
0.350
0.313
0.418
0.267
0.132
0.236
0.112
0.219
0.249
0.343
0.113
0.321
1.000
0.620
0.409
0.295

0.238
0.219
0.540
0.000
0.000
0.000
0.059
0.055
0.144
0.000
0.000
0.117
0.167
0.090
0.071
0.127
0.083
0.164
0.072
0.000
0.057
0.000
0.053
0.062
0.130
0.000
0.086
0.975
0.348
0.160
0.074



VZ03
VZ04
VZ05
VZ06
VzZ07
VZ08
VZ09
VZ10
VZ11
VZ13
VZ14
VZ15
VZ16
VZ12
VZ17
VZ18
VZ19
VZ20
VZ21
VZ22
VZ23
VZ24
VZ25
VZ26
vz27
VZ28
VZ29
VZ30
VZ31
VZ32
VZ33

Veracruz
Veracruz
Veracruz
Veracruz
Veracruz
Veracruz
Veracruz
Veracruz
Veracruz
Veracruz
Veracruz
Veracruz
Veracruz
Veracruz
Veracruz
Veracruz
Veracruz
Veracruz
Veracruz
Veracruz
Veracruz
Veracruz
Veracruz
Veracruz
Veracruz
Veracruz
Veracruz
Veracruz
Veracruz
Veracruz
Veracruz

Estero Tumilco

Estero Chacoaco
Estero Chacoaco

Estero Lagartos
Estro Larios

La Mancha

La Mancha
Papa-Loapan
Papa-Loapan
Pte. Santa Cruz
Pte. Santa Cruz
Pte. Santa Cruz
Pte. Santa Cruz
Temascal
Temascal
Tlacojalpan
Tlacojalpan
Tlacojalpan
Cosamaloapan
Cosamaloapan
Cosamaloapan
Loma Bonita
Playa Vicente
Playa Vicente
Playa Vicente
Catemaco
Catemaco
Catemaco
Catemaco
Catemaco
Coatzacoalcos

-97.351248
-97.290351
-97.290411
-97.096046
-96.982713
-96.389369
-96.386432
-95.706286
-95.701311
-96.121439
-96.120240
-96.091145
-96.080789
-96.398136
-96.174993
-95.955507
-95.951167
-95.955305
-95.777288
-95.792620
-95.737561
-95.919322
-95.669629
-95.671033
-95.668668
-95.022300
-95.022064
-95.020229
-95.042143
-94.444690
-94.371237

20.938211
20.909730
20.915244
20.542022
20.409903
19.593485
19.582741
18.593737
18.576408
18.144412
18.162273
18.173224
18.168074
18.240241
18.131980
18.241804
18.230109
18.239602
18.319714
18.361949
18.367555
18.078873
17.675532
17.677202
17.676002
18.371311
18.370288
18.372091
18.363287
18.085184
18.114042
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0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.034
0.034
0.035
0.137
0.194
0.045
0.066
0.207
0.419
0.139
0.295
0.041
0.060
0.062
0.183
0.057
0.041
0.039
0.038
0.150
0.275
0.038
0.040
0.044
0.053
0.117
0.045
0.071
0.035
0.298
0.066

0.006
0.006
0.006
0.025
0.055
0.007
0.011
0.042
0.193
0.025
0.106
0.007
0.010
0.010
0.038
0.009
0.007
0.007
0.006
0.025
0.072
0.006
0.007
0.007
0.009
0.022
0.007
0.012
0.006
0.116
0.011

0.994
0.994
0.994
0.975
0.945
0.993
0.989
0.958
0.807
0.975
0.894
0.993
0.990
0.990
0.962
0.991
0.993
0.993
0.994
0.975
0.928
0.994
0.993
0.993
0.991
0.978
0.993
0.988
0.994
0.884
0.989

0.004
0.000
0.000
0.078
0.029
0.007
0.000
0.005
0.008
0.024
0.022
0.000
0.008
0.004
0.024
0.000
0.000
0.000
0.004
0.070
0.125
0.003
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.052
0.027

0.284
0.132
0.132
0.487
0.421
0.360
0.202
0.319
0.376
0.376
0.364
0.149
0.375
0.272
0.371
0.165
0.189
0.140
0.279
0.516
0.584
0.241
0.167
0.207
0.246
0.140
0.133
0.112
0.118
0.512
0.367

0.070
0.000
0.000
0.239
0.162
0.112
0.000
0.084
0.116
0.141
0.133
0.000
0.122
0.070
0.139
0.000
0.000
0.000
0.074
0.248
0.320
0.059
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.235
0.145



VZ34
VZ35
VZ36
VZ37
VZ38
VZ39
VZ40
VZ41
VZ42
VZ43
VZ44
VZ45
VZ46
vza7
TBO1
TB02
TB08
TB09
TB10
TB11
TB12
TB13
TB14
TB15
TB16
TB17
TB18
TB19
TB20
TB21
TB22

Veracruz
Veracruz
Veracruz
Veracruz
Veracruz
Veracruz
Veracruz
Veracruz
Veracruz
Veracruz
Veracruz
Veracruz
Veracruz
Veracruz
Tabasco
Tabasco
Tabasco
Tabasco
Tabasco
Tabasco
Tabasco
Tabasco
Tabasco
Tabasco
Tabasco
Tabasco
Tabasco
Tabasco
Tabasco
Tabasco
Tabasco

Jaguaroundi
Jaguaroundi
Jaguaroundi
Jaguaroundi
Jaguaroundi

Presa cangrejera
Presa cangrejera
Presa cangrejera
Presa cangrejera
Presa cangrejera
Presa cangrejera
Presa cangrejera
Presa cangrejera
Sontecomapan

Lag.
Lag.
Lag.
Lag.
Lag.
Lag.
Lag.
Lag.
Lag.
Lag.
Lag.
Lag.
Lag.
Lag.
Lag.
Lag.

Rosario
Rosario
Caracol
Caracol
Caracol
Caracol
Caracol
Caracol
Caracol
Las llusiones
Las llusiones
Las llusiones
Las llusiones
Las llusiones
Las llusiones
Las llusiones

Paraiso

-94.374422
-94.356508
-94.352721
-94.360514
-94.352928
-94.328418
-94.324844
-94.318018
-94.307985
-94.298844
-94.332372
-94.316791
-94.323469
-95.008509
-03.824848
-93.777913
-93.322473
-93.333310
-93.340849
-93.342444
-93.346783
-93.338316
-93.334700
-92.939133
-92.936861
-92.931012
-92.933133
-92.923273
-92.924480
-92.942076
-93.160863

18.119283
18.123827
18.123638
18.118786
18.116536
18.112132
18.114700
18.094913
18.088898
18.093411
18.102960
18.137566
18.131620
18.526873
17.836293
17.843365
17.833712
17.840623
17.842596
17.830325
17.824142
17.820554
17.819490
17.992474
17.996060
17.997234
18.003759
18.010282
18.017085
18.013778
18.398507
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0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.007
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.202

0.040
0.044
0.317
0.045
0.071
0.043
0.043
0.119
0.185
0.096
0.353
0.286
0.123
0.061
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.773

0.007
0.007
0.104
0.008
0.012
0.007
0.007
0.020
0.037
0.016
0.168
0.053
0.021
0.010
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.001
0.000
0.000
0.000
0.000
0.000
0.475

0.993
0.993
0.896
0.992
0.988
0.993
0.993
0.980
0.963
0.984
0.832
0.947
0.979
0.990
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
0.999
1.000
1.000
1.000
1.000
1.000
0.525

0.000
0.000
0.073
0.000
0.000
0.005
0.006
0.014
0.029
0.008
0.023
0.072
0.062
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.107

0.144
0.189
0.489
0.160
0.299
0.306
0.345
0.398
0.408
0.362
0.356
0.540
0.469
0.201
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.645

0.000
0.000
0.242
0.000
0.002
0.082
0.102
0.150
0.159
0.114
0.134
0.258
0.221
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.336



TB23
TB24
TB25
TB26
TB27
TB28
TB29
TB29-A
TB30
TB31
CPO1
CP02
CPO03
CP04
CPO05
CPO0O6
CPO7
CPO08
CP10
CP11
CP12
CP12-A
CP13
CP14
CP15
CP16
CP18
CP19
CP20
CP20-A
CP20-B

Tabasco
Tabasco
Tabasco
Tabasco
Tabasco
Tabasco
Tabasco
Tabasco
Tabasco
Tabasco
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche

Paraiso

Pantanos de Centla
Pantanos de Centla
Pantanos de Centla
Pantanos de Centla
Pantanos de Centla
Pantanos de Centla
Pantanos de Centla
Yumka

Yumka

Manguito

Pom Atasta

Pom Atasta

Pom Atasta

Pom Atasta

Pom Atasta

Pom Atasta

Pom Atasta

Rio Chumpan

Rio Chumpan

Rio Chumpan

Rio Chumpan

Pital

Sistema Pargo
Sistema Pargo
Sistema Pargo

Rio Caribe

Rio Champoton

Rio Champoton

Rio Champoton

Rio Champoton

-93.168180
-92.661778
-92.670365
-92.648381
-92.674069
-92.785959
-92.785959
-92.785959
-92.771889
-92.805843
-92.161841
-92.256715
-92.274635
-92.284620
-92.289700
-92.299332
-92.291855
-92.264917
-91.511359
-91.532363
-91.498598
-91.498598
-91.036970
-91.260245
-91.267360
-91.256343
-90.592815
-90.717450
-90.695545
-90.685833
-90.680565

18.404753
18.335496
18.309710
18.277524
18.314894
18.003803
18.003803
18.003803
18.013489
17.991547
18.666062
18.548067
18.538772
18.533553
18.523867
18.495548
18.511583
18.542731
18.367294
18.321073
18.413111
18.413111
18.622459
18.511432
18.528772
18.598602
18.227076
19.362779
19.358687
19.328080
19.319492
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0.442
0.000
0.000
0.000
0.000
0.000
0.000
0.931
0.000
0.000
0.428
0.000
0.000
0.000
0.000
0.005
0.063
0.002
0.163
0.127
0.292
0.185
0.050
0.010
0.435
0.103
0.199
0.000
0.458
0.000
0.078

1.000
0.001
0.001
0.001
0.001
0.001
0.117
1.000
0.001
0.001
0.892
0.135
0.136
0.173
0.140
0.235
0.448
0.292
0.639
0.537
0.755
0.675
0.392
0.409
0.909
0.546
0.671
0.174
0.920
0.240
0.456

0.763
0.000
0.000
0.000
0.000
0.000
0.014
0.987
0.001
0.002
0.667
0.039
0.039
0.050
0.040
0.091
0.235
0.110
0.388
0.314
0.525
0.424
0.198
0.181
0.679
0.309
0.425
0.052
0.697
0.078
0.248

0.237
1.000
1.000
1.000
1.000
1.000
0.986
0.013
0.999
0.998
0.333
0.961
0.961
0.950
0.960
0.909
0.765
0.890
0.612
0.686
0.475
0.576
0.802
0.819
0.321
0.691
0.575
0.948
0.303
0.922
0.752

0.126
0.000
0.000
0.006
0.004
0.006
0.053
0.598
0.028
0.031
0.328
0.000
0.003
0.007
0.000
0.000
0.031
0.057
0.135
0.113
0.179
0.178
0.054
0.028
0.269
0.041
0.107
0.004
0.383
0.000
0.091

0.707
0.134
0.222
0.333
0.274
0.308
0.435
1.000
0.411
0.439
0.847
0.179
0.216
0.375
0.110
0.156
0.423
0.467
0.657
0.583
0.716
0.797
0.443
0.418
0.790
0.536
0.599
0.244
0.905
0.331
0.519

0.372
0.000
0.000
0.093
0.070
0.090
0.197
0.877
0.159
0.173
0.592
0.000
0.052
0.116
0.000
0.000
0.169
0.213
0.362
0.313
0.428
0.468
0.202
0.161
0.525
0.221
0.322
0.063
0.657
0.045
0.267



CP21
CP22
CP23
CP24
CP25
CP26
CP28
CP29
CP29-A
CP29-B
CP29-C
CP29-D
CP29-E
CP30
CP31
CP32
CP33
CP34
CP35
CP36
CP37
CP38
CP39
CP40
CP41
CP42
CP43
YCO01
YCO02
YCO03
YCO04

Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Yucatan

Yucatan

Yucatan

Yucatan

Hampolol
Hampolol
Hampolol
Hampolol
Hampolol
Hampolol
Peten
Peten
Peten
Peten
Peten
Peten
Peten

El Remate
El Remate
El Remate
El Remate
El Remate
El Remate
El Remate
Isla Arena
Isla Arena
Isla Arena
Isla Arena
Isla Arena
Isla Arena
Isla Arena
El Palmar
El Palmar
El Palmar
El Palmar

-90.377368
-90.380194
-90.378826
-90.381110
-90.375525
-90.375525
-90.482520
-90.485810
-90.475210
-90.478311
-90.481966
-90.487227
-90.487298
-90.381173
-90.418850
-90.421323
-90.456290
-90.448907
-90.417406
-90.417843
-90.440655
-90.442601
-90.451098
-90.448560
-90.441120
-90.440091
-90.439284
-90.331132
-90.317733
-90.298457
-90.256057

19.942784
19.940457
19.941440
19.939630
19.944365
19.944365
20.210533
20.221311
20.230127
20.228308
20.225753
20.228616
20.226673
20.539410
20.542841
20.543251
20.551486
20.560033
20.608397
20.630067
20.684636
20.708209
20.702321
20.693314
20.692406
20.694540
20.694611
20.999664
21.014613
21.030374
21.060057
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0.000
0.092
0.194
0.291
0.098
0.001
0.098
0.129
0.550
0.257
0.000
0.283
0.021
0.001
0.000
0.001
0.026
0.026
0.028
0.028
0.138
0.001
0.440
0.144
0.139
0.003
0.709
0.012
0.177
0.012
0.029

0.185 0.056
0.513 0.286
0.629 0.401
0.757 0.523
0.543 0.299
0.313 0.100
0.482 0.271
0.546 0.320
0.951 0.767
0.767 0.507
0.180 0.053
0.754 0.511
0.389 0.176
0.238 0.084
0.145 0.042
0.254 0.091
0.337 0.159
0.367 0.172
0.349 0.165
0.347 0.163
0.541 0.323
0.217 0.078
0.878 0.666
0.559 0.338
0.556 0.329
0.295 0.115
0.986 0.877
0.311 0.133
0.633 0.396
0.311 0.133
0.458 0.217

0.944
0.714
0.599
0.477
0.701
0.900
0.729
0.680
0.233
0.493
0.947
0.489
0.824
0.916
0.958
0.909
0.841
0.828
0.835
0.837
0.677
0.922
0.334
0.662
0.671
0.885
0.123
0.867
0.604
0.867
0.783

0.005
0.091
0.096
0.122
0.053
0.005
0.074
0.099
0.645
0.250
0.000
0.150
0.008
0.000
0.000
0.000
0.065
0.004
0.063
0.033
0.115
0.081
0.290
0.050
0.003
0.021
0.788
0.004
0.175
0.004
0.086

0.316
0.563
0.546
0.636
0.528
0.332
0.539
0.548
1.000
0.786
0.209
0.618
0.384
0.146
0.105
0.143
0.496
0.297
0.485
0.444
0.608
0.475
0.854
0.442
0.249
0.330
1.000
0.267
0.649
0.267
0.567

0.086
0.292
0.281
0.344
0.243
0.091
0.262
0.286
0.944
0.512
0.000
0.359
0.122
0.000
0.000
0.000
0.235
0.077
0.229
0.179
0.327
0.240
0.575
0.193
0.060
0.121
1.000
0.066
0.389
0.066
0.286



YCO05
YCO06
YCO7
YCO7-A
YCO07-B
YCO07-C
YCO08
YCO09
YCO09-A
YC09-B
YC09-C
YC09-D
YCO09-E
YC10
YC11
YC12
YC13
YC14
YC15
YC16
YC17
YC18
YC19
YC20
YC21
YC22
YC23
YC24
YC25
YC26
YC27

Yucatan
Yucatan
Yucatan
Yucatan
Yucatan
Yucatan
Yucatan
Yucatan
Yucatan
Yucatan
Yucatan
Yucatan
Yucatan
Yucatan
Yucatan
Yucatan
Yucatan
Yucatan
Yucatan
Yucatan
Yucatan
Yucatan
Yucatan
Yucatan
Yucatan
Yucatan
Yucatan
Yucatan
Yucatan
Yucatan
Yucatan

El Palmar

El Palmar

El Palmar

El Palmar

El Palmar

El Palmar
Sisal

Sisal

Sisal

Sisal

Sisal

Sisal

Sisal

San Felipe
San Felipe
San Felipe
San Felipe
San Felipe
San Felipe
San Felipe
Rio Lagartos
Rio Lagartos
Rio Lagartos
Rio Lagartos
Rio Lagartos
Rio Lagartos
Rio Lagartos
El Cuyo

El Cuyo

El Cuyo

El Cuyo

-90.261774
-90.250148
-90.256444
-90.291403
-90.294127
-90.303947
-90.053368
-90.067137
-90.054427
-90.056372
-90.059090
-90.049405
-90.049405
-88.227613
-88.225460
-88.216059
-88.208049
-88.189439
-88.197914
-88.179672
-88.153065
-88.060133
-88.056833
-88.055328
-88.057922
-88.005962
-88.041217
-87.644764
-87.645685
-87.656388
-87.656008

21.055684
21.063386
21.058542
21.018888
21.014678
21.006634
21.159017
21.158766
21.160256
21.159918
21.159495
21.157391
21.157391
21.551921
21.552005
21.550634
21.557335
21.560120
21.556224
21.564551
21.578410
21.589632
21.591748
21.592665
21.594351
21.578107
21.577864
21.458028
21.458794
21.461179
21.512701
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0.022
0.096
0.197
0.380
0.450
0.237
0.088
0.178
0.405
0.280
0.058
0.578
0.430
0.351
0.444
0.026
0.003
0.473
0.209
0.284
0.022
0.147
0.193
0.286
0.216
0.016
0.319
0.702
0.656
0.683
0.796

0.417 0.191
0.570 0.316
0.681 0.430
0.877 0.635
0.953 0.717
0.777 0.505
0.604 0.335
0.713 0.435
0.907 0.660
0.766 0.517
0.504 0.261
0.963 0.793
0.865 0.650
0.859 0.602
0.945 0.704
0.322 0.150
0.180 0.063
0.952 0.725
0.693 0.438
0.778 0.525
0.359 0.162
0.638 0.377
0.702 0.436
0.841 0.561
0.689 0.443
0.376 0.164
0.801 0.557
0.993 0.882
0.990 0.858
0.992 0.871
0.997 0.927

0.809
0.684
0.570
0.365
0.283
0.495
0.665
0.565
0.340
0.483
0.739
0.207
0.350
0.398
0.296
0.850
0.937
0.275
0.562
0.475
0.838
0.623
0.564
0.439
0.557
0.836
0.443
0.118
0.142
0.129
0.073

0.065
0.059
0.124
0.250
0.295
0.074
0.081
0.165
0.313
0.167
0.036
0.381
0.078
0.231
0.258
0.017
0.003
0.182
0.077
0.221
0.050
0.058
0.079
0.204
0.081
0.000
0.250
0.555
0.631
0.514
0.738

0.506
0.481
0.565
0.767
0.778
0.537
0.578
0.709
0.822
0.624
0.487
0.866
0.729
0.730
0.778
0.297
0.222
0.688
0.479
0.666
0.550
0.462
0.492
0.764
0.495
0.158
0.730
0.983
1.000
0.978
1.000

0.237
0.220
0.312
0.499
0.535
0.261
0.281
0.416
0.567
0.373
0.199
0.639
0.356
0.466
0.511
0.104
0.053
0.417
0.235
0.429
0.242
0.212
0.242
0.471
0.245
0.000
0.478
0.829
0.921
0.804
0.990



YC28 Yucatan
YC29 Yucatan
YC30 Yucatan
YC31 Yucatan
YC32 Yucatan
YC33 Yucatan
YC33-A Yucatan
YC34 Yucatan
YC35 Yucatan
YC36 Yucatan
YC37 Yucatan
YC38 Yucatan
YC39 Yucatan
YC40 Yucatan
YC41 Yucatan
YC43 Yucatan
YC44 Yucatan
YC45 Yucatan
QRO1 Qroo
QRO2 Qroo
QRO3 Qroo
QRO4 Qroo
QRO7 Qroo
QRO08 Qroo
QRO09 Qroo
QR10 Qroo
QR11 Qroo
QR12 Qroo
QR13 Qroo
QR13-A Qroo
QR13-B Qroo

El Cuyo

El Cuyo

El Cuyo
Chipepte
Chipepte
Chipepte
Chipepte
Ranchos
Ranchos
Ranchos
Ranchos
Ranchos
Ranchos
Ranchos
Ranchos
Dzilam
Dzilam
Dzilam

Rio Yalikin
Rio Yalikin
Rio Yalikin
Rio Yalikin
Moon Palace
Moon Palace
Moon Palace
Moon Palace
Moon Palace
Moon Palace
Moon Palace
Moon Palace
Moon Palace

-87.685641
-87.638364
-87.638364
-87.538193
-87.540051
-87.542369
-87.544279
-87.971992
-87.988679
-87.980169
-87.972021
-87.962846
-87.969702
-87.962814
-87.980206
-88.866890
-88.867888
-88.869090
-87.176357
-87.175245
-87.171652
-87.175688
-86.833287
-86.833641
-86.834583
-86.838222
-86.835469
-86.843447
-86.846688
-86.849357
-86.845763

21.507163
21.506523
21.506523
21.484287
21.478036
21.482892
21.478861
21.445612
21.459559
21.439976
21.445659
21.433915
21.432999
21433763
21.440044
21.391827
21.391174
21.391895
21.439967
21.442703
21.433077
21.433137
20.983244
20.991399
20.988460
20.985260
20.982869
20.988958
20.985790
20.988862
20.989830
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0.554
0.201
0.274
0.784
0.816
0.756
0.643
0.009
0.272
0.078
0.179
0.284
0.405
0.256
0.100
0.276
0.286
0.130
0.875
0.353
0.490
0.121
0.001
0.001
0.000
0.049
0.000
0.207
0.001
0.000
0.003

0.952
0.721
0.745
0.997
0.998
0.996
0.989
0.313
0.847
0.602
0.674
0.822
0.899
0.771
0.548
0.783
0.794
0.597
1.000
0.948
1.000
0.703
0.277
0.423
0.225
0.464
0.252
0.676
0.245
0.356
0.448

0.771
0.454
0.506
0.922
0.935
0.911
0.849
0.126
0.555
0.319
0.415
0.548
0.655
0.504
0.306
0.519
0.533
0.349
0.973
0.633
0.790
0.398
0.110
0.177
0.065
0.229
0.074
0.432
0.089
0.134
0.197

0.229
0.546
0.494
0.078
0.065
0.089
0.151
0.874
0.445
0.681
0.585
0.452
0.345
0.496
0.694
0.481
0.467
0.651
0.027
0.367
0.210
0.602
0.890
0.823
0.935
0.771
0.926
0.568
0.911
0.866
0.803

0.517
0.004
0.193
0.604
0.654
0.619
0.406
0.006
0.110
0.031
0.127
0.145
0.194
0.037
0.027
0.214
0.128
0.146
0.530
0.241
0.264
0.111
0.019
0.091
0.021
0.032
0.000
0.151
0.003
0.021
0.064

0.991
0.312
0.722
0.968
0.975
0.971
0.896
0.325
0.581
0.471
0.651
0.648
0.713
0.472
0.427
0.688
0.574
0.665
0.966
0.724
0.767
0.591
0.320
0.510
0.345
0.428
0.150
0.618
0.258
0.344
0.520

0.790
0.079
0.441
0.835
0.862
0.846
0.667
0.093
0.310
0.181
0.353
0.372
0.437
0.194
0.158
0.435
0.321
0.379
0.789
0.471
0.515
0.317
0.114
0.263
0.124
0.172
0.000
0.361
0.063
0.124
0.241



QR14
QR15
QR15-A
QR16
QR17
QR18
QR19
QR20
QR21
QR22
QR23
QR24
QR26
QR28
QR29
QR30
QR31
QR32
QR33
QR34
QR35
QR36
QR38
QR39
QR40
QZ01
QZ02
QZ03
QZ04
QZ05
QZ06

Qroo
Qroo
Qroo
Qroo
Qroo
Qroo
Qroo
Qroo
Qroo
Qroo
Qroo
Qroo
Qroo
Qroo
Qroo
Qroo
Qroo
Qroo
Qroo
Qroo
Qroo
Qroo
Qroo
Qroo
Qroo
Cozumel
Cozumel
Cozumel
Cozumel
Cozumel
Cozumel

Mayacoba
Mayacoba
Mayacoba
Xcaret
Xcaret
Xcaret
Xcaret
Punta Allen

Felipe Carrillo Pto.
Felipe Carrillo Pto.
Felipe Carrillo Pto.
Felipe Carrillo Pto.
Felipe Carrillo Pto.

Rio Hondo
Rio Hondo
Rio Hondo
Rio Hondo
Rio Hondo
Rio Hondo
Rio Hondo
Caobas
Caobas
Chajul
Belice
Belice
Cozumel
Cozumel
Cozumel
Cozumel
Cozumel
Cozumel

-87.024827
-87.024827
-87.024827
-87.111819
-87.111819
-87.113466
-87.112978
-87.497563
-88.042901
-88.054740
-88.081324
-88.066687
-88.026892
-88.337496
-88.367995
-88.382482
-88.386449
-88.402319
-88.392208
-88.402673
-88.989324
-88.989204
-92.132447
-88.402673
-88.402673
-86.979117
-86.979117
-86.979117
-86.979117
-86.979117
-86.979117

20.690499
20.690499
20.690499
20.586217
20.586217
20.588385
20.589878
19.807935
19.473937
19.475571
19.468733
19.473936
19.471332
18.486960
18.486615
18.480181
18.482179
18.495678
18.487816
18.456735
18.457354
18.457442
15.880450
18.456735
18.456735
20.281455
20.281455
20.281455
20.281455
20.281455
20.281455
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0.000
0.561
0.809
0.152
0.187
0.597
0.112
0.072
0.648
0.895
0.880
0.903
0.780
0.824
0.809
0.866
0.787
0.882
0.498
0.795
0.000
0.000
0.746
0.029
0.000
0.945
0.904
0.940
0.813
0.956
0.917

0.268
1.000
1.000
0.643
0.720
1.000
0.570
0.490
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
0.289
0.151
1.000
0.658
0.244
1.000
1.000
1.000
1.000
1.000
1.000

0.076
0.806
0.951
0.387
0.435
0.857
0.320
0.257
0.896
0.977
0.974
0.979
0.947
0.958
0.956
0.971
0.948
0.974
0.793
0.951
0.096
0.037
0.933
0.336
0.063
0.992
0.986
0.991
0.964
0.993
0.988

0.924
0.194
0.049
0.613
0.565
0.143
0.680
0.743
0.104
0.023
0.026
0.021
0.053
0.042
0.044
0.029
0.052
0.026
0.207
0.049
0.904
0.963
0.067
0.664
0.937
0.008
0.014
0.009
0.036
0.007
0.012

0.062
0.074
0.305
0.006
0.166
0.363
0.079
0.090
0.154
0.302
0.086
0.546
0.330
0.104
0.245
0.331
0.305
0.324
0.041
0.153
0.000
0.000
0.456
0.006
0.006
1.000
1.000
1.000
1.000
1.000
1.000

0.479
0.595
0.947
0.359
0.650
0.934
0.535
0.666
0.704
0.856
0.732
1.000
0.848
0.690
0.911
0.876
0.870
0.872
0.523
0.841
0.229
0.237
0.935
0.390
0.351
1.000
1.000
1.000
1.000
1.000
1.000

0.224
0.279
0.643
0.101
0.388
0.665
0.267
0.340
0.408
0.591
0.370
0.829
0.596
0.356
0.588
0.619
0.603
0.610
0.220
0.491
0.000
0.000
0.720
0.101
0.098
1.000
1.000
1.000
1.000
1.000
1.000



QZz07
QZ08
QZ09
QZ10
QZ11
Qz12
QZ13
Qz14
QZ15
BCO1
BCO02
BCO03
BC04
BCO05
BCO6
BCO7
VTO01

VT02
VTO03
VT04
VT05
VTO06
VTO7
VTO08
VTO09
VT10
VT11

VT12
VT13
VT14

Cozumel
Cozumel
Cozumel
Cozumel
Cozumel
Cozumel
Cozumel
Cozumel
Cozumel
Chinchorro
Chinchorro
Chinchorro
Chinchorro
Chinchorro
Chinchorro
Chinchorro
Ventanilla
Ventanilla
Ventanilla
Ventanilla
Ventanilla
Ventanilla
Ventanilla
Ventanilla
Ventanilla
Ventanilla
Ventanilla
Ventanilla
Ventanilla
Ventanilla

Cozumel
Cozumel
Cozumel
Cozumel
Cozumel
Cozumel
Cozumel
Cozumel
Cozumel
Chinchorro
Chinchorro
Chinchorro
Chinchorro
Chinchorro
Chinchorro
Chinchorro
Ventanilla
Ventanilla
Ventanilla
Ventanilla
Ventanilla
Ventanilla
Ventanilla
Ventanilla
Ventanilla
Ventanilla
Ventanilla
Ventanilla
Ventanilla
Ventanilla

-86.979117
-86.979117
-86.979117
-86.979117
-86.979117
-86.979117
-86.979117
-86.979117
-86.979117
-87.320031
-87.320031
-87.320031
-87.320031
-87.320031
-87.320031
-87.320031
-96.579730
-96.579730
-96.579730
-96.579730
-96.579730
-96.579730
-96.579730
-96.579730
-96.579730
-96.579730
-96.579730
-96.579730
-96.579730
-96.579730

20.281455
20.281455
20.281455
20.281455
20.281455
20.281455
20.281455
20.281455
20.281455
18.584038
18.584038
18.584038
18.584038
18.584038
18.584038
18.584038
15.671462
15.671462
15.671462
15.671462
15.671462
15.671462
15.671462
15.671462
15.671462
15.671462
15.671462
15.671462
15.671462
15.671462

0.917
0.915
0.802
0.913
0.825
0.834
0.914
0.958
0.971
0.992
0.992
0.984
0.962
0.992
0.993
0.994
0.952
0.626
0.912
0.928
0.915
0.000
0.000
0.785
0.934
0.952
0.948
0.826
0.929
0.585

1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
0.188
0.276
1.000
1.000
1.000
1.000
1.000
1.000
1.000

0.988
0.988
0.961
0.987
0.974
0.969
0.988
0.993
0.995
0.998
0.998
0.996
0.993
0.998
0.998
0.998
0.992
0.870
0.987
0.989
0.987
0.043
0.082
0.964
0.990
0.992
0.992
0.972
0.989
0.837

0.012
0.012
0.039
0.013
0.026
0.031
0.012
0.007
0.005
0.002
0.002
0.004
0.007
0.002
0.002
0.002
0.008
0.130
0.013
0.011
0.013
0.957
0.918
0.036
0.010
0.008
0.008
0.028
0.011
0.163

1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
0.698
1.000
1.000
1.000
1.000
0.042
0.071
0.464
1.000
1.000
1.000
1.000
1.000
0.324

1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
0.500
0.512
0.969
1.000
1.000
1.000
1.000
1.000
0.902

1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
0.966
1.000
1.000
1.000
1.000
0.214
0.248
0.748
1.000
1.000
1.000
1.000
1.000
0.641
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Table S3. Canonical Discriminant Analysis (Grimm 1973) using Fisher’s linean discriminant analysis (Fraley & Raftery 2002), based
on seven morphological measures from Crocodylus moreletii, C. acutus and hybrid individuals from the Gulf of Mexico and the

Caribbean. The species assignment for every individual is based on the genetic data from the hybrid index estimation (see Results in
text).

Predicted group %

Crocodylus moreletii Hybrids Crocodylus acutus
Crocodylus moreletii 814 16.3 2.3
Original Hybrids 447 48 7.2
Crocodylus acutus 0 0 100
Crocodylus moreletii 721 20.9 7
Cross validation  Hybrids 45.4 46.1 8.6
Crocodylus acutus 0 0 100
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Capitulo 2

Species boundaries and homoploid hybrids: revisiting hybridization in crocodiles

43



Species boundaries and homoploid hybrids: revisiting hybridization in crocodiles

Gualberto Pacheco-Sierra'*, Ella Vazquez-Dominguez'*, Jéssica Pérez-Alquicira’, Marco

Suarez-Atilano’, Zachariah Gompert?, Jerénimo Dominguez-Laso®

' Departamento de Ecologia de la Biodiversidad, Instituto de Ecologia, Universidad Nacional
Auténoma de México, Ap. Postal 70-275, Ciudad Universitaria, Ciudad de México, 04510,
México
2Department of Biology and Ecology Center, Utah State University, Logan, UT 84322, USA
$ COMAFFAS AC, Programa Crocodylia. Chiapa de Corzo, 29066, Chiapas, México
* Posgrado en Ciencias Bioldgicas, Universidad Nacional Auténoma de México, Coyoacan,
Ciudad de México, 04510, México

44



Abstract

Interspecific hybridization plays a key role in the processes of diversification and adaptation, and
eventually, if providing an evolutionary advantage, it can lead to speciation. However, species
concept leaves out intermediate hybrids because the species boundaries in hybrid zones are
genetically and morphologically fuzzy. We combined data from mitochondrial and nuclear
molecular markers from Crocodylus acutus, Crocodylus moreletii and hybrids between these
species throughout their entire distribution in Mexico, to evaluate if boundaries between
divergent species and hybrids could be distinguished. We also aimed to explain the historical,
demographic, and genomic features that characterize this unique hybridization system. Our
results showed a complex mosaic of admixed and nonadmixed individuals along the entire
distribution of crocodiles in Mexico. The species boundaries were indeed fuzzy and complex to
resolve, despite the fact that hybridization is ancestral (our data indicated 2.6 million years).
Phylogenetic analyses, phylogeographic patterns and divergence times showed an ancient
genetic exchange between individuals from the Gulf of Mexico and the Pacific, and also that
hybridization began in the Gulf of Mexico, near Campeche (a historical sympatric zone), which
later extended throughout the Gulf to the north and the Caribbean on the south. Five groups
were genetically identified, concordant with the geographical cline: non-admixed C. moreletii,
hybrids, non-admixed C. acutus from Caribbean islands, non-admixed C. acutus from
northwestern and central Pacific coasts, and non-admixed C. acutus from southern Pacific
localities. The evidence supports that C. moreletii might going through a process of extinction as
a species or, in our perspective, likely evolving via hybridization. Finally, our results also
showed deviation from model of neutral introgression (underdominance and positive selection)
in favor of hybrids which, in combination with the phylogenetic relationships observed, suggest a

likely ongoing process of homoploid hybrid speciation.

Keywords: crocodilians, divergence, species boundaries, phylogeography, selection, speciation

45



Introduction

Interspecific hybridization plays a key role in the processes of diversification and adaptation, and
eventually in the formation of new species (Gompert et al. 2006; Mallet 2007; Abbott et al. 2010;
Brennan et al. 2012; Gante et al. 2016). Hybridization can have very distinct outcomes (see
Abbott et al. 2013), amongst which are cases where a certain balance between selection and
hybridization occurs, for example in hybrid zones involving a balance between selection against
hybrids and dispersal (tension zones; Barton & Hewitt 1985), in which only some parts of the
genome are introgressed between hybridizing populations. In such cases, differentiation might
be maintained with no speciation in progress, although with the potential for future divergence
between populations (Mallet 2007; Arnold et al. 2012).

Hybrid speciation is one key outcome from hybridization, for which two main models are
recognized, allopolyploidy and homoploid hybrid speciation. Buerkle & Rieseberg (2008)
indicate that in homoploid hybrid speciation, the rate of genome stabilization “is on the order of
hundreds of generations; and is no way to know at what time the last significant or critical
component of isolation became fixed and speciation is complete”. Although it is still rare to find
cases of homoploid hybrid speciation in vertebrates, hybridization and introgression between
species is a regular occurrence (Seehausen 2004; Mallet 2007; Schumer et al. 2014; Abbott et
al. 2016). Ultimately, if the hybridization process provides an evolutionary advantage, it can lead
to lineages divergence (Gompert & Buerkle 2016). Importantly, introgression via interspecific
hybridization is one means for species to acquire beneficial alleles and have the potential to
adapt. Adaptive introgression has been detected in nature, evidencing that introgression can be
an efficient way to adapt, for instance by enabling populations to respond rapidly to
environmental changes, or to cope with different environments via the presence of novel traits in
hybrids (Hedrick 2013; Llopart et al. 2014).

Mallet (2007) has proposed there is a hyperspace of possible phenotypes and genotypes
that can be represented as an adaptative landscape, in which adaptive peaks are scattered
about, many of which are unoccupied. Although most early recombinants will be unfit, extreme
hybrids can colonize niches unavailable to parents. In the specific case of homoploid hybrids,
their progeny can have high genetic variances either via recombination and/or transgressive
variation (i.e. phenotypes more extreme than either parent). Such variation may allow hybrid
homoploids reach these new adaptive peaks, far from parental optima (Mallet 2007).

It is important to highlight that different characteristics of the hybridization process and the
hybrid zone can hinder the identification of hybrid species. Notably, where hybrid homoploidy

exists, defining species is complex because species boundaries are semipermeable (by gene
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exchange) (Harrison & Larson 2014), genetically and morphologically fuzzy (Pacheco-Sierra et
al. 2016), and continuous in phylogenetic and phylogeographic terms (Edwards et al. 2016). In
addition, when hybridization is spread along a wide geographic region encompassing a mosaic
hybrid zone formed by secondary contact, identifying reproductive isolation becomes very
difficult, especially between parental species and hybrids that occupy the same ecological niche
(Pacheco-Sierra et al. 2016). Moreover, the prevalent thought is that recent, rapidly radiating
and closely related species are most likely to hybridize, as well as those with short generation
times (Seehausen 2004; Mallet 2007; Schumer et al. 2014; Abbott et al. 2016); and that
interspecific hybrids are rare at the population level, encompassing less that 0.1% of individuals
(Mallet 2005, 2007).

In great contrast to the above expectations and as to which features are expected in
populations where hybrids are established, Pacheco-Sierra et al. (2016) found evidence of a
geographically widespread hybrid zone between two species of crocodiles formed from
secondary contact along the Gulf of Mexico and the Caribbean. Using microsatellite loci, they
clearly identified the non-admixed parental —and isolated— populations, as well as a third
genetic group harboring a gradient of admixture proportions formed by a high number of hybrid
individuals (66% of the population of the two species), throughout a wide geographical scale
(>2000 km). Hybrids are morphologically intermediate and, although their microsatellite
genotypes are characteristic of both parental forms, hybrids form an allele frequency cluster
distinguishable from either parent. Also, their results support a scenario in which hybridization
began thousands of years ago (142.9 generations, in this long-lived species).

In the present study we expand both the geographic extent and genetic coverage to
analyze the entire hybrid zone between Crocodylus acutus and C. moreletii in Mexico, including
the distribution of the parental populations, based on different types of molecular markers
(microsatellites, mitochondrial DNA sequences) to explain the historical, demographic, and
genomic features that characterize this unique hybridization system. We explore four key
questions: (i) When did the hybridization process between Crocodylus acutus and C. moreletii
start? (ii) What are the main types of selection (underdominance, overdominance or directional
selection) associated with the hybridization between the two crocodile species? (iii) Can different
lineages be distinguished, both in terms of non-admixed and intermediate hybrid individuals?
Our ultimate goal was to discern if species boundaries (homoploid hybrids) could be defined in
this hybridization system where incomplete reproductive isolation is most common and where
the species concept leaves out intermediate hybrid individuals; that is, if this hibridization could

be leading to speciation.
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Methods
Data collection
We sampled 374 individuals from 92 localities across the distribution of the recognized species
Crocodylus acutus and C. moreletii in Mexico (Fig. 1, Table S1 Supporting Information).
Crocodile individuals were captured and marked following a unique pattern by clipping tail
scutes, following a numbered code, and liberated at the capture site (see Pacheco-Sierra et al.
2016 for details of the sampling scheme). Samples for genetic analyses included tail scutes and
blood.

We extracted genomic DNA from each sample with the DNeasy Blood and Tissue Kit
(Qiagen, Valencia, CA, USA) following the manufacturer’s protocol. We assessed the quantity
and quality of the DNA in a microvolume spectrophotometer NanoDrop 2000 Thermo

Scientific™.

mtDNA sequencing

We amplified the mitochondrial cytochrome b gene (cyt b) of a subset of 271 individuals, with the
primers crCYTBF and crCYTBR (Weaver et al. 2008), and the gene region encompassing
tRNAP°-tRNA""-d-loop with primers L15459 and CR2HA (Glenn et al. 2002; Ray & Densmore
2002). Amplification of both fragments was carried out in 25 pL reaction volumes containing: 25-
50ng template DNA, 1 unit of Tag DNA polymerase (Vivantis, Selangor, Malaysia), 2 mm MgCl,,
0.2 uMm dNTPs, 10X PCR Buffer, 4X Bovine serum albumin (BioLabs, Ispwich, MA, USA) and
0.5-1.5 uM of each primer. Polymerase chain reaction conditions were performed in a PTC-100
thermocycler (M.J. Research) and consisted of an initial denaturation step at 94°C for 2 min,
followed by 35 cycles of 94°C for 30 sec, 58°C for 1 min, 72°C for 45 sec and a final extension at
72°C for 5 min. Sample purification and sequencing was performed by the UW High Throughout
Genomics Center, Seattle, WA. Forward and reverse sequences for each individual were
aligned and edited manually using Geneious 9.0.5 (http://www.geneious.com; Kearse et al.
2012). All chromatograms were reviewed to visually identify heterozygous sites and errors in

base calling.
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Fig. 1 Map of sampling localities for Crocodylus acutus and C. moreletii throughout Mexico.
Every dot indicates individuals and sampling localities; the blue lines represent the river system.
The dots represent Admixture proportions (K=5) obtained with Structure (Pritchard et al. 2000)
and supported for phylogenetic analysis (see below), where different colors indicate ancestry for
C. acutus from islands (yellow), C. acutus from Pacific (group 1; purple), C. acutus from Pacific
(group 2;red), C. moreletii ancestry (blue) and hybrids (green) Samples are ordered following the
geographic cline from northeast to southeast along the Gulf of Mexico and Caribbean, following
then along the Pacific from southwest to northwest. In order to place the sampling localities at
the level of state in the map and in association with their description in Table S1 (Supporting
Information), we grouped them (dotted circles) and codes refer to: TM: Tamaulipas, SL: San Luis
Potosi, VZ: Veracruz, TB: Tabasco, CP: Campeche, YC: Yucatan, QR: Quintana Roo, QZ:
Cozumel, BC: Banco Chinchorro, CS: Cafon del Sumidero, CH: Chiapas, VT: Ventanilla, OX:
Chacahua, AC: Acapulco, GR: Guerrero, MC: Michoacan, AM: Amela, PV: Palo Verde, JL:
Jalisco and NY: Nayarit.
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Genetic structure and differentiation of hybrids

For the present study, we amplified 109 crocodile individuals from the Mexican Pacific coast.
Microsatellite genotyping of the new 109 individuals was performed using the same 12
polymorphic microsatellite loci and following the amplification protocols as in Pacheco-Sierra et
al. (2016). In order to detect non-admixed and hybrid individuals for the species’ entire
distribution, we considered the new data together with the 265 individuals from Pacheco-Sierra
et al. (2016). We analyzed the microsatellite data (genotypes per individual) following the same
sequence of analyses as in Pacheco-Sierra et al. (2016), considering the new complete
database (374 samples).

To examine the genetic structure, we first performed a spatially independent analysis
based on a Bayesian inference of admixture proportions, that is the proportion of each
individual's genome derived from each source population i (q;), using STRUCTURE 2.3.4
(Pritchard et al. 2000). We calculated the probability of individual assignment into population
clusters (K) without prior information on the origin of individuals. We conducted several tests
using maximum number of populations from K=2 to K=10, with the admixture model with
correlated allelic frequencies, a length value set at 1,000,000 iterations and a burn-in period of
100,000 MCMC repetitions and 10 simulations per K. Each test yielded a log likelihood value of
the data (Ln probability for K). We used the Evanno’s AK test to estimate the maximum number
of clusters (Evanno et al. 2005); data were processed with STRUCTURE HARVESTER (Earl &
vonHoldt 2012) and results were summarized and averaged using CLUMPP 1.1.2 (Jakobsson &
Rosenberg 2007).

Next, to explore if a potential hybridization pattern was observed considering the entire
distribution of the two species in Mexico, we performed a Maximum-likelihood estimation of
hybrid indexes with the R package INTROGRESS (Gompert & Buerkle 2010). For this new
dataset, non-admixed individuals were identified from admixture proportions based on
STRUCTURE results, which showed the same Gulf/Caribbean non-admixed individuals as those
identified in Pacheco-Sierra et al. (2016), while new non-admixed individuals from Pacific
localities were recognized. These individuals were then used to define the source populations to
polarize the hybrid index, where a value of h=0 corresponds to non-admixed C. moreletii and
h=1 corresponds to non-admixed C. acutus individuals (see Pacheco-Sierra et al. 2016 for
details).

We performed the genomic clines method of Gompert & Buerkle (2009) with the R
package INTROGRESS (Gompert & Buerkle 2010), to investigate the genetic architecture of

reproductive isolation and adaptative introgression. This method allows to estimate individual-
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based clines in genotype frequency as a function of genome-wide admixture (hybrid index) for
each molecular locus, and to determine whether these estimated clines are consistent with a null
model of neutral introgression (Nolte et al. 2009). Specifically, the genomic clines method uses
multinomial regression to predict the probability of a given genotype for a locus as a function of
genome-wide admixture (e.g., hybrid index between a pair of species or divergent populations;
Buerkle 2005). Expected genomic clines can then be generated based on a null model of
neutral introgression and then compared with genomic clines from the observed data to identify
loci with patterns of introgression inconsistent with neutral expectations (types of selection in
hybrids) (Gompert & Buerkle 2009, 2010; Nolte et al. 2009). We estimated the genetic diversity
(observed and expected heterozygosity) and number of alleles, effective alleles and private
alleles using GenAlEx 6.5 (Peakall & Smouse 2012) per sampling locality and regarding the
genetic groups identified with STRUCTURE (see Results). To explore the pattern of genetic
structure between sampling localities (in a geographic context) and genetic groups, we
estimated Nei’s genetic distances (Nei et al. 1983), migration (Nem), inbreeding (Fis) and
differentiation (Fst; Wrigth 1951 and Rst; Slatkin 1991).

The results of Hybrid index (h) and genetic structure (qgi) from microsatellites data served
as a basis to establish genetic clusters across all the individuals of Crocodylus and further
analyze hybridization patterns with the mitochondrial data. For that, we performed a Principal
Component Analysis (PCA) to examine patterns of variation and covariation between the
observed polymorphic sites for the unique haplotypes. We constructed plots based on the first
two-principal components and incorporating the hybrid differentiation information: the hybrid
index per individual (h) and the assignment proportion (qi) obtained with STRUCTURE
(microsatellites). Next, we performed a Canonical Discriminant Analysis (CDA), based on Fisher
lineal discriminant analysis (Fraley & Raftery 2002), PCA and CDA was performed in R; (R
Development Core Team 2015). We followed the same classification criteria (h and gi as in the
PCA), in order to explore if the CDA could distinguish the main groups we had hypothesized

(parental and hybrids clusters).

Phylogenetic and diversity analyses

Pacheco-Sierra et al. (2016) found that the hybrid zone between C. acutus and C. moreletii is
geographically large, extending well beyond their historical region of sympatry. They also
identified a few geographically isolated, non-admixed populations of both parental species, and
that hybrids are likely later-generation hybrids, where hybridization has been going on for many

generations. Considering that estimation of the historical onset of the hybridization process
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requires the use of DNA sequence data, our mitochondrial information can help solve this
intriguing question. Accordingly, we performed different analyses to describe the phylogenetic
relationships among the two species along their entire distribution in Mexico (both Gulf of Mexico
and Pacific coasts), to determine how they are genetically structured, spatially and temporally,
and to explore if parentals and hybrids can be differentiated at the more historical, mitochondrial
level.

To explore the contribution of each species into the hybridization process between C.
moreletii and C. acuts, we evaluated the genealogical relationships between individuals via
phylogenetic analyses both for each gene separately and the concatenated set, considering
individuals as operational units (OTU’s). We used the Akaike information criterion scores as
implemented in the program jModelTest 0.1.1 (Posada 2008) to select the bestfitting models of
sequence evolution for our datasets, which were used subsequently for maximum- likelihood
(ML) and Bayesian inference (Bl) methods.

ML was conducted with PhyML 3.0 (Guindon et al. 2010), using NNI+SPR for branch
length and topology optimization. Clade support was assessed with 1,000 non-parametric
bootstrap replicates. For the Bayesian inference, implemented in MrBayes 3.1 (Huelsenbeck &
Ronquist 2001), we used default settings and four chains sampled every 1000 generations for
50 million generations. Convergence and stationarity within chains were visualized with Tracer
1.4 (Drummond & Rambaut 2007); 25% of generations were discarded as burn-in. We
estimated the 50% maijority-rule consensus topology and posterior probabilities for each node
with the remaining trees. We included sequences from C. intermedius (NC015648) and C.
rhombifer (NC024513), the sister species of C. acutus and C. moreletii, respectively, and chose
the African C. niloticus (AJ810452) as outgroup, which is the ancestor of the American
crocodilians (Oaks 2011).

We estimated standard genetic diversity estimates within species with DnaSP 5.10
(Librado & Rozas 2009) for each gene separately: nucleotide diversity (p), haplotype diversity (h)
and average number of differences among sequences (k). To evaluate if sequences conformed
to a neutral model of evolution we also estimated Tajima’s D (Tajima 1989), Fu and Li’s F (Fu &
Li 1993) and Fu’s Fs (Fu 1997); statistical significance was determined using the coalescent
simulator in DnaSP.

To further investigate the relationships among haplotypes, we constructed unrooted
networks among unique haplotypes, using PopArt (available at: http://popart.otago.ac.nz), based

on the median-joining method (Bandelt et al. 1999).
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Divergence time estimation

In order to establish the time frame of the hybridization process between C. acutus and C.
moreletii along their distribution area, we estimated divergence times (time to the most recent
common ancestor, TMRCA). The analysis was done using a Coalescent Constant Size tree
prior and a relaxed-clock dating implemented in BEAST 1.8.2 (Drummond et al. 2012), which
allows estimation of divergence times simultaneously incorporating rate heterogeneity and
uncertainty in the substitution parameters, tree topology, and calibration ages considering a
Bayesian framework (Drummond et al. 2006; Brandley et al. 2010). We considered only unique
haplotypes from a modified concatenated dataset discarding tRNA’s and including only 1,576 bp
of cyt b+d-loop mtDNA,; the latter with the purpose of incorporating sequences from Oaks (2011)
and the following calibration points: the Mecitops-Crocodylus split, the split between C. niloticus
and American Crocodylus, the divergence within the C. intemedius-C. acutus, and within C.
rhombifer-C. moreletii clades (Table S1). Final estimation included the GTR+I+G model of
evolution across all gene and codon positions, 100,000,000 generations sampled every 5,000"

and 25% of initial generations discarded as burnin.

Results

Genetic structure and differentiation of hybrids

Bayesian assignment results (STRUCTURE) show a sequential admixture proportion (qgi), where
K=2 to K=5 (Fig. S1 in Supporting information) gradually separate the non-admixed from the
hybrid individuals, where the Gulf of Mexico and the Pacific populations form five distinguishable
separate clusters (Fig. 2C). Indeed, this pattern is highly concordant with the hybrid index
results (h): the hybrids distribution for the Gulf of Mexico and Caribbean individuals is the same
as the one in Pacheco-Sierra et al. (2016), showing few non-admixed and isolated individuals for
both C. acutus and C. moreletii, whereas with the new data also admixed and non-admixed
individuals from Pacific localities were identified (Fig. 2A, B). Hence, a range of hybrids
throughout the entire distribution was observed (Fig. 2), in which five genetic groups were
identified (Fig. 2C): two different groups of non-admixed C. acutus from the Pacific (group 1,
purple; group 2, red), non-admixed C. acutus from the Caribbean islands (yellow), non-admixed
C. moreletii from the Gulf of Mexico (blue), and hybrids predominantly from the Gulf of Mexico

but also within some Pacific localities (green).
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Fig. 2 Bar plots of (A) Maximum likelihood estimates of hybrid indexes (Buerkle 2005), obtained
with nuclear markers (microsatellites), where solid lines are 95% confidence intervals and blue
and yellow bars represent the statistical proportion of the genome inherited from C. moreletii (1-
h) and C. acutus (h), respectively. Admixture proportions with K=2 (B), and K=5 (C) obtained
with STRUCTURE (Pritchard et al. 2000), where different colors indicate ancestry for C. acutus
from islands (yellow), C. acutus from Pacific (group 1; purple), C. acutus from Pacific (group
2;red), C. moreletii ancestry (blue) and hybrids (green) Samples are ordered following the
geographic cline from northeast to southeast along the Gulf of Mexico and Caribbean, following
then along the Pacific from southwest to northwest (see Table S1 Supporting Information).
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The estimates of genomic clines showed that all loci deviate from a model of neutral
introgression (P<0.005, Fig. 3): five loci were consistent with a model of underdominance
(disruptive selection): locus1 (Cj109), locus3 (Cj391), locus6 (Cj127), locus7 (Cj20) and locus9
(CUJ131), and four of these with negative selection (directional selection against P,/P; locus 1,
3, 6 and 9). Three loci were consistent with a model of overdominance (balancing selection) in
locus2 (Cj128), locus5 (Cj18) and locus11 (Cj119). Finally four loci were consistent with a model
of positive selection (directional selection in favor P4/P+): locus4 (Cj16), locus8 (CUDGE8),
Locus10 (Cj35) and locus12 (Cj131). The pattern of introgression and proportion of ancestry
(Fig. 4) showed that introgression is bidirectional, where near half of the individuals have higher
proportion to C. acutus (h=1) and another half to C. moreletii (h=0).

The PCA of polymorphic sites from the mitochondrial haplotypes showed that the two first
components explained 63% of the variation. When organized based on the classification of the
hybrid index and the admixture proportions (K=5), the PCA did not show a clear differentiation
between clusters (Fig. S3, Supporting information). Nonetheless, the different groups can be
readily observed with the CDA (Fig. 5), when using both K=3 (Wilk’s A = 0.148 P<0.0001) and
K=5 (Wilk’s A = 0.025,P<0.001), where the group of hybrid individuals is significantly separated
and 84.1% and 80.1% respectively, were classified correctly (Table S2, Supporting information).
Genetic diversity was low (H0=0.121; He=0.238) in one of the parental C. moreletii populations
(lagoon in SLP), with high inbreeding (Fis=0.682) and no private alleles; contrastingly, C. acutus
from the Caribbean islands (Cozumel and Banco Chinchorro) showed Ho=0.689, He=0.654;
H0=0.333, He=0.389; Fis=-0.49, Fis= 0.122 respectively (see Table S3 and S4, Supporting
information). Differentiation results (Fst and Rst) were highly significant between genetic groups
and between populations (P<0.001), except in adjacent populations, like San Luis and
Tamaulipas (see Table S5 and S7, Supporting information). Accordingly, the highest number of
migrants and lower genetic distance were between adjacent populations along the geographic

gradient (see details in Table S6 and S8, Supporting information).
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Fig. 3 Genomic cline plots for the 12 nuclear microsatellites used. The vertical axis shows the
probability of observing a particular genotype at a locus. Locus number and P-value of the
observed genotypic data under a model of neutral admixture are given in each plot. Solid
coloured regions represent the 95% confidence intervals for the homozygous (P+/P+.dark gray)
and heterozygous genotype (P1/P2. light gray), based on 1000 neutral simulations for each locus.
The solid and dashed lines denote the genomic clines for the homozygous (P+/P+) and
heterozygous genotypes (P1/P>), respectively, for the observed data. Open circles indicate the
observed data and illustrate the relationship between hybrid index and the genotypic classes:
homozygous genotype (P+/P4 on top and P,/P; bottom) and heterozygous genotype (P+/P; in the
middle). Numbers to the right are number of individuals for the respective genotype categories.
The following abbreviations denote the classification of loci based on the genomic clines method
and accessory summary statistics, NS: consistent with a model of negative selection, PS:
consistent with a model of positive selection, UD: consistent with a model of underdominance,
OD: consistent with a model of overdominance.
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Phylogenetic inference

We successfully amplified 1,009 bp and 721 bp of cyt b and of tRNAP°-tRNAP"-d-loop regions
from mtDNA, respectively, across 271 individuals. The concatenated dataset included 123
polymorphic sites, 112 parsimony informative sites and 86 unique haplotypes, with high levels of
haplotype diversity (Hd=0.949) and low nucleotide diversity (11=0.023). Average number of
nucleotide differences between haplotypes (k) was 40.76. Significant departures from neutrality
in molecular variation were found (Tajima’s D=3.05; Fu and Li’'s F=1.08; Fu’s Fs=-0.51; all
P<0.05). The estimated Tr/Tv ratio was 3.74, with mean nucleotide frequencies as 29.13% A,
30.08% C, 13.95% G and 26.84% T. The best-fit model selected for our data was TIM3+1+G
(pinv=0.66; a=0.67), and the closest equivalent, GTR+I+G was used in subsequent analyses.

Phylogenetic inference methods (Bl and ML) showed the same topology, both with each
gene separately (not shown) and the concatenated dataset (Fig. S2 in Supporting information).
Our phylogeny is similar to that of Oaks (2011) and (Meredith et al. 2011), where C. acutus
appears as a sister species of C. intermedius and C. moreletii is the closest relative to C.
rhombifer. Within each species group, a pectinate-like pattern and a continuous diversification
were recovered (Fig. 6). There is no clear intraspecific phylogeographic pattern distinguishable,
however the topology is highly concordant with the STRUCTURE clustering results and
hybridization tests (see below).

We integrated the information about the admixture proportion (qi) from STRUCTURE (K=5)
with the haplotype network. Results showed a highly concordant pattern with the phylogenetic
topology: C. moreletti with a star-like configuration and several abundant haplotypes at the
center of the network, and a group encompassing hybrid individuals with higher probabilities to
C. moreletii; C. acutus exhibited a similar pattern, although here the dominant haplotypes are at
the center (Pacific haplotypes) and the haplotypes from the Caribbean islands are on the edge,
showing some unique and some widespread haplotypes with few mutations among them (Fig.
7). The networks for each species are deeply separated (i.e., connected by 66 mutational
steps), while the haplotypes in the middle along the connection are hybrids from the Yucatan
peninsula (mainly from YC and QR).

By combining the mitochondrial and nuclear genetic information (see Fig. 6), a degree of
geographical concordance is evident, in which the phylogenetic tree (Bayesian inference; Fig.
6A), the hybrid index (Fig. 6B) and the admixture assignment (K=2 and K=5; Fig. 6C and D,
respectively) show that the genetic groups are indeed separated by the microsatellites genetic
ancestry information: non-admixed C. acutus from the Caribbean islands (QZ and BC) are

grouped in one clade with the non-admixed C. acutus (8 of 11 individuals) from the Pacific
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population Ventanilla (VT). This clade is embedded within the C. acutus entire clade,

encompasing the non-admixed individuals from the Pacific (purple and red groups) and hybrid

individuals from the Yucatan peninsula and the Pacific. A separate clade encompasses the non-

admixed C. moreletii individuals, where all haplotypes are from the Gulf of Mexico and the

Yucatan peninsula, and only six haplotypes (GR) from the Pacific. This clade includes one
clearly differentiated group with all hybrids from TM, TB, VZ, YC, CP, QR and GR, sister to an

unresolved remaining set of haplotypes, but where non-admixed C. moreletii from TM and SL

are each grouped separately, among the other hybrid individuals from the Gulf of Mexico (YC,

VZ, TB, CP, SL and VT).
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Fig. 5 Multivariate analyses: Canonical Discriminant Analysis based on 124 mtDNA polymorphic
sites. (A) Dot colors are based on the statistical proportion of the hybrid index: non-admixed C.
moreletii (blue), non admixed C. acutus (red) and admixed (green). (B) Dot colors are based on
the admixture proportions (gi) from the STRUCTURE (Pritchard et al. 2000) results (K=5): C.
acutus ancestry (Caribbean islands: yellow, Pacific group 1: purple, Pacific group 2: red), C.

moreletii ancestry (blue) and hybrids (green).
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Pacific). Each horizontal bar in B, C and D corresponds to the individual (haplotype) as depicted
from the Bayesian phylogenetic analysis (mtDNA).

;
f@%

f

Fig. 7 Minimum network based on the mtDNA haplotypes for Crocodylus acutus and C. moreletii
from Mexico. Circles represent haplotypes and circle size is proportional to haplotype
frequency. Colour of circles represents the proportion of individuals classified as C. acutus from
Caribbean islands (yellow), C. acutus from Pacific (group 1; purple), C. acutus from Pacific
(group 2;r ed), C. moreletii (blue) and hybrids (green) based on the STRUCTURE (Pritchard et al.

2000), (K=5) and phylogenetic results.
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Divergence time estimation

The dataset used for divergence time estimation showed 89 unique haplotypes, 51 of which
were assigned to C. moreletii and 38 to C. acutus. The topology obtained with BEAST evidenced
three C. moreletti and three C. acutus main lineages (Fig. 7). In accordance with our
estimations, the divergence between C. rhombifer and the Mexican C. moreletii occurred 5.93
million years ago (My) (95% HPD: 4.51-7.44), while that between C. intermedius and C. acutus
happened 5.08 My (95% HPD: 3.46-6.8). The TMRCA for C. moreletii was calculated at 4.51
My (95& HPD: 3.17-6.01) and for C. acutus was dated about 3.74 My (95% HPD: 2.32-5.35)
(Table 1). Based on these mitochondrial results that depict the history of females, the
hybridization between the two species can be traced back starting approximately 2.6 million
years (HPD: 1.06-4.46) to as early as 600,000 years ago.

Table 1. Divergence time-estimation (million years; My) estimated with Beast (see Fig. 6) for
Crocodylus moreletii and Crocodylus acutus from Mexico, based on mtDNA (cytochrome b).

The estimated time and highest posterior density (HPD) are indicated for some nodes

Node | Estimated time (My) 95% HPD

A 24.39 19.61-29.94

B 23.13 19.04-27 .48

C 7.3 6.09-8.79

D 6.2 5.21-7.33

E 5.52 4.02-7.23

F 4.8 3.91-5.76

G 4.35 3.24-5.29

H 4.21 2.77-5.73

I 2.47 1.06-4.46

J 0.28 0.01-1.78
0.23 0.01-0.76
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Fig. 8 Divergence times in million years (My; scale bar on the bottom) for C. moreletii and C.
acutus from Mexico, estimated with BEAST and based on concatenated cytb-tRNAPro-tRNAPhe-
d-loop. Mecistops sp was used as outgroup (GenBank H21719, H21720). The colored bars on
the right represent the different genetic groups identified with STRUCTURE (Pritchard et al. 2000)
(K=5): C. acutus from Caribbean islands (yellow), C. acutus from Pacific (group 1; purple), C.
acutus from Pacific (group 2; red), C. moreletii (blue) and hybrids (green). The letters at internal
nodes refer to divergence times (see Table 1).
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Discussion

We here present the first study to evaluate the hybridization between C. moreletii and C. acutus
encompassing the widest distribution on both the Mexican Atlantic and Pacific coasts. The
combined use of nuclear and mitochondrial molecular markers to analize the hybridization
between both species along their entire distribution in Mexico revealed a complex mosaic of
admixed and non-admixed individuals. Also, our genetic information showed fuzzy boundaries
between the non-admixed (parental) species and the hybrids despite the fact that the

hybridization process is ancestral (approximately 2.5 million years).

Crocodiles beyond borders: hybridization history between Crocodylus moreletii and C. acutus
Pacheco-Sierra et al. (2016) found evidence of an extensive hybridization between C. moreletii
and C. acutus in the Gulf of Mexico and Caribbean. They suggested that geographic barriers
would likely prevent the genetic exchange between populations from the Gulf of Mexico and
those along the Pacific (where only C. acutus is naturally distributed). However, our present
evidence from the admixture proportions (STRUCTURE K=5, Fig. 1, 2), phylogenetic analysis (Fig.
6) and haplotype networks (Fig. 7) show an ancient genetic exchange between individuals from
both sides of the continent: hybrids have admixture proportions from C. acutus (Caribbean
Islands) and C. acutus group 2 (southern Pacific localities). The latter is supported by another
key finding, the presence of specific C. acutus alleles (Fig. 2D) and haplotypes (Fig. 6) from the
Caribbean Islands on individuals in a population from Oaxaca (VT; southern Pacific), together
with evidence of C. moreletii haplotypes on individuals from two Pacific localities in Guerrero and
Chiapas (GR y VT). Serrano-Gomez et al. (2016) found molecular evidence of the presence of
C. moreletii in C. acutus populations from Oaxaca and Guerrero, the origin of which is now
resolved with our study.

Although no overall clear phylogeographic pattern is observed, the mitochondrial and
nuclear information reveal a congruent genetic and geographic configuration (Fig. 6), illustrating
that hybridization began along the species’ historical sympatric zone on the Gulf of Mexico (near
Campeche; CP), which later extended throughout the Gulf to the north and the Caribbean on the
south. The time of divergence observed is consistent with the hypothesis that the process of
hybridization is ancient, as suggested by Pacheco-Sierra et al. (2016), indicating that it started
around 2.6 million years ago (My), and continued throughout the overlapped historical
distribution of both species along the Gulf of Mexico and the Caribbean. This is concordant with
the geological history of the Yucatan peninsula, which slowly emerged from south to north,

coinciding with historical connectivity of rivers across the southern narrowest part of Mexico,
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near the Isthmus of Tehuantepec (Padilla y Sanchez 2007; Vazquez-Dominguez & Arita 2010).
Along this region is that we found hybrids and haplotypes from the Caribbean islands.
Moreover, the Quaternary climatic oscillations of the last 3 million years that triggered major
warm and cold periods, including change of sea levels and floods (Hewitt 2011), could have
facilitated dispersal of crocodile individuals between Atlantic and Pacific coasts, as observed for
other aquatic species (Razo-Mendivil et al. 2013). Indeed, our diversification time results
indicate that hybridization between the two species started around 2.6 My, coinciding with these
climatic events. In addition, it is important to higihlight that our results evidence that the
hybridization between C. moreletii and C. acutus is not the result of human mediated movement
as it has been suggested by Gonzalez-Trujillo et al. (2012), since the admixture proportions and
haplotypes are ancient, encompassing an extended, mosaic hybridization pattern, with no

hybrids distributed in specific patches.

Reuvisiting the admixture pattern between Crocodylus acutus and C. moreletii

The phylogenetic results showed a clear divergence between the ancestral species, C. acutus
and C. moreletii, in accordance with previous phylogenies (Meganathan et al. 2010; Meredith et
al. 2011; Milian-Garcia et al. 2011, 2015; Oaks 2011). Interestingly, five groups were genetically
identified that are concordant with the extended geographic cline observed along the species
entire distribution (Figs. 1, 2, 8): non-admixed C. moreletii (SL and TM), hybrids (almost all Gulf
of Mexico and some Pacific individuals), non-admixed C. acutus (Caribbean islands), non-
admixed C. acutus (group 1 from northwestern and central Pacific coast localities) and non-
admixed C. acutus (group 2 from southern Pacific localities).

The results of hybridization and admixture proportions for the populations from the Gulf of
Mexico and the Caribbean are mostly concordant with the patterns found by Pacheco-Sierra et
al. (2016), although with a few differences that, because we now included new individuals from
the Mexican Pacific, are the result of the parental ancestry being from those populations.
Specifically, in Pacheco-Sierra et al. (2016) the Laguna Las llusiones sampling locality —in
Tabasco (TB)- was identified as a non-admixed C. moreletii population, whereas we now found
that it is composed of hybrid individuals. The latter is because their C. acutus ancestry in fact
comes from Pacific localities. This corroborates what Pacheco-Sierrra et al. (2016) discussed
regarding potential false positives: “If one of the parental populations is small, extinct or poorly
sampled, estimates of hybrid indexes or admixture proportions will be shifted, which could give

false evidence of the presence or absence of hybrids”.
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We detected evidence of introgression on both directions along the two species entire
distribution in Mexico (Fig. 4), genetically and geographically, from the parental species on the
extremes of the hybrid mosaic (northern and southern populations, C. moreletii and C. acutus
respectively) to hybrids and vice versa. Our results also showed different types of selection in
favor of hybrids which, in combination with the phylogenetic relationships observed, suggest a
likely ongoing process of homoploid hybrid speciation. This is in agreement with the divergence
times topology (node F, Fig. 8) that shows one monophyletic, divergent clade encompassing
hybrid individuals from central Gulf of Mexico, separated from non-admixed C. moreletii and C.
acutus populations. Genetic analyses (mtDNA and nDNA) and morphological analyses
(Pacheco-Sierra et al. 2016) clearly identify a differentiated group of hybrids, again in agreement
with a pattern of homoploid hybrid speciation. Importantly, this group is not geographically
isolated, thus allowing “promiscuity” among groups, at least with those boundaring this region,
resulting in incomplete reproductive isolation. In addition, our genetic evidence suggests that
hybridization between C. moreletii and C. acutus can be a source of genetic novelty, expressed
as different allele combinations between non-admixed and hybrid individuals (i.e., adaptive
introgression). However, species boundaries between non-admixed and admixed groups
remain fuzzy, both despite and because of the ancient —and still ongoing— diversification and

hybridization processess between the two crocodile species.

Types of selection and symmetry of introgression

The estimates of genomic clines show five microsatellite loci consistent with a model of
underdominance, namely selection against hybrids resulting in disruptive selection (Gompert &
Buerkle 2009, 2011; Larson et al. 2013). Such a process would suggest barriers to admixture,
which is unlikely because hybridization in the present case is ancient, while reproductive
isolation between the parental and hybrid groups is incomplete. Disruptive selection could be
the result of independent environmental fitness or genetic incompatibility (Gompert & Buerkle
2009, 2010; Nolte et al. 2009; Larson et al. 2013), however four of the five markers under
dominance exhibited directional selection against P,/P, (C. moreletii), indicating a disadvantage
to C. moreletii. The latter is a likely result based on the fact that the non-admixed C. moreletii
populations are isolated, a result found both in Pacheco-Sierra et al. (2016) and in the present
study. These populations have very low population numbers, which accordingly showed high
homozygosity levels (low gene flow and low genetic diversity). Individual loci show little
introgression towards any of the parental genotypes (Fig. 4), consistent with high rates of gene

flow and admixture along the hybrid zone. This asymmetrical pattern of introgression is most
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likely due to the lack of non-admixed C. moreletii populations. The fact that non-admixed C.
moreletii individuals are so scarce along its historical natural distribution highlights that C.
moreletii might be in the process of disappearing as a species or, in our perspective, likely
evolving via hybridization.

On the other hand, three loci are consistent with a model of overdominance (balancing
selection) or selection in favor of hybrids, suggesting an adaptative role for the hybrid
genotypes, which may result in allele frequencies being balanced among populations (Rieseberg
et al. 1999; Baack & Rieseberg 2007; Nolte et al. 2009; Meirmans 2012; Christe et al. 2017).
Finally, four loci are consistent with a model of positive selection favouring the C. acutus
genotype (Arnold & Martin 2009; Teeter et al. 2010; Soltis 2013; Owens et al. 2016; Christe et
al. 2017). Accordingly, the types of selection observed, in favor of hybrids and non-admixed C.
acutus alleles, suggest a process of adaptive introgression that could potentially lead to
speciation (Arnold & Martin 2009; Gompert & Buerkle 2009; Sweigart 2009; Abbott et al. 2013;
Soltis 2013; Hamilton & Miller 2016). Non-admixed populations, whether measured by sampling
locality or by the genetic group identified (Structure), showed lower genetic diversity and higher
inbreeding in comparison with hybrids, further supporting the isolation and reduced population
sizes of the parentals. The results regarding genetic distance, migration rates and population
structure were concordant with the genomic clines along the geographic gradient, however
these must be taken with caution because, in hybridization systems like this one, consequences
of gene flow do not depend on taxonomy or a specific definition of species, but rather on the
nature of differences between groups (i.e. hybrids, non-admixed) (Gompert & Buerkle 2016).
Estimates of genomic clones were based on twelve microsatellites only, and the results should
be taken as suggestive of selection in favour of hybrids, however these are few markers to
provide sufficient evidence, and more accurate analyzes are recommended that could provide
solid evidence of evolutive process and selection forces operating in this hybridization process,

based on more informative molecular markers (ie, SNPs).

Final thoughts

Our ultimate goal was to discern if species boundaries (homoploid hybrids) could be defined in
this hybridization system where incomplete reproductive isolation is most common and where
the species concept leaves out intermediate hybrid individuals; that is, if natural selection could
be promoting selection in favor of hybrids, leading to speciation. The haplotype networks (Fig.
7) show that hybrid individuals from Campeche (CP), Yucatan (YC) and Quintana Roo (QR)

correspond to the haplotype connections between the highly divergent C. acutus and C.
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moreletii genetic groups, highlighting that species boundaries in this hybrid system are fuzzy and
complex to resolve, particularly under a strictly bifurcating evolutionary model (Wu 2001; Mallet
2007; Harrison & Larson 2014, 2016; Gompert & Buerkle 2016). Nonetheless, hybrids can be
regarded as differentiated genetic groups; as such, the monophyletic, divergent clade
encompassing hybrid individuals from central Gulf of Mexico we found could represent incipient
species boundaries (homoploid hybrids).

We found a rather interesting pattern for C. acutus: this species is differentiated into two
Pacific and one Caribbean island non-admixed groups, both by mitochondrial (Figs. 6, 7, 8) and
nuclear (Figs. 2, 6, 8) genes. We believe C. acutus from the islands can be considered as a
distinct lineage (monophyletic mtDNA clade and microsatellite genetic cluster), whereas those
from the Pacific suggest a complex “intraspecific” hybridization process that needs to be
evaluated in much more detail (Choleva et al. 2014).

To distinguish the evolutionary and ecological processes that have shaped this
hybridization system remains a difficult task, mainly because crocodiles have consistently mixed
on different time and spatial scales (Mastrantonio et al. 2016). Also, we are aware that our study
has important limitations because we resolve genetic patterns based on mitochondrial markers
and a few nuclear loci, which limit the potential to accurately determine species boundaries
based on traditional models in which hybrids need be represented by a strictly bifucarting
evolution. In accordance, we are working to further explore this extraordinary complex
hybridization system between Crocodylus moreletii and C. acutus with next generation
sequencing, with which we will be able to more accurately evaluate introgression and selection

processes.
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Figure S1. Admixture proportions (K=2 to K=6) obtained with STRUCTURE (Pritchard et al. 2000)
for Crocodylus acutus and C. moreletii from Mexico, based on microsatellite loci.
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Figure S2. A) Bayesian and B) Maximum Likelihood phylogenetic trees based on mtDNA
sequences for Crocodylus acutus and C. moreletii from Mexico.
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Figure S3. Principal component analysis from polymorphic sites of mtDNA sequences and
integer factors based on STRUCTURE results (Pritchard et al. 2000) for K=3 (A) and K=5 (B), for
Crocodylus acutus and C. moreletii from Mexico.
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Table S1. List of samples of Crocodylus from the Gulf of Mexico and Pacific, including sample identification, population, locality
names, and coordinates. Includes the summary statistics results for the Bayesian inference of admixture proportions analyses
(STRUCTURE 2.3.4, K=5; Pritchard et al. 2000) and the Maximum-likelihood estimation of hybrid index (h) (R package INTROGRESS;
Gompert & Buerkle 2010). Lower and upper credibility intervals (Cl) are given.

Coordinates WGS84

INTROGRESS (Gompert & Buerkle 2010)
Hybrid index results

STRUCTURE (Pritchard et al. 2000)
results (K = 5)

C. acutus
C.acutus (Northwestern C. acutus
Sample no. | Population Locality Longitude Latitude | Lower IC | UpperIC C.a.-h C.m.-h | C. moreletii | Hybrid | (islands) Pacific) (Southern Pacific)
SLO1 SanLuis Presa San Diego 100.101 705- 21.906036 0 0 0 1 0.985  0.006 0.003 0.003 0.003
SL02 SanLuis Presa San Diego 100.10026é 21.907396 0 0 0 1 0.982  0.009 0.003 0.003 0.003
SLO3 SanLuis Presa San Diego 100.1057755 21.908245 0 0 0 1 0.985  0.006 0.003 0.003 0.003
SLO04 SanLuis Presa San Diego 100.10499(5 21.912537 0 0 0 1 0.953 0.013 0.026 0.003 0.005
SL05 SanLuis Presa San Diego 100.10354(; 21.907716 0 0 0 1 0.984  0.007 0.003 0.003 0.003
SL06 SanLuis C. de Cabezas -99.239420 21.839829 0 0 0 1 0.985  0.006 0.003 0.003 0.003
SLO7 SanLuis C. de Cabezas -99.236971 21.832713 0 0 0 1 0.952  0.027 0.004 0.003 0.014
SLO08 SanLuis C. de Cabezas -99.231688 21.835019 0 0 0 1 0.985  0.006 0.003 0.003 0.003
SL09 SanLuis C. de Cabezas -99.224737 21.831119 0 0 0 1 0.985  0.006 0.003 0.003 0.003
SL10 SanLuis C. de Cabezas -99.204397 21.811128 | 0.0890894  0.526695 0.2674157 0.7325843 0.086  0.019 0.883 0.003 0.009
SL11 SanLuis C. de Cabezas -99.200485 21.807247 | 0.0184714 0.3082599 0.1106241 0.8893759 0.875  0.021 0.093 0.004 0.006
TMO8 Tamaulipas Presa V.Guerrero -98.772430 23.830697 | 0.0748554 0.5957476 0.2805817 0.7194183 0.086 0.122 0.295 0.003 0.495
TMO9 Tamaulipas Presa V.Guerrero -98.731519 24.026471 | 0.5614227  0.992084 0.8674793 0.1325207 0.006  0.047 0.01 0.003 0.934
TM10 Tamaulipas Presa V.Guerrero -98.695851 23.918332 | 0.0029041 0.2197983 0.0533139 0.9466861 0.942 0.012 0.034 0.005 0.007
TM14 Tamaulipas Presa V.Guerrero -98.761735 23.876798 | 0.3639909 0.8905567 0.6568014 0.3431986 0.005 0.006 0.981 0.003 0.005
T™M15 Tamaulipas Estero Lomas -97.896743 22.474763 0 0 0 1 0.985  0.006 0.003 0.003 0.003
TM16 Tamaulipas Estero Lomas -97.905238 22.480032 0 0 0 1 0.985  0.006 0.003 0.003 0.003
T™17 Tamaulipas Estero Lomas -97.910862 22.471442 0 0 0 1 0.985  0.006 0.003 0.003 0.003
TM18 Tamaulipas Estero Lomas -97.912238 22.466474 0 0 0 1 0.985  0.006 0.003 0.003 0.003
TM19 Tamaulipas Estero Lomas -97.916558 22.466356 0 0 0 1 0.985  0.006 0.003 0.003 0.003
TM20 Tamaulipas Laguna Conejo -97.880972 22.427639 | 0.0031702 0.2429885 0.0592667 0.9407333 0.869  0.007 0.068 0.006 0.051
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0.675
0.957
0.262
0.979
0.975
0.505
0.944

0.96
0.007
0.025
0.011
0.067
0.485
0.313
0.428
0.228
0.951
0.968
0.977
0.879
0.981
0.685

0.01
0.012
0.094
0.011
0.003
0.009
0.005

0.01
0.006
0.013
0.004
0.003
0.023
0.016
0.004
0.004
0.012
0.043
0.008
0.004
0.006
0.004
0.126
0.005
0.004
0.004
0.089
0.004
0.016

0.004
0.007
0.003
0.019
0.003
0.005
0.003
0.004
0.005
0.009
0.004
0.004
0.052
0.012
0.003
0.003

0.01
0.006
0.006
0.003
0.004
0.003
0.105
0.008
0.003
0.004
0.004
0.004
0.011

0.025
0.253
0.013
0.012
0.004
0.005
0.004
0.012
0.013
0.005
0.003
0.004
0.006
0.009
0.003
0.003
0.006

0.06
0.056
0.005
0.031
0.004
0.011
0.008
0.004
0.003
0.017
0.003
0.213



VZ39
VZ40
vZ41
vZ42
VZ43
vz44
VZ45
VZ46
vz47
TBO1
TBO2
TBOS
TBO9
TB10
TB11
TB12
TB13
TB14
TB15
TB16
TB17
TB18
TB19
TB20
TB21
TB23
TB24
TB25
TB26

Veracruz
Veracruz
Veracruz
Veracruz
Veracruz
Veracruz
Veracruz
Veracruz
Veracruz
Tabasco
Tabasco
Tabasco
Tabasco
Tabasco
Tabasco
Tabasco
Tabasco
Tabasco
Tabasco
Tabasco
Tabasco
Tabasco
Tabasco
Tabasco
Tabasco
Tabasco
Tabasco
Tabasco

Tabasco

Presa cangrejera
Presa cangrejera
Presa cangrejera
Presa cangrejera
Presa cangrejera
Presa cangrejera
Presa cangrejera
Presa cangrejera
Sontecomapan
Lag. Rosario

Lag. Rosario

Lag. Caracol

Lag. Caracol

Lag. Caracol

Lag. Caracol

Lag. Caracol

Lag. Caracol

Lag. Caracol

Lag. Las llusiones
Lag. Las llusiones
Lag. Las llusiones
Lag. Las llusiones
Lag. Las llusiones
Lag. Las llusiones
Lag. Las llusiones
Paraiso

Pantanos de Centla
Pantanos de Centla

Pantanos de Centla

-94.328418
-94.324844
-94.318018
-94.307985
-94.208844
-94.332372
-94.316791
-94.323469
-95.008509
-93.824848
-93.777913
-93.322473
-93.333310
-93.340849
-93.342444
-93.346783
-93.338316
-93.334700
-92.939133
-92.936861
-92.931012
-92.933133
-92.923273
-92.924480
-92.942076
-93.168180
-92.661778
-92.670365
-92.648381

18.112132
18.114700
18.094913
18.088898
18.093411
18.102960
18.137566
18.131620
18.526873
17.836293
17.843365
17.833712
17.840623
17.842596
17.830325
17.824142
17.820554
17.819490
17.992474
17.996060
17.997234
18.003759
18.010282
18.017085
18.013778
18.404753
18.335496
18.309710
18.277524

0.0292056
0.0612493
0.1148536

0.132852
0.0612493
0.0836888
0.2668664
0.0423516
0.0303864
0.0202114
0.0552105
0.0350933
0.0235594
0.1268745
0.0719882
0.1268745
0.1268745

0.089994
0.1821798
0.0220795
0.1674408
0.0905537
0.0833748
0.1112219
0.0849234
0.4658696
0.0512372

0.022231
0.1290027

0.4128834
0.4685927
0.5188328
0.5729573
0.4685927
0.4812851
0.7508125
0.3847046
0.3965514
0.3301706
0.4512837
0.4668015

0.362032
0.5628751

0.507731
0.5628751
0.5628751
0.5128609
0.6149579
0.3425946
0.5805926
0.5000162
0.4767311
0.5247016
0.4845311

0.925627
0.4244098
0.3530169
0.5723816
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0.1635772
0.2221793
0.2889185
0.3271048
0.2221793
0.2464758
0.5043
0.1658949
0.160656
0.120028
0.2067934
0.1913185
0.1364543
0.3167535
0.2469234
0.3167535
0.3167535
0.2640599
0.3804842
0.12838
0.3536981
0.2615082
0.2447305
0.2859554
0.2490167
0.723176
0.1925474
0.1306617
0.3220123

0.8364228
0.7778207
0.7110815
0.6728952
0.7778207
0.7535242
0.4957
0.8341051
0.839344
0.879972
0.7932066
0.8086815
0.8635457
0.6832465
0.7530766
0.6832465
0.6832465
0.7359401
0.6195158
0.87162
0.6463019
0.7384918
0.7552695
0.7140446
0.7509833
0.276824
0.8074526
0.8693383
0.6779877

0.022
0.016
0.025
0.012
0.028
0.473
0.069
0.016
0.804
0.148
0.126

0.01
0.031
0.009
0.032

0.01
0.009
0.018
0.008
0.045
0.009
0.058
0.051

0.01
0.081
0.057
0.017
0.076
0.017

0.967
0.971
0.945
0.946
0.945
0.276
0.529
0.954
0.102
0.836
0.849
0.979
0.956
0.973

0.93
0.972
0.972
0.962
0.978
0.921
0.981
0.929
0.939
0.979
0.909
0.235
0.972
0.906
0.959

0.004
0.004
0.012
0.007
0.006
0.073
0.008
0.006
0.006
0.006
0.007
0.004
0.006
0.005
0.005
0.006
0.006
0.006
0.004
0.005
0.003
0.004
0.004
0.003
0.004
0.042
0.004
0.007
0.005

0.004
0.005
0.005
0.022

0.01
0.033
0.026
0.006
0.039
0.006
0.014
0.003
0.003
0.006
0.019
0.006
0.006
0.008
0.004
0.013
0.003
0.005
0.003
0.004
0.003
0.091
0.003
0.007
0.013

0.004
0.004
0.013
0.014
0.011
0.144
0.368
0.019
0.049
0.004
0.005
0.003
0.004
0.006
0.015
0.006
0.006
0.006
0.006
0.015
0.004
0.004
0.003
0.004
0.003
0.575
0.004
0.005
0.006



TB27
TB28
TB29
TB29-A
TB30
TB31
CPO1
CP02
CPO3
CP04
CPO05
CPO06
CPO7
CPO8
CP10
CP11
CP12
CP12-A
CP13
CP14
CP15
CP16
CP18
CP19
CP20
CP20-A
CP20-B
cP21
cP22

Tabasco

Tabasco

Tabasco

Tabasco

Tabasco

Tabasco

Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche

Campeche

Pantanos de Centla
Pantanos de Centla
Pantanos de Centla
Pantanos de Centla
Yumka

Yumka

Manguito

Pom Atasta

Pom Atasta

Pom Atasta

Pom Atasta

Pom Atasta

Pom Atasta

Pom Atasta

Rio Chumpan

Rio Chumpan

Rio Chumpan

Rio Chumpan

Pital

Sistema Pargo
Sistema Pargo
Sistema Pargo

Rio Caribe

Rio Champoton

Rio Champoton

Rio Champoton

Rio Champoton
Hampolol

Hampolol

-92.674069
-92.785959
-92.785959
-92.785959
-92.771889
-92.805843
-92.161841
-92.256715
-92.274635
-92.284620
-92.289700
-92.299332
-92.291855
-92.264917
-91.511359
-91.5632363
-91.498598
-91.498598
-91.036970
-91.260245
-91.267360
-91.256343
-90.592815
-90.717450
-90.695545
-90.685833
-90.680565
-90.377368
-90.380194

18.314894
18.003803
18.003803
18.003803
18.013489
17.991547
18.666062
18.548067
18.538772
18.533553
18.523867
18.495548
18.511583
18.542731
18.367294
18.321073
18.413111
18.413111
18.622459
18.511432
18.528772
18.598602
18.227076
19.362779
19.358687
19.328080
19.319492
19.942784
19.940457

0.0479894
0.1257199
0.2439461
0.6420626
0.2457576
0.1307934
0.4886532
0.0242098
0.0515276
0.0835178
0.0267105
0.0832727
0.1872474
0.1691919
0.2086188
0.2885378
0.1010066
0.2515552

0.107627
0.1356762
0.4400007
0.1226368
0.2453407
0.0963177
0.3710589
0.1186485
0.2006715
0.0979442

0.147702

0.4074303
0.5589668
0.6909304
0.9887982
0.6981822
0.5804584
0.9393587
0.3625153
0.4266733
0.4880689
0.3961387
0.5045886
0.6187969
0.6228243
0.6932157
0.7448917
0.5730696
0.7308523
0.5069493
0.5882928
0.8668311
0.5735027
0.6988611
0.4671281
0.8283839
0.5313838
0.6438218

0.480894
0.5979554
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0.1821043
0.3141443
0.4602834
0.8785078
0.4641835
0.3264391
0.7480991
0.1387846
0.1935989
0.2480983

0.152607
0.2523129
0.3861997
0.3750484
0.4330169
0.5157896
0.2985341

0.483661
0.2762042
0.3349688
0.6712742
0.3152083
0.4644479
0.2503904
0.6137711
0.2970117
0.4079517
0.2564847
0.3523923

0.8178957
0.6858557
0.5397166
0.1214922
0.5358165
0.6735609
0.2519009
0.8612154
0.8064011
0.7519017

0.847393
0.7476871
0.6138003
0.6249516
0.5669831
0.4842104
0.7014659

0.516339
0.7237958
0.6650312
0.3287258
0.6847917
0.5355521
0.7496096
0.3862289
0.7029883
0.5920483
0.7435153
0.6476077

0.062
0.013
0.011
0.003
0.007
0.011
0.014
0.025
0.025
0.148
0.027
0.012
0.034
0.015
0.045
0.044
0.221
0.011

0.38

0.01
0.007
0.021
0.008
0.095

0.05
0.032
0.032
0.336
0.209

0.926
0.959
0.931
0.047
0.969
0.965
0.228
0.965
0.965
0.832
0.964
0.954
0.766
0.947
0.532
0.559
0.221
0.681
0.482
0.828
0.225
0.804
0.524
0.881
0.126
0.939
0.712
0.646
0.305

0.006
0.014
0.011
0.111
0.013
0.014

0.63
0.004
0.004
0.008
0.004
0.008
0.083
0.029
0.412
0.387
0.033
0.236
0.056
0.151
0.755
0.138
0.456
0.008
0.082
0.012
0.248
0.007
0.479

0.003
0.007
0.009
0.479
0.005
0.005
0.114
0.003
0.003
0.008
0.003
0.004
0.105
0.004
0.005
0.005
0.004
0.007
0.057
0.004
0.006
0.006
0.008
0.009
0.019
0.012
0.003
0.006
0.003

0.003
0.006
0.037
0.358
0.006
0.005
0.013
0.003
0.003
0.004
0.003
0.022
0.012
0.005
0.005
0.005
0.522
0.065
0.024
0.008
0.008
0.031
0.004
0.007
0.723
0.005
0.005
0.005
0.003



CP23
CP24
CP25
CP26
CP28
CP29
CP29-A
CP29-B
CP29-C
CP29-D
CP29-E
CP30
CP31
CP32
CP33
CP34
CP35
CP36
CP37
CP38
CP39
CP40
CP42
CP43
YCO01
YC02
YCO03
YCO04
YCO05

Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Campeche
Yucatan

Yucatan

Yucatan

Yucatan

Yucatan

Hampolol
Hampolol
Hampolol
Hampolol
Peten
Peten
Peten
Peten
Peten
Peten
Peten

El Remate
El Remate
El Remate
El Remate
El Remate
El Remate
El Remate
Isla Arena
Isla Arena
Isla Arena
Isla Arena
Isla Arena
Isla Arena
El Palmar
El Palmar
El Palmar
El Palmar

El Palmar

-90.378826
-90.381110
-90.375525
-90.375525
-90.482520
-90.485810
-90.475210
-90.478311
-90.481966
-90.487227
-90.487298
-90.381173
-90.418850
-90.421323
-90.456290
-90.448907
-90.417406
-90.417843
-90.440655
-90.442601
-90.451098
-90.448560
-90.440091
-90.439284
-90.331132
-90.317733
-90.298457
-90.256057
-90.261774

19.941440
19.939630
19.944365
19.944365
20.210533
20.221311
20.230127
20.228308
20.225753
20.228616
20.226673
20.539410
20.542841
20.543251
20.551486
20.560033
20.608397
20.630067
20.684636
20.708209
20.702321
20.693314
20.694540
20.694611
20.999664
21.014613
21.030374
21.060057
21.055684

0.0979744
0.1357315
0.1426052
0.0730092
0.2165471
0.1580408
0.6046297
0.3105176
0.0228652
0.1881579
0.060683
0
0.0251093
0.07516
0.0716408
0.006743
0.0798669
0.1146937
0.257764
0.1051477
0.5952514
0.0896374
0.0768274
0.7214568
0.0057332
0.3260528
0.0057332
0.1569761
0.1076692

0.5416699
0.6708181
0.572214
0.5347633
0.6788763
0.5993823
1
0.7990118
0.3530431
0.6225336
0.4722918
0.2088374
0.3769711
0.4566231
0.445677
0.3909842
0.483806
0.5377745
0.7536997
0.4888166
0.9876899
0.6071843
0.4575881
1
0.3541063
0.7928632
0.3541063
0.6535509
0.5825846
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0.2837362
0.3741684
0.330704
0.2605191
0.4368368
0.3562898
0.8737146
0.560961
0.1326841
0.3892981
0.2219891
0
0.1441578
0.2272468
0.219166
0.1143935
0.241953
0.2950129
0.504506
0.2677686
0.8380586
0.3090127
0.2303096
0.9805964
0.09953
0.5664628
0.09953
0.3826553
0.3102574

0.7162638
0.6258316
0.669296
0.7394809
0.5631632
0.6437102
0.1262854
0.439039
0.8673159
0.6107019
0.7780109
1
0.8558422
0.7727532
0.780834
0.8856065
0.758047
0.7049871
0.495494
0.7322314
0.1619414
0.6909873
0.7696904
0.0194036
0.90047
0.4335372
0.90047
0.6173447
0.6897426

0.185
0.007
0.015
0.007
0.016
0.03
0.003
0.01
0.01
0.064
0.013
0.01
0.015
0.089
0.271
0.011
0.04
0.031
0.017
0.016
0.013
0.007
0.39
0.012
0.01
0.005
0.01
0.018
0.03

0.209
0.522
0.725

0.98
0.895
0.791
0.057
0.297
0.978
0.148
0.771

0.98
0.975
0.876
0.702
0.973
0.934
0.943
0.721
0.956
0.344
0.817
0.536
0.011
0.973
0.913
0.973
0.922
0.923

0.6
0.46
0.246
0.004
0.012
0.172
0.923
0.625
0.005
0.779
0.209
0.004
0.004
0.005
0.012
0.005
0.007
0.007
0.046
0.004
0.005
0.015
0.055
0.056
0.005
0.037
0.005
0.014
0.013

0.003
0.003
0.003
0.003
0.025
0.003
0.006
0.061
0.003
0.003
0.003
0.003
0.003
0.021
0.009
0.005
0.011
0.013
0.024

0.01
0.562

0.01
0.007
0.236
0.007
0.032
0.007
0.033
0.022

0.003
0.008
0.011
0.006
0.052
0.004
0.011
0.007
0.004
0.005
0.004
0.004
0.004

0.01
0.007
0.007
0.007
0.007
0.192
0.013
0.077
0.151
0.011
0.685
0.005
0.013
0.005
0.012
0.012



YC06
YCo07
YCO07-A
YC07-B
YC07-C
YC08
YC09
YC09-A
YC09-B
YCO09-C
YC09-D
YC09-E
YC10
YC11
YC12
YC13
YC14
YC15
YC16
YC17
YC18
YC19
YC20
YC21
YC22
YC23
YC24
YC25
YC26

Yucatan
Yucatan
Yucatan
Yucatan
Yucatan
Yucatan
Yucatan
Yucatan
Yucatan
Yucatan
Yucatan
Yucatan
Yucatan
Yucatan
Yucatan
Yucatan
Yucatan
Yucatan
Yucatan
Yucatan
Yucatan
Yucatan
Yucatan
Yucatan
Yucatan
Yucatan
Yucatan
Yucatan

Yucatan

El Palmar

El Palmar

El Palmar

El Palmar

El Palmar
Sisal

Sisal

Sisal

Sisal

Sisal

Sisal

Sisal

San Felipe
San Felipe
San Felipe
San Felipe
San Felipe
San Felipe
San Felipe
Rio Lagartos
Rio Lagartos
Rio Lagartos
Rio Lagartos
Rio Lagartos
Rio Lagartos
Rio Lagartos
El Cuyo

El Cuyo

El Cuyo

-90.250148
-90.256444
-90.291403
-90.294127
-90.303947
-90.053368
-90.067137
-90.054427
-90.056372
-90.059090
-90.049405
-90.049405
-88.227613
-88.225460
-88.216059
-88.208049
-88.189439
-88.197914
-88.179672
-88.153065
-88.060133
-88.056833
-88.055328
-88.057922
-88.005962
-88.041217
-87.644764
-87.645685
-87.656388

21.063386
21.058542
21.018888
21.014678
21.006634
21.159017
21.158766
21.160256
21.159918
21.159495
21.157391
21.157391
21.551921
21.552005
21.550634
21.557335
21.560120
21.556224
21.564551
21.578410
21.589632
21.591748
21.592665
21.594351
21.578107
21.577864
21.458028
21.458794
21.461179

0.1226075
0.2042449
0.3914361
0.3765435
0.2180662
0.2815397
0.2619431
0.3821225
0.2370772
0.1834654
0.5181777
0.13832
0.3836677
0.2831092
0.1112219
0.1139328
0.2366893
0.2484476
0.2658161
0.1667038
0.1053886
0.281546
0.3193801
0.2857294
0.0876133
0.3039501
0.5325472
0.6413862
0.5413514

0.5594927
0.6646487
0.8590307
0.8121324
0.7060758
0.7829929

0.728314
0.8235943
0.6771569
0.7063068
0.9621542
0.6927134
0.8250315
0.8259262
0.5247016
0.5237768
0.7426205
0.7205568
0.7123926
0.6274769
0.5609808
0.7675799
0.8187782
0.7291516
0.5283412
0.7455107
0.9761413

0.996479
0.9859313
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0.3110278
0.4200431
0.6417971
0.6057007
0.4476025
0.5353361

0.491012
0.6145123
0.4493707

0.428093
0.7813314
0.3894204
0.6179185
0.5603678
0.2859554
0.2887443
0.4821681

0.477425

0.483898
0.3752832
0.3003423
0.5245687
0.5791647
0.5039233
0.2654812
0.5250379
0.7986291
0.8691112
0.8179218

0.6889722
0.5799569
0.3582029
0.3942993
0.5523975
0.4646639

0.508988
0.3854877
0.5506293

0.571907
0.2186686
0.6105796
0.3820815
0.4396322
0.7140446
0.7112557
0.5178319

0.522575

0.516102
0.6247168
0.6996577
0.4754313
0.4208353
0.4960767
0.7345188
0.4749621
0.2013709
0.1308888
0.1820782

0.048
0.008
0.006
0.007
0.006
0.013
0.008
0.017
0.036
0.008
0.005
0.041
0.006
0.005
0.011

0.03
0.007
0.005
0.012
0.011
0.015
0.005
0.004
0.005

0.09
0.011
0.028
0.025
0.024

0.896
0.961
0.457
0.238
0.962
0.919

0.92
0.016
0.371
0.951
0.254
0.269
0.851

0.39
0.977

0.96
0.497
0.971
0.741
0.977
0.856
0.967
0.934
0.959
0.858
0.697
0.032

0.05
0.028

0.013
0.023
0.524
0.746
0.019
0.028
0.056
0.948
0.585
0.032
0.694
0.334
0.096
0.015
0.005
0.004
0.019
0.012
0.028
0.005
0.016
0.017
0.019
0.008
0.006
0.075
0.147
0.045
0.056

0.036
0.004
0.004
0.004
0.008
0.012
0.007
0.003
0.003
0.004
0.035
0.003
0.023
0.005
0.003
0.003
0.021
0.004
0.075
0.003
0.048
0.006
0.025
0.013
0.008
0.069

0.02
0.111
0.009

0.007
0.004
0.009
0.005
0.005
0.029

0.01
0.016
0.006
0.005
0.011
0.354
0.024
0.586
0.004
0.003
0.455
0.008
0.145
0.003
0.065
0.005
0.017
0.015
0.039
0.148
0.773
0.769
0.884



Yc27
YC28
YC29
YC30
YC31
YC32
YC33
YC33-A
YC34
YC35
YC36
YC37
YC38
YC39
YC41
YC43
YC44
YC45
QRO1
QRO4
QRO7
QRO8
QRO9
QR10
QR11
QR12
QR13
QR13-A
QR13-B

Yucatan
Yucatan
Yucatan
Yucatan
Yucatan
Yucatan
Yucatan
Yucatan
Yucatan
Yucatan
Yucatan
Yucatan
Yucatan
Yucatan
Yucatan
Yucatan
Yucatan
Yucatan
Qroo
Qroo
Qroo
Qroo
Qroo
Qroo
Qroo
Qroo
Qroo
Qroo

Qroo

El Cuyo

El Cuyo

El Cuyo

El Cuyo
Chipepte
Chipepte
Chipepte
Chipepte
Ranchos
Ranchos
Ranchos
Ranchos
Ranchos
Ranchos
Ranchos
Dzilam
Dzilam
Dzilam

Rio Yalikin
Rio Yalikin
Moon Palace
Moon Palace
Moon Palace
Moon Palace
Moon Palace
Moon Palace
Moon Palace
Moon Palace

Moon Palace

-87.656008
-87.685641
-87.638364
-87.638364
-87.538193
-87.540051
-87.542369
-87.544279
-87.971992
-87.988679
-87.980169
-87.972021
-87.962846
-87.969702
-87.980206
-88.866890
-88.867888
-88.869090
-87.176357
-87.175688
-86.833287
-86.833641
-86.834583
-86.838222
-86.835469
-86.843447
-86.846688
-86.849357
-86.845763

21.512701
21507163
21.506523
21.506523
21.484287
21.478036
21.482892
21.478861
21.445612
21.459559
21.439976
21.445659
21.433915
21.432999
21.440044
21.391827
21.391174
21.391895
21.439967
21.433137
20.983244
20.991399
20.988460
20.985260
20.982869
20.988958
20.985790
20.988862
20.989830

0.7215287
0.5938688
0.0130654
0.2398128
0.7568926
0.8544413
0.8456409
0.4062942
0.0808221
0.4827743
0.3447245
0.2434502
0.4859866
0.4755682

0.339039
0.2878044
0.3387563
0.2436591
0.7215287
0.2563914
0.0528406
0.1742184
0.0727949
0.1044256
0.0109264
0.2329986
0.0648203
0.0324341
0.1742184

1
0.9596631
0.5800695
0.7267973

1

1

1
0.8485752
0.5535954
0.8932117
0.8500262
0.7282046
0.9159445
0.9126488
0.8005028
0.7364196
0.7657976

0.721401

1
0.7500418
0.4389807
0.6774258
0.5291321
0.6443638
0.5006509
0.7286634
0.4980861
0.4426264
0.6774258

84

0.9361219
0.8159071
0.1983106
0.4759351
0.9787062
1

1
0.6425772
0.2788724
0.7143734
0.6093818
0.4808464
0.7320601
0.7243464
0.5790674
0.5110458
0.5565016
0.4767691
0.9361219
0.4999244
0.1994042
0.4093805
0.258449
0.3428038
0.1677728
0.4737751
0.2360879
0.1792279
0.4093805

0.0638781
0.1840929
0.8016894
0.5240649
0.0212938
0

0
0.3574228
0.7211276
0.2856266
0.3906182
0.5191536
0.2679399
0.2756536
0.4209326
0.4889542
0.4434984
0.5232309
0.0638781
0.5000756
0.8005958
0.5906195
0.741551
0.6571962
0.8322272
0.5262249
0.7639121
0.8207721
0.5906195

0.004
0.075
0.004
0.017
0.003
0.003
0.003
0.012
0.006
0.005
0.036
0.009
0.006
0.008
0.005
0.041
0.007
0.024
0.004
0.005
0.013
0.005
0.007
0.007
0.006
0.011
0.016
0.008

0.01

0.005
0.055
0.797
0.564
0.006
0.006
0.014
0.013
0.963
0.474
0.575
0.913
0.759
0.568
0.942
0.303
0.504
0.844

0.01
0.941
0.974
0.955

0.98
0.868

0.98
0.689
0.921
0.972
0.939

0.015
0.679
0.009
0.404
0.038
0.448
0.093

0.93
0.009
0.007
0.005
0.014
0.042
0.024
0.005
0.647
0.419
0.049
0.009
0.038
0.005
0.015
0.006
0.087
0.004

0.18
0.018
0.006
0.009

0.181
0.089
0.005
0.011

0.01
0.014
0.006
0.003
0.016
0.005
0.014
0.047
0.066
0.031
0.021
0.005
0.004
0.014
0.017

0.01
0.003
0.014
0.004
0.011
0.004
0.027
0.005
0.005
0.011

0.795
0.102
0.186
0.004
0.943
0.529
0.884
0.042
0.006
0.509
0.371
0.016
0.127

0.37
0.026
0.005
0.067
0.069

0.96
0.006
0.005
0.011
0.004
0.027
0.007
0.094

0.04
0.009
0.031



QR14
QR15-A
QR16
QR17
QR18
QR19
QR20
QR23
QR26
QR29
QR30
QR32
QR33
QR34
QR35
QR36
QR38
QR39
QR40
QZ01
Qz02
QZ03
QZ04
QZ05
QZ06
Qz07
QZ08
QZ09
Qz10

Qroo
Qroo
Qroo
Qroo
Qroo
Qroo
Qroo
Qroo
Qroo
Qroo
Qroo
Qroo
Qroo
Qroo
Qroo
Qroo
Qroo
Qroo
Qroo
Cozumel
Cozumel
Cozumel
Cozumel
Cozumel
Cozumel
Cozumel
Cozumel
Cozumel

Cozumel

Mayacoba
Mayacoba
Xcaret
Xcaret
Xcaret
Xcaret
Punta Allen
Felipe Carrillo Pto.
Felipe Carrillo Pto.
Rio Hondo
Rio Hondo
Rio Hondo
Rio Hondo
Rio Hondo
Caobas
Caobas
Chajul
Belice
Belice
Cozumel
Cozumel
Cozumel
Cozumel
Cozumel
Cozumel
Cozumel
Cozumel
Cozumel

Cozumel

-87.024827
-87.024827
-87.111819
-87.111819
-87.113466
-87.112978
-87.497563
-88.081324
-88.026892
-88.367995
-88.382482
-88.402319
-88.392208
-88.402673
-88.989324
-88.989204
-92.132447
-88.402673
-88.402673
-86.979117
-86.979117
-86.979117
-86.979117
-86.979117
-86.979117
-86.979117
-86.979117
-86.979117
-86.979117

20.690499
20.690499
20.586217
20.586217
20.588385
20.589878
19.807935
19.468733
19.471332
18.486615
18.480181
18.495678
18.487816
18.456735
18.457354
18.457442
15.880450
18.456735
18.456735
20.281455
20.281455
20.281455
20.281455
20.281455
20.281455
20.281455
20.281455
20.281455
20.281455

0.1263084
0.3570825
0.024083
0.251086
0.3064287
0.1953628
0.1963524
0.1468645
0.4058146
0.3029147
0.5605617
0.2788492
0.0586067
0.1633904
0.0908918
0.081541
0.4782548
0.1473745
0.0270745
1

1

1
0.5618118
0
0.6413035
0.6399357
0.696157
0.5901417
0.7454911

0.6289871
0.9763463
0.3919436
0.6797646
0.8128734
0.6378895
0.6815126
0.7363448
0.8683864
0.8910115
0.9722326
0.8195202
0.4915438
0.801142
0.5040164
0.4686762
0.8877428
0.6821794
0.405793

1

1

1
0.9582224
0
0.9926959
0.9935927
1
0.959323

1

85

0.3486965
0.7150376
0.1434561
0.45838
0.5650552
0.4017208
0.4253226
0.414972
0.6552134
0.6172764
0.8139274
0.5533483
0.2235071
0.4591129
0.2632732
0.2398623
0.7074911
0.3934924
0.1558863
1

1

1
0.8021469
0
0.8611385
0.8629434
0.9000124
0.8143805
0.9622069

0.6513035
0.2849624
0.8565439
0.54162
0.4349448
0.5982792
0.5746774
0.585028
0.3447866
0.3827236
0.1860726
0.4466517
0.7764929
0.5408871
0.7367268
0.7601377
0.2925089
0.6065076
0.8441137
0

0

0
0.1978531
1
0.1388615
0.1370566
0.0999876
0.1856195
0.0377931

0.007
0.004
0.142
0.034
0.026
0.023
0.067
0.005
0.006

0.01
0.004
0.005
0.019
0.009
0.033
0.012

0.02
0.005
0.242
0.005
0.012
0.005
0.041
0.005
0.009

0.01
0.007
0.055
0.011

0.936
0.012
0.505

0.45
0.048
0.652
0.779
0.004
0.024
0.008
0.017
0.004
0.208
0.018
0.946
0.975
0.017
0.899
0.743
0.015
0.022
0.013
0.042
0.006

0.01

0.01
0.021
0.026
0.013

0.004
0.052
0.007
0.504
0.888
0.315
0.009
0.983

0.96
0.972
0.969
0.979
0.759
0.931
0.006
0.006
0.706
0.007
0.004
0.947

0.91
0.957
0.891

0.98
0.966
0.736
0.614
0.728
0.749

0.009
0.004
0.005
0.006
0.005
0.005
0.084
0.003
0.004
0.004
0.003
0.003
0.002
0.003
0.006
0.004
0.214
0.007
0.004
0.011
0.036
0.016
0.014
0.005
0.009
0.232
0.243
0.045
0.208

0.044
0.928
0.342
0.006
0.033
0.005
0.061
0.005
0.006
0.006
0.007
0.009
0.012
0.039
0.009
0.003
0.043
0.082
0.007
0.023

0.02
0.008
0.012
0.004
0.005
0.012
0.114
0.146
0.019



Qz11
Qz12
Qz13
Qz14
Qz15
BCO1
BC02
BCO03
BC04
BC05
BC06
BCO7
CSo1
CS02
CS03
CS04
CS05
CS06
CSso07
CS08
Cs09
Cs10
Cs11
Cs12
Cs13
CsS14
Cs15
Cs16
cs17

Cozumel
Cozumel
Cozumel
Cozumel
Cozumel
Chinchorro
Chinchorro
Chinchorro
Chinchorro
Chinchorro
Chinchorro
Chinchorro
Chiapas1
Chiapas1
Chiapas1
Chiapas1
Chiapas1
Chiapas1
Chiapas1
Chiapas1
Chiapas1
Chiapas1
Chiapas1
Chiapas1
Chiapas1
Chiapas1
Chiapas1
Chiapas1
Chiapas1

Cozumel

Cozumel

Cozumel

Cozumel

Cozumel
Chinchorro
Chinchorro
Chinchorro
Chinchorro
Chinchorro
Chinchorro
Chinchorro

Cafion del Sumidero
Cafion del Sumidero
Cafion del Sumidero
Cafion del Sumidero
Cafion del Sumidero
Cafion del Sumidero
Cafion del Sumidero
Cafion del Sumidero
Carion del Sumidero
Carion del Sumidero
Carion del Sumidero
Carion del Sumidero
Carion del Sumidero
Carion del Sumidero
Carion del Sumidero
Carion del Sumidero

Cafon del Sumidero

-86.979117
-86.979117
-86.979117
-86.979117
-86.979117
-87.320031
-87.320031
-87.320031
-87.320031
-87.320031
-87.320031
-87.320031
-93.058260
-93.060707
-93.061130
-93.063278
-93.062843
-93.064328
-93.063439
-93.061748
-93.068645
-93.070575
-93.082606
-93.085132
-93.072566
-93.075542
-93.076416
-93.069164
-93.064686

20.281455
20.281455
20.281455
20.281455
20.281455
18.584038
18.584038
18.584038
18.584038
18.584038
18.584038
18.584038
16.779395
16.783047
16.783386
16.785429
16.784609
16.808328
16.814390
16.814708
16.839708
16.840071
16.935878
16.932499
16.913581
16.910183
16.904971
16.887721
16.893132

0.5390994
0.5502976

0.7434984
0.6271083
0.4045518
1
1
1
1
0.6328882
0.8815379
1
0.7041663

1
0.7652139
0.8971325

1

0.9604509
0.9431008

1
0.9952769
0.8469639

1

1

86

0.7834607
0.787449

1

1

1

1
0.9710607
0.8569043
0.6399403
1

1

1

1
0.8852511
1

1
0.9182901

0.974387
1

0.2165393
0.212551
0

0

0

0
0.0289393
0.1430957
0.3600597
0

0.1147489
0
0
0.0817099

0.025613
0

0.044

0.03
0.009
0.006
0.005
0.004
0.003
0.005
0.024
0.003
0.004
0.003
0.003
0.007
0.003
0.003
0.004
0.004
0.004
0.004
0.003
0.004
0.004
0.003
0.003
0.003
0.003
0.003
0.003

0.128
0.049
0.017
0.009
0.004
0.004
0.004
0.006
0.007
0.004
0.004
0.003
0.003
0.007
0.008
0.003
0.004
0.004
0.003
0.003
0.003
0.003
0.004
0.003
0.003
0.003
0.006
0.003
0.004

0.239
0.832
0.771
0.742
0.955
0.947
0.965
0.966

0.96
0.962
0.934
0.951
0.004
0.011
0.008
0.004
0.022
0.004
0.003
0.003
0.003
0.004
0.003
0.005
0.012
0.003
0.005
0.004
0.004

0.58
0.007
0.187
0.221
0.026
0.027
0.024
0.016
0.005
0.022
0.047
0.026
0.986

0.03
0.839
0.986
0.221

0.98
0.986
0.986
0.987
0.984
0.981
0.194
0.928
0.987
0.942
0.984
0.982

0.009
0.081
0.016
0.022
0.009
0.019
0.005
0.006
0.005
0.008
0.011
0.017
0.004
0.945
0.142
0.004
0.749
0.008
0.003
0.003
0.004
0.005
0.007
0.794
0.054
0.004
0.044
0.006
0.007



Cs18
Cs19
CSs20
CHO1
CHO02
CHO03
CHoO4
CHO05
CHO06
CHo7
CHO08
CHO09
CH10
CH11
CH12
CH13
CH14
VTO1

VT02
VT03
VT04
VT05
VT06
V107
VT08
VT09
VvT10
VT11

VT12

Chiapas1
Chiapas1
Chiapas1
Chiapas2
Chiapas2
Chiapas2
Chiapas2
Chiapas2
Chiapas2
Chiapas2
Chiapas2
Chiapas2
Chiapas2
Chiapas2
Chiapas2
Chiapas2
Chiapas2
Oaxaca
Oaxaca
Oaxaca
Oaxaca
Oaxaca
Oaxaca
Oaxaca
Oaxaca
Oaxaca
Oaxaca
Oaxaca

Oaxaca

Carion del Sumidero
Carion del Sumidero
Carion del Sumidero
Costa Playa Linda
Costa Playa Linda
Costa Barra San Jose
Costa Angostura
Costa Buenavista
Costa Boca del Cielo
Costa Puerto Arista
Costa Puerto Arista
Costa Zapotal

Costa Angostura
Costa ElI Manguito
Costa Acapetahua
Costa Villa del Mar
Costa Puerto Arista
Ventanilla

Ventanilla

Ventanilla
Ventanilla
Ventanilla
Ventanilla
Ventanilla
Ventanilla
Ventanilla
Ventanilla
Ventanilla

Ventanilla

-93.061236
-93.053094
-93.050880
-92.339365
-92.343262
-92.614026
-92.578253
-93.586762
-93.655873
-93.699914
-93.754043
-93.170195
-92.669861
-93.502225
-92.864426
-93.947817
-93.886706
-96.579730
-96.579730
-96.579730
-96.579730
-96.579730
-96.579730
-96.579730
-96.579730
-96.579730
-96.579730
-96.579730
-96.579730

16.891879
16.893030
16.894791
14.638934
14.642925
14.914012
16.150019
15.817218
15.841019
15.959245
15.931840
15.456895
16.084840
15.733011
15.176349
16.090308
15.989920
15.671462
15.671462
15.671462
15.671462
15.671462
15.671462
15.671462
15.671462
15.671462
15.671462
15.671462
15.671462

0.4876536
0.407585
0.4068814
0.8948421
0.6990287
0.2965037
0.8088061
0.2977414
0.5906947
0.7014261
0.8915876
0.7929289
0.7340802
0.776274
0.8911
0.8903601
0.5552779
0.8075096
0.5912128
0.8203046
0.7224449
0.8416748
0.0684363
0.075191
0.4564893
0.7146695
0.7415651
0.9018298
0.6966787

0.9662349
0.9094872
0.9488538
1
0.9936801
0.863882

1
0.8572384
0.953243
0.9872337
1
0.9972862
1

1

1

1
0.9789456
1
0.9519462
1
0.9838383
1
0.4335235
0.4550515
0.9257697
0.993712
1

1
0.9931652

87

0.7773777
0.6966444
0.7206684
1
0.9082984
0.6040397
1
0.5927082
0.8110101
0.8970514
1
0.9500625
0.9769239
1

1

1
0.8150132
1
0.8090116
1
0.9022895
1
0.2107707
0.2267776
0.728282
0.9109025
0.9643045
1
0.8947821

0.2226223
0.3033556
0.2793316
0
0.0917016
0.3959603
0
0.4072918
0.1889899
0.1029486
0
0.0499375
0.0230761
0

0

0
0.1849868
0
0.1909884
0
0.0977105
0
0.7892293
0.7732224
0.271718
0.0890975
0.0356955
0
0.1052179

0.053
0.022
0.024
0.002
0.025
0.026
0.003
0.019
0.008
0.027
0.003
0.007
0.005
0.013
0.003
0.003
0.007
0.004
0.168
0.006
0.006
0.005
0.586

0.63
0.057
0.006
0.005
0.003
0.014

0.014
0.006
0.164
0.006
0.015
0.064
0.004
0.134
0.015
0.006
0.004

0.01
0.003
0.016
0.005
0.004
0.033
0.014
0.006
0.006
0.008
0.005
0.362
0.229
0.021
0.007
0.005
0.004
0.065

0.008
0.007
0.009
0.008
0.004

0.02
0.004
0.015
0.004
0.008
0.006
0.012
0.005
0.005
0.004
0.003
0.007
0.347
0.408
0.338
0.044
0.171
0.006
0.096
0.009
0.116
0.536
0.302
0.014

0.035
0.226
0.004
0.009
0.938
0.003
0.023
0.005
0.102
0.007
0.369
0.308
0.004

0.03
0.984
0.985
0.051
0.054
0.396
0.619

0.51
0.803
0.021
0.007
0.067
0.842
0.444
0.673
0.598

0.89
0.739
0.798
0.975
0.017
0.887
0.966
0.826
0.871
0.952
0.618
0.663
0.983
0.936
0.004
0.004
0.902
0.581
0.022
0.031
0.431
0.016
0.025
0.038
0.846
0.029
0.011
0.018

0.31



VT13

VT14

OX01

0OX02
ACO1

AC02
ACO03
ACO04
GRO1
GRO02
GRO03
GR04
GRO05
GRO06
GRO07
GRO08
GR09
GR10
GR11
GR12
MCO1
MC02
MCO03
MCO04
MCO05
MCO06

MCo7

Oaxaca
Oaxaca
Oaxaca
Oaxaca
Guerrero
Guerrero
Guerrero
Guerrero
Guerrero
Guerrero
Guerrero
Guerrero
Guerrero
Guerrero
Guerrero
Guerrero
Guerrero
Guerrero
Guerrero
Guerrero
Michoacan
Michoacan
Michoacan
Michoacan
Michoacan
Michoacan

Michoacan

Ventanilla
Ventanilla
Chacahua
Chacahua
Acapulco
Acapulco
Acapulco
Acapulco

Ixtapa

Ixtapa

Ixtapa

Ixtapa

Ixtapa

Ixtapa

Ixtapa

Ixtapa

Ixtapa

Ixtapa

Ixtapa

Ixtapa

Lazaro Cardenas-
Barra de Santa Ana
Lazaro Cardenas-
Balsas

Lazaro Cardenas-
Balsas

Lazaro Cardenas-
Balsas

Lazaro Cardenas-
Balsas

Lazaro Cardenas-
Balsas

Lazaro Cardenas-
Balsas

-96.579730
-96.579730
-97.710059
-97.690921
100.047028-
100.052729-
-99.973778
-99.971287
101 .598574:
101 .598574:
101 .598574:
101 .598574:
101 .598574:
101 .598574:
101 .598574:
101 .598574:
101 .598574:
101 .598574:
101 .598574:
101 .598574:
102.294122-
102.186556;
102.187289;
102.183704:
102.187277-
102.18686(‘;

102.185789

15.671462
15.671462
15.981205
15.991723
16.942642
16.942977
16.925188
16.923292
17.653399
17.653399
17.653399
17.653399
17.653399
17.653399
17.653399
17.653399
17.653399
17.653399
17.653399
17.653399
17.965836
17.942008
17.949722
17.936267
17.945275
17.953231

17.960066

0.7670238
0.1299367
1

1
0.8936671
0.8297771
0.7959594
0.7774219
0.5025937
0.7250061
0.283476
0.2440261
0.4483968
0.655883
0.7877969
0.7080766
0.776274
0.0263384
0.1552072
0.0350932
0.7590095
0.6697586
0.8850653
0.8575071
0.8850653
0.9019086

0.8850653

1
0.8386764
1
1

0.923083

1
0.7855787
0.7295907
0.9078617
1

1
0.9947373
1
0.3601026
0.6722492
0.4696812

1

88

0.9714234
0.4506951
1
1

1

0.746628

0.9645933

0.5338299

0.4826811

0.709103

0.8871636

1

0.9149221

1

0.1424445

0.3903575

0.1922443

0.9957369

0.9639639

1

0.0285766
0.5493049
0
0

0

0.253372

0.0354067

0.4661701

0.5173189

0.290897

0.1128364

0

0.0850779

0

0.8575555

0.6096425

0.8077557

0.0042631

0.0360361

0

0.005
0.071
0.003
0.003
0.003
0.003
0.003
0.004
0.008
0.004
0.159
0.016
0.008
0.005

0.004

0.004

0.003

0.003

0.003

0.003

0.003

0.003

0.007
0.023
0.003
0.003
0.003
0.003
0.004
0.004
0.007
0.004
0.211
0.649
0.009
0.009
0.009
0.013
0.015
0.011
0.011
0.738
0.009
0.006
0.004
0.005
0.004
0.008

0.004

0.549
0.114
0.004
0.004
0.044
0.003
0.004
0.003
0.004
0.009
0.007
0.026
0.006
0.009
0.264
0.013
0.017
0.007
0.005
0.008
0.008
0.006
0.007
0.004
0.003
0.004

0.003

0.415
0.003
0.983
0.985

0.985
0.922
0.516
0.006
0.025
0.009

0.128

0.026

0.106

0.808

0.021

0.019

0.008

0.021

0.114

0.921

0.984

0.977

0.984

0.024
0.789
0.007
0.005

0.006
0.067
0.473
0.975
0.958

0.614

0.967

0.951

0.616

0.116

0.042

0.553

0.216

0.957

0.872

0.017

0.066

0.005

0.008

0.006



PVO1

PV02

PV03

PV04

PV05

PV06

PVO7

PV08

PV09

PV10

PV11

AMO1

AMO2

AMO3

AMO4

AMO5

JLO1

JL02

JLO3

JLO4

JLOS

JLO6

JLo7

JLO8

JLO9

JL10

NYO01

Colima
Colima
Colima
Colima
Colima
Colima
Colima
Colima
Colima
Colima
Colima
Colima
Colima
Colima
Colima
Colima
Jalisco
Jalisco
Jalisco
Jalisco
Jalisco
Jalisco
Jalisco
Jalisco
Jalisco
Jalisco

Nayarit

Palo Verde

Palo Verde

Palo Verde

Palo Verde

Palo Verde

Palo Verde

Palo Verde

Palo Verde

Palo Verde

Palo Verde

Palo Verde

Amela

Amela

Amela

Amela

Amela

El salado

El salado

El salado

Boca de Tomates

Boca de Tomates

Boca de Tomates

El Quelele

El Quelele

El Quelele

El Quelele

San Blas

104.023579-
104.032359-
104.040850-
104.040266-
104.050556-
104.065849-
104.047879-
104.06447:;
104.076332_
104.089702_
104.096711;
103.74949(;
103.757482_
103.745534:
103.751 0755
103.768451_
105.243051;
105.243355;
105.243719_)
105.270053:
105.269586;
105.2691 7€;
105.294339—
105.292881—
105.291 89(';
105.299087—

105.258167

18.896411

18.906599

18.918316

18.928851

18.926758

18.970522

18.938857

18.948445

18.964951

18.983885

18.963340

18.860605

18.854631

18.849937

18.845460

18.813351

20.663309

20.663733

20.664361

20.669018

20.670647

20.670666

20.728614

20.726582

20.724910

20.726260

21.556328

0.787834 1
0.8702184 1
0.9029803 1

1 1

1 1

1 1

1 1

0.5964946 0.9799047
0.8573185 1
0.9149868 1
0.6076438 1
0.8956387 1
0.8896297 1

1 1
0.6473485 1

1 1
0.7422463 1

1 1
0.5096041 1
0.6335429 1

1 1
0.6716907 0.9921871

0.4770143 0.9174207
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0.8280041

1

1

0.9022789

0.8850351

1

0.9683987

1

1

0.8790344

1

0.8944333

0.7318032

0.1719959

0

0

0.0977211

0.1149649

0

0.0316013

0

0

0.1209656

0

0.1055667

0.2681968

0.005

0.003

0.003

0.003

0.003

0.003

0.003

0.003

0.003

0.003

0.003

0.005

0.004

0.003

0.005

0.004

0.003

0.003

0.007

0.003

0.003

0.004

0.005

0.029

0.006

0.051

0.095

0.007

0.006

0.003

0.003

0.003

0.003

0.003

0.003

0.003

0.003

0.003

0.004

0.003

0.004

0.013

0.004

0.003

0.003

0.004

0.003

0.003

0.004

0.004

0.009

0.005

0.005

0.012

0.006

0.022

0.003

0.003

0.003

0.003

0.003

0.003

0.003

0.003

0.003

0.029

0.004

0.004

0.007

0.02

0.172

0.008

0.004

0.003

0.102

0.004

0.003

0.008

0.008

0.018

0.004

0.056

0.841

0.988

0.987

0.987

0.987

0.987

0.987

0.986

0.986

0.987

0.115

0.973

0.984

0.005

0.964

0.747

0.975

0.073

0.986

0.078

0.013

0.036

0.473

0.009

0.881

0.503

0.926

0.128

0.003

0.005

0.004

0.004

0.004

0.004

0.004

0.005

0.004

0.846

0.016

0.005

0.969

0.008

0.074

0.011

0.912

0.005

0.813

0.975

0.952

0.48

0.972

0.045

0.385



105.254946

NY02 Nayarit San Blas 21.564244 | 0.9103521 1 1 0 0.003  0.004 0.037 0.022 0.934
NY03 Nayarit San Blas 105.2453753 21.563766 | 0.8762001 1 1 0 0.003  0.004 0.008 0.972 0.012
NY04 Nayarit La Tobara 105.25781 1- 21.548467 | 0.8896372 1 1 0 0.003  0.003 0.003 0.977 0.014
NY05 Nayarit La Tobara 105.25781 1- 21.548467 | 0.8933182 1 1 0 0.003  0.003 0.005 0.924 0.064
NY06 Nayarit La Tobara 105.25781 1- 21.548467 | 0.8097805 1 1 0 0.004  0.003 0.004 0.094 0.895
NY07 Nayarit La Tobara 105.25781 1- 21.548467 | 0.7311821 1 1 0 0.007  0.006 0.034 0.007 0.945
NY08 Nayarit La Tobara 105.25781 1- 21.548467 | 0.8585302 1 1 0 0.003  0.005 0.004 0.035 0.953
NY09 Nayarit La Tobara 105.25781 1- 21.548467 1 0.6350892 0.9612698 0.8364333 0.1635667 0.005 0.006 0.005 0.008 0.976
NY10 Nayarit La Tobara 105.254107_ 21.550244 | 0.8205189 1 0.9904207 0.0095793 0.003  0.004 0.007 0.069 0.917
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Table S2. Canonical discriminant analysis using Fisher’s linean discriminant analysis (Fraley &
Raftery 2002), based on 124 polymorphic sites from sequences of mtDNA of 271 individuals of
crocodiles from the Gulf of Mexico and the Pacific. The species assignment for every individual
is based on the genetic data from the hybrid index estimation (A) and admixture proportions (B;

STRUTURE, K=5) (see Results in main text).

A) INTROGRESS hybrid index results

Predicted group membership

number of individuals (%)

C. moreletii | C. acutus hybrids total
C. moreletii 25 (80.6) 0 6 (19.4) 31
C. acutus 0 68 (90.7) 7 (9.3) 75
hybrids 3(1.8) 27 (16.4) | 135(81.8) 165

B) STRUCTURE results (K=5)

Predicted group membership
number of individuals (%)
C. acutus Total
C. acutus (northwestern C. acutus
C. moreletii | hybrids (Caribbean (southern
; and central o
islands) i Pacific)
Pacific)
C. moreletii 27 (87.1) 4 (12.9) 0 0 0 31
hybrids 2 (16) 102 0 766)| 13(105)| 124
' (82.3) ' '
C. acutus
(Caribbean 1(3.7) 2(74) 21 (77.8) 2(7.4) 1(3.7) 27
islands)
C. acutus
(northwestern
and central 0 0 3 (5.5) 50 (90.9) 2 (3.6) 55
Pacific)
C. acutus
(southern 0 3 (8.8) 0 14 (41.2) 17 (50) 34
Pacific)
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Table S3. Genetic diversity based on12 microsatellite loci and mtDNA sequences, estimated for Crocodylus acutus and C. moreletii
in Mexico. Population listing follows the geographic gradient.

Microsatellites mtDNA

Population Na Ne Pa Ho He Fis h Pi K
SanLuis 2.250 1.454 0.000 0.121 0.238 0.682 0.727 0.00059 1.018
Tamaulipas 6.500 2.054 0.000 0.286 0.458 0.413 0.874 0.00616 10.649
Veracruz 6.083 2.517 0.167 0.300 0.467 0.279 0.861 0.0032 5.523
Tabasco 5.250 2.169 0.083 0.301 0.458 0.360 0.811 0.00733 12.674
Campeche 8.000 3.275 0.500 0.379 0.612 0.378 0.788 0.02164 37.424
Yucatan 9.083 3.727 0.417 0.436 0.694 0360 | 0.794 0.02219 38.375
Qroo 9.167 3.709 0.583 0.372 0.696 0.470 0.886 0.02407 41.61
Cozumel 4.833 3.259 0.250 0.689 0.654 -0.049 0.648 0.00051 0.876
Chinchorro 2.750 2.202 0.083 0.333 0.389 0.122 0.542 0.00044 0.762
Chiapasl 7.083 2.800 0.333 0.367 0.579 0.384 0.065 0.00004 0.065
Chiapas2 7.917 5.478 0.083 0.435 0.794 0.453 0.667 0.00039 0.667
Oaxaca 6.833 3.792 0.250 0.464 0.678 0.328 0.964 0.01571 27.164
Guerrero 8.167 5.274 0.000 0.536 0.774 0.303 0.833 0.02285 39.5
Michoacan 3.917 2.953 0.333 0.500 0.599 0.135 0.733 0.00054 0.933
Colima 5.917 2.886 0.333 0.344 0.563 0.426 0.345 0.00021 0.364
Jalisco 6.583 4171 0.083 0.458 0.666 0.260 0.711 0.00054 0.933
Nayarit 6.583 4.270 0.250 0.450 0.733 0.376 1 0.00116 2

Number of alleles (Na) efective alleles (Ne) and private alleles (Pa); Ho: observed heterozygosity; He: expected heterozygosity; Fis,
fixation index; h: haplotype diversity; Pi: nucleotide diversity; K: number of polymorphic sites.
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Table S4. Genetic diversity based on12 microsatellite loci, estimated for Crocodylus acutus and C. moreletii in Mexico, considering
the genetic groups identified with STRUCTURE (K=5) (Pritchard et al. 2000).

Genetic group Na Ne Pa Ho He Fis
C. moreletii 5.833 1.857 0.000 0.227 0.380 0.436
hybrids 12.417 3.280 1.167 0.364 0.616 0.399
C. acutus (islands) 10.333 4.738 0.750 0.475 0.765 0.377
C. acutus (Pacific 1) 12.583 4,987 0.833 0.418 0.746 0.448
C. acutus (Pacific 2) 12.333 5.023 1.833 0.452 0.735 0.381

Number of alleles (Na) efective alleles (Ne) and private alleles (Pa); Ho: observed heterozygosity; He: expected heterozygosity; Fis,
fixation index.
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Table S5. Matrix of pairwise Fst (above diagonal) and Rst (below diagonal) between populations of Crocodylus sp. along the

geographic gradient in Mexico. Values on red are not significant (P>0.05), wheras all the rest are significant (P<0.001).

SanLuis Tamaulipas Veracruz Tabasco Campeche Yucatan Qroo Cozumel Chinchorro Chiapasl Chiapas2 Oaxaca Guerrero Michoacan Colima Jalisco Nayarit
SanLuis - 0.058 0.193 0.326 0.211 0.242 0.238 0.411 0.642 0.476 0.374 0.386 0.322 0.537 0.509 0.449 0.439
Tamaulipas  0.025 - 0.082 0.175 0.128 0.164 0.160 0.323 0.485 0.402 0.300 0.298 0.233 0.409 0.425 0.358 0.349
Veracruz 0.083 0.004 - 0.045 0.059 0.104 0.113 0.308 0.479 0.405 0.298 0.295 0.233 0.385 0.421 0.368 0.350
Tabasco 0.095 0.019 0.011 - 0.064 0.091 0.119 0.314 0.481 0.407 0.283 0.299 0.229 0.379 0.425 0.377 0.342
Campeche 0.183 0.106 0.092 0.039 - 0.033 0.035 0.213 0.348 0.313 0.199 0.202 0.160 0.282 0.328 0.279 0.248
Yucatan 0.393 0.304 0.291 0.211 0.066 - 0.023 0.153 0.288 0.246 0.130 0.146 0.094 0.201 0.255 0.204 0.172
Qroo 0.189 0.124 0.131 0.066 0.024 0.084 - 0.179 0.302 0.272 0.142 0.166 0.112 0.222 0.276 0.218 0.187
Cozumel 0.525 0.487 0.498 0.411 0.307 0.215 0.281 - 0.278 0.210 0.139 0.133 0.120 0.207 0.220 0.156 0.150
Chinchorro  0.773 0.620 0.657 0.535 0.495 0.533 0.456 0.600 - 0.363 0.249 0.249 0.229 0.368 0.357 0.323 0.287
Chiapasl 0.631 0.532 0.546 0.473 0.373 0.335 0.359 0.142 0.663 - 0.064 0.082 0.118 0.069 0.074 0.083 0.098
Chiapas2 0.531 0.448 0.472 0.382 0.315 0.283 0.291 0.147 0.563 0.059 - 0.057 0.018 0.025 0.089 0.037 0.009
Oaxaca 0.450 0.365 0.376 0.305 0.249 0.238 0.219 0.122 0.588 0.118 0.017 - 0.067 0.088 0.118 0.090 0.076
Guerrero 0.462 0.404 0.433 0.345 0.290 0.263 0.274 0.146 0.497 0.082 0.000 0.038 - 0.061 0.105 0.038 0.025
Michoacan ~ 0.640 0.570 0.592 0.503 0.454 0.435 0.424 0.186 0.672 0.211 0.024 0.091 0.027 - 0.048 0.051 0.009
Colima 0.670 0.626 0.644 0.585 0.548 0.547 0.535 0.349 0.730 0.381 0.229 0.274 0.202 0.060 - 0.054 0.071
Jalisco 0.542 0.479 0.504 0.406 0.341 0.308 0.294 0.081 0.573 0.023 0.004 0.034 0.024 0.076 0.272 - 0.000
Nayarit 0.672 0.611 0.630 0.546 0.479 0.438 0.453 0.141 0.689 0.150 0.066 0.140 0.072 0.000 0.116 0.062 -
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Table S6. Matrix of pairwise Nei’s genetic distance values (above diagonal) and number of effective migrants per generation (Nem;
below diagonal) between populations of Crocodylus sp. along the geographic gradient.

SanLuis
Tamaulipas
Veracruz
Tabasco
Campeche
Yucatan
Qroo
Cozumel
Chinchorro
Chiapas1
Chiapas2
Oaxaca
Guerrero
Michoacan
Colima
Jalisco

Nayarit

SanlLuis T lip Veracruz Tabasco Campeche Yucatan Qroo Cozumel Chinchorro Chiapasl Chiapas2 Oaxaca Guerrero Michoacan  Colima Jalisco Nayarit
- 0.055 0.190 0.387 0.294 0.447 0.409 1.029 2.109 1.467 1.375 0.994 0.808 2.012 1.726 1.354 1.724
4.070 - 0.100 0.229 0.210 0.333 0.315 0.927 1.616 1.412 1.181 0.843 0.624 1.602 1.627 1.272 1.475
1.048 2.794 - 0.061 0.084 0.166 0.182 0.801 1.604 1.401 1.052 0.781 0.581 1.281 1.522 1.323 1.378
0.517 1.182 5.331 - 0.101 0.155 0.217 0.894 1.565 1.519 1.068 0.877 0.629 1.272 1.676 1.570 1.448
0.936 1.702 3.979 3.659 - 0.090 0.104 0.728 1.204 1.312 0.957 0.712 0.612 1.242 1.462 1.402 1.317
0.782 1.278 2.149 2.497 7.294 - 0.104 0.591 1.067 1.038 0.713 0.590 0.436 0.930 1.111 1.067 0.977
0.801 1.312 1.969 1.857 6.939 10.474 - 0.781 1.219 1.352 0.899 0.756 0.588 1.192 1.380 1.321 1.248
0.358 0.524 0.563 0.546 0.921 1.384 1.146 - 0.756 0.681 0.783 0.503 0.585 0.834 0.716 0.636 0.741
0.139 0.266 0.272 0.270 0.468 0.619 0.577 0.650 - 1.142 1.089 0.718 0.819 1.245 1.025 1.179 1.164
0.275 0.372 0.367 0.365 0.548 0.767 0.669 0.941 0.439 - 0.225 0.242 0.412 0.232 0.181 0.266 0.344
0.419 0.584 0.589 0.632 1.003 1.667 1.516 1.551 0.754 3.627 - 0.354 0.282 0.248 0.316 0.314 0.274
0.398 0.588 0.598 0.586 0.985 1.468 1.257 1.634 0.755 2.816 4.104 - 0.363 0.372 0.348 0.404 0.422
0.526 0.824 0.821 0.843 1.309 2.411 1.986 1.826 0.840 1.865 14.034 3.475 - 0.349 0.356 0.281 0.303
0.215 0.362 0.399 0.410 0.638 0.992 0.874 0.958 0.430 3.400 9.885 2.595 3.867 - 0.191 0.284 0.205
0.241 0.338 0.344 0.338 0.511 0.730 0.656 0.889 0.451 3.117 2.565 1.870 2.137 4.967 - 0.199 0.263
0.307 0.448 0.429 0.413 0.647 0.974 0.895 1.353 0.524 2.779 6.583 2.537 6.372 4.690 4.345 - 0.157
0.319 0.467 0.465 0.481 0.757 1.200 1.088 1.420 0.621 2.306 28.958 3.034 9.706 28.552 3.247 0.000 -
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Table S7. Matrix of pairwise Fst (above diagonal) and Rst (below diagonal) between the genetic
groups identified with STRUCTURE (Pritchard et al. 2000). All values are significant (P<0.001).

C. moreletii hybrids C. acutus (islands) C. acutus (Pacific 1) C. acutus (Pacific 2)

C. moreletii - 0.141 0.208 0.326 0.339
hybrids 0.133 - 0.060 0.213 0.230
C. acutus (islands) 0.212 0.057 - 0.114 0.136
C. acutus (Pacific 1) 0.409 0.257 0.134 - 0.032
C. acutus (Pacific 2) 0.498 0.401 0.259 0.094 -

Table S8. Matrix of pairwise Nei’s genetic distance (above diagonal) and number of effective
migrants per generation (Nem; below diagonal) between the genetic groups identified with
STRUCTURE (Pritchard et al. 2000).

C. moreletii hybrids C. acutus (islands) C. acutus (Pacific 1) C. acutus (Pacific 2)

C. moreletii 0.000 0.198 0.373 1.126 1.209
hybrids 1.529 0.000 0.141 0.824 0.934

C. acutus (islands) 0.952 3.921 0.000 0.600 0.744
C. acutus (Pacific 1) 0.517 0.922 1.944 0.000 0.137
C. acutus (Pacific 2) 0.488 0.836 1.584 7.680 0.000
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DISCUSION Y CONCLUSIONES FINALES
Discusion general

Este es el primer estudio genético que incluye la distribucién completa en México para C. acutus
y C. moreletii y con combinacién de dos tipos de marcadores moleculares (microsatélites
nucleares y secuencias de ADN mitocondrial) y analisis genéticos y estadisticos novedosos,
estudiamos a este complejo y extraordinario sistema de hibridacion entre las dos especies de
cocodrilos mexicanos. En los Capitulos presentados, determinamos los niveles de hibridacién y
de variacidén genética en un contexto microevolutivo, ademas de explorar la ancestria de este
proceso y de una posible especiacibn por medio de la hibridacibn en un contexto
macroevolutivo. En ambos casos, logramos incorporar la informacién en un gradiente
geografico, bajo este contexto presentamos un modelo filogeografico con el cual fue posible

identificar los procesos que han llevado a ambas especies hasta este punto en su evolucion.

En el primer capitulo nos enfocamos en determinar la extension de la zona de hibridacion
en el Golfo de México y el Caribe, incluyendo localidades hacia el interior del continente en
zonas lagunares y riverenas. Los resultados determinaron que la zona de hibridacion abarca
practicamente todo el Golfo de México y la peninsula de Yucatan, “desplazando” a las especies
parentales hacia poblaciones aisladas en dos islas en el Caribe, Cozumel y Banco Chinchorro
para el caso de C. acutus, y a C. moreletii en islas continentales. Este proceso es el resultado
de contacto secundario y no de divergencia primaria como ocurre en casos donde puede existir
divergencia incompleta (Gompert & Buerkle 2016). Los analisis de clinas genéticas y
geograficas son concordantes, mientras que la correlacion entre distancias genéticas y
geograficas muestran aislamiento por distancia; este analisis no estd basado en distancias
geograficas euclidianas como comunmente se hace, sino bajo un escenario de estimacion de
distancias geograficas entre individuos, considerando un continuo a lo largo de los rios, lagunas

y zonas inundables que son la principal via de migracion en estas especies.

Por otro lado, se identificd un complejo mosaico de mezcla entre caracteres genéticos y
morfoldgicos en la zona de hibridacion. Cabe resaltar que los resultados obtenidos soportan un
escenario donde la hibridacién es ancestral y no un proceso reciente, donde las clinas
genéticas muestran que los hibridos no presentan desventajas selectivas, contrario a los
modelos de zonas de tension donde las zonas de hibridacién son mantenidas por seleccién en
contra de los hibridos. Sin embargo, con los microsatélites no fue posible evaluar otras

preguntas sobre procesos historicos y de divergencia, las cuales fueron abordadas en el
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segundo capitulo: i) ¢ Cuando inicio el proceso de hibridacion entre C. acutus y C. moreletii?; ii)
¢Cuales son los tipos de seleccion asociados con la hibridacion entre estas especies de
cocodrilos?; iii) ¢Se pueden distinguir diferentes linajes en términos de no-mixturados

(parentales) e hibridos?

Asi, el objetivo en el segundo capitulo fue responder a dichas preguntas, para lograr
discernir si los limites entre especies podrian resolverse en un sistema donde existe amplia
hibridacion pero con la particularidad de que el aislamiento reproductivo es improbable dado el
intercambio genético continuo, sobre todo porque las especies parentales y los hibridos poseen
una compatibilidad cromosdmica idéntica (hibridacion homoploide). Esto representd un reto, en
particular porque el concepto tradicional de especies deja fuera a los hibridos intermedios, los

cuales pueden, sin embargo, estar en proceso de especiacion.

En el segundo capitulo incluimos muestras de todo México y combinamos analisis
basados en microsatélites de ADN nuclear, los cuales son Utiles para identificar procesos de
hibridacion, y ADN mitocondrial que es ideal para identificar linajes y estimar tiempos de
divergencia. Los resultados confirmaron que la hibridacion es ancestral, iniciando hace
aproximadamente 2.5 millones de anos (1.06 — 4.46, 95% HDP). Los tiempos de divergencia
deberan confirmarse con datos gendmicos tipo SNPs, analisis que estan en proceso, dado que
se estimaron solo con base en ADN mitocondrial. Las proporciones de ancestria muestran que
un linaje del sur del Pacifico fue el promotor de esta hibridacion, cuyos tiempos de divergencia
coinciden con el Pleistoceno, periodo asociado con ciclos climaticos y diferentes eventos
geoldgicos (Padilla y Sanchez 2007; Vazquez-Dominguez & Arita 2010) que propiciaron el
contacto entre ambos lados del continente, a través de continuos en los sistemas hidricos,
permitiendo la dispersiéon de especies como los cocodrilos (Razo-Mendivil et al. 2013). Cabe
resaltar que se identific6 un grupo monofilético compuesto exclusivamente de individuos
hibridos, lo cual apoya el potencial de diferenciacién genética dentro de este peculiar sistema
de hibridizacion. Asimismo, se determind que existen diferentes tipos de selecciéon a favor de
los hibridos (sobredominancia) y seleccién en contra de las especies parentales (seleccién
negativa), sin embargo los limites entre especie en este sistema son aun difusos y complejos de

resolver bajo un modelo estricto de bifurcacion entre especies.

El concepto de especie ha sido debatido por décadas y existen multiples definiciones
(ver De Queiroz 2007). Bajo estos conceptos, una especie es un linaje metapoblacional que
evoluciona independientemente, el cual tiene que estar intrinsecamente aislado

reproductivamente de otros linajes, tiene que ocupar un nicho diferente y debe ser
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fenotipicamente distinguible (De Queiroz 2007). Siguiendo estos preceptos, se pueden definir
claramente los limites entre especie, sin embargo en un sistema de hibridacion como el que se
presenta en este trabajo, estos limites son semipermeables, genética y morfolégicamente

difusos, y discontinuos en términos filogenéticos y filogeograficos.

Los analisis identificaron un grupo monofilético de hibridos, linaje que esta formado por
individuos de diferentes zonas en el continuo geografico dentro de la zona de hibridacién a lo
largo del Golfo de México. Sin embargo, también se tienen individuos que no estan “separados
genéticamente”, de los cuales no se tiene evidencia suficiente de aislamiento reproductivo, a
pesar del aislamiento geografico de las especies parentales en zonas insulares y continentales.
En este sentido, Buerkle & Rieseberg (2008) soportan la idea de que la taza de estabilizacién
del genoma en las zonas de hibridacién es del orden de cientos o miles de generaciones, y que
no es posible saber en qué momento se fija el ultimo componente significativo o critico del
aislamiento, ni cuando se alcanza la especiacién, en particular en especies con tasas
generacionales grandes, como es el caso de los cocodrilos, asi como en una zona de

hibridacion tan amplia como la que se determiné en nuestro trabajo (>3000 km).
Recomendaciones de conservacion

En el Capitulo 1 incluimos un apartado llamado “Conservation implications”, en el cual
describimos brevemente el estatus de conservacion nacional e internacional con un enfoque
hacia C. moreletii, dada la importancia que actualmente presenta para el comercio de productos
y subproductos en el mercado internacional, asi como el potencial estatus de peligro de
extincion dado el aislamienot de individuos parentales (“puros”) de esta especie. Los resultados
muestran evidencia de proceso de hibridacion ancestral, el cual ademas sugiere que existe un
proceso de especiacién por hibridacion homoploide a lo largo del Golfo de México. Sin
embargo, con nuestros resultados no es posible clarificar si es posible determinar una
especiacion completa (en términos de delimitacion de especies), por lo que ante los “ojos” de la

legislacion, aun es necesario tratarlos como un grupo hibrido.

Como se ha mencionado anteriormente, C. moreletii se encuentra actualmente en el
apéndice Il y C. acutus en el apéndice | de la lista de especies en riesgo de CITES. La
Resolucion Conf. 10. 17 (Rev. COP 14) establece que los individuos hibridos adquieren el nivel
de proteccion de la especie parental mas protegida, en este caso, los individuos hibridos se
agregarian al apéndice I; sin embargo esto es aplicable Uunicamente a los linajes recientes

(hasta 4 generaciones), por lo que los individuos hibridos en realidad se encuentran
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desprotegidos per se. Por otro lado, se establece también que la fauna y flora hibridos pueden
incluirse en los apéndices, pero solo si forman poblaciones distintivas y estables en vida libre
(Resolucion Conf. 9.24, Rev. COP16). Los resultados del “Programa para el Monitoreo del
cocodrilo de pantano (Crocodylus moreletii)” impulsado por la CONABIO, evidencian que las
poblaciones de cocodrilos en el Golfo de México se encuentran poblacionalmente estables
(~76,000 indiviuos en la naturaleza), “lo que ubica a la especie en buen estado y con potencial
de desarrollar proyectos productivos sustentables” (Sanchez Herrera et al 2012, 2015). Sin
embargo, si se toma en cuenta que nuestros resultados muestran que las poblaciones que se
han manejado como C. moreletii en realidad son poblaciones de hibridos, tenemos un nuevo
escenario en el que es necesario una discusiéon mas puntual sobre el estado de conservacion
que debe adquirir esta nueva entidad taxondmica y a C. moreletii per se. Recientemente se
aprobd realizar un programa de rancheo de C. moreletii en tres puntos focales en México
(Campeche, Veracruz y Quintana Roo), es decir, extraer huevos directamente de vida silvestre
para criarlos en cautiverio y mantener la linea de produccién de algunas granjas de cocodrilo y
comunidades humanas asentadas en estos sitios. Lo anterior es muy delicado dado que,
aunque no sabemos si hay hibridacién en estos sitios, ya que en nuestro trabajo no obtuvimos
mustras de estos sitios en particular (Palizada, Campeche; Chacchobben, Quintana Roo y la
Mancha, Veracruz), sin embargo, si consideramos los patrones geograficos y genéticos
observados, es altamente probable que sean poblaciones hibridas. En consecuencia, es muy
preocupante que programas de este tipo se incluyan en una agenda nacional sin los estudios

genéticos necesarios.

Nuestros resultados también evidencian que no es posible identificar parentales e hibridos
Unicamente por caracteristicas morfologicas, ya que son altamente cripticos. Con nuestros
resutlados identificamos un complejo mosaico de caracteres morfométricos para la zona de
hibridacion y, aunque es posible diferenciar a C. moreletii de C. acutus, los individuos hibridos
mantienen caracteres mezclados de ambas especies. Asi, la Unica forma para determinar si son
individuos parentales o hibridos es a partir de pruebas genéticas y con base en marcadores
nucleares que identifican mezcla genética.

La determinacion del nivel taxondmico que debe considerarse en este grupo de hibridos
entre C. acutus y C. moreletii es discutible, ya que es necesario el uso de marcadores mas
eficaces para determinar los niveles de divergencia y simulaciones a nivel nuclear. En este
sentido, nuestros esfuerzos estan dirigidos al uso de marcadores tipo SNPs (Single nucleotide

polymorphims), que nos permitan delimitar si el grupo de hibridos ya puede considerarse como
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una especie diferente o un grupo hibrido en el que no se ha estabilizado su genoma. Esto

claramente nos ayudara a proponer mejores mecanismos de conservacion para el grupo de

cocodrilos en México, y proporcinar ademas un modelo que apoye que las entidades no-

recientemente hibridas deben ser consideradas como grupos evolutivamente Unicos, en

proceso de especiacion via hibridacion.

Conclusiones

1)

2)

3)

4)

5)

6)

7)

8)

9)

Se detectd un proceso de hibridacién entre C. acutus y C. moreletii ampliamente
extendido a lo largo del Golfo de México y el Caribe.

Este proceso inicid a partir de contacto secundario, aparentemente hace mucho tiempo
(ca. 2.6 millones de afios).

Se identificaron haplotipos mitocondriales que unen a los clados de cada especie y sus
hibridos en localidades de la regidon formada por Yucatan, Campeche y Quintana Roo.

El proceso de hibridacion se formé en la regién antes mencionada, particularmente en
Campeche, a partir de la cual se extendi6 al norte a lo largo del Golfo de México y al sur
hacia la peninsula de Yucatan y el Caribe.

Las proporciones de ancestria muestran que un linaje de C. acutus al sur del Pacifico fue
el promotor de la hibridacién, cuyos tiempos de divergencia coinciden con el Pleistoceno,
periodo asociado con ciclos climaticos y diferentes eventos geoldgicos que propiciaron el
contacto entre ambos lados del continente, a través de continuos en los sistemas hidricos,
permitiendo la dispersion.

Los individuos con linaje de C. acutus de las islas del Caribe estan asociados con linajes
de la region cercana al Istmo de Tehuantepec en el Pacifico, los cuales posteriormente
divergieron alopatricamente.

La combinacién de andlisis de los marcadores genéticos es compatible con las clinas
geograficas, resaltando el aislamiento por distancia, creando un panorama continuo entre
ambos datos, genéticos y geograficos.

C. moreletii se encuentra en un proceso critico de extinciéon o, alternativamente, esta
potencialmente en proceso de especiacion por medio de hibridacion.

C. acutus de las islas del Caribe representan un grupo alopatrico y genéticamente
separado de los linajes del Pacifico, el cual, como C. moreletii, esta aislado y que podria

desaparecer por tamanos poblaciones pequefios, deriva y/o endogamia.
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10) Finalmente, nuestros resultados muestran diferentes tipos de seleccion a favor de los
hibridos, los cuales, en combinacion con los analisis de relaciones filogenéticas, sugieren

un probable proceso en curso de especiacion por hibridacion homoploide.
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