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RESUMEN 

 
Uno de los objetivos de la biología evolutiva es tratar de explicar y entender 

los factores que controlan dinámicas de diversificación de especies en diferentes 

grupos taxonómicos. Es bien conocido que la diversidad de especies entre linajes es 

resultado del efecto de factores ecológicos y evolutivos operando a escalas 

espaciales y temporales. Los procesos últimos que determinan la riqueza de un linaje 

en una región geográfica son la especiación, extinción y dispersión. Sin embargo, 

hay evidencia que los procesos de generación de diversidad tienden a estar 

mediados por variaciones en atributos ecológicos de las especies. En este sentido, la 

geografía y los atributos ecológicos de las especies juegan un papel clave en la 

dinámica de diversificación y los patrones de diversidad. Las lagartijas Neotrópicales 

del género Anolis son un excelente modelo de estudio para explorar efectos 

conjuntos de la geografía y el clima en la diversificación de especies y los gradientes 

geográficos de diversidad. El género Anolis (Squamata: Dactyloidae) es un ejemplo 

de radiación adaptativa. Se ha establecido que la diversidad de especies en el Caribe 

es producto de la diversificación adaptativa. Sin embargo, y a diferencia del Caribe, 

no es claro en las faunas continentales de Anolis qué procesos ecológicos y 

evolutivos controlan estos patrones. Pocos estudios han explorado el papel que juega 

la geografía y el clima en la diversificación de especies y los patrones regionales de 

riqueza. En su conjunto esta tesis ofrece una perspectiva integral de la diversificación 

ecológica del género Anolis a escalas filogenéticas y geográficas grandes. Los 

resultados obtenidos sugieren que la dinámica de diversificación de nichos 

ecológicos a escalas geográficas es diferente de las dinámica de nichos ecológicos a 

escalas locales. Estos resultados sugieren que los procesos evolutivos subyacentes en 

la diversificación ecológica son diferentes entre Anolis continentales y los Anolis del 

Caribe.    
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ABSTRACT 

 
Understanding the ecological and evolutionary drivers of diversification is one 

of the central goals of evolutionary biology. It is well known that species diversity 

results from a effect of ecological and evolutionary processes operating across spatial 

and temporal scales. In particular, the ultimate processes controlling regional species 

richness are speciation, extinction and dispersal. However, recent studies have found 

that these evolutionary and biogeographic processes are also controlled by species’ 

traits. Accordingly, both the geographical context and ecological niche play a key 

role shaping species diversification dynamics and therefore control how species 

richness is assembled at regional scales. Anolis lizards are an excellent model system 

to study the role of geography and climate as controls of species diversification and 

geographical species richness patterns. Although Insular anole diversity might be 

explained by geographical and evolutionary factors, it is still unclear whether the 

same factors control species diversification and species diversity in mainland settings. 

In particular, the role of geography and climate on species diversification and species 

richness in mainland anole faunas it is unknown. My general aim in this dissertation 

is to understand the role of ecological and evolutionary factors driving species 

diversification and geographical patterns of species richness in Anolis lizards. In 

general, I show a comprehensive picture of how coarse-grain ecological niche traits 

have shaped evolutionary radiation in Anolis lizards and how they have had a deep 

impact in the diversity and endemism patterns across regions. Also, I provide support 

for a contention about a distinction between ecological diversification at coarse-grain 

and fine-grain scales during the evolutionary history of Anolis lizards. Finally, I 

provide evidence suggesting that mainland and insular anole fauna follow different 

evolutionary trajectories.  
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INTRODUCCIÓN 

Entender los procesos ecológicos y evolutivos responsables de la variación 

geográfica en la diversidad de especies es quizás una de las cuestiones más 

interesantes dentro de la biogeografía y biología evolutiva (Brown & Lomolino 1998). 

Ejemplos de estos patrones se pueden observar en los gradientes de diversidad 

latitudinal (Mittelbach et al. 2007), altitudinal (McCain & Grytnes 2010), profundidad 

oceánica (Witman & Roy 2009) y las diferencias en diversidad entre islas y 

continentes (MacArthur & Wilson 1967). Varias hipótesis ecológicas y evolutivas se 

han propuesto para explicar estos gradientes de diversidad. Por ejemplo, el gradiente 

de diversidad latitudinal se explica por diferencias en tasas de diversificación 

(especiación menos extinción) entre regiones tropicales y templadas, donde los 

linajes tropicales tienden a especiar más y extinguirse menos que los templados 

(Rolland et al. 2014; Pyron & Wiens 2013; Jetz et al. 2012). Además, las especies 

tropicales tienden a exhibir una tendencia fuerte a mantener los nichos ecológicos de 

sus ancestros (i.e., conservadurismo filogenético de nicho; Wiens and Graham 2005, 

Wiens et al. 2010, Pyron et al. 2014). Sin embargo, aún no es clara la relación 

existente entre el nicho ecológico y las tasas de diversificación y, por consiguiente, 

los patrones geográficos de riqueza de especies resultantes. Bajo este contexto, el 

concepto de nicho ecológico es clave para entender la dinámica de diversificación 

de especies y los mecanismos de ensamble de especies a escalas regionales.  

Aunque el concepto de nicho ecológico es clave para entender aspectos de la 

distribución de especies y su habilidad para colonizar ciertas regiones (Schoener 

2009; Holt 2009; Soberón 2014; Schurr et al. 2012), siempre ha existido gran 

confusión en la literatura con respecto a su definición, alcance, utilidad y 

operatividad (McInerny & Etienne 2012a, b, c; Soberón 2014). Dentro de la plétora 

de definiciones de nicho ecológico que se han formulado, rescato tres que considero 

son las más importantes: el concepto Grinnealliano (Grinnell 1917), el concepto 

Eltoniano (Elton 1927) y el concepto Hutchinsoniano (Hutchison 1957; 1978). El 
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nicho Grinnelliano se refiere a los requerimientos ambientales de una especie en 

función de la geografía (Grinnnell 1917). Por su parte, el nicho Eltoniano hace 

referencia al papel o rol funcional que ocupa una especie dentro de una comunidad 

o ambiente biótico y a sus efectos locales (Elton 1927). Finalmente, el concepto de 

Hutchinson plantea que el nicho es la sumatoria de todos los factores ambientales 

que permiten la existencia indefinida de una especie, y se conceptualiza como un 

híper-volumen de n-dimensiones (Hutchinson 1957, 1978). La definición de nicho 

de Hutchinson provee una aproximación más cuantitativa e integral que incluye 

tanto al concepto de Grinnell como al de Elton (Chase & Leibold 2003). Las 

dimensiones de nicho en términos de Grinnell (nicho Grinnelliano) y de Elton (nicho 

Eltoniano) son radicalmente diferentes y están muy relacionadas con la escala 

espacial en la cual se examinan. Adicionalmente, Hutchinson planteó dos tipos de 

nicho: el nicho fundamental y el nicho efectivo (realized niche, en inglés). El nicho 

fundamental se refiere a las condiciones ambientales que permiten la existencia 

indefinida de una especie excluyendo el efecto de las interacciones bióticas. El nicho 

efectivo por su parte considera el efecto tanto de los factores ambientales como las 

interacciones bióticas en la presencia de una especie (Hutchinson 1957; 1978). El 

término existencia indefinida hace referencia a los procesos demográficos que 

determinan la presencia de una población sin inmigración (Maguire 1973; 

Hutchinson 1978; Holt 2009).  En este sentido, la definición de Hutchinson se puede 

expresar de forma explícita en términos demográficos (i.e., tasas de nacimiento y 

muerte per capitas) y cómo varían a través de la geografía y el ambiente (Maguire 

1973; Hutchinson 1978; Holt 2009; Schurr et al. 2012). Por lo tanto, aquí se puede 

apreciar de forma muy clara la relación directa entre el nicho ecológico y la 

dinámica de los rangos geográficos de las especies (Pulliam 2000; Holt 2009). A lo 

largo de esta tesis haré referencia al concepto de nicho de Hutchinson, entendido 

como el conjunto de variables ambientales a gran escala (e.g., clima) que permiten 

que una población persista en el tiempo sin inmigración (i.e., con tasas de 

crecimiento poblacional intrínseco positivas – población fuente-) y sin considerar el 
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efecto potencial de las interacciones bióticas (i.e., el nicho fundamental Grinnelliano; 

Holt 2009; Soberón & Nakamura 2009; Peterson et al. 2011). 

La estimación del nicho ecológico requiere información detallada de la 

dinámica demográfica de una especie a lo largo de su rango geográfico o de un 

gradiente ambiental (Schurr et al. 2011). Sin embargo, esa información poblacional 

es escasa, por lo que se han propuesto varias aproximaciones conceptuales y 

metodológicas para la estimación de los nichos ecológicos. Las aproximaciones más 

conocidas son a través del uso de modelos estadísticos de tipo mecanísticos y de tipo 

correlativo. Los modelos mecanísticos explícitamente incorporan el enlace causal 

entre los atributos funcionales de un organismo y el ambiente donde vive (Kearney & 

Porter 2004, 2009). Estos modelos permiten aproximarse mucho mejor al nicho 

fundamental, pero son prohibitivos para muchas especies por la cantidad de 

información ecológica y fisiológica que demandan (Kearney & Porter 2009). Por su 

parte, los modelos correlativos buscan encontrar una asociación estadística 

(correlación) entre la presencia de una especie y el ambiente a escala geográfica 

(Peterson et al. 2011). La ventaja de los modelos correlativos radica en su facilidad 

de implementación y la flexibilidad en cuanto a los requerimientos de datos (Kearney 

et al. 2010). Numerosas técnicas para generar modelos correlativos de nicho 

ecológico se han desarrollado en los últimas dos décadas (Franklin 2009), y se 

desarrollan modelos cada vez más complejos y computacionalmente más intensivos 

(e.g., modelos de distribución de especies jerárquicos Bayesianos hSDM;  Vielledent 

et al. 2014). Los modelos correlativos son los más usados en ecología, evolución y 

biogeografía (Peterson et al. 2011; Franklin 2009).  

Los modelos de nicho ecológico se han empleado para examinar las 

dinámicas de nicho a través del tiempo y del espacio (Pearman et al. 2008; Peterson 

et al. 1999; Graham et al. 2004). Por un lado, existe evidencia teórica y empírica 

(Holt & Gaines 1992; Holt & Gomulkiewicz 1997; Holt 2014; Peterson et al. 1999; 

Martínez-Meyer et al. 2004, 2006; Peterson 2011) sugiriendo que los nichos 
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ecológicos evolucionan muy lentamente dentro y entre especies. Este fenómeno se 

conoce como conservadurismo de nicho ecológico y su extensión varía dependiendo 

de la escala temporal y espacial en la que se examina (Wiens & Graham 2005; Losos 

2008; Wiens et al. 2010; Crisp and Cook 2012; Pyron et al. 2014). Algunos autores 

argumentan que el conservadurismo de nicho, referido a la tendencia a que las 

especies emparentadas retengan los atributos de nicho ecológico de sus ancestros, 

puede considerarse como un patrón y proceso al mismo tiempo (Wiens & Graham 

2005; Wiens 2008). Por otra parte, otros autores argumentan que el conservadurismo 

de nicho es sólo un patrón y que debe referirse únicamente al fenómeno donde las 

especies muy emparentadas son ecológicamente más similares que lo que podría 

esperarse bajo un modelo de movimiento browniano (Losos 2008; Figura 1).  

 
Figura 1. Representación gráfica de 1000 simulaciones del modelo de movimiento browniano (A) y 
del modelo Ornstein-Uhlenbeck (B). Un modelo de movimiento browniano puede ser apropiado para 
describir la evolución de un atributo continuo (e.g., tamaño corporal) como un camino aleatorio a 
través del espacio disponible de valores para ese atributo. Este modelo ha sido usado para evaluar 
hipótesis de evolución de atributos como un proceso de diversificación no constreñida (Felsenstein 
1985, Freckleton et al. 2002, Blomberg et al. 2003). Por su parte, el modelo Ornstein-Uhlenbeck 
describe un proceso donde los atributos evolucionan hacia un óptimo selectivo y exhiben una fuerte 
constricción evolutiva. Este modelo puede describir atributos que evolucionan bajo selección 
estabilizadora, por ejemplo si exhiben conservadurismo de nicho (Hansen 1997; Butler & King 2004). 
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De igual forma, Losos (2008) resalta la importancia de distinguir entre señal 

filogenética (i.e., la tendencia de especies emparentadas a ser más similares que lo 

que podría esperarse por un proceso evolutivo aleatorio) y conservadurismo de 

nicho. La señal filogenética puede aparecer si los atributos de una especie 

evolucionan siguiendo un modelo de movimiento browniano, el cual puede ser 

generado por deriva génica o selección natural fluctuando aleatoriamente en el 

tiempo (Losos 2008; Revell et al. 2008). En este sentido, el que exista señal 

filogenética no es suficiente para demostrar conservadurismo de nicho, pero la 

ausencia de señal sí es un indicio de la no existencia de conservadurismo de nicho 

(Losos 2008). 

Diferentes estudios recientes han explorado la dinámica evolutiva de nicho 

ecológico usando métodos comparativos filogenéticos modernos (e.g., Kostikova et 

al. 2014; Wiens et al. 2013; Pyron & Wiens 2013; Schnitzler et al. 2012; Boucher et 

al. 2011; Kozak & Wiens 2010). Sin embargo, hasta la fecha no existen estudios 

donde se haya evaluado el desempeño y la precisión de estos métodos para evaluar 

la dinámica de los nichos en el tiempo y el espacio, en particular los supuestos de 

los modelos evolutivos subyacentes (O’Meara 2012; Pennell & Harmon 2013; 

Garamszegi 2014; Harmon et al. 2010).  

Aunque se reconoce que el nicho ecológico fundamental puede ser 

visualizado como una extensión fenotípica de una población, y por lo tanto este se 

encuentra sujeto a evolución por selección natural u otros procesos (Holt 1992; Holt 

& Gaines 1992), no es claro si estos modelos son buenos descriptores de la dinámica 

evolutiva del nicho ecológico. Algunos trabajos teóricos han encontrado que usar 

índices para medir señal filogenética (e.g., índice K de Blomberg, Blomberg et al. 

2003; lambda de Pagel, Pagel 1999; I de Moran, Gittleman & Kot 1990; C promedio 

de Abouheif, Abouheif 1999) y derivar conclusiones acerca del conservadurismo 

filogenético de nicho resulta ser problemático cuando los supuestos de los modelos 

se han violado (Revell et al. 2008; Münkemüller et al. 2012; Münkemüller et al. 
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2015). Por ejemplo, Münkemüller et al. (2015), a partir de simulaciones de atributos 

de nicho bajo varios modelos evolutivos (e.g., movimiento browniano, Ornstein-

Uhlenbeck, y deriva) concluyen que estos índices son muy sensibles a violaciones de 

los supuestos del modelo.  En particular, Münkemüller et al. (2015) encontraron que 

los índices tienden a mostrar baja señal filogenética cuando los nichos evolucionan 

bajo un modelo Ornstein-Uhlenbeck con un solo óptimo evolutivo (un modelo que 

describe una dinámica de selección natural estabilizadora). Por el contrario, cuando 

los nichos evolucionan bajo el mismo modelo pero con varios óptimos evolutivos, 

los índices tienden a mostrar mayor señal filogenética que lo esperado bajo un 

modelo de movimiento browniano. Estos resultados sugieren que los índices de señal 

filogenética son útiles para medir conservadurismo de nicho sólo cuando los datos 

(i.e., atributos de nicho ecológico y la filogenia) se ajustan a un modelo de 

movimiento browniano (Münkemüller et al., 2015). Sin embargo, este no parece ser 

el caso para los estudios que han examinado la evolución del nicho ecológico 

Grinnelliano en varios grupos taxonómicos (veáse Velasco et al., en revisión –

capítulo 3-; Algar & Mahler, 2015; Boucher et al. 2012). Además, el supuesto que los 

nichos ecológicos exhiben un sólo óptimo bajo un modelo Ornstein-Uhlenbeck a 

través de la historia evolutiva de un taxón, no parece ser muy realista (Velasco et al., 

en revisión, capítulo 3). Es claro que un entendimiento de cual es el modelo nulo 

apropiado para evaluar la dinámica evolutiva de nicho ecológico es clave para 

entender la asociación entre el nicho ecológico y la diversificación de especies.  

Existen factores tanto intrínsecos (e.g., nicho ecológico) como extrínsecos 

(e.g., clima y eventos biogeográficos históricos), que actúan como controladores de 

dinámicas de diversificación y ensamble de especies (Ricklefs 2012; Rabosky 2013; 

Wiens 2011). Por un lado, algunos estudios han comenzado a explorar la relación 

entre la evolución de nicho ecológico y la diversificación de especies (Rabosky et al. 

2013; Pyron & Wiens 2013; Pyron & Burbrink 2012; Gómez-Rodríguez et al. 2014; 

Bonetti & Wiens 2014; Kostikova et al. 2014). En particular, se ha evaluado si la 

amplitud de nicho climático y la especialización influyen en las tasas de 
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diversificación de especies (Gómez-Rodríguez et al. 2014; Bonetti & Wiens 2014). 

En este sentido, uno puede suponer que los grupos taxonómicos ricos en especies 

exhiban mayor diversidad de nichos climáticos (y probablemente menor 

solapamiento de nicho) que grupos pobres en riqueza de especies (Rabosky 2012a, 

Ricklefs 2012, Rabosky et al. 2013; Velasco et al. En prensa: capítulo 1). Esta 

predicción es consistente con escenarios de diversificación dependiente de la 

diversidad donde la dinámica de especiación está acoplada con la divergencia de 

nicho, y a medida que transcurre el tiempo, los linajes y regiones llegan a saturarse 

ecológicamente (Schluter 2000; Rabosky 2009; 2013). En contraste, si la 

diversificación no es dependiente de la diversidad, es decir sólo del tiempo y del 

área geográfica (Wiens 2011; Cornell 2013), se podría esperar que la tasa de 

evolución de nicho no esté acoplada con la tasa de diversificación. Es decir, que la 

evolución de nicho no este relacionada con eventos cladogenéticos.  En este sentido 

se podría esperar que los nichos ecológicos sean similares y amplios para especies 

pertenecientes a clados ricos en especies (Cornell 2013).  

Finalmente, el clima y su variación a nivel geográfico juega un papel clave en 

los patrones geográficos de riqueza y endemismo de especies  (Wiens & Donoghue 

2004, Gotelli et al. 2009; Wiens 2011; Cornell 2013). En este sentido, se han 

propuesto dos tipos de hipótesis generales, una ecológica y la otra evolutiva, para 

explicar cómo el clima determina la riqueza regional de especies (Mittelbach et al. 

2007, Currie et al. 2004). La hipótesis ecológica plantea que los cambios 

ambientales a través del tiempo explican los cambios de riqueza y ensamble de 

especies a través de la geografía (Evans et al. 2005; Field et al. 2009; Tello & Stevens 

2010; Gouveia et al. 2013). Dentro de esta hipótesis se incluyen al menos cuatro 

tipos de mecanismos: (i) agua-energía, (ii) estacionalidad, (iii) heterogeneidad 

ambiental y (iv) estabilidad climática histórica. En cuanto a la hipótesis evolutiva se 

incluyen el conservadurismo de nicho (Wiens and Donoghue 2004) y la 

diversificación regional (Buckley et al. 2010; Rolland et al. 2014) como responsables 

de los gradientes de diversidad de especies y las relaciones clima-diversidad 
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resultantes. Sin embargo, solo de forma reciente se han comenzado a integrar la 

hipótesis evolutiva junto con la ecológica para explicar cual de las dos tiene un 

impacto mayor como controlador del número y composición de especies en una 

región (Rangel et al. 2007; Algar et al. 2009).  

 En esta tesis se explora el papel de factores extrínsecos (clima y eventos 

biogeográficos) e intrínsecos (nicho climático) como controladores de dinámicas de 

diversificación y la riqueza de especies de lagartijas del género Anolis (Squamata: 

Dactyloidae) en la región Neotropical. La combinación de diferentes métodos y 

conceptos en esta tesis, como son los métodos para estimar los nichos ecológicos, 

los métodos comparativos filogenéticos basados en modelos evolutivos explícitos y 

los métodos biogeográficos modernos (métodos paramétricos), permite someter a 

prueba hipótesis evolutivas y ecológicas relacionadas con los factores que controlan 

la diversificación y la riqueza de especies a escala regional. Se presentan tres 

capítulos donde se evaluaron los factores reguladores de diversidad regional en 

lagartijas del género Anolis.  

En el capítulo I, evalué la relación entre los atributos de nicho ecológico 

(amplitud y posición media de nicho Grinnelliano) y tasas de diversificación en 

Anolis. En este capítulo se evalúa sí las diferencias de nicho climático entre 

diferentes linajes de Anolis están relacionadas con su diversificación total (riqueza de 

especies) y las tasas de diversificación de especies (especiación y extinción). 

También, se evalúa si los clados ricos en especies (i.e., con mayor diversificación 

total) tienden a exhibir mayor diversidad de nichos climáticos, que los clados pobres 

en especies (i.e., con menor diversificación total).  

En el capítulo II, exploré el papel de los factores climáticos y evolutivos sobre 

los gradientes geográficos de riqueza de especies de lagartijas Anolis. En este 

capítulo, investigué la contribución de factores únicos y compartidos de cuatro 

hipótesis climáticas (agua-energía, estacionalidad, heterogeneidad y estabilidad 

climática) usando regresiones geográficas ponderadas con un enfoque de partición 
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de varianza. De igual forma, sometí a prueba la hipotésis que el conservadurismo de 

nicho y la diversificación regional controlan las relaciones del clima y la riqueza en 

ensambles de Anolis.  

Finalmente, en el capítulo III, evalué el papel de los eventos biogeográficos 

históricos y la dinámica evolutiva de nichos climáticos en el endemismo insular de 

lagartijas Anolis en el Caribe. A partir de una reconstrucción biogeográfica histórica 

evalué si la vicarianza o dispersión jugaron un papel en la distribución de los 

principales clados de Anolis insulares. Adicionalmente, evalué cómo el 

conservadurismo y convergencia de nicho climático condicionan el endemismo 

excepcional de Anolis en el Caribe, donde casi todas las especies son endémicas de 

una sola isla. 
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CAPÍTULO I 

 

 

Atributos de nicho climático y diversificación en lagartijas 

Anolis. 
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diversification in Anolis lizards 
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A BST RACT 

Ai m Th~ aim of mis study was lo leu m~ link bttwun dim>lk nkh~ 
dynamk. and s~ diversificalion in MIOlis on islarxls arxl on m~ m>inbrxl. 
W~ ~""d m~ hypolhr ... mal liMag .. in warmer dim>l .. and wilh IUrrow 
dim>l~ nkh .. div..."ified mo.~ Ihan liMag .. in rold dimal .. and wilh broad 
dim>l~ nkh ... W~ al ... leuro Ih~ hypolhM lhal ~~s-.kh dad~s ahibil 
g",aler nkh~ diversily man ~~s-poo. dad~ .. 

Location NWlropk .. 

Methods W~ rolblro ocm,,,,,,,,, ",roro. fo. 3211 "-M"~' ~ .. lo euim>~ 
nkhr breadrh, nkh~ po<ilion and ocmpiro nkh~ spa;:~ (as a P'OXY for nkh~ 
diver<ily). W~ romparro nkh~ b",adm MWttn inmb. and m>inbnd "-M"lis 
spró .. and among "-M"lis dad .. , ", .. urolJing fo, m~ polenrial ,onfounding 
¿f"" el ",nge sizo:. Using lwo "Pp,oa,h .. (d.d~-basro aoo Qu.oSSE) _ 

apio""" Ih~ a-.ci.olion MWttI\ nkh~ rnt'l .ks and di""rsifi"",ion "'1 .. in 
,,-..,Iis lizard •. 

Resu llS W~ fouoo mal Caribbran "-M"lis had a IUrrower nkhr br~adlh and 
nkhr spart ocmp.alion romp.a""" lo m>inland anol .. añer ronrroDing fo, 
,ange size diffe,er>rn. Th~", was a significanr .... ocialion bttwun nkh~ rraí" 
(,.,...an nkh~ po<ilion and nkh~ b",adm) and diver<ificaúon in anolr .. "-noI~ 
liMag .. wilh IUrrow nkh~ b",adlJ... and mal oocupy warmer a",u ahibired 
higher spe.:iaúon .al .. Ihan mo"" wim bmadr. nkh~ br~adlh. aoo mal ocmpy 
rold a",a .. Similariy, "bd .. wim higher lotal diversifi"",ion ahibil mo", nkh~ 
diver<ily ,han dad .. wilh Iower IOlaI div..."ificaúon. 

Mar in cond usions Oim>ú, nkh~ "'Iribum playa rolr in anolr diversilKa
lion wim somr differmcn brtWttn mainland and insular anol~ liMa", .. 
Clim>ú, nkh~ diff"",1\Cn bttwttn "'lIions and dad~s likdy ar~ rdared lo 
diffe",1\Cn in nkhr n'oluúolUry .al ... This al ... sugwsts Ihal dmal~ play< a 
Slrong ,oI~ in shaping ~ .. ri,h ..... ~m and wilhin m>inbnd and 
isbnd.. 

Keywords 
"-IU>/i<, dim",~ ronsl",inl.!, dimalic spaa, n'oIUlion, N~Olropic$, nicJr~ 

b, ... .Ih, nidr~ dinrsific",ion, nidr~ ,pKializalion, lizards. 5p<'ci .. richr>rS1 

Sp<ci<$ ri,hn<$! in a dade or rq¡:ion r<$uh$ frorn !he 

interplay of a:oJogi,aI aM ~lulionary fact<>r$ o!"'rating '" 
dilfe~nl !patial and ternporal !'aI<$ (Wi~ns. :llll; ComeD, 
2013). Sp«i<$ ri:hn<$! in a rq¡:ion ,an ullirnately b~ 

e:<p1aínrd by diffe~nc .. in divel'$ifialion rat", (i.~. !¡><cia
tion rninus e:<linction) ancI dis~rW ~nl$ (Wi~1l$ & 

Donoghuo:, 2004; Wim$, 2011). Allhough Ip"";" di~<niti,a_ 

tion is known 10 l>< influ~nc..d by """¡og;.,al fact<>r$ wilhin a 

partirular ~ion (Wi<n$, 2011; ComeD, 201J; Mamar d al., 
20lJ), thr~ is !ti! litt1~ undel'$tanding of how ","",ion in 
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J_ A_ Vetas.:o et al 

K<JIogi"al factol'$ affKl$ sJ><éi~ divel'$ifi"ation, and Ihus 
$p<ci~ ri<hnas, aér<ll$ phyl<>tl<nrli" and lI<"$I1Iphi"al $éal~. 

EaJI<>I/Y, divel'$ifi"ation and sp<ci~ ri"hn<$$ a~ IinUd 
Ihrough Ihe nid-.e ",n"'Pt (Huléhin.son, 1957; SOO ... 6n & 

Nabrnul1l, 2009; Riddd$, 2012). Por insto""~, .sorn~ rK~nl 

studir$ have $h_n Ihal $p<ciation I1I1~ ar~ roupl«l with 

I1I1~ of nid-.e ~lution (Raho!l.y, 2012a; Raho!l.y & Adarn$, 
2012; RobO$l.y d al, 201 J). Moordingly, ,lad", displaying a 
high degrtt of sprci~ ri"hne$$ ~ ~:<~ kI have g~ater 

ni<h~ divel'$ity than dad", with hw sJ><éi~ ri"hn<$$ 
(IWlO$l.y, 2012a; Riddd$, 2012; R.obo$ky d al., 20lJ). Thi.s 
pr«liction is an ~""Kkd oulé<>rne during adaptin radiation 
wh<~ $Io..d<>wn$ in di~ ... sil"'ation ocrur as K<JIogial $pIlU 

is fdlrd and sprci"" ni"h", b..:<>rne narr<>w due 1<> oornpdi
tion (Sd>luter, 2000; R.oho$ly, 2()()1)}. In thi<~, ni"h< d;'~r_ 

g"'u "an drive dad<>tl<n~i.s. Alternat ;'dy, divel'$ifi"ation 
rnar Mt b.. K<llogiaDy "",strainal hu! ralher, Ihq rnar b.. 
tirne or a~a ~ndent (Wi~n$, 2011). In a.!'" ..t. ... ~ dad.,. 
g",~i.s i< dK<luplrd frorn ni"h< ~lution, w~ ""uld ~:<~ 

lineag'" to have g~ater ni"h< sirn~arity and lartl< ni"h< 
b~adlhs (C<>rnel~ :lJlJ). Thr aboYe $é~nario$ ha~e hr<n 

~:<plor«l rnostly ming ph<nOlypi, traits ~lal«l kI habital 1M 
(Sdlluter, 2000; Hannon dal, 200J). Only rK~ntly.sorne 

studir$ have ~""hr«l Ihe rol< of .;oar~g:rain elirnati" ni"h< 
attrihule$ in dad< d;'~l'$itiéation (Kozak & Wi~ns. :lJ10; 

i'yron & Burbrink, :lJ12; $.:hnit>Jrr d al., 2012; Maéhac d al, 

20lJ; Wi~ns d al., 2013; Kostib> ..... d al. , :lJI~). 
Thr ,lirnati, ni"h< is ddin«l as Ihe $d of dirnati" ~ari_ 

ab1~ al a.;oar~ ~lution with an inHuenu on th< intrinsi" 

and instantan<Ou$ population tr"wth rale$ of a sp«ir$ al a 
g""t"'phieal $OIl< (Sob ... 'in, 2007; i'<1el'$<ln dal., 2011). It is 

~tu1 kI ~tob1i.sh whrther dirnati, ni.h< r«Jui~rn~nts ,an 
~:<plain diffe~n"'" in sprci~ r.,hn<$$ and divel'$ifi"ation 

arnong rq;:ions and dad~. Thi< definition ",nsidel'$ elirnati" 
ni<he as a population.le>~l trail and oot as an individual_ 

le>~l trait, ..t.i<h i.¡ i"",Jicit in definitions incorporating 
eriti"al physiohgi"al boundari",. Moordingly, sn ... al studi~ 
h_ aploral thr link b<l~n dirnati, n.,he attrihule$ and 

d;'~l'$itiéalion (KíIiak & Wi<n$, 2010; So:hnilner dal, 

2012). I'<>r insto""~, KOiak & Wi~ns (2010) su¡;g~t«l Ihal 
hilth 1111'" of "lirnati, ni"he ~lution rniJlhI pron>:>te 
i",,~~ in divel'$ifiation rale$. H_~r, a "ausal link 
b..tw~n divel'$ifieation I1I1~ a nd ,lirnati, nieh< nolution is 

diffiruh 1<> ~tab1i<h (So:hnitner da/., 2012). In order lo 
elarify thr link b~n ni"h< dynarniC$, divel'$ifi"ation and 
$p<ci~ rio:hn<$$, d ... r pr«lictions about how ,lirnati, ni"h< 
altrihule$ (~.g. n.,he Spaé~ and ni"h< b~adlh) taciJiUte 

i",,~~ or $I_OOwns in divel'$ifieation 1111'" ~ n«Oded 
In thi< I"'~r, fil'$t, we hypothr$iu a link b<l~n .-lirnati" 

n.,he rnrnic$ (i.~. nieh~ pOSition and nieh< b~adth) and 
d;'~l'$itiéalion in A"""is liurd<. I'or ni<he pOSition, _ p~_ 

dio:t Ihal Iineaj!l<$ o"rupying wann ... and drier ~as (wh<~ 

anol~ di~ ... sity is high ... ; LOI<I$, 2009; Algar & Lo_, :lJll) 

tend kI divel'$ify n>:>~ than Iineaj!l<$ adapt«l lo ooli a nd nry 
hurnid "",dition$ (wh<~ thrir dinl'$ity is l_n). I'or ni"h< 
b~adlh, _ pr«lict tbat dad", ",rnpo$«! of ,lirnati, ni"h< 

sp<cialist sJ><éi~ (i L. with narTOW n.,he br~adth$) will have 

high<r divel'$ifi"ation I1I1e$ Iban Iin"'j!I<$ """p<>$«l of 

"lirnati" n.,he lI<n ... ali.st $p«irs (i.~. wide ni"h< breadlh$) 

(Futuyrna & Mo~n<>, 1988; Cantalapi«ll'll dal , :lJll; 
Cadena d ,J., :lJ12; Wi~n$ d ,J., :lJlJ). Thi.s hypolhe$i< p~_ 

dio:t$ a n<gati~e rdationship b..t~n divel'$ifieation r.lle$ and 
n.,he b~adth, a ~lationship Ihat Jik~ly i< rn«lial«l by 

"lirnati" ni"h< "'n~ ....... lisrn (Gc'irnei. Rodrigu~i d al. , 201 ~). 
$«ond, we hyp<>the$Ur tbat dad", with high $p«i'" ri"hn<$$ 

(and Jiu ly high dinl'$itieation I1I1"') w~l have a high degrtt 
of ni"h< d;'el'$ity (i.~. rno~ ocrupi«l ni<he sJ"'C") than 

elad<$ J>O<Ir in sJ><éi'" (Ridd"f$, 2012). Thi.s is "'nsistenl with 
a $é~nario wh<~ dadoll<n<$is is driven by ni"h< ~lution 

I1I1e$ (Ha"""n d al, :l)()J; R.oho$ly d al, :lJI J). 

We Ie$t Ih_ hyp<>thru$ fOr Anoot liurd$, whi"h o<rur 

rnainly in Ihe Caribb ... n island< and on the rnainlartd frorn 
Mex;", 1<> .s<>ulhern Brazil Thq ~ sp«ir$·ri"h on b<>th th< 

i.sIands (.: 160 sp«i~) and Ihe rnainland k 210 sprci~ 

TabIr 1). The ~utionary history of Caribbran A",,1is has 
bttn subjtctal to inten~ .-areh in th< last $n"eral de<adr$ 

Ta bl .. 1 CIad<. r«ogniz<d in A..oo. radi .. ion, .p«Í<> ri<hn<>a, "'''F .Íl~ (1o¡¡1O km'), age. n<t dive .. ific .. ion ... "" (Net dive ...... ",,; 
atinction fr.tctia> 0.910.1), ocrupi<d nidle ",. u (O«:. nid,. .p,n), nicl>< "'eadth (1"!!IO) and diotrJ:.utioll. 

"'~ -, '" N<'I di",,,_ Ooc. .ieh< Nidl. 

Oo" rid" .... "H (~ ) ,- - b ... dlll ()¡"rib"~OII 

A.di, « 'ffi' .~ 0.05410.101 HI76 154, 1Ioha""", Coyrnan ~lan<U, C~ H~"".iola, 
"",th of AOfido 

l<>u!" Antillo< D..ayh> • 3_210 8510 0111 1/011511 '" 15tJ South<m l.e<.!<I" An~ 

MairWnd 0".,1)'"'" M ,~, .- O.on.lO.Il2 16_496 ,- LD_r C<nlral Am<1ica and 5<>.0 Am<ria 
A""'nlia • 4.911 n_ 0.013/011511 "M ,~ Hi_iob and .. l<IliI< 0Ian<k 
OIa""",Ii""",1" " .~ .,. 0.018/01167 H3, ,~ Hi_iob and .. l<IliI< OIando 
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NOftMn 1.< .... Anliu", 

~""" " ~.nO J2.IOO O.oH/01I73 4.861 ,~ Cubo, Hi_iola, Puorto Rico 
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(lo!<>$, 2009). Thr~ i.¡ nid",u Ihat thri, diwr$ifiation in 
thr C~ate, AntiDes is ~1at«l to i.sland siu and ooIonizing 
tirnr, with sp<ciation .... t'" d",linin¡¡ "' ... time as a fimction 
of area (lW>osl.y & Clo" 2010). This J>OIkrn SUUNI$ Ihat 
~ional sprcies ,;"hn<$$ in Ihe C~ate, Antillrs i.¡ rontroD«l 
by a ,..,a and pokntiaDy by rornJ'rlitin inkractions (!.osos & 

Sdlluk', :»00; Raho$l.y & Clor, 2010). Sp<cir.:ally, we ~. 
dict tba! A"""is linrd< wilh narrow dirnatié niéhr$ and 
sp«iafu.ation to"""ds I""tirular dirnak ~imes han diw,· 
sifi«l rno~ than Ihose Ihat tol< .... k a wide ranll< of dimate 
ronditions (Konk & Wi<l1$, 2010). 

[n tbis I"'~', _ rornpare dimati. niéhr attribut", in 
Anolis b..rw~n ~ions and dad<$, to ~ ..nrlhe, niéhe 
¡KISition and sprcialiution have dri~m diwr$ifiéation in 
t~ linrds. We naluate Ihe available dimati. wac~ in each 
~ion to e"Plo~ patterrt$ of nidle ocrupation in A""lis 
dad<$ inhabiting thr i<land< and thr rnainland Although 

thr~ a~ s.mstantial n;"he diffe~nées b..rw~n insular 
and rnainland anol"" niéhr trail$ we~ a.w>ciakd with 
dadoll<nesis in bolh anolr fau~. 

MATERIALS ANO METHOOS 

Ano/is reco rds 

We rnapJ><'l 11,~79 lI"'rd"e~nc«l loéatity rro>,d< fo, 328 

Anolis sp<ci'" frorn thr Caribb.an i.sland< (lH sp«ir$. JlJ~ 
locality ,,,,,,,d<) and thr rnainland (l8J sprci<$, 10,'lH 

locality rro>,d<), d .... wn frorn thr Clobal Biodiver$ity [nfo,· 

rnation facility (CIIlf, http~lgbif.org), HerpNIoT (http# 
www.herpndor¡;l), Algar & losos (2011), Ckhoa·Od_ & 

flo,,,,·ViDela (2006) a nd O!hr, database$ nO! publidy ..... ail. 
ablr (~.g. CK da~). Sornr herprlologiéal ooIlrctions fOr 
whiéh A",,~, loéality data are not a vailablr via thr lnt ... nrl 

(~.g. C lIlf o, HerpNd), namely ICN (Col«ci6n dr Anfibios 
y Rq>til<$, Instituto dr ei",cias Natural"" Bo~á Colorn. 
bia), MHUA (Mu«<> de Herpdíllogía dr la Uni~ ... sidad de 
Antioquia, M«leDin, Colombia) and QCAZ (Col«ci6n de 
Anfibios y R""tilrs. Pontificia Uniwr$idad Cat6l;"a dr Erua· 
do., Quito, Eruado,), w ... e g«>~fe~nc«l lISing national 

gaut!<er$ and Ihe point.g,ro~f ... ",cing rnrthod wilh a Sl"'tial 
pr«i$ion of _ 1 km (ehaprnan & Wi«zO~k, :ll(6). We éare· 
fidly mi«<! ~ach _d in 00' daLa~ and eliminakd 
errnnrous, do.mtful and duptiéate rro>,d< (i L. idrntiéal 

r«O,d< frorn two o. rno~ $Ouré"'). 

Climatic niche rnetrics in Ano/is lizards 

We estimatal Ihe dirnati. niéhr ~nkd by krnJ>< .... t~ 
and pr«ipitation ..... riablrs d .... wn frorn thr WorldOirn 
data~ (Hijrnans d al., 2oo~) lISing Ihe OCOlrnnc~ rro>,d< 
of 328 sp<cies. Ou, étirnatié niéhr ",timates ~nrornpas$ Ihe 
~alizoj niéhr as i.¡ rommon in g<og:r-aphiéal information 

$fSkrn approachr$ (Pder$On da!, :llll). To estirnak Ihe 
niéhr b~adlh fOr ~ach Anol" sprci<$, we u.s«l rnuirnurn 
Mahalanobis di.¡tané'" (R<lknb..rry d al, 2(06) - a Stati.¡tiéal 

¡rorrol d tmgea)raphy 
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t«hniqu< fo. «<>Iotial niéhr rnodrDing bas«! on pres. 
~nu-only r«O,ds (Pder$On da!, 2011). Thr Mahalanobi.¡ 

di.¡tanu rnrasures thr wac~ b..rw..., t"" pOinl$ in a 
n-dirnensional """dinak $j'$t<rn ac.;ounting 10, uncqual 
~ariané'" and é<>r~lation b..rw~n """;ables (Xian d al., 

2008). Distanées a~ sirnJ>ly éalculat«l as a standa,diud dif· 
f~~nu b..rw«n Ihe ~alu~ of any point (iL. a sp<cies' _d) 
and thr rnran values frorn all poirrts frorn thr .tirnak SI"'''' 
(RlIknb..rry da!, 2(06). Al.so, w~ estirnat«l nidle b,~adth 

using I'.uétid""n di$tances and ran a é<>rnlation of niéhe 
b~adth b~n bolh distan", rnrthod$, ..n;"h was highly 

signifiéant (P < 0.00(1). 
w~ d'l:lnlékrittd Ih~ a~ailablr dimat;" spac~ 10, ~ach 

~ion in ..n;"h ~ach dade OCOlr$. fo. ~ach i.sland in Ihe 
C..,at~, AntiD<$, _ ~:<tract«l ~alU<$ fo. biodirnatié ..... riablrs 
10, all piuls (1 km' pinl ,iu). f o, thr rnainland, _ gen<" 
at«l a rninimurn ronw:< pol~n (Mep) 10, Middlr Arnrri· 
.an and $:>uth Arn",;"an anol< r«O,ds wilh a buffe, of 

!OOO bn in each area. Note lbat he~ Middlr Arneriéa ~fer$ 
to Ih~ rountries of emtral Arn~ria a nd ,,¡,,:<iro. Thi.¡ poIy. 

gon pokntial ly ~nl$ at I""st thr dis~r$al o, n>:>wrnrnt 
ar"" fOr rnainland anolr ,prcies (Pder$On & Sob ... ón, 2012; 

SauJ>< dal., 2012). W~ dippal aD bioclimat;" raskr$ lISing 
tbis poIl'l\on and ~:<tractal ~alU<$ 10, all 19 """;ablrs frorn a 
nlndorn $d of piuls (> 100.000 piuls of 1 km' ~ach 10, 
Soulh Arnrriéa and > 2~.ooo pinl$ of I km' each 10, Middlr 
Arn~riéa). W~ ronductcd a principal rornpon<nl$ analysis 
(I'CA) with all 19 bioétirnati. """;ablrs frorn ,prcies ,,,,,,,d< 

and poinl$ frorn ~ach ~ion ($« ApJ><ndUc SI in Supporling 
Information). I'or ~ach anol< sp«i<$, _ éalculakd thr rn~an 

of Ihe $a>res of thr fir$t !'C as an estirnak of niéhr ¡KISition. 
finally, _ éalrulat«l 'ante siu 10, ~ach ,prcies as thr area 
wilhin thr Me p ~nclosing aD r«O,ds 10, individual sp«ir$ 

and 10, amir dades. Thr Mep was only u.s«l to éalrulak 
nlnge sU<$, ..niéh _~ U$<d as ro_iates fo. rornJ>llrisons of 

niéhr b..,adlh b..t~n dad<$ and rq;:ions. 

Phylogenetic estimation 

W~ g<l1e .... t«l a tirnr""alib .... kd phyloteny using an A"""is 
data.\<'! ~.:trackd frorn a r«~nt Squarnata phyloteny (Pyron 
da!, 20lJ). Our anol~ Ir« rornprises 207 amir sp<ci<$, 
"'I'..-rrting H!oó of thr total nurnl>o., of r«Ogniud anol< 
W«irs (Ud>, 201~). Altl>:>ugh sarnpting -S very rornplrk 
10, thr earibb.an anol~ sprcies (87,., 19 sprci'" n'li$$ing), it 
was very incornplrk 10, thr rnainland sp«ies (76 W<ci<$, 
32,. of all known W<cies). W~ abo inéludrd J2 ootgrOlJf'I 
bas«! on thr topoJogiéal position of Anol" in Ihe 19uania 
phyloteny (Tow_nd dal., :llll). The ~rnbl«l rnatri:< 
inéludrd 233 laXa and 12,8\16 sik$ éOrre$ponding to nin< 
gel1<$ inéludrd in Pyron da! (20lJ). We u.s«l Ih";, 

alignrnrnt to rnaintain ronsist~ncy among studies. W~ u.s«l 
only two éalib .... tion poirrt$ du~ to Ih~ low availability of 

to~il sarnplrs. fir$t, lISing a nonnal di.¡tribution prio" we 
.alibnotal Ihe roo! with Ihe (rown.grOlJp plrurodont igua. 

nian Soi(/""'8urwl (Con"'" & No~l~ 200n frorn Ihe lak 
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Carnpanian (70.6 ± 0.6 Ma; T<n.,,~nd d tJ .• 2011). $<rond. 
a lognorrnal prio, wilh a rninirnwn age of 23 M.o was u.s«I 
10 "aIib,ale Ihe A"""is dJ""""", ... group h&Scd on an 
unnarn«l tWil frorn Ihe Dornini"an Rq>Ublio: putativdy 
as.sig:n«l to Ihis d ade (de Quriror. d tJ .• 1998). We plac«l 
Ihi.¡ amI< tWil at Ihe $Iern of Ih< doIo"',),mut group 
(A. a6nig<T. A. dJ""")"m.... A. ""k<t¡".... A. ti"8oJ,,",) 
fi>Dowing Nid>oI.son d tJ. (2012). We irnpl.rnent«l a ,dax«l 
dod, rnrlhod with unrorrdatal rale$ arnong brand'l<$ ",ing 

Ihe .software ..... T !.S.O (Drurrunond dal .• 2012). We did 
nO! irnplen><nt a highly pararnrl ... iud partition«l anal}'$is as 
Ihe ingroup (Anol") is ~nt«l aln>:>$1 enti~ly by One 
$ingle l!<ne (N D2 ). A$ $'-'SI!NI«I by , MOOOlTUT 2.0 
(Cuindon &- c.$OJe~ 2003; Darriba d tJ .• 2012). we u.s«I 
Ihe CTRCI n>:>del of n-oIution fi>, Ih< enti~ daLa$d. We ini_ 

tiat«l two run$ 1tarting frorn a randorn Irtt and ran ~ 
fi>, ~O rniDion g<J1eratiort$ ¡.ampling n ... y 1000 fi>Dowing a 
hurn·in of 2 rniltion generatiort$. Thr nwn1><, of l!<neration$ 
rfiJuiml to ~ach $Lalionarity l'4S drlenninrd by enrnining 
rnarginal probahilitie$ in TJ..u; .. 1.6 (R.arrt.aut da!. 201~). 
"", ~ach run, Ihe p<>$krio, ¡.ampling of Ir«$ yieldal an 
dfecti~e wnpl< $iu of > :l)() fi>, all pararnrle, rnodel$. IIoIh 
rurt$ w ... e oornhinal as Ihry gave $irnilar re$uh$, and node 
and bran"h pararnrl ... $ w ... e $urrunariud on Ihe rnaxirnurn 
d ade "mlib~ity Irtt (_ Fig. SI in App<ndU< S2). Thr 
re$uhing Irtt ""'s very $irnilar in IOpoIogy 10 <Kmt phylol!<
ndi" e$tirnale$ of A"""is Iu..,d< using Ihe ¡.ame dat&Sd$ 

(Mahl<, dal .• 2010; Nido,ob<m dal .• 2012; c.rrt.1e da!. 
2014; Prate$ da!. :l)1~). In partirular. Prale$ dal. (201~) 
gmeratal a "alibrat«l Irtt fi>r a $.m$d of A",,1it $p«ie$ 
(.son>< $p<cie$ frorn D<rtyloa dad<. A""~t """~".. ..... and 
.sorne ,p«ie$ frorn N""'pt dad<) using thrtt tWils as 
"alibration I"'inl$ and lying ootside Ihe Anol" ingroup (o ne 
in Ih< roO! and 1 .... in$ide the ootgroup). Their e$lirnat«l 
date$ fi>r Ihe rnOSI <K~nt oorrunOn ance$I<Ir of A"""is ~ 
~"'y $irnilar to 00' "'Iirnat«l dale$ (_ Prale$ d al .• 201~). 

Climatic niche attributes and diversification in Ano/is 
lizards 

Th~ ~W~-"""'d "pprotuh 

We irnpl<rn~nt«l a dad<.b&S«l approad> to a>rnlale ocrupi«l 

dirnati, ni"h< wac~ wilh WeM rid>n<$$. Ni"hobon d tJ. 

(2012, Ih~ir tít.~) rro>g:nittd ~ight dadrs in Ihe A"""is 
phylogeny and rais«! Ih~rn 10 Ihe rank of genus (hut $« Po<. 
20lJ). W~ u.s«I Ihele ¡.am~ narnrs as dade$ to oornp~ ni"h< 
attrihule$. Ahhough Ih~ ,rileria 10 delirnil I~ d ad.$ ~ 
arbitnlr)'. Ih< ¡.ame probl~rn ocrurs with Ih< use of rKOtniud 
laxa of a g;'en rani< (t.g. farnily <Ir l!<nus 1"",1); additionally. 
.sorne ofth<$e d ade narne$ fi>r anol", ha~e!><en u.s«I by.son>< 
h ... p<tologisl$ fi>r aln>:>$1 Ihrttd<'<:l.d.$ (Cuy ... &- ~~. 1986; 
s..val!<. 2002). W~ $qOOrat«l thr Noropt dad< inlO Ihrtt -
Cuban Norop<. ¡arnaian Noropt and rnainJand N""'Pt - and 
al.so $plil Ihe ¡)gdy/<'<l ,Jade - ~, AntiD~an ¡)g<tyl"" and 

rnainland ¡)g<tyl"" (Tab1~ 1). W~ oIltainal $p«ie$ ri"hn<$$ 

• 

data fi>, ",ach dade frorn Nio:hol.son da! (2012). "", ~ach 
éJade. we éalrulat«l ocrupial ni"h~ wac~ .0$ Ih< $urrun«l 
variance$ ofthe firsl foo, Pe $ro'''' (_ abow). Thi.¡ n><asu~ 
of ocrupi«l ni"h< Wact éan 1>< oon$ideml a pr<u<y fi>r niéh< 
d;'ersity. anal~us 10 Ih< n><asUre$ of rnorphologi"al varianc~ 
u.s«I in $Iudi<$ of rnorphologi"al dispo.rity (Foole. 1997; 
Wa inwright. :l)()oI; Riddd$. 2012). W~ éan use Ih~ WeM rid>_ 
neM (In sprci'" ri"hneM) of anol~ dadrs as a dirKI e$lirnat<lr 
of Ih< total d;'~rsitio:a tion in <:Id> dade (th~ íl e$tirnato, in 

Rabo$l:y. 2009) b",ause anole dade diwrsity l'4S nO! ",.n_ 

lat«l wilh age (Ii - o.JO. p - 0.124) (Raho$ky. 2009. 201!to; 
Rabo$l:y /lr Adarns, 2012). In addition. we "alrulat«l nrl d;'e,_ 
$ifiation rale$ fi>, <:Id> ano1< dad< using Ih< rnrlhod-of·rno
rnmU e$1 irnato, (Magalllin &- Sanderson. 2(01). ba.s<d on Ih< 
érown'gn>up al!< (obtain«l frorn Our "alibl'llt«l Irtt) and th< 
IOtal nwn1><, of d"",ril><d $p<cie$ fi>, ~ach dade, and ",ing 
two valll<$ fi>r ,dat;'e ~xtinction rale (0.9 and 0.1). W~ le$1«I 
fi>, a ~blion$hip 1><t~n ocrupi«l ni"he $pace, dad< ~a 
(logIO g«>g:.--aphio:al aru) and $p<cie$ rid>n"'l (In $p<cie$ rid>_ 

neM) and nrl di~ersiti"ation rale$ in Anol" "Jad.$ ",inga palh 
anal}'$is. Wt rqorat«l Ih< $lIn>< anal}'$is using only in$ular 
éJad.$. Thi.¡ approach aDow«l us 10 incorpol'llle aD ofth< amI< 
W<cie$ fo, ..t.io:h w~ had oornpilal dirnate data . 

11w: Q .. aSSE "pprotuh 

We irnpl<rnental a quantilatiw.$Ule $prciation and ~xtin,,_ 
tion rnodd (Qua$SE; Fitzjohn, 2012) 10 ",,~Jat~ ni"h< attri_ 

hule$ (M<an ni"h< p<>$ition and ni"h< b~adth) wilh 
d;'ersitio:ation rale$ (Fitzjohn. 201O). Thr QuaSSE approach 
U$e$ a rnaxirnwn likli,""",d rnrlhod 10 na!uate whrthe, a 

dislributiun of oontinuOU$ ,haract ... $Ute$ is as..sociat«l with 
high<' o, low~, $p<ciation 1'lIle$ (FiI>John. 201O). This 
rndhod has !><en u.s«I prniously 10 find as.-SOciations 
l><twttn dirnate and diwrsifiéation rate$ in othe, taxonorni, 

groop$ (Pyron &- Wi<l1$, 2013; Koslilova dal .• 2014). W~ 
~xplor«l whrth~, n><an nio:he p<>$ition and nid>~ b",alh _~ 

as..sociat«l wilh $prciation rale$ in Anol" lizard<. Thele niéh< 
rndrics ~ri1>< Ih< KOlogi"al ni"h< of a $p<ci'" acr<>!$ a $d 

of ~nvironrn~ntal ~ (Sého<ne,. 1989; ThuiD ... d al .• 200~). 

Thr Qua$SE approach identitie$ whrth<, lin<age$ ~rloibiting 
1"""" o, high ... niéhe po$itionslbroad<, <Ir narro_, niéh< 
b~adlhs ~ oo.nJat«l wilh hip' $prciation rat", in Anoot. 
W~ ge ... rat«l fi>ur rnodeb in ..t.io:h $p<ciation rate$ _~ 

filial acro,ding 10 a partirular function: (1) a oort$Unt run,_ 
tion (tra it ~ariation has nO inHlI<nu On $p«iation I'lIt~); (2) 

a lin<:l' function (a lin~ar in"",_ in a lraíl i.¡ as.-SOciat«l 
with a linear iné~_ in $p«iation ratt); (l) a $igrnoid run,_ 
tion (the~ i.¡ an as..sociation l><tw~n $p<ciation , ale$ and a 

"",tin"" ... lraíl ~xhibiling a $igrnoidal fUnction); and (~ ) a 
rnodal ti.Jnction (..t. ... e inlenn«liale ~aIue$ fi>, a lraíl ar~ 
as..sociat«l wilh a high<' $p«iation ratt). In addition. _ 
l!<n~l'lItal anoth~, $d of rnodel$, but as.swning a dirKlional 
trmd in Ih< ~1ution of Ihe partiruJa, lraíl (Fit:r.)ohn. 
2012). Wt kpt ~xtinction ,ate$ oon$tant arn:>ng n>:>d_ 
~l$ l><a.- QuaSSE i.¡ known fi>, il$ diffiruhy drled:ing 

lrurfli!J/ d tmgea)raphy 
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dilfe~""<$ in extinction ,al<$ (Fit>John, :ll1O). We 
oondtrtal the ¡.ame anal}'$U hut only fi>, the Caribb.an $P<' 

ci<$ by pruning all rnainland $prci<$ frorn !he phyloll"ny. We 

did nO! oonduct a $prcifi" analy$u fo. rnainland $J><éi'" only 
due 10 the lirnikd tULIn wnpling fi>, th<$e W<ci<$ ($Ce 
aho...~). Modrls _~ oornJ"lr«l lISing the Ahiu infonnation 

"rit",ion (AIC; lIurnharn & And"'$On, 20(2) and we ~IKkd 
as the h<$t "",deis tho~ with the 1ow<$t AIC $00'''' 
( IIurnharn & Ande""n, 2oo2). As QuaSSE "alrulations are 

quite 00"",1r:< and oornputationaDy "'tensive (Fit>.John, 
20l2), we only ~rfonn«l a Qua$SE anal}'$U fOr ~ach .,..;. 

abl< with the h<$t topoIogy ~lrCt«I frorn 00' ....... anal}'$U. 
TI><~fo~, we we~ Mt able to naluate the J>OIential dfect$ 

of phy1oll"nrli" un"",tainty on é<>rnlations b..rwttn w<cia. 
tion .... t<$ and nidle trail$. Finally, we p",fi>nn«l a rard"ac. 

tion anal}'$U fOr the Caribb.an anol< tru to naluate the 
irnJ"'CI of rni$$ing sJ><éi<$ on the Qua$SE anaJysis. We .... n· 
dornly prun«l W<ci<$ in a $C<Juena of J><,untag<$ (IO'It., 
IS,*" 20'!0ó, 25'*', JO'loó, 35'*', ~O'!oó, 45'*' and 50'*') and ge"",· 

atcd a Qua$SE anal}'$U fOr ~ach data$d with th<$e prun«l 
tr«$. TI>< airn l'4S 10 naluate whnhe, QuaSSE is $<Ol$itin 

to rni.uing sJ><éi'" and therd"o~ 10 e""lo~ the J>Otential 
irnJ"'CI of tULIn incornphn<$$ On the association b..rwttn 

trai .. and dinl'$ifiéation ($« ApJ><ndi:< SJ). 

RE SUL TS 

Ano le climatic n iches 

TI>< fil'$t t_ U<$ of Ih< !'CA explainal 46.8!oó and 22.~,*, of 

the total ~ariarr~ of dirnati" ~ariabl<$ in AnoliJ 1il2,m (69loó in 
total). !10th ~ _~ rnainly ,datal 10 ternJ><ratur~ ~ariabl<$ 
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Nic:he and spe6ation in liza,ds 

($« A~ndi:< SI). TI>< fir$t axis l'4S rnainly a.w>ciatcd with 
the rninirnwn t~""", .... tu~ of the ooId<$t rnonth (bio 6) and 

the $«<Ind axis l'4S rnainly associatcd with the rrwirnurn t~rn· 

~ .... tu~ of!he Wantl<$t rnonth (bio 50; $Ce A~ndi:< SI). W~ 
u.scd the rn~an PC lOO~ of Ih< fil'$t uis fi>, ~ach W<ci<$ as a 

rnrlri. of _rage ni"he position. 

Niche b,eadth between insula, and rna inland An O/;i 
liza,ds and arnong An o/;i clades 

Caribb.an A"""is W<ci<$ did Mt han 10_, n.,he b~a.dth 

~aIu<$ tban thei, rnainland <x>unterpart$ (Fig. la; F"no -
J.32, P < 0.069). Ho-.e" afie, oon!rOUing fi>, g,rog .... phi"al 

.... ng~ $iu dT«ts, n.,he b,~a.dths do dilfe, b..rwttn ~ioll$ 
(ANCO VA; F,,_ - 4.24 , P < 0.(010). Furthenno~, we did 

nO! find any diff"'<Il"<$ in ni"he b~a.dth b..rw«n dadrs 
(Fig. lb; F,,,,,,, - 157, P < O.l14), bu! _ did ddect dilfe,· 

~n"<$ afie, <x>ntrolKng fi>, ranll" siu dilfe~n"<$ (ANCO VA; 
F, ...... - 2.35, P = 0.011). 

Occupied niche space in An o/;i clades and available 
cli rnate space 

Compari$ons of ocrupial n.,h~ sJ>OoC~ with naibblr dirnate 
oonditions acrol$ ~ions rn.,.lrd that the ocrupation of ni"he 

$pac~ dilfer«l strikingly bri~n insular and rnainland linugN 
(Fill' 2 & J). Insular anol< dad<$ $Cern 10 ocruPl' al""'$t aU .K. 
rnate oonditions na~able on ~ach of !he C~ate, Ant~1<$ 
islands, ~xupt Jarnai"a (Fig. 2). In oont,cut, rnainland anol<$ 

o"rupy only a portion of all ava~abl~ dirnat~ oonditioll$ both 
in Middlr Arn",.,a and South Arnrri" ... TI>< Noropt dad< 

o"rupi<$ a brtl<, ni"he wac~ than ¡)g<lyloo do<$ in Middlr 

'" ,,' 
T T , , , ,,' 

~O$~~~~~8QS 
..1. ' ..1. I ..1. 

" " " 
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f igu ... 1 !!ro: pIo .. of nid>< b,ead,h valueo fo, c'_n and IJl.lIIÍnland And~ .p«ieo (a) ,.,d Anom el.deo (b). Nid>< b,eadth .... 
.. timakd uJÍng """,imum Mahalaoobio d~tanceo 10 ti>< nim~ antroid fo, L9 biodimatic variabb in a multidim<",;onal dimatic nid>< 
.paco<. n.d)'1o.:! u. o..cl)'1o.:! ~ Antilleo n.cl)'1o.:! M: IJl.lIIÍnI,.,d o..cl)'1o.:! Noro/>, M: mainland Noro/>,-
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Cuba Hlspanlola 

• 
• 
• 

" " " 
" " " o o 

" " 
• ~ , ~ , • • , , • 

" , " , 

J~maica Puerto RI<:o 

. ,- • • 
• 

" " " " " o o 

" • " 
• " ~, ~, • " ~, ~ , • 

'" " , 
figu ... 2 ü<rupird dimak ni<h<.paa fo. Co~,., anol< ciad<> in um on< oftl>< G~a .... Antill<> ioJan,h. Ligh' 1!1q' poi .... 
'<p~ ti>< avaiJabl< dimak condition. in each i>!and _"",kd from eam pi:,,¡ (_ tat fo. deuib). 

Ameria, but in Soulh Arnrri"a both eJadr$ ocrupy .imilar 

portiOIl$ of the nidle wac~ (Fig. J). 

The <Iade-based approach 

Path anal)'$Í$ rneal<d a signifi"ant oorulati<m b.rwttn .pe_ 
ci<$ ri"hneM (,otol divel'$ifi"ation) and o<ru¡Ji«l nid>e spac~ 
10. aD anol< dad<$ (R - 0.71, P - 0.0150; fig. 4a). Furthe._ 
rno~, ocru¡Ji«l n.,h~ wac~ had an indir«t inHuena on .pe_ 
ci<$ ri"hndll Ihrough dade ~a (partia] • - 0.79). A .... all" 

nidl~ b~adth wa¡ M' é<>rnlak<l with s~'" ri"hneM 
(R - 0.02, P - 0.950; fig. 4b), no. did i, have any indir«t 
inllu~nc~ <m S~<$ ri"hneM Ihrough dade ~a (partíal 

• - 0.22). fo. ill$ula, dad"" nid .. attribul<$ (o<ru¡Ji«l nid .. 
'P""~ and """"'S~ ni"h~ b,~adth) w~,~ no' oorT"~kd "';,h 
sp«i<$ ri"hneM (Fig. 4c,d). Similar ~ull$ _~ obtain«l 

lLSing nn d;'~l'$ifiati<m ral<$ fi>r Anol" dad<$ (_ fig. S2 in 
AppendUc $2). This s'-'l!.ll<$u that our ,"'ull$ w<n robu.s' 'o 
diff ... "'''<$ in Ihe divel'$ifi"ation rnrlrÍC$ u.s«l (i.~. total 
d;'~l'$ifiéati<m and nn diul'$ifiéati<m rat<$). 

The QuaSSE 3pproaoch 

w~ k>und an &S$Ociati<m hrl~n niet.. attrJIut<$ (ni"t.. 
po$ition and ni"t.. b~adth) aM .peciation ral<$ 10, all An<>-

1 .. liz.ards (Tabl< 2). Fo, nidle J>O$i'io n and ni"t.. b~adlh, 

, 

we foond Ihat ,t.. h<$' rnod~1 wa¡ on~ "';,h a hwnJ><d dirK_ 

tional tr",d (Tabl< 2, fig. 5 u~r; 'Mugh ao:o,ding to AIC 
valu<$ 10, ni"t.. b~adth 'bis rnodd had no rn,,,~ $"1'1"'" 

Ihan thr linear rnodrl "';Ih a dirKlional ~nd). Thio $ul't<$1$ 
Ihat W«iati<m ,-at", ar~ highe, in linuj!I<$ o<rul'Ying w.lmle, 

~as and 10, lineag<$ "';Ih very narrow ni"h", and $<Irnr 
with larll" ni"h<$. 1'0, Caribbean anol<$, _ k>und that ,t.. 

h<$' rnodd 10, ni"t.. positi<m l'4S one "';,h a dir«tional 
lin~ar ,~OO (Tabl~ 2, fig. 5 booorn I¿,; again, romparing 

AIC .alu<$ 10, Ihis n>:>d<1 had no rno,~ support ,han ,t.. 

hwnp n>:>d<1 with a dirKlional '~oo). Th~ h<$' rnodd fi>r 
n.,he b~adth 10, Caribbean anol<$ l'4S one "';Ih a hump«l 
dirKtional tr",d (Tabl< 2; fig. 5 bottorn ,ight). This 

SUl't",U ,hat sp<ciation rat", ar~ high ... in Caribbean anol< 
lin~ .. oc<upyins """"~, ...g:io,," ""d w;th _ry ",,;JI 

n.,h<$ Ihan in linuj!I<$ o"rupying ooId dimat'" and "';,h 
lartI< ni"h<$. Finally, ,t.. a.w>ciati<m hrl~n ni"he traiU and 
w<ciation ral<$ 10, Caribbean A"""is lizard< k>und h ... ~ was 

stabl< 10 the dilfe~nt pe,untage of randorn W<m p runing 
(_ A~oo;.; SJ). Ther<fo~, 00' QuaSSE anal}'1e$ _~ 

rob"" 'o Ihe 'axonomi" incompl<kneM in 00' dat&$ri. 

DISCUSS IO N 

In Ihio study, w~ tound ffid<nu of an aw>éÍation b.rw= 
n.,he 'rail$ and dadog"'<$Í$ in Anol" liz.ard<. fint, _ k>und 
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¡ha! anol~ ,p«i<$ ocrurring in w.l.m'I<r and dri~r rq¡ion$ Iend 

10 dinl'$ify n>:>~ lhan $p<ci<$ in hwnid and ooId rq¡ioll$. Thi< 

~ult was oon$ist~nt fi>r rnainland and Caribb ... n anol~ 

$p~. In J"lftirular, Caribb~an anoJ. dad<$ knd 10 «011'1' 
a~ a>'aibbl~ dirnale $pac~ in oontl'"ri.s<>n with rnainland 
,,001<$. Thi.¡ $uli&"'1$ ¡ha! Caribb.an dad<$ ~ nO! likly oon_ 

,train«! by an inab~ily 10 ~:<I'"nd !heir dirnatié n;"he Iimi!$, 
bul ~~r. by thr Iirnit«! Caribb.an dirnak ,pac~ (Algar & 

Mahlrr, 201~). In fact, CarJIbtan ,p«i<$ might nO! b~ 

Middle America 

South Amanea 

o 

N 
U o • 

o 

• 
-20 _" o 

pe, 
f igu ... 1 ü«opird dimak ni<h<.paafor mainlano:! ,.,ol<dad<s 
in MiddJ~ America ,.,d South Am<riCi. Light grq' poin .. 
rer' ..... ' ti>< "",,¡\ah\< dimak conditio", in each mainJan<! r.pon 
atrut<d fmm a random ... mpl<ofpiub (_tatford<u.ib). 

,.) 
-0.09 

Nic:he and spe6ation in liza,(is 

p,~nkd frorn inhabiting oold oonditioll$ by ~utionary 
OOll$tl'llirrt. On ooId tol~ranc~, ..t.idl éan ~In quiddy (u al 
& Cund~l'$<In, :ll12¡ Muñor. da/., 201~), bu! ~h<, bv éti. 

rnatié a",~abilily in th~ ''tIion (Algar & Mahlr" 201~). Th~ 

lirnikd étirnatié 'J>"C~, rouplrd with th~ high .p<ci~ ridln<M 

of th_ "".d<$, ,uUNI$ .uh$tantial niéh< overlap in in.ular 
.p«ir$. though thi¡ rnay b~ rnMiat«l in part by narm_, 

niéh< b,,,,dth •. Furthrnno~, th~ high d<grtt of .irn~arity in 
niéh< tnit. fi>r Caribh<an anol~ ''-'SI!NI$ that dima~ niéh< 

oo"''''l!<n<r rnight h< a wid<$p,~ad ph<nornmon acro$$ th~ 
C~at~, Antillr$, as k>und kI, ph~Mtypié tra •• (Lo$O$ d al., 
1998; Mahl~, d al., 20IJ). Thi.¡ patt~rn rnight h< th~ ~ult of 

a oornbination of r«lUéal dirnat;" 'J>"C~ in th~ rq¡ion and a 

.trong df«l of .tabiliting sdection on étirnatié nidl~ (Wo 
d al, :llIJ¡ Wü~td al., 201~). 

Mainland dad~ ocrupy only a portion of th< dirnatio: 
wac~ within th.,;, a<r<$Sibl~ aru (Prl"'$<Hl d ,J., :llll ), 
bu! th_ ,lad<$ .tiD ~xhibikd g~at~, niéh< b~adth and 

broad", niéh< ""ac~ ~alU<$ than ill$ular dad",. Mainland 

dad<$ rnay han bttn prn<nkd frorn ~:<!Jloiting th< oorn
plrt~ ava~abl~ étirna~ 'J>"C~ ~ith~, b..:a~ of ill$ufficirnt 
tin'l< kI, nidl~ dinl'$itiéation (though tbis i.¡ untiuly kI, 
th< ¡)g<lyl"" dad~ giwn iU al!<' 10 Ma¡ $« Tabl~ 1), 

inabitity 10 adapt 10 ""tr",,~ étirna~ oondition$, .trong 
bioti, irrt~raction. o, dis~r$al oonstrainl$. A!; rnainland 

anol~ sJ><ci~ t~nd 10 h< ~nt frorn rq;:iOIl$ with ~xt~n'I< 
t~~ratu~ (~.g. rnountaintop. ~:<é«<ling JOO() rn or 

d_rt aKas), anolrs mar han phy$iokJ$iéal oonstrainl$ 
that prn-ent th"" frorn inbahiling rq¡ioll$ with th_ 

~:<tnrn~ dirna~ oonditioll$. How~" wh<th~, rnainland 
anol~ aK rno,~ lirnikd in rarJl!< by Olrnrrt dima~, diI· 
I"'r$al tirnitation. o, bioti, in~raction. than Caribb~an 

anol~ ar~ (Algar d ,J., 20lJ ), ~rnaill$ unknown . 

W~ k>und strong ffidmu of a n.gative ~lationship 

b<l~n niéh< b~adth and diwl'$ifiéation ~~. Thi.¡ s'-'SI!NI$ 

that n;"h~ sJ><cialitation, I'"rtiOJlarly toward< warrn~, and 
dri~, étima!<$, has dri~." anol~ diwl'$ifiéation. This aw>cia. 

tion b.tw.." niéh< sp«ialitation and dadog~n<$is SUli&~1$ a 
strong roI~ of étirna~ in anol~ divel'$ifiation. Sirnilar ~ull$ 

have bttn k>und in larnpn>J><ltinr s,,"""'- kI, whiéh linugN 

oéQming in """rn oondilion. had high<' w«iation ~'" 

(O) Niche 
bre.dth 

Sped~. 1< 1 o." 
rie""",,, 

O.9Z I 

-OH I 
!.pocie. 1< I 0.01 
' ieh ..... ' 

,.~ 1 
f igu ... 4 Dir«' and indir«t d«t. of 
dimatic n id,. traÍl> (occupÍ«l niel,..1'=' 
a no:! nid>< br<adth) on ,!,«ir> ridll,... fa 
al! " ""le dad<> (a , bl, a no:! a>1y fo. ¡",ular 
d ad<> (<, d). SUti.tically . ipti11ca nt 
cOfT<lation ronr.:;~nt> ar~ in bokl 

(P < 0.(5). 
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l abl .. 2 QuaSSE moda. d ti>< r~lation"'ip ~ dimatic nim. m<lrÍ<> (niche potition a no:! nim. br<adth) a no:! ...,roatia> "'-te> in 
iD Atwi~ a no:! only Cari~,., "-"",,, ti, ... do. !I<>,.fmi"ll 1JIoOd<j. according to dma Ale (Akai~ info"",",ion ait<rion) v.h,.. a~ in 
bold. P ... , numb« of p" ... met<:n; Inl: In li~tibood; MIC, Dma AlC; W<:ighl>' lJIoOd<j _ighl>. 

NidI. pooitiOll Nidl. ¡" .. dIh 

"00' ... "C ." "'Ale I'i.~ "C ." M" W<iltlu 

AD A"" Minimal _937.9~ 18111.9 ~ .00 _ 6&HI 1371.6 " .00 
~, • _ 937.89 ,~. , .00 _ 6&J.l1 137 • . ~ " .00 

5igmoidal • _ 937.06 18116.1 " .00 _ 6&1 .91 I3n.8 " .00 

".~ • 936.18 I_. ~ " .00 _ 6&1.81 I3n.6 , .00 

linear (dril) , _ 917.36 1M-4.7 " .00 _ 659.16 ,,~ = 
5igmoidal (drift) _ 917.91 IM9.8 " .00 _66l.J~ I3M.7 " .00 
H~mp (drift) _ 90\1 .91 18JJ.II • ~ -~ 1317.2 • ~ 

Cari_ A.di, Minimal _6~l.J 13105 M .00 _ 391.7 7895 " .00 
~, • _6~1 .1 13115 " • 00 _ 391.7 791. • " .00 

5iF'oidal • _6~1 131. " .00 _ 391.7 79~ . 3 " .00 

".~ • _ M9 .• 1310.8 M .00 _ 391.7 79~ . 3 " .00 
linear (drili) , ~. ,,~ • ~ _ 391.. 791.7 W .00 
5igmoidal (drift) _ MU 11'/6.3 • .00 _ 379.5 n u • ~ 

H~mp (drift) ~" ,,~ = _ 391.7 ~, M .00 

AII anoles AII anotes 

J 
~ , 
~ • O 

1 ~ 
~ 

• ~, • 
Nict>e posiIion 

1 
~ 
o , • • o 

i " ~ 
8 
ó , 

, , , , 

, .• , .• " 

Carlbbean anol " Carlbbean anol" 

1 ~ , o 1 ~ , 
• • ! O 

! 
! • ó 

• • • o • o 

" 
~, ~, • , , , .• 

Nict>e posItion 

(Pyron & IIwbrink, 20(2). finaUy, we fOund Ihal ,lad<$ wi,h 

high<"r .peci~ ri"hn<$$ Imd 10 ~rlIibil rnor~ ni"he div<uity 

(o"rupied niéh~ $pou) Iban $p«Í<$.poor dad~. ~ 

~uh$ $uPP<>r1 Ihe hypothe$i.s lbal dadoll<n~i< Í$ .;oupled 
with dirnale ni"he dinr¡¡<nu in "-,,,,~, lÍi:lrd< (~y, 

2012a; Rabo$ky da!, 2013). R«~n~y, G<'irn,,;r..Rodrígu<z 

• 

'.5 2.0 " 

f igu rf' § ~latio",hipo ~ nim. , .. il> 
(""",n nim. pooition a no:! IlÍche br<adth) 
a no:! .peci.tion "'-te> {or iD anoJn liurdo 
(upper) a no:! Caribbean anol .. only 
(bottom) DJÍ "Il ti>< quartti ... tM ..... te 
.p«iation,.,d atilXtion lJIoOd<j .pproam. 
Dott«! ti".. r<preoem .JkmatM nr.o<l.eb 
according to d<:I ... Akai~ informotion 
aiterion val".. (_ Table 2). 

d al (~l~) $'-'SI!Nkd Iha l a n<gative ~lation$hip b.tw_ 
niéhe width and diver$ifi"ation "'~ ..... uld he .. p«ted 
under a Sé~nario of niéh. oo_rvatisrn (Wi~ns, 20001). In 

oonl"Ut, t~ $'-'SI!Nkd Ihal a p<l$itive ~1ation$hip would he 
.~ under a Sé..-rario of dirnati. nid ... dive'llenc~ 

(Morill. d ,J., 2(00). Howenr, ~ i.¡ nO! d .. r how t~ 
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nid" oon~ ..... ati.srn or nid" diverg~""~ patl"' ll$ an $ha~ 
divel'$ifiéation dynarniC$ at rq;:ional Séal~. In oor opinion. 
11>< nolutionary rn«hanisrns und<rlying 11>< oo".dat ion 
b<l~n dirnatié niéh~ trail$ and $J><éiation dynarnics ar~ 
$liD unbJown. 

Our $Iudy is th~ fil'$l lo ~:<arnin~ how dirnatié nid .. s ~ary 
an>:>ng AooIis liurd< at larg~ phyl<>tl<nrlié and l!«'& .... phiéal 
Séal<$, and how dirnatié niéh~ lrail$ ar~ ~lal«l lo WeM 
divel'$ifiéation. W~ fOund lhal Carihl><an and rnainland 
aMl~ ~:<hibil $triking dilf~~né~ in niéh~ trail$ (afkr 
oontrolling fi>r ranll< $iu ~IfKl$) and I~ ~ a>rnlal«l 
with w«iation .... 1<$. Sp<cifiéaDy. _ fOund that linull'$ 
with narrow nid"s and thal ~ $J><éialiud 10 warrtl<r ~as 
have divel'$ifial n>:>~ than li""ag~ with 1arg~ nid"s and 
W«ialiurl lo .;oId rq;:ions. Niél>< dilf~~",,~ in ill$ular and 
rnainland anolr$ $u¡;g~1 lhal dilf~~nt ~1utionary proé~ 
(niél>< diverg~""~ Or niéh~ oon~~isrn) rnight 1>< ~ .... ting 
b<l~n ~ion$, as in th~ é_ of e.;on>:>rphologiéal lrail$ 
(Pinlo dato :llO8). Ho-.~r. it is crucial thal a rnOr~ 

oornp~l><n$;'~ phy1og~ny fi>r rnainland anol~ 1>< inoor¡.<>
.... 1«1 10 a>rTOboral~ th_ findings lISing a>rnparalive phy1o
g~nrlié rnrlhod<. finaDy. Our $1..:Iy fi>und inte~ting 

rnaér<><rologial and n'laéronulutionary I"'ltem$, bul rnOr~ 
.-ard'l is nao<$.W)' 10 id<ntify th~ pot~ntial nulutionary 
rn~d\anisrns driving th~ I"'ttems. 
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Factores climáticos y evolutivos formando gradientes 

geográficos de riqueza de especies en lagartijas Anolis. 
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Understanding the role of ecological and evolutionary factors on geographical 

gradients of species richness is one of the most active research arenas in ecology and 

biogeography. Consensus on which climatic components determine richness is still 

lacking, but four factors have been proposed: water-energy, seasonality, 

heterogeneity, and historical climatic stability. In addition, the resulting richness-

climate relationships may be mediated by historical processes, such as phylogenetic 

niche conservatism (-PNC- the evolutionary trend to retain ecological traits among 

related species) and differences in species diversification rates across regions 

(regional diversification). Here, we evaluated the contribution of unique and shared 

predictors of four climatic hypotheses on the geographical species richness gradients 

of Neotropical Anolis lizards using a partitioning approach. In addition, we evaluated 

the role of PNC and regional diversification in the origin and maintenance of the 

resulting richness-climate relationship. Our results show that climate has a non-

stationary relationship with Anolis species richness with most of the effect shared 

among climate axes. Regional differences in species richness-climate relationships 

suggest differential assembly processes between mainland and insular settings. As we 

did not find evidence for a role of PNC and regional diversification shaping anole 

richness-climate relationships, we suggest that geographical species richness patterns 

in Anolis lizards are now decoupled from the evolutionary factors that generated 

them during the assembly process. 

Keywords:  Anolis, assembly, climate, diversification, geographical ecology, lizards, 

macroecology, phylogenetic niche conservatism 
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 INTRODUCTION 

Understanding the causes of species richness variation across regions and 

lineages is one of the fundamental questions in ecological and evolutionary studies 

(Wiens and Donoghue 2004, Gotelli et al. 2009). The relationship between species 

richness and climate across continents, globally, and through time suggests a causal 

effect of climate on species richness at broad spatial scales (Currie et al. 2004, 

Vázquez-Rivera and Currie 2015), via one or several potential processes (Mittelbach 

et al. 2007, Wiens et al. 2010). Therefore, understanding how climate shapes 

richness gradients requires two stages: First, to identify the climatic axes that promote 

or constrain richness, and second to identify the biological processes linking climate 

and richness. Numerous hypotheses have been proposed for each of these stages. For 

stage one, four main factors related to current and past climatic factors have been 

considered (Evans et al. 2005, Field et al. 2009, Tello and Stevens 2010, Gouveia et 

al. 2013), namely: (i) water-energy, (ii) seasonality, (iii) environmental heterogeneity, 

and (iv) historical climatic stability. For stage two, a number of evolutionary and 

ecological factors have been proposed (Mittelbach et al. 2007) with phylogenetic 

niche conservatism (PNC; Wiens and Donoghue 2004, Wiens et al. 2010) and 

geographic variation in diversification rates (Weir and Schluter 2007, Wiens 2011) 

currently being the most prominent ones (Rolland et al. 2014).  

Multiple causal mechanisms have been hypothesized for each one of these 

environmental hypotheses. For instance, at least nine mechanisms are known for the 

water-energy hypothesis (Evans et al. 2005, Tello and Stevens 2010), including direct 
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effects on population sizes by allowing more individuals in higher productive areas, 

and therefore more species (Srivastava and Lawton 1998, Currie et al. 2004). Other 

mechanisms state that productivity increases speciation rates and reduces extinction 

rates (Rohde 1992, Allen and Gillooly 2006). However, much of these causal 

mechanisms has not been tested rigorously and therefore lacks strong empirical 

support.  

For the seasonality hypothesis, the proposed mechanisms relies on within-year 

climatic variability generating large population fluctuations and increasing species 

extinction risk. Accordingly, species occurring in seasonal areas will have wider 

niches and larger range sizes, with less chances for speciation (Janzen 1967, Hurlbert 

and Haskell 2003, Williams and Middleton 2008, Tello and Stevens 2010, Dalby et 

al. 2014). Mechanisms for the environmental heterogeneity hypothesis indicate that 

habitat complexity increases the number of dispersal barriers and promotes 

population fragmentation with reductions in gene flow. In these cases, habitat 

complexity might directly elevate diversification rates by increasing the number of in 

situ speciation events (Kisel et al. 2011). Finally, causal mechanisms underlying the 

historical climatic stability hypothesis make it likely that areas with stable climates 

will accumulate species over time (Jansson 2003, Sandel et al. 2011, Rakotoarinivo 

et al. 2013). In contrast, strong climatic oscillations might influence directly net 

diversification rates by increasing extinction rates for species with low vagility, or by 

reducing speciation rates for species with high vagility, which can track its niches 

across geography and increases gene flow between populations (Kisel et al. 2011, 
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Rakotoarinivo et al. 2013). Although some of these climatic hypotheses have been 

tested extensively (e.g., water-energy hypothesis: see for instance Field et al. 2005, 

Whittaker 2007, Kreft and Jetz 2007), others (e.g., historical climatic stability 

hypothesis; but see Fine and Ree 2006, Jetz and Fine 2012) have received less 

attention and its contribution to geographical species richness gradients of many taxa 

remain unknown.  

Recent conceptual and methodological advances have reinvigorated the 

integration of the historical perspective in ecological studies (Jablonski et al. 2006, 

Cavender-Bares et al. 2012, Hernandez et al. 2013), allowing tests of historical 

evolutionary processes generating present-day geographic patterns of biodiversity 

(Wiens and Donoghue 2004). Indeed, species richness gradients and the resulting 

richness-climate relationships are now thought to result, at least in part, from 

historical processes such as the phylogenetic niche conservatism (PNC; Wiens and 

Donoghue 2004, Wiens and Graham 2005, Algar et al. 2009, Hawkins and McCain 

2012), and variation of diversification rates across regions (Rolland et al. 2014). 

Evidence favoring these historical processes includes the overall confinement of old 

clades to their region of origin (e.g., tropical regions) whereas derived clades can be 

present at regions more distant from their origin (e.g., temperate regions) (Jablonski et 

al. 2006, Hawkins et al. 2007, Romdal et al. 2013), and the stronger richness-climate 

relationship for old clades compared to the one observed for derived clades 

(Hawkins and McCain 2012).  



	

	

37	

Lizards of the Neotropical genus Anolis are an excellent system to examine the 

relative influence of climatic factors and historical processes on geographic patterns 

of diversity. Anolis lizards likely originated in South America during the Paleocene 

(~60 million of years ago), dispersing to the Caribbean islands and then back-

colonizing the mainland (Nicholson et al. 2005, Losos 2009). Although these lizards 

exhibit exceptional diversification in both the Caribbean (~150 species) and 

mainland (~240 species) (Losos 2009), some recent studies suggests that the assembly 

of the anole faunas differ between insular and mainland regions (Algar and Losos 

2011, Stuart et al. 2012). In particular, Stuart et al. (2012) suggested that higher 

turnover of anole species among islands and between islands and mainland is 

indicative of a unique assembly process in the Caribbean islands. Although these 

studies have examined species richness patterns of Anolis within both insular and 

mainland regions and between them, key questions related to the potential role of the 

climatic factors to shape geographical gradients via evolutionary processes of anoles 

remain open.  

In this paper, we tested the role of climatic and evolutionary factors on 

geographical gradients of species richness in Anolis lizards at broad spatial scales. 

First, we evaluate the unique and shared contributions of the four climatic hypothesis 

(water-energy, seasonality, heterogeneity, and historical climatic stability) on species 

richness via a geographical weighted regression (GWR) with a partitioning approach 

(Tello and Stevens 2010, Gouveia et al. 2013). Second, we evaluated the role of PNC 

and regional diversification on the richness-climate relationships in Anolis lizards. If 
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PNC has played an important role, we predict that regional assemblages composed 

of “basal” species would exhibit a strong signature with climate. In contrast, 

assemblages composed of “derived” species would exhibit a weak climatic signature 

(Buckley et al. 2010, Hawkins and McCain 2012). In addition, if regional 

diversification has driven the assembly of anole faunas, we predict that regions 

showing faster in situ diversification and low dispersal events will have a weak 

climatic signature (i.e., higher residual from richness-climate models). Conversely, if 

regional diversification has not driven the assembly of faunas, we predict that regions 

with slow in situ diversification and high dispersal will have a strong climatic 

signature (i.e., lower residuals from richness-climate models) (Buckley et al. 2010).  

 

MATERIALS AND METHODS 

Species data and geographical gradient of species richness 

We compiled occurrence records for 300 Anolis species from the Caribbean 

and mainland and generated range maps for each species representing their extents 

of occurrence (Velasco et al. in review). We generated minimum convex polygons 

for each species with at least three records and removed non-land areas afterwards 

(292 species). The eight remaining species with one or two records were added to the 

grid cell encompassing these records. We calculated the number of Anolis species by 

overlying a grid of 1° x 1° (~12544 km2 pixel size) covering the whole region where 

native anoles occur and counted the number of range maps overlapping in each grid 

cell. We excluded those coastal cells with less than 25% of land surface. Our grid 
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system resulted in 1247 cells across the region, from which a presence-absence 

matrix of 300 species by 1247 cells was created for further analyses.  

 

Spatial diversification and phylogenetic niche conservatism  

We generated a combined phylogeny for 253 Anolis lizards based on 

morphological and DNA data (see Appendix 1). To incorporate missing species in the 

phylogeny with range maps (80 species), we used information from taxonomic or 

systematic accounts and original descriptions to add them to the phylogeny using the 

phytools R package (Revell 2012) (see Appendix 1). For the resulting tree, polytomies 

were randomly resolved and all branch lengths were set to unity. Species from the 

Lesser Antilles and other small Caribbean islands were pruned from our resulting tree 

(33 species).  These small islands have a low diversity (one or two species per island; 

Losos 1990) and therefore their exclusion does not affect our general results. 

We calculated mean-root distance (MRD) and phylogenetic diversity (PD) 

using our phylogenetic hypothesis. MRD is a metric that represents the level of 

evolutionary derivedness of a local fauna, and was calculated as the average number 

of nodes separating a species from the root of the phylogeny (Kerr and Currie 1999). 

Species were classified as “basal” or “derived” using 30% and 70% percentiles of 

root distance values, respectively (Hawkins et al. 2006) and we then calculated 

species richness for each group. According to the PNC hypothesis, basal faunas 

should exhibit a stronger relationship with climate than faunas composed of derived 

species (Wiens and Donoghue 2004, Buckley et al. 2010).  
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Phylogenetic diversity is a metric that represents the summed branch lengths 

of a phylogenetic tree connecting species by its geographical proximity (Faith 1992, 

Vellend et al. 2011), and here was calculated for each grid cell. As PD is strongly 

correlated with species richness (R2=0.82, p < 0.0001), we calculated residuals for a 

PD-species richness regression as a measure of regional diversification (henceforth 

we call this as relative PD). This metric evaluates whether past evolutionary events 

(i.e., speciation, extinction, and dispersal) have contributed to regional species 

assemblages (Davies and Buckley 2011, Fritz and Rahbek 2012), allowing us to 

differentiate among regions with faster diversification rates and few dispersal events 

(low relative PD values) from regions with slower diversification rates and several 

dispersal events (high relative PD values; Fritz and Rahbek 2012, Davies and Buckley 

2012). PD and MRD were calculated using the R package picante (Kembel et al. 

2010). We mapped these metrics to explore geographical patterns of regional 

diversification and evolutionary derivedness in Anolis.  

 

Environmental variables 

To test the role of current (water-energy, seasonality, and heterogeneity) and 

past (historical climatic variability) climate hypotheses on anole species richness, we 

used the following variables: (1) Water-Energy, WE: annual mean temperature and 

annual precipitation; (2) Seasonality, SEAS: temperature seasonality, temperature 

annual range, and precipitation seasonality; (3) Heterogeneity, HET: standard 

deviation of elevation, standard deviation of annual mean temperature, and standard 
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deviation of annual precipitation; and (4) Historical Climatic Stability, HCS: climatic 

anomalies from temperature and precipitation that were calculated as differences in 

current and past variables (Table S2). We generated climatic anomalies for the Last 

Inter-Glacial (LIG; approx. 130,000 years before present; Otto-Bliesner et al. 2006) 

and the Last Glacial Maximum (LGM; approx. 21,000 years before present; MIROC 

model; Hasumi and Emori 2004). For the LGM, we excluded AMT because we did 

not find differences among temporal periods. All climatic variables were obtained 

from the WorldClim database (Hijmans et al. 2005), and calculations were made in 

ArcGIS 9.3 (ESRI 2009).  

 

Climate-richness relationships 

We performed a series of ordinary least squares models (OLS) and 

geographical weighted regression (GWR) models to correlate the number of species 

of Anolis lizards in each grid cell with current and past climatic variables separating 

analyses for each time period (LGM and LIG). First, we built models for the complete 

set of hypotheses (WE, SEAS, HET, and HSC) for each time period (Last Glacial 

Maximum and Last Inter-Glacial, respectively) (hereafter “full model LGM” and “full 

model LIG”). Also, we built models for each hypothesis separately (hereafter “single 

WE”, “single SEAS”, “single HET”, “single HSC-LGM”, and “single HSC-LIG”) (Figure 

1A; see Table A2). We selected the model with the highest explanatory power using 

the Bayesian Information Criteria (BIC) also known as Schwarz’s Bayesian Criterion 

(Schwarz 1978, Quinn and Keough 2002). We calculated local GWR regression 
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parameters (R2 and slope) for each cell from full and single models (Fotheringham et 

al. 2002) (Figure 1A).  

 

 

Figure 1. Diagram representing richness-climate models implemented. (a) Full models (larger circle) 
were built using all single hypotheses (small circles: Water-Energy, Seasonality, Heterogeneity, and 
Historical Climatic Stability) for each time period (Last Glacial Maximum,LGM and Last Inter-Glacial, 
LIG). Variables used for each hypothesis are listed at the right-hand side of each circle (AMT: annual 
mean temperature; AP: annual precipitation; TS: temperature seasonality; PS: precipitation seasonality; 
stdevElev: standard deviation of annual mean temperature; stdevAP: standard deviation of annual 
precipitation; see main text for details about how were calculated). (b) Venn diagram representing the 
variation partitioning analysis implemented. We partitioned variation in species richness among four 
hypotheses: Water-Energy (WE), Seasonality (SEAS), Heterogeneity (HET) and Historical Climatic 
Stability (HCS). Fractions a, b, c, d represent variation in species richness associated with the unique 
effects of each one of the four hypotheses. In other words, this represents variation in species richness 
explained only by a single hypothesis maintaining constant the effect of the remaining hypothesis. 
Fractions e, f, g, h, i, j represent variation associated with the shared effects by two hypotheses. 
Fractions k, l, m, n represent variation associated with the shared effects by three hypotheses, finally, o 
represents variation associated to the intersection of all four hypotheses. 
 
 

We implemented a variance partitioning approach (Legendre and Legendre 

2012) with the aim of decomposing the effect of each predictor separately (i.e., pure 

effects) and in combination (i.e. shared effects) in determining geographical richness 

patterns (Figure 1B).  This approach allowed us to estimate pure effects of a predictor 
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(or shared effects for two predictor) while controlling the effects from other 

predictors. We conducted this approach for both time periods (LGM and LIG) (Figure 

1B). Finally, we compared parameters from full GWR models for LGM and LIG 

among Greater Antilles, Middle America and South America to explore for potential 

differences between regions. All statistical analyses were performed in the 

macroecological software SAM (Rangel et al. 2010).  

 

Evolutionary drivers of richness-climate relationships in Anolis lizards 

We performed correlations between evolutionary metrics (MRD and PD) and 

parameters for full GWR models (e.g., residuals, R2, slopes) in order to evaluate the 

effect of PNC and regional diversification as drivers of richness-climate relationships 

for Anolis lizards. First, we tested the effect of PNC by performing a correlation 

between MRD (as a metric of PNC) and GWR parameters. According to the PNC 

hypothesis, we expected a negative correlation between these parameters. This 

negative correlation would suggest that regional assemblages composed of “basal” 

species (low MRD values) exhibit a strong signature of climate (revealed by higher 

values in GWR parameters -local R2 and slopes-), whereas regional assemblages 

composed by “derived” species (high MRD values) exhibit a weak signature of 

climate (reflected in lower GWR parameters). 

Second, we tested whether regional diversification drives variation in species 

richness that was not explained by climate factors. For this, we correlated the 

residuals from the full GWR models (for LGM and LIG time periods) and relative PD 
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values. We expected that regional assemblages dominated by slow diversification 

rates and colonization of multiple lineages (high relative PD values) exhibit a strong 

signature of climate (reflected in low residuals from full GWR models). In contrast, 

we expected that regional assemblages dominated by fast diversification rates of 

lineages (low relative PD values, suggesting elevated in situ speciation), exhibit a 

weak signature of climate (reflected by high residuals from full GWR models). We 

implemented the Dutilleul’s method (Dutilleul 1993) to correct the number of 

effective degrees of freedom in the presence of spatial autocorrelation in GWR 

parameters. 

Correlations between evolutionary metrics (MRD and relative PD) and GWR 

parameters were compared against a null model in which we eliminated the 

phylogenetic structure by randomizing species across the tree. This null model 

describes a scenario in which PNC and regional diversification do not have any 

impact on the observed climate-richness relationships. In other words, the null model 

envisions a situation where climate-richness relationships emerge only as a result of 

the spatial cohesiveness and overlap of species ranges. We shuffled the tips in the 

original tree 1000 times. Then, we calculated the evolutionary metrics (MRD and 

relative PD) for each random tree and correlated these metrics with the observed 

GWR parameters. We generated frequency distributions of the 1000 coefficients of 

determination (R2) for each comparison (random MRD vs. GWR R2 and slopes for 

LGM and LIG; random relative PD vs. GWR residuals for LGM and LIG). We 
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considered statistical significance of such coefficients if observed values fell outside 

the 95% confidence interval of the corresponding frequency distribution.   

 

RESULTS 

Geographic patterns of species richness and evolutionary metrics 

High species richness of Anolis lizard species occurs across the Greater 

Antilles, the mid portion of the Guatemalan highlands, the Talamancan highlands 

(Costa Rica and Panama) and the northern Andes (Colombia and Ecuador) (Figure 

2A). Lower diversity was found towards northern Mexico, the Caribbean coast in 

Colombia and Venezuela, and the Brazilian coast (Figure 2A). Species richness from 

“basal” lineages was higher in the Andes region, lower Central America, and the 

Greater Antilles (Figure 2B). In contrast, species richness from “derived” lineages was 

higher in Middle America, Chocó, and the Andes region in South America (Figure 

2C). PD was highly correlated with species richness (R2=0.82, p < 0.0001). Mapping 

relative PD values showed that the mid portion of Middle America and the Andean 

region exhibited high values (Figure 2D). Conversely, low relative PD values were 

found mainly in the Greater Antilles, the Pacific coast of Mexico, Costa Rica, and 

Guajira province in Colombia (Figure 2D). 
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Figure 2. (a) Geographical patterns of Anolis species richness. Species richness for (b) “basal” and (c) 
“derived” Anolis species; (d) relative phylogenetic diversity (relative PD). 
 
 
Climate-richness relationships 

A comparison of statistical analyses revealed that GWR models always 

performed better than OLS models (Table 1; Appendix S2). These results suggest a 

strong non-stationary effect in richness-climate relationships for Anolis lizards. In all 

cases, full models for LGM and LIG periods exhibited highest explanatory power, 

indicated by lower BIC scores and higher R2 values, than single models for each 

hypothesis tested (i.e., water-energy, seasonality, heterogeneity and historical 

climatic stability). R2 values for single hypotheses (water-energy, seasonality, 
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heterogeneity and historical climatic stability) were relatively similar for LGM and 

LIG (Table 1).   

 
Table 1. Regression parameters for full models and single hypotheses (water energy, –WE-; seasonality, 
–SEAS-, heterogeneity, –HET-, and historical climatic stability, –HSC). LGM: Last Glacial Maximum, 
~21.000 years before present; LIG: Last Inter-Glacial, ~121.000 years before present). GWR: 
Geographical weighted regression; OLS: Ordinary least squares. BIC: Bayesian Information Criteria.  
 

  GWR    OLS 

Models R2  BIC Δ BIC  R2 BIC  Δ BIC  

Full model for Last Glacial Maximum  0.736 2589 65.6613 0.292 3749 212.998 

Full model for Last Inter-Glacial 0.766 2523 0 0.352 3536 0 

Water-Energy (WE) 0.654 2653 130.169 0.104 3973 436.167 

Seasonality (SEAS) 0.619 2792 268.344 0.04 4066 529.161 

Heterogeneity (HET) 0.642 2715 191.612 0.213 3817 280.602 

Historical climatic stability (HSC) -LGM 0.689 2605 81.5196 0.068 4036 499.738 

Historical climatic stability (HSC) –LIG- 0.689 2537 13.9455 0.118 3875 338.606 

 

 

R2 values for full models for LGM and LIG exhibited similar geographical 

patterns (Figure 3 and 4). Higher R2 values were found in most parts of Mexico and 

eastern Brazil and low values were found in most parts of South America and the 

Greater Antilles (Figure 3 and 4). However, the variance partitioning analysis 

revealed that the unique contribution of each predictor (i.e., unique models where 

effects of other predictors are held constant; see Figure 1B) were relatively minor and 

exhibited a strong non-stationary effect (Figure 3 and 4; Table 2). In particular, the 

signature of past climates (mainly from Last Inter-Glacial, LIG) was strong on species 

richness patterns (Table 1; Figure 3 and 4). In this time period, unique contributions 

for historical climatic stability were higher (higher partial coefficients) in Middle 

America highlands, Chocó region, and Western Amazonia (Figure 4).  
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Table 2. Partial regression coefficients (R2) for pure and shared (denoted by s) contributions of the 
climatic hypothesis from geographical weighted regression (GWR) models explaining observed Anolis 
species richness gradients for the Last Glacial Maximum and the Last Inter-Glacial periods. Negative 
partial R2 values are due to the opposite signal effects between predictors. WE: Water-energy 
hypothesis; SEAS: Seasonality hypothesis; HET: Heterogeneity hypothesis; HSC: Historial climatic 
stability hypothesis.  

Pure and shared effects Last Glacial Maximum Last Inter-Glacial 
pure WE 0.02 0.01 

pure SEAS 0.02 0.01 
pure HET 0.02 0.03 
pure HSC 0.03 0.06 
sWE+SEAS 0.00 0.01 
sSEAS+HET 0.00 0.00 
sWE+HET 0.03 0.04 
sWE+HSC 0.00 0.01 

sSEAS+HSC 0.01 0.02 
sHET+HSC 0.01 0.00 

sWE+SEAS+HSC 0.01 0.00 
sWE+SEAS+HET -0.04 -0.03 

sSEAS +HET+HSC -0.01 -0.01 
sWE+HET+HSC 0.01 0.00 

sWE+SEAS+HET+HSC 0.63 0.62 
 

 

 

 

 

 

 



	

	

49	

	
 

Figure 3. Geographical patterns of full and unique contributions of each hypothesis explaining 
observed Anolis species richness gradients for the Last Glacial Maximum (LGM). WE: Water-Energy; 
SEAS: Seasonality; HET: Heterogeneity; CA: Climatic Anomaly. See main text for details in variables 
analyzed for each hypothesis. Upper right: Venn diagram representing hypotheses evaluated in this 
study. Each lowercase letter represents unique (denoted by unique) or shared (denoted by s) 
contributions of climatic hypotheses to observed geographical patterns of Anolis species richness (see 
Figure 1B). 
 

	
 

Figure 4. Geographical patterns of full and unique contributions of each hypothesis explaining 
observed Anolis species richness gradients for the Last Inter-Glacial (LIG). WE: Water-Energy; SEAS: 
Seasonality; HET: Heterogeneity; CA: Climatic Anomaly. See main text for details in variables 
analyzed for each hypothesis. Upper right: Venn diagram representing hypothesis evaluated in this 
study. Each lowercase letter represents unique (denoted by pure) or shared (denoted by s) 
contributions of climatic hypotheses to observed geographical patterns of Anolis species richness (see 
Figure 1B). 
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Shared effects between two or more predictors exhibited higher contributions 

than unique models, particularly for models that included past climatic anomalies 

(Table 2). Again, mapping of model contributions for shared contributions were 

strongly non-stationary (Figure S1 and S2 in Appendix S3). Shared effects of water-

energy and heterogeneity with historical climatic stability for LIG revealed higher 

contributions in regions with high species richness Figure S1 and S2 in Appendix S3).  

We found differences in regression parameters of full models between regions 

(Table 3). In particular, we found lower local R2 values for the Greater Antilles than 

mainland areas, perhaps driven by a lower climatic variation in the Caribbean islands 

in comparison with mainland (Figure S3 in Appendix S3).  Although local slopes also 

differed between regions, this was related to the period examined (Table 3). For the 

LIG period, higher slopes were found for the Greater Antilles in comparison with 

mainland areas, but the opposite was found for the LGM period (Figure S4 in 

Appendix S3).  
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Table 3. Comparison of local parameters (R2 and slopes) of richness-climate relationships between 
regions (p-values). MA: Middle America; SA: South America; GA: Greater Antilles. WE: Water-energy 
hypothesis; SEAS: Seasonality hypothesis; HET: Heterogeneity hypothesis; HSC: Historial climatic 
stability hypothesis. 

Parameters Models MA vs SA SA vs GA MA vs GA 

Local R2 values 

Full Model LGM < 0.001 < 0.001 < 0.001 
Full Model LIG < 0.001 < 0.001 < 0.001 

WE Model < 0.001 < 0.001 < 0.001 
SEAS Model < 0.001 < 0.001 < 0.001 
HET Model < 0.001 >0.07 < 0.001 
HCS LGM < 0.001 > 0.5 < 0.001 
HCS LIG > 0.5 > 0.07 > 0.1 

Local slope values 

Full Model LGM < 0.001 < 0.001 >0.5 
Full Model LIG >0.1 < 0.01 < 0.05 

WE Model < 0.001 < 0.001 < 0.001 
SEAS Model < 0.001 < 0.001 < 0.001 
HET Model < 0.001 < 0.001 < 0.001 
HCS LGM < 0.001 < 0.001 > 0.5 
HCS LIG < 0.001 < 0.001 < 0.001 

 

	
 

Figure 5. Geographical patterns of residuals of Anolis richness-climate relationships for the Last Glacial Maximum 
(LGM) and the Last Inter-Glacial (LIG). WE: Water-Energy; SEAS: Seasonality; HET: Heterogeneity; HCS: Climatic 
Anomaly. See main text for details in variables analyzed for each hypothesis. 
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Geographic patterns of residuals for full and single models for both time 

periods were very similar (Figure 5). High residuals were consistently found in the 

central portion of Middle America, corresponding to the Mexican and Guatemalan 

highlands and the Talamancan highlands in Costa Rica and Panama, and the Greater 

Antilles (Figure 5). 

 

Evolutionary drivers of richness-climate relationships 

We did not find evidence for a significant correlation between either MRD 

values or relative PD and GWR parameters (R2, slopes, and residuals, respectively) 

(Table 4; Figure S5 and S6 in Appendix S3). These observed correlation values were 

predicted by a null model simulating the absence of PNC and regional diversification 

effect on the geographical richness-climate pattern (Figure S7 and S8 in Appendix 

S3).  

 
Table 4. Correlations between evolutionary metrics (mean root distance, MRD and relative 
phylogenetic diversity, relative PD) and local parameters of richness-climate relationships for the Last 
Glacial Maximum (LGM) and the Last Inter-Glacial (LIG). p-values are the probability that observed R2 
from correlations between evolutionary metrics and GWR parameters are higher than the null model 
average (1000 randomizations; see main text for details).  

  Observed R2 p-value 

MRD vs local R2 values -full model LGM- 0.00 0.000 

MRD vs local R2 values -full model LIG- 0.01 0.000 

MR vs local slopes -full model LGM- 0.00 0.000 

MR vs local slopes -full model LIG- 0.01 0.000 

Relative PD vs. local residuals -full model LGM- 0.00 0.000 

Relative PD vs. local residuals -full model LIG- 0.00 0.000 

 
 

DISCUSSION 
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A debate about the importance of single factors as predictors of diversity 

gradients is currently taking place (e.g., water-energy vs. seasonality), and more 

importantly, how the climate-diversity relationship varies across geographical regions 

(Jetz and Rahbek 2002, Davies et al. 2007, Tello and Stevens 2010, Gouveia et al. 

2013). In this study, we provide evidence for a strong relationship between species 

richness of anole lizards and environmental predictors in the Neotropical realm. The 

variance partitioning strategy used here allowed us to disentangle the unique effects 

of each climatic hypothesis tested. These unique contributions were similar but very 

small (Table 1). Shared effects of two or more hypotheses were more important than 

individual ones (Table 1). These results suggest that geographical patterns of anole 

species richness may be explained by single, or synergy of several environmental 

factors, but that correlational analyses through space cannot disentangle their effects.  

 Our results are consistent with findings in other taxonomic groups (e.g., bats, 

Tello and Stevens 2010) and suggest that factors driving anole species richness in the 

Neotropical realm are complex with multiple non-stationary effects (Foody 2004, 

Eiserhardt et al. 2011, Gouveia et al. 2013). In particular, it was clear that insular and 

mainland regions exhibited differences in the contribution of climatic factors to 

species richness patterns (Table 3; Figure S1 and S2 in Appendix 3). This suggests that 

the signature of climatic conditions on the assembly of anole faunas and regional 

diversification was very different between insular and mainland regions (Algar and 

Losos 2011, Stuart et al. 2012), which may arise because Caribbean islands exhibit a 
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restricted climatic space and thus less climatic variability in comparison with the 

mainland (Velasco et al. in review).  

We did not find evidence for a role of phylogenetic niche conservatism or 

regional diversification on the resulting richness-climate relationships in Anolis 

lizards. Observed values for these correlations were not different from null models 

describing the absence of an effect of PNC and regional diversification on richness-

climate relationships. It is likely that higher concentration of species richness and its 

correlation with climate may be explained by additional factors not examined in this 

study. For instance, high diversity and endemism of animals and plants in the central 

portion of Middle America (Campbell 1999, Pennington et al. 2004) is considered to 

be a result of tectonic activity in the Miocene, likely promoting diversification rates in 

this groups (Castoe et al. 2009, Daza et al. 2010). For the Greater Antilles, it is well 

recognized that anole diversity results from exceptional diversification (high 

speciation with low extinction rates) related to ecological specialization (Losos and 

Schluter 2000, Algar and Losos 2011). Accordingly, we suggest that high diversity in 

the central portion of Middle America (from the Norops clade) might be also a result 

of elevated in situ speciation rates associated with tectonic events during the 

Miocene. Studies on the biogeography of this region have shown a complex pattern 

of dispersal and vicariance events that difficult the understanding of diversification 

patterns in this region (Flores-Villela and Martínez-Salazar 2009). Therefore, further 

studies should integrate historical biogeographical and lineage diversification 
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approaches to clarify the diversification dynamics and regional assembly in this 

region. 

Mapping the evolutionary metrics for Anolis lizards provided insights on 

diversification and colonization dynamics on anole faunas. On one hand, regions 

with low relative PD are hypothesized to exhibit fast diversification of few lineages, 

because rapid diversification tend to result in shorter branches in terminal taxa 

(Davies and Buckley 2011, Fritz and Rahbek 2012). On the other, regions with high 

relative PD are hypothesized to reflect either slow diversification or colonization of 

multiple lineages (Davies and Buckley 2011, Fritz and Rahbek 2012), as is the case 

of lower Central America and northern South America where there is a mixing of 

basal (Dactyloa) and derived (Norops) anole clades. We found that the Greater 

Antilles exhibited low relative PD suggesting fast diversification, consistent with 

previous studies showing that insular anoles assemblages have been shaped by 

diversification rates dependent on geographical area (Algar and Losos 2011). In 

contrast, the central portion of Middle America and the Andes region exhibited high 

relative PD values consistent with slow diversification rates. This suggests that 

mainland anole assemblages, particularly in those areas of exceptional species 

richness (Figure 1), have likely been generated by a combination of in situ speciation 

and several dispersal events of multiple lineages from surrounding regions (Davies 

and Buckley 2011, Fritz and Rahbek 2012).  

Mapping of species richness in “basal” and “derived” lineages revealed that 

higher species richness of “basal” species in the Andes and Greater Antilles, 
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suggesting that faunal assembly in these regions likely occurred early in the anole 

radiation. Conversely, higher species richness of “derived” clades occurred in Middle 

America, suggesting later colonization (Nicholson et al. 2005). In the lower portion 

of Central America and northwestern Colombia, there is a mixing of “basal” 

(Dactyloa clade) and “derived” (Norops clade) species. It is possible that the 

emergence of the Panama land bridge played a significant role in the assembly 

process within this region (Leigh et al. 2014). 

Several studies have found evidence for a strong signature of past climatic 

anomalies on geographical species richness patterns, particularly in temperate 

regions (Svenning and Skov 2007, Svenning et al. 2009, Hortal et al. 2011). 

However, very few studies have been conducted to explore these effects on tropical-

restricted groups (but see Rakotoarinivo et al. 2013). Our study is, to our knowledge, 

among the first ones exploring the effects of past climatic anomalies beyond the LGM 

(>21,000 ybp) for a strict Neotropical lineage. The signature of past climates from 

LIG on geographical species richness patterns of anoles was relatively higher than for 

the LGM. This suggests that past cooling from the LGM (21,000 ybp) had low impacts 

on species richness of Anolis lizards. In addition, our results revealed that climatic 

anomalies from LIG were stronger in Middle America and the Greater Antilles than in 

South America. However, it is still necessary to test the effect of past climates on the 

geographical ranges dynamics of anoles. For instance, to evaluate how geographical 

ranges have contracted or expanded facing Pleistocene climatic oscillations and how 

these range shifts have an effect on species richness patterns.   
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In conclusion, our study shows that species richness at broad spatial scales for 

Anolis lizards results from a synergistic effect of past and current climatic factors with 

notable differences in richness-climate relationships among insular and mainland 

regions. We found little support for evolutionary factors (PNC and diversification) 

shaping richness-climate relationships across geography. We suggest that anole 

regional assemblages are not shaped solely by PNC and regional diversification but 

also by other ecological processes (e.g., dispersal and species interactions; Algar et 

al. 2013) mediated by climate. Although it there is evidence for a role of evolutionary 

factors driving richness-climate relationships, in particular PNC, such relationships 

may act primarily across broad-scale climatic gradients (e.g., temperate vs. tropical 

regions), rather than within tropical regions. Furthermore, climatic niche dynamics 

may not be well captured by phylogenetic patterns as described here and evidence 

from other approaches might be necessary. In general, our results support previous 

findings suggesting that assembly processes in Anolis lizards differ among insular and 

mainland regions, but are still dominated by climate factors. 
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La vicarianza antigua y el conservadurismo de nicho climático 

explican el endemismo insular de Anolis en las islas del Caribe 
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ABSTRACT 

Aim: We test the role of historical biogeographic events and climatic niche dynamics 

(niche conservatism and niche convergence) on exceptional insular endemism of 

Anolis lizards in the Caribbean islands.  

Location: Caribbean islands 

Methods: We reconstruct historical biogeographic events using a time-calibrated 

Caribbean anole phylogeny. We used modern phylogenetic comparative methods to 

evaluate climatic niche dynamics (niche conservatism and niche convergence) across 

time and space (between and within islands). Furthermore, we used ecological niche 

modeling tools to predict suitable climate for species outside their native areas (i.e., 

across the entire Caribbean region).  

Results: We find evidence that anoles colonized Caribbean islands during the late 

Eocene-early Oligocene coinciding with the emergence of the Aves Ridge and the 

GAARlandia landmass. Mostly anoles clades diversified after the GAARlandia break-

up and few dispersal events are necessary to explain distribution patterns across 

islands. Single-island endemic species are climatically restricted to native islands 

exhibiting very similar climatic niches. We found evidence of recent strong climatic 

niche conservatism and past climatic niche divergence.   

Main conclusions: Our results suggest that exceptional endemism in Caribbean anole 

lizards might be explained by ancient vicariance events and strong climatic niche 

conservatism. 

Keywords: Niche dynamics, climatic niche disparity, niche convergence, climatic 

suitability, lizards, Anolis, GAARlandia, Aves Ridge 
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INTRODUCTION 

Insular systems are a well-known example of unique diversity in 

biogeography, which is reflected in an elevated number of endemic species 

(MacArthur & Wilson, 1967; Losos & Ricklefs, 2010). High insular endemism results 

from a combination of factors, such as colonization, speciation, island size, isolation 

and environmental uniqueness (Kier et al. 2009; Losos and Ricklefs 2010). Recently, 

research has begun to integrate speciation as a main driver of island endemism (Kisel 

& Barraclough, 2010; Qian & Ricklefs, 2012). However, little is known about the role 

of ecological niche dynamics, understood as the balance of phylogenetic niche 

conservatism (PNC; i.e., the tendency of related species to retain ancestral ecological 

traits) and niche convergence on shaping patterns of island diversity and endemism 

(Hosner et al. 2014).  

Ecological niche theory predicts that species’ geographical ranges at coarse-

grain scales are constrained by a set of abiotic, biotic factors and dispersal limitations 

(Peterson et al. 2011). For endemic insular species, range limits are chiefly 

constrained by strong dispersal barriers rather than ecological or climatic factors 

(Brown & Lomolino, 1998). However, few tests have been conducted to disentangle 

the importance of geographical and ecological barriers on range limits of insular 

endemic species. Accordingly, it is still unknown whether insular species exhibit 

suitable ecological niche conditions outside its native areas and what factors play a 

role as drivers of current distribution and endemism.  
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Niche conservatism and niche convergence patterns emerge from ecological 

niche dynamics across time and space (Donoghue & Edwards, 2014). Accordingly, 

these two patterns might contribute to explain the high endemism in many insular 

systems. For instance, if insular diversity is shaped only by dispersal events, species 

colonizing an island might exhibit similar climatic requirements (environmental 

filter). This resulting niche similarity might emerge either by PNC or niche 

convergence as a consequence of evolving towards similar climatic regimes. In 

contrast, if insular diversity is shaped by in situ speciation, species might exhibit 

higher niche similarity by PNC and eventually niche evolution would occur as a 

result of climatic opportunity (Algar & Mahler, 2015). Use of modern phylogenetic 

comparative methods might enable us to discern between both evolutionary 

scenarios: PNC or niche convergence (Mahler et al. 2013; Bravo et al. 2014). 

Although there is theoretical evidence that multiple evolutionary processes can drive 

niche similarity (Revell et al. 2008), the distinction between both patterns is a crucial 

step to understanding how species evolved their ecological niches at coarse-scales 

(Bravo et al. 2014).  

Anolis lizards are a well-known example of adaptive radiation in both insular 

and mainland settings (Losos, 2009). In particular, insular anole diversity in the 

Caribbean region is explained by a combination of geographical, ecological and 

evolutionary factors (Losos, 2009). Caribbean anole species are notable single-island 

endemics, with some exceptions which were driven by human activities (Helmus et 

al. 2014). This exceptional endemism is reflected in high species turnover rates 

between islands explained by geographical and environmental factors (Stuart et al. 

2012). However, past biogeographic events and climatic niche dynamics might 

contribute to explain how these exceptional patterns were shaped. Although it is well 

known that dispersal and vicariance events drove species diversification in insular 

systems (Bacon et al. 2012), these factors have been seldom tested as drivers of anole 

endemism in the Caribbean islands. We suggest here that unique anole faunas were 
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driven by a combination of historical events and strong niche conservatism reflected 

in a poor climatic suitability for each species outside its native areas.  

Here, we reconstruct the historical biogeography of Caribbean Anolis lizards 

to infer the roles of dispersal and vicariance in shaping current anole insular diversity 

and endemism. Furthermore, we test whether climatic niche conservatism or niche 

convergence was pervasive across the anole radiation and discuss how either of 

these factors shaped endemism in the Caribbean islands. Specifically, we test 

whether anole species are climatically restricted to its native islands or they can find 

widespread climatic conditions across islands. In addition, we tested whether 

species’ niches are more similar within than among islands.  

MATERIALS AND METHODS 

Phylogenetic estimation and divergence times 

We generated a time-calibrated phylogeny using an Anolis dataset extracted 

from a recent Squamata phylogeny (Pyron et al. 2013). The assembled matrix 

comprises nine genomic regions (12S, 16S, BDNF, cytb, ND2, ND4, NT3, R35 and 

RAG1) and 207 anole species, representing 53% of the total anole diversity (Uetz, 

2014). Caribbean anole species sampling is nearly complete (83%, only 26 species 

missing). We included five outgroups based on the topological position of Anolis in 

the Iguania phylogeny (Townsend et al. 2011). We used two fossil calibration points. 

First, using a normal distribution prior we calibrated the root with the crown-group 

pleurodont iguanian Saichangurvel (Conrad et al. 2007) from the Late Campanian 

(70.6 ± 0.6 Mya) (Townsend et al., 2011). Second, a lognormal prior with a 

minimum age of 23 mya was used to calibrate a Dominican amber fossil from the 

Anolis chlorocyanus group (de Queiroz et al. 1998). We implemented an 

uncorrelated relaxed clock method with uncorrrelated rates among branches using 

the software BEAST 1.8.1 (Drummond et al. 2012). We used the GTRGI model of 

evolution for the unpartitioned dataset as suggested by jModeltest v. 2 (Darriba et al. 

2012). We decided not to partition the dataset as the Anole dataset is mostly 
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comprised by the ND2 region and the remaining genes were used to have a good 

estimate of the tree root. We started two runs from a random tree for 40 million 

generations sampling every 1000. The log files were checked for stationarity and 

convergence using Tracer 1.6. After discarding 4 million generations as a burn-in 

period, a maximum clade credibility tree was annotated to summarize node and 

branch parameters. We pruned mainland anole species and our resultant tree was 

composed of 130 Caribbean species (Appendix S1 in Supporting Information). This 

topology was very similar to other recent Caribbean anole phylogenies generated 

using the same data (Mahler et al. 2010; Rabosky & Glor, 2010).  

Parametric biogeographic analysis 

We investigated the historical biogeography for Caribbean Anolis lizards using 

parametric approaches based on a maximum likelihood framework implemented in 

the newly developed BioGeoBEARS package in R (Matzke, 2013). We estimated 

ancestral ranges for each node and compared different models of range expansion 

(e.g., dispersal-extinction-cladogenesis -DEC-, dispersal-vicariance analysis –DIVA-, 

and BayArea) using the time-calibrated phylogeny. BioGeoBEARS incorporates a new 

parameter to estimate the “probability” of founder-event speciation (+J), an important 

process in island biogeography (Matzke, 2014). We assigned species to each Greater 

Antilles islands and treated Lesser Antilles as a single unit. Therefore we used five 

areas for the analysis: Lesser Antilles, Puerto Rico, Cuba, Hispaniola, and Jamaica.  

We performed an unconstrained analysis where dispersal is constant across 

time and space (i.e., equal dispersal costs). Although this scenario ignores the 

geological history of Caribbean landmasses, we used it here as a null biogeographic 

model. In addition, we performed a time-stratified scenario based on the geological 

model from Iturralde-Vinent & MacPhee (1999). We penalized strongly against 

dispersal across water assigning a very low probability (d=0.01) when landmasses 

were separated and a probability of 1 when landmasses were united. We built cost 

dispersal matrices based on Iturralde-Vinent & MacPhee (1999) for four time periods 
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as follows: (1) Late Eocene-early Oligocene (35-33 mya):) during this narrow time 

frame all Greater Antilles, except Jamaica were connected as a single landmass 

(GAARlandia). Also, a land connection between GAARlandia and South America 

emerged, known as the Aves Ridge. We assigned dispersal probability of 1 for all 

transitions between islands, except for Jamaica. This cost matrix was set at the root of 

tree based on our divergence estimates (Fig. 1) (2) Late Oligocene (27-25 mya): 

During this period, Cuba was fragmented in three landmasses and Hispaniola was 

divided in two (Northern and Southern). Southern Hispaniola was connected to 

Puerto Rico, and the Lesser Antilles remained isolated. We assigned dispersal 

probability from 1 to transitions between connected landmasses and 0.01 between 

separated landmasses. (3) Middle Miocene (16-14 mya): Cuba remained fragmented 

and Hispaniola was connected again and with a slight land connection with Puerto 

Rico. The Lesser Antilles were separated. We assigned dispersal probability of 0.01 

between all landmasses. (4) Pliocene to present (5-0 mya): All landmasses were 

separated and dispersal probability was set to 0.01 between islands. Finally, we 

compared the fit of several unconstrained and constrained biogeographic models 

using the Akaike information criteria (AIC).  

Climatic niche convergence and niche dynamics through time 

We extracted occurrence records for 130 Caribbean Anolis species from a 

database of 13,864 locality records for Anolis species compiled from several sources 

(Velasco et al., in review). We extracted climatic information from 19 variables from 

WorldClim for each species locality record and performed two principal component 

analyses (PCA): one including only temperature related variables (bio1 to bio11) and 

another with only precipitation variables (bio12 to bio19). For each species, we 

calculated the mean of the scores for the first PC axis for only temperature (thermal 

niche position) and precipitation (hydric niche position).  

 We tested whether climatic niche variation in Caribbean anole lineages is 

consistent with a scenario of adaptive convergence. We used the recently published 
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method called SURFACE (Ingram & Mahler, 2013). This method uses a phylogeny 

and niche traits metrics to fit an Ornstein-Uhlenbeck (OU) model in which lineages 

evolved toward convergent climatic regimes (adaptive peaks) in a macroevolutionary 

landscape. An OU model describes an evolutionary process that includes two 

components: a deterministic tendency to evolve toward optimal states (i.e., adaptive 

regimes), and a stochastic component that is interpreted as evolutionary changes by 

natural selection and genetic drift (Butler & King, 2004). The method allows 

identifying the maximum number of convergent adaptive peaks without an a priori 

delimitation according to the phylogeny. SURFACE starts with a model with a single 

adaptive regime for all species and then increases the number of adaptive regimes 

using a stepwise model selection procedure based on Akaike Information Criterion 

(AICc). A new peak shift is added at each step and seeks for an improvement of the 

model fit (forward phase). In the backward phase, the final set of previously identified 

regimes is collapse to find further improvements of model fit. SURFACE finds the 

maximum number of adaptive regimes that best fit the data and identify which clades 

are convergent towards the same adaptive peaks. We then tested whether our 

convergent pattern for climatic niche differed from one expected by a null Brownian 

motion model (BM). We compared our observed convergence parameter (delta k) 

with 500 simulated delta k under a BM process. 

We examined the tempo of climatic niche diversification across the phylogeny 

using disparity-through time (DTT) plots (Harmon et al. 2003). DTT plots estimate the 

average niche disparity among subclades relative to total disparity in the entire 

phylogeny and compared this observed value against a mean expectation from a null 

model generated under Brownian motion. Disparity is calculated as average pairwise 

Euclidean distance for each niche trait for the entire tree and then for subclades 

defined by nodes in that tree. For instance, the first splitting event in the phylogeny 

divided this in two subclade and disparity is calculated for each one. The next 

splitting event, divided the tree in three and again disparity is calculated for each 

subclade. Relative disparity is standardized dividing the subclade disparity by the 



	

	

75	

entire disparity and is averaged for all lineages occurring in a particular divergence 

time (i.e., a node). Values approaching 0 indicate that niche variation is partitioned 

as among-subclade differences, suggesting that subclades exhibit little niche variation 

in comparison with the entire clade. Conversely, values approaching 1 indicate that 

subclades contain substantial niche variation and can exhibit a high niche overlap 

occupying similar regions of climatic space (i.e., niche convergence). Finally, it 

computes a niche disparity index (MDI in Harmon et al. 2003) as the overall 

difference in relative disparity of a clade compared with to a null hypothesis 

simulated with a Brownian motion model (Harmon et al. 2003). Negative MDI values 

indicate lower subclade disparity than expected under a null model, suggesting that 

niche disparity was accumulated early in the history of a clade, as opposed to 

positive MDI values that indicate higher subclade disparity than expected under a 

null model, suggesting that niche disparity was concentrated toward the tips of the 

tree (Harmon et al. 2003). Here, we generated DTT plots for species’ niche mean 

position and calculated the MDI index using our anole tree. We compared the MDI 

index against a mean expectation of 1000 simulated values under a BM model. 

Internal climatic niche structure 

We tested whether endemic Caribbean Anolis species find potential climatic 

conditions outside their native island (endemism area) using a niche modeling 

approach. We generated ecological niche models across the entire Caribbean region 

for species with more than 10 unique occurrence records. We used three algorithms 

(GAM: Generalized Additive Model; SRE: Surface Range Envelop; Maxent: Maximum 

Entropy) implemented in the Biomod2 library in R (Thuiller et al. 2009) and 19 

bioclimatic variables from WorldClim database at 30 arc-seconds resolution 

(Hijmans et al. 2005). We compared performance of these algorithms using three 

standard validation metrics (TSS: true skill statistics; ROC: receiver operating 

characteristic; and Kappa statistic; Fig. S1 in Appendix S2). Finally, we showed 

results just for Maxent because it was the only algorithm that identified suitable 
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climatic conditions outside native islands for most species. We used default settings 

in Maxent, except clamping and extrapolation options that were turned off. Although 

we tested different regularization values, we did not find differences in AUC values 

(Fig. S2 in Appendix S2). Each model was calibrated using 50 replicates by splitting 

the dataset into training and testing using 25% of occurrence records for testing. We 

used 10th percentile threshold as cut-off to convert Maxent probabilities into binary 

estimates of presence and absence (Liu et al., 2005). Pixels predicted as present were 

classified as native or outer according information about current native distribution 

for each species.  

We calculated distance to the niche centroid for each model as a proxy of 

maximum climatic suitability across Caribbean islands (Martinez-Meyer et al. 2013). 

We compared ecological distances between native islands versus outer islands for 

each clade controlling for potential effects of area (log10) and geographical distance 

to islands (square root). Finally, we compared whether niche similarity was higher 

between species inhabiting the same island against other islands using the Schoener 

index implemented in the ENMtools software (Warren et al. 2008).  

RESULTS 

Caribbean anole biogeography 

Our estimated dates are congruent with a recent study where divergence times 

were estimated for main anoles clades (Prates et al. 2015). Our dating analysis 

suggests the Anolis lizards (Dactyloidae) originated during late Paleocene-Early 

Eocence (68-37 mya). At least two colonization events are necessary to explain 

current anole diversity in Caribbean islands. The first one occurred during late 

Eocene-early Oligocene transition (45-33 mya), and explains most of the Caribbean 

anole diversity. The second one explains the distribution of the dactyloid anoles 

(Dactyloa clade) in the southern Lesser Antilles and occurred during middle 

Oligocene- early Miocene (31-20 mya) (Fig. 1). The estimated dates for the first 
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colonization event is temporally congruent with the emergence of a land bridge (the 

Aves Ridge) that connected northeastern South America with proto-Antilles (Fig. 1). 

 

	
 

Figure 1. Divergence times between clades of Anolis lizards and pleurodont iguanian lizards (see main 
text for details). Horizontal blue bars in each node indicate 95% credibility intervals of node ages.  
Vertical gray bar indicates the timing of the emergence of the Aves Ridge during the Eocene-
Oligocene transition (35-33 mya; Iturralde-Vinent and MacPhee 1999). This bridge is hypothesized as 
a land connection between southeastern South America and Antilles and probably was used by anoles 
to reach the Caribbean landmass known as GAARlandia. Main anole clades were collapsed for a 
better visualization (see Fig. 2).  

 

Ancestral range estimation 

Comparison of biogeographic models (DEC vs. DEC+J) reveals that models 

that included the jump dispersal parameter “j” increased significantly the likelihood 

of the best model (Table 1). Furthermore, the best models were those that included 

dispersal constraints given a palaeogeographical reconstruction and allowed a 

maximum number of four areas for ancestral areas (Table 1). This suggests that 

dispersal constraints played a strong role driving current distribution of Caribbean 

Anolis lizards. The selected best model estimated an ancestral range for all Caribbean 

anoles as a composite area by ACD (A: Lesser Antilles; C: Cuba; and D: Hispaniola; 

Fig. 2). We inferred several dispersal and vicariance events according this best model 
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estimated. Six range expansions were counted when all islands were merged in 

GAARlandia (Fig. 2) and two oceanic dispersals events are necessary to explaint the 

current distribution of several species. The fist one was a dispersal from Cuba to 

Jamaica for the Norops clade (Fig. 2). The second one involved dispersal from Puerto 

Rico to Northern Lesser Antilles explaining the current distribution for Anolis acutus 

(Fig. 2).  The early separation of Cuba and Hispaniola explains the distribution of 

Anolis lucius in Cuba (Fig. 2).  

 

Table 1. Comparison of DEC and DEC+J models on historical biogeography of Caribbean Anolis 
lizards. Constrained (C) models incorporate dispersal constraints in the model formulation based on 
Caribbean paleogeographic models (Iturralde-Vinent and MacPhee model 1999; Iturralde-Vinent 
2006; see main text for details). Unconstrained (Unc) models consider equal dispersal probability 
between islands (i.e., equal to 1). Max.Anc.Areas: Maximum number of areas allowed in ancestral 
range estimates.    

Type Max.Anc.Areas Model LnL p d e j AIC ΔAICc w 

C 

4 
DEC -71.5 2 0.01 0 0 146.9 19.2 0.0 

DEC+J -60.9 3 0 0 0.11 127.8 0.0 0.7 

2 
DEC -77.0 2 0.01 0 0 158.0 30.2 0.0 

DEC+J -61.6 3 0 0 0.12 129.1 1.4 0.3 

Unc 

4 
DEC -72.5 2 0 0 0.01 149.0 21.2 0.0 

DEC+J -72.5 3 0 0 0.01 151.0 23.2 0.0 

2 
DEC -95.8 2 0 0 0 195.5 67.8 0.0 

DEC+J -72.3 3 0 0 0.02 150.5 22.8 0.0 
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Figure 2. Ancestral range estimations for Caribbean Anolis lizards using the DECj model in 
BioGEOBEARS package (Matzke 2014). States at nodes represent estimates of ancestral ranges before 
the speciation event.  Capital letters refers to geographic areas as follows: A) Lesser Antilles, B) Puerto 
Rico, C) Cuba, D) Hispaniola and E) Jamaica. Vertical light bars indicate the hypothesized emergence 
of Caribbean landmasses: 1) emergence of the Aves Ridge and GAARlandia (35-33 mya); 2) 
GAARlandia (33-27 mya); 3) land connection between Puerto Rico and Hispaniola (27-15 mya).  
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Climatic niche convergence 

The evolution of climatic niche for most anole species was towards hot and 

dry environmental conditions. We discovered five convergent climate regimes (color 

large points) and four non-convergent regimes (black or grey large points) (Fig. 3; 

Table 2). These non-convergent regimes were reconstructed as ancestral climatic 

regimes for Caribbean anoles (Fig. 3a). Most climatic niche shifts seem to be involved 

with dispersal between or within-islands. Only one climate regime evolved toward 

cold temperatures (yellow color in Fig. 3a,b) composed by three lineages (6 species). 

Only one climate regime evolved to wet conditions (light blue in Fig. 3a,b) 

composed by four lineages (6 species). These results suggest that evolution of cold 

tolerance and rainy conditions in Caribbean Anolis has been rare and current species 

descend from ancestors adapted to hot and dry conditions (grey color in Figure 3a,b). 

The resulting pattern of climatic niche convergence differs from a null model 

generated under Brownian motion process (Fig. 3c; p-value < 0.01).  

 

 

Table 2. Akaike criterion information and convergence parameters for each model from the backward 
phase of the SURFACE approach. AICc: Akaike Information Criterion corrected; Δ AICc: Delta Akaike 
Information Criterion corrected; k': Number of distinct climatic regimes after collapsing convergent 
regimes; Δk: Reduced number of regimes after accounting for climatic niche convergence; k' conv: 
Number of convergent regimes reached by multiple shifts. Selected best model in bold. 

Regime AICc Δ AICc k' Δk k' conv 
1 836.1517 56.6966 22 0 0 
2 813.0863 33.6312 19 3 3 
3 793.7743 14.3192 15 7 7 
4 779.5912 0.1361 11 11 6 
5 779.455 0 10 12 6 
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Figure 3. Convergent evolution of climatic niche in the Caribbean Anolis lizards. a) Calibrated 
phylogeny for Caribbean Anolis lizards with climatic niche data and with adaptive regimes identified 
by SURFACE approach. Colored branches represent convergent adaptive peaks (or climatic regimes) 
and gray or black branches represent non-convergent regimes. b) Climatic spae occupied by the 
Caribbean Anolis species. Large colored circles represent the same convergent adaptive regimes 
identified in the phylogeny and small colored circles represent species that have evolved around these 
adaptive optima. Large gray or black circles represent the same non-convergent regimes identified in 
the phylogeny. Small gray or black circles correspond to species that have evolved toward these 
regimes. c) Histogram of 500 delta k values (true level of convergence) simulated under a Brownian 
motion model. The dashed line represent the observed true level of convergence in our dataset 
(Observed delta k = 12; mean simulated delta k = 7.34; p-value < 0.001). CUB: Cuba; HISP: 
Hispaniola; JAM: Jamaica; PR: Puerto Rico; NLA: Northern Lesser Antilles; SLA: Southern Lesser 
Antilles; CAY: Cayman island; BAH: The Bahamas; USA: United States of America.  

 

Both climatic niche tracking and niche shifts were recurrent patterns across 

the entire Caribbean anole radiation, likely related with some few dispersal events. 

For instance, when Norops clade colonized Jamaica, this clade evolved toward rainy 

climatic regime (large red point in Fig. 3b), whereas some Cuban Norops species 

evolved toward drier climatic regime (large magenta point in Fig. 3b). The ancestral 
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niche reconstructed for this clade occupied a non-convergent regime with 

intermediate climatic conditions (large gray point in Fig. 3b). In contrast, most 

species from Anolis clade evolved toward a non-convergent intermediate climatic 

regime (large gray point in Figure 3b). Two species from this clade (A. placidus and 

A. sheplani) evolved toward a cooler regime (large blue point in Figure 3b) and a 

subclade that occurs in several islands (A. porcatus in Cuba; A. carolinensis in 

Florida; A. maynardi in Cayman islands; A. strahmi in Hispaniola; A. allisoni in Cuba) 

evolved toward a hotter and drier climatic regime (large magenta point in Fig. 3b). 

These two examples shown that multiple evolutionary processes might underlie these 

niche conservatism and niche evolution patterns in Caribbean Anolis lizards.  

Climatic niche dynamics through time 

Disparity-through time plots for niche metrics show that Caribbean anoles 

exhibit higher levels of average subclade niche disparity than expected under a null 

model (Fig. 4a,b). These higher values indicate a greater occupation of climatic space 

by subclades and extensive niche overlap in relation to the niche disparity of the 

entire lineage. According to DTT plots, relative disparity for climatic niche was close 

to 1 during early phases of anole diversification (Fig. 4a,b). As anole diversification 

occurred, relative disparity decreased toward 0 values (Fig. 4a,b). A positive 

departure from a null model (higher observed values than expected) suggests that 

climatic niche diversification increased through time (thermal NDI=0.105, p<0.001; 

water NDI=0.399; p<0.001). In other words, anoles diversified extensively through 

climatic niche dimensions as reflected by an acceleration of its evolutionary rates 

(i.e., positive NDI values).  
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Figure 4) Disparity through time plots (DTT) for a) thermal and b) hydric niche mean position values 
for the Caribbean Anolis lizards. Relative time indicates the entire temporal span of the phylogeny 
from 0 (i.e., root) to 1 (i.e., tips). 
 

 

Climatic niche structure and niche similarity 

 Boxplots of ecological distances between Caribbean islands showed that anole 

species tend to exhibit climatic niche conditions close to optimal niche conditions 

within their native islands (Fig. 5). In other words, for most anole species the optimal 

niche conditions tend to be found in native islands than outer islands. This pattern 

was maintained after controlling for distance and area (Table 3). Furthermore, niche 

similarity was higher for sympatric species occurring in Greater Antilles islands than 

for other species, except for those in Puerto Rico (Fig. S3 in Appendix S2).  
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Table 3. Comparisons of ecological distances of climatic niche conditions between native and outer 
islands for each anole clade controlling for geographical area (log10) and geographical distance 
(square root). Clade assignment was based on Nicholson et al. (2012; see Table S1 in Appendix S1). 

Clades F p-value Area p-value Distance p-value 

Anolis 24093.20 0.00 939.30 0.00 25.60 0.00 

Audantia 9.60 0.00 8.90 0.00 89.00 0.00 

Chamaelinorops 328.90 0.00 8.10 0.00 163.00 0.00 

Ctenonotus 535.80 0.00 515.50 0.00 782.60 0.00 

Dactyloa 0.70 0.41 0.50 0.47 NA NA 

Deiroptyx 328.90 0.00 8.10 0.00 163.00 0.00 

Norops 13094.40 0.00 1656.60 0.00 179.30 0.00 

Xiphosurus 1089.40 0.00 835.00 0.00 32.50 0.00 
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Figure 5) Comparisons of ecological distances (Euclidean distances) from climatic niche structure for 
Caribbean anole species between native islands (N) vs. outer islands (Out).  
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DISCUSSION 

Historical biogeography of Caribbean Anolis lizards 

Our divergence estimates and distributions for Caribbean anole species fit a 

historical scenario well where anoles colonized Caribbean islands from South 

America, likely through the Aves Ridge, when all islands formed GAARlandia 

(Iturralde-Vinent & MacPhee, 1999; Iturralde-Vinent, 2006). The first estimated 

divergence event coincided temporally with the emergence of the Aves Ridge (33-35 

mya). This idea conflicts with previous biogeography studies for Caribbean faunas. 

For instance, a previous work hypothesized that anoles colonized the Caribbean by 

over-water dispersal events from South America (Hedges et al. 1992: the over-water 

dispersal scenario). Alternatively, it has been suggested that anoles colonized a proto-

Antillean arc from South America, when this arc formed a land connection between 

North and South America during the mid-Cretaceous (Rosen, 1975: the vicariance 

scenario). Our results provide support for a third alternative scenario based on a 

geological model for the Caribbean basin proposed by Iturralde-Vinent & MacPhee 

(1999). 

Our phylogenetic results support an onset of Caribbean anole radiation during 

the middle Eocene and late Oligocene (45-33 mya; Fig. 1), conflicting with the dates 

estimated previously (~100 mya, see Nicholson et al. 2012). We consider the older 

dates estimated by Nicholson et al. (2012) were strongly influenced by the incorrect 

assignment of the Mexican amber anole fossil (Anolis electrum†; Lazell, 1965) to 

their anole tree. As Castañeda et al. (2014) showed the phylogenetic position of this 

fossil is extremely ambiguous to be assigned with confidence to any anole clade. 

Furthermore, divergence times estimated by Prates et al. (2015), using different 

calibration points, recovered similar dates to those obtained in this study.  

We infer several ancient dispersal events coinciding in time with the 

emergence of GAArlandia. Therefore, it is likely that most dispersal events between 

islands occurred across land connection. Break-up of GAARlandia explains the 
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isolation of several anole clades on the Caribbean islands. These results suggest that 

dispersal was low despite past land connections and that anoles are not good 

dispersers as previously thought (Williams, 1969; Losos, 2009). The poor dispersal 

ability for many species is likely related with climatic niche constraints.  

Climatic niche dynamics in Caribbean Anolis lizards  

Climatic niche dynamics suggest that both evolutionary patterns (niche 

convergence and niche conservatism) were pervasive through the Caribbean Anolis 

history. The few available climatic conditions for species outside their endemic 

islands support the contention that strong niche conservatism has likely played a 

greater role than strong geographical barriers in driving anole insular endemism. This 

hypothesis also is supported by the higher niche similarity observed in each of the 

Greater Antilles islands.  

We found that climatic niche divergence was accumulated early in the anole 

radiation. Our results support the contention that anoles have evolved to occupy 

available climates in each island after dispersal occurred. Niche divergence events 

likely occurred after the GAARlandia break-up and species were left isolated in each 

climate. Anole lizards likely colonized GAARlandia when the climate was hot and 

dry, before the Eocene-Oligocene glacial maximum (Zachos et al. 2008). After the 

GAARlandia break-up, which coincided with the Middle Miocene Climatic 

Optimum, anoles evolved toward colder and wetter climate conditions (Zachos et al. 

2008). Furthermore, it is possible that rates of climatic niche evolution were higher 

during this period and then slowed down as species occupied all available climatic 

space. However, it its necessary to test whether evolutionary rates were variable 

across time and whether shifts in tempo and mode for niche traits are associated with 

climatic and geologic events.  

The fact that many distantly related groups in Caribbean anoles likely 

originated in isolation within each island and then observed convergent climatic 

niche evolution might be the result of adaptation towards similar climatic regimes in 
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each island (Boucher et al. 2011). It is probable that strong stabilizing selection 

would operate in climatic niches in single-island endemics (Holt & Gaines, 1992; 

Holt, 1996). The observed niche shifts towards cooler temperatures in the Caribbean 

region seem to represent independent evolutionary adaptation (i.e., niche 

convergence). These independent adaptions in some lineages toward cooler 

conditions have been faster, as in the case of Cybotes clade in Hispaniola (Muñoz et 

al. 2014).  

Caribbean anole endemicity 

Environmental differences between islands are considered as drivers of 

endemism and higher species turnover in the Caribbean anoles (Stuart et al. 2012). 

However, in recent times several species have colonized other islands mediated by 

human shipping. It seems that low anole diversity facilitates colonization from other 

sources (Helmus et al. 2014). However, we found that these small islands and banks 

show suitable climatic conditions for many endemic species, mainly from Cuba (Fig. 

S4 in Appendix S2). Therefore, these islands have the potential to be colonized by 

invasive anole species, not only because they are depauperated, but also because 

they apparently hold suitable climatic conditions to allow alien species’ 

establishment. We suggest that low climate suitability in large islands might be an 

additional constraining factor to impede successful colonization of invasive anole 

species.  

Conclusions 

Our results suggest that climatic niche divergence occurred early in the 

Caribbean anole radiation and species have exhibited strong niche conservatism 

related to island geography. This early niche divergence likely occurred after the 

GAARlandia break-up. When anoles reach the Caribbean islands, these islands held 

hotter and drier conditions than today, thus species have evolved toward cooler and 

wetter conditions. Anoles eventually adapted to the available climates in each island 

in isolation reinforcing niche conservatism patterns. All these results support the 
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contention that climatic niche dynamics and ancient biogeographic events have 

driven insular endemism in Anolis lizards. A next step is testing whether these same 

factors operate in another Caribbean taxonomic groups or in mainland settings to 

have a more integral comprehension of the evolutionary and biogeographic 

processes in the region. Our study also shows that a combination of approaches 

(historical biogeography, phylogenetic comparative methods and ecological niche 

modeling) as implemented here provides multiple lines of evidences to test 

hypotheses about causes of insular endemism.  
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DISCUSIÓN GENERAL 

 

Es posible descubrir los patrones e inferir los mecanismos ecológicos y 

evolutivos responsables de la diversificación y ensamble de especies de Anolis a 

través de un enfoque integrativo, donde se combinan aproximaciones conceptuales y 

metodológicas (Meseguer et al. 2014; Evans et al. 2014; Wiens et al. 2006). Esta tesis 

presenta un análisis de cómo el clima promueve la diversidad de especies de Anolis 

en un contexto explícito a nivel geográfico y filogenético. En términos generales se 

encontró que el clima y el nicho ecológico, a escala geográfica, han repercutido en 

la forma como la diversidad de especies de Anolis se ha acumulado a través del 

tiempo y del espacio. La combinación de estos contextos, geografía y filogenia, 

permite abordar cuestiones acerca de la dinámica evolutiva de grupos taxonómicos 

que han diversificado extensivamente, como es el caso de las lagartijas del género 

Anolis.  

La relación encontrada entre la diversidad de nichos climáticos y la 

diversificación de especies sugiere que el clima es un factor importante durante los 

procesos cladogenéticos en el género Anolis, y en particular para los linajes 

continentales. Así mismo, las diferencias encontradas entre faunas continentales e 

insulares sugieren que las diferencias en la disponibilidad ambiental en ambas 

regiones es un factor importante que debe considerarse en conjunto con las 

diferencias geográficas (e.g., área). En este sentido, sugiero que la oferta ambiental 

determina en gran medida cómo la evolución de nichos climáticos en Anolis ha 
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ocurrido. Estos resultados refuerzan la hipótesis que la oportunidad ecológica 

controla la dinámica de diversificación y radiación adaptativa en este grupo icónico.  

Las diferencias entre regiones insulares y continentales sugieren que la 

relación del clima con la riqueza y diversificación de especies presenta un patrón no 

estacionario muy fuerte. En particular, algunas regiones continentales muestran que 

la riqueza no esta explicada por factores climáticos actuales y del Quaternario, por 

ejemplo, la porción media de Mesoamérica. De igual forma, encontrar que la firma 

climática del periodo inter-glacial (hace ~121,000) fue mayor que la del máximo 

glacial (hace ~21,000) sugiere que el enfriamiento del último glacial probablemente 

tuvo un impacto menor en los patrones de riqueza y endemismo. Estos resultados 

sugieren que el clima tiene un papel más directo, en contraste con el 

conservadurismo de nicho y la diversificación, en la formación de los patrones 

geográficos de riqueza de especies de Anolis. En otras palabras, la acumulación 

regional de especies obedece más a que las especies comparten nichos similares, 

que a procesos cladogenéticos in situ.  

Finalmente, el papel de eventos biogeográficos históricos resulta ser 

importante para analizar los patrones de diversidad resultantes. La evidencia sugiere 

que las Anolis Caribeños comenzaron a diversificar justo despues de colonizar el 

Caribe. Esta colonización ocurrió muy probablemente a través de la conexión 

temporal conocida como la Cresta de Aves (Aves Ridge, en inglés) que emergió entre 

el nororiente de Suramérica y las Antillas hace 35 millones de años. Los principales 
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eventos cladogenéticos en los Anolis Caribeños parecen estar asociados con eventos 

tempranos de vicarianza-dispersión de las proto-Antillas o GAARlandia. De igual 

forma, se encontró que estos eventos históricos parecen estar asociados con patrones 

de divergencia temprana en nichos climáticos. Aparentemente, cuando los linajes se 

quedaron aislados geográficamente en cada isla, y el clima fue haciéndose más frio 

desde el Eoceno hasta la actualidad, las especies se fueron adaptando y convergieron 

a ocupar los regímenes climáticos disponibles en cada isla.  

Finalmente, con respecto al endemismo insular en Anolis, es decir donde la 

mayoria de especies son endémicas a una sola isla, se encontró que para casi todas 

las especies las condiciones ecológicas óptimas están dentro de sus islas nativas y 

muy pocas en otras islas. Esto sugiere que las especies están muy adaptadas a las 

condiciones climáticas en sus áreas nativas y por lo tanto la capacidad de colonizar 

y mantener poblaciones viables en otras islas es baja.  
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CONCLUSIONES GENERALES 

 
La relación de atributos de nicho climático (i.e., posición, amplitud y volumen 

de espacio de nicho ocupado) están relacionados con diferentes métricas de 

diversificación total en Anolis. Sin embargo, la falta de una asociación entre clados 

del Caribe sugiere que esta asociación nicho-diversificación está direccionada 

principalmente por los dos clados continentales.  

El clima actual y pasado contribuyó a la formación del gradiente geográfico 

de diversidad en Anolis. El no encontrar evidencia del conservadurismo de nicho, así 

como la diversificación regional de especies mediando la relaciones clima-riqueza 

de Anolis, sugiere un papel clave del clima en la acumulación de especies a nivel 

regional.  

Los eventos de vicarianza que fragmentaron las Antillas cuando formaban una 

sola masa terrestre, los patrones de conservadurismo y convergencia de nicho 

climático y la disponibilidad climática baja por fuera de áreas nativas, explican el 

patrón excepcional de endemismo de Anolis en el Caribe, donde casi todas las 

especies son endémicas a una sola isla.  
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ANEXOS  

Capítulo I.  

 
Appendix S1. Results of the Principal Components Analysis for 19 bioclimatic variables. 
 

We conducted a Principal Component Analysis with 19 bioclimatic variables for species records 
and points from each region (see main text for details). The values shown below correspond to 
the loadings for each bioclimatic variable, eigenvalues and percent of variance for the first four 
PC axis.  

 
Variables PC1 PC2 PC3 PC4 

BIO1 = Annual Mean Temperature -0.264 -0.286 -0.001 -0.014 
BIO2 = Mean Diurnal Range 0.256 -0.043 0.032 0.290 

BIO3 = Isothermality -0.207 0.196 -0.333 -0.158 
BIO4 = Temperature Seasonality 0.221 -0.135 0.424 0.096 

BIO5 = Max Temperature of Warmest Month -0.130 -0.419 0.192 0.154 
BIO6 = Min Temperature of Coldest Month -0.301 -0.136 -0.126 -0.123 

BIO7 = Temperature Annual Range 0.264 -0.124 0.276 0.247 
BIO8 = Mean Temperature of Wettest Quarter -0.197 -0.355 0.113 0.023 
BIO9 = Mean Temperature of Driest Quarter -0.277 -0.219 -0.055 -0.018 

BIO10 = Mean Temperature of Warmest Quarter -0.188 -0.378 0.199 0.028 
BIO11 = Mean Temperature of Coldest Quarter -0.290 -0.176 -0.156 -0.046 

BIO12 = Annual Precipitation -0.268 0.211 0.112 0.259 
BIO13 = Precipitation of Wettest Month -0.244 0.152 -0.059 0.482 
BIO14 = Precipitation of Driest Month -0.190 0.247 0.362 -0.178 

BIO15 = Precipitation Seasonality 0.164 -0.114 -0.399 0.365 
BIO16 = Precipitation of Wettest Quarter -0.248 0.154 -0.052 0.475 
BIO17 = Precipitation of Driest Quarter -0.198 0.250 0.361 -0.163 

BIO18 = Precipitation of Warmest Quarter -0.128 0.226 0.228 0.243 
BIO19 = Precipitation of Coldest Quarter -0.222 0.152 0.092 0.055 

Eigenvalues 3.088 1.990 1.479 1.131 
Variance 0.502 0.209 0.115 0.067 

Accumulated Variance 0.502 0.711 0.826 0.893 
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Appendix S2. Supplementary figures  

Figure S1. Calibrated phylogeny for Anolis lizards generated using Bayesian Markov Chain Monte Carlo analysis implemented in 
BEAST (Drummond et al. 2012). Numbers in the nodes are Bayesian posterior probabilities.  
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Figure S2. Direct and indirect effects of niche traits on net diversification rates in all anole clades (a,b) and only insular clades 
(c,d). Statistically signification correlation coefficients are in bold (p < 0.05). Net diversification rates were estimated using 
extinction fraction of 0.9 and 0.1. As path analysis were very similar with both extinction fractions, we only shown effects using 
0.9 extinction fraction.  
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Appendix S3. Effects of missing species on the QuaSSE analysis. 

 

Effects of missing species in the phylogeny on the association of niche traits and diversification using 
QuaSSE approach. We generate nine datasets, each one with a percentage of taxon incompleteness. 
Each dataset was generated randomly pruning a percentage of taxa from the Caribbean anole tree (i.e., 
10%, 15%, 20%, 25%, 30%, 35%, 40%, 45% and 50%). With each dataset we performed QuaSSE 
analysis and evaluate the association between niche metrics (mean niche position and niche breadth) 
and diversification in Caribbean anole lizards. Best-fitting models according to ΔAIC values are in bold. 
In all cases all models selected found an association between niche traits and speciation rates. 

 

 

% 
total 
taxa 

% 
pruned 

taxa 
Model 

Mean niche position Niche breadth 

AIC ∆AIC AIC ∆AIC 

dataset 
1 

76.7 10 

minimal 1154.4 18.1 837.2 19.5 
linear 1156.3 20.0 839.1 21.5 
sigmoid 1158.3 22.0 843.1 25.5 
humpshaped 1156.6 20.3 825.4 7.8 
drift.linear 1136.3 0.0 817.6 0.0 
drift.sigmoid 1151.9 15.6 823.7 6.1 
drift.humpshaped 1137.8 1.5 825.9 8.3 

dataset 
2 

72.0 15 

minimal 1096.7 20.5 778.2 20.7 
linear 1098.7 22.5 780.2 22.7 
sigmoid 1101.1 24.9 784.2 26.7 
humpshaped 1098.5 22.3 762.6 5.1 
drift.linear 1076.1 0.0 757.5 0.0 
drift.sigmoid 1080.5 4.4 763.4 5.9 
drift.humpshaped 1100.4 24.3 764.0 6.5 

dataset 
3 

68 20 

minimal 1003.5 13.8 720.7 6.4 
linear 1005.5 15.8 722.6 8.3 
sigmoid 1007.0 17.3 726.7 12.4 
humpshaped 1003.7 13.9 726.7 12.4 
drift.linear 989.7 0.0 724.3 9.9 
drift.sigmoid 991.5 1.8 714.3 0.0 
drift.humpshaped 991.5 1.8 728.7 14.3 

dataset 
4 

64 25 

minimal 943.6 15.5 633.5 18.9 
linear 945.6 17.5 635.5 20.8 
sigmoid 947.8 19.7 638.2 23.6 
humpshaped 945.6 17.5 639.4 24.8 
drift.linear 928.1 0.0 614.7 0.0 
drift.sigmoid 934.2 6.1 620.2 5.5 
drift.humpshaped 930.0 1.9 624.5 9.8 

dataset 
5 

60 30.0 
minimal 1374.0 16.5 622.4 15.7 
linear 1375.5 18.0 624.3 17.6 
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% 
total 
taxa 

% 
pruned 

taxa 
Model 

Mean niche position Niche breadth 

AIC ∆AIC AIC ∆AIC 

sigmoid 1379.4 21.9 628.2 21.5 
humpshaped 1367.6 10.0 628.2 21.5 
drift.linear 1377.5 20.0 606.7 0.0 
drift.sigmoid 1371.0 13.5 610.8 4.1 
drift.humpshaped 1357.5 0.0 606.7 0.0 

dataset 
6 

54 35.0 

minimal 801.3 4.5 563.0 4.6 
linear 803.3 6.5 564.9 6.6 
sigmoid 804.0 7.2 568.9 10.6 
humpshaped 797.0 0.2 568.9 10.6 
drift.linear 796.8 0.0 566.5 8.1 
drift.sigmoid 800.8 4.0 558.3 0.0 
drift.humpshaped 798.8 2.0 570.9 12.6 

dataset 
7 

51.3 40.0 

minimal 734.2 8.3 473.2 12.2 
linear 735.9 10.0 475.2 14.2 
sigmoid 738.5 12.6 478.3 17.3 
humpshaped 737.7 11.7 479.1 18.1 
drift.linear 725.9 0.0 461.0 0.0 
drift.sigmoid 732.8 6.9 469.3 8.3 
drift.humpshaped 729.4 3.5 464.6 3.6 

dataset 
8 

46.7 45.0 

minimal 656.2 18.1 469.8 11.7 
linear 658.1 20.1 471.8 13.7 
sigmoid 658.6 20.6 475.8 17.7 
humpshaped 657.7 19.7 475.8 17.7 
drift.linear 638.0 0.0 473.3 15.2 
drift.sigmoid 640.9 2.9 458.1 0.0 
drift.humpshaped 642.4 4.4 461.3 3.2 

dataset 
9 

42.7 50.0 

minimal 590.7 5.4 390.4 3.5 
linear 592.7 7.4 392.2 5.3 
sigmoid 595.9 10.6 395.3 8.3 
humpshaped 593.8 8.5 396.3 9.3 
drift.linear 585.3 0.0 387.0 0.0 
drift.sigmoid 589.1 3.8 387.1 0.2 
drift.humpshaped 595.8 10.5 397.7 10.8 
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Capítulo II.  

 

Climatic and evolutionary factors shaping geographical gradients of species richness in Anolis lizards 

 
Appendix 1. Phylogenetic estimation for Anolis lizards. 

We estimated phylogenetic relationships for 253 Anolis species and an outgroup taxa (Basiliscus 
basiliscus) from a combined matrix with morphological and molecular data (mitochondrial and nuclear 
DNA). We obtained morphological data from Poe (2004), Velasco & Hurtado (2014), Poe & Yañez-
Miranda (2007), Poe et al. (2009) and Velasco (2008). Molecular data were from Nicholson (2002), 
Nicholson et al. (2005) and Castañeda & de Queiroz (2011). The mitochondrial DNA sequences of 
molecular data correspond to a continuous fragment encompassing six complete genes (ND2, tRNATrp, 
tRNAAla, tRNAAsn, tRNACys, tRNATyr and the origin of light-strand replication before ending shortly 
after the start of COI; see Nicholson et al. 2005 for details). The nuclear DNA is from the internal 
transcribed spacer region (ITS; see Nicholson, 2002 for details). We performed alignments for the 
mitochondrial DNA using Muscle (Edgar 2004) with default parameters. The alignment for the nuclear 
DNA sequence was obtained from the Poe´s matrix (Poe 2004). Final alignments were checked by eye 
and manually adjusted. A matrix of 1929 characters (1506 parsimony-informative) for 255 species was 
obtained. We used maximum parsimony implemented in the TNT software (Goloboff et al. 2008). All 
characters were equally weighted and gaps were treated as missing data. We performed random sectorial 
searches producing three independent hits of tree best length. For each hit, we made searches with 50 
replicates of Wagner trees using TBR (tree-bisection and reconnection algorithm) followed by 100 ratchet 
and five tree drift rounds, and finally submitting these resultant trees to five tree fusing cycles. We 
obtained 576 optimal trees of length 31889 steps (CI=0.82; RI=0.49) and generated a 50% majority-rule 
consensus tree. Polytomies in this consensus tree were randomly resolved. Nodal support was estimated 
using bootstrapping with 500 random addition searches holding 10 trees per replicate. Because reliable 
branch lengths were not obtained due to the nature of data (incompleteness for some species, e.g., only 
scored for some morphological characters or scores for only a DNA marker), we set all branch lengths to 
unity (Figure 1; see below). To incorporate missing species in the phylogeny with range maps (80 
species), we used information from taxonomic or systematic accounts and original descriptions to add 
them to the phylogeny using the phytools R package (Revell 2012; see Table 1 for species included; see 
below). For the resulting tree, polytomies were randomly resolved and all branch lengths were set to 
unity.  
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Figure 1. A majority-rule consensus parsimony tree for 253 Anolis species lizards combining morphological and molecular data.  
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Table 1. Taxa added to the phylogeny based on taxonomic and systematic information. MRCA: most 
recent common ancestor.  

species Placement in the tree References 
alvarezdeltoroi MRCA cobanensis-parvicirculatus Nieto-Montes de Oca, 1996 
anisolepis MRCA crassulus-sminthus Smith et al., 1968 
apletophallus MRCA limifrons-zeus Köhler & Sunyer, 2008 
beckeri MRCA pentaprion-petersi Kohler, 2010 
bellipeniculus MRCA for phenacoasurs clade Myers and Donnelly 1996 
binotatus similar to granuliceps JAV personal observation 
boettgeri MRCA fasciatus-ruizi Poe et al., 2008 
bombiceps MRCA chyrsolepis-lineatus Dangiolella et al. 2011 

campbelli MRCA alvarezdeltoroi-cobanensis-parvicirculatus Kohler & Smith, 2008 

caquetae MRCA puntactus group Williams 1974 
carlostoddi MRCA for phenacoasurs clade Myers & Donnelly, 1996 
charlesmyersi MRCA beckeri-pentaprion Kohler, 2010 
cristifer MRCA pentaprion group Kohler & Acevedo, 2004 
cryptolimifrons MRCA limifrons group Kohler & Sunyer, 2008 
cuscoensis MRCA boettgeri Poe et al., 2008 
cusuco closely related to laeviventris McCranie et al., 2000 
cymbops MRCA schiedii group Cope, 1864, Nieto Montes de Oca, 1994 
danieli danieli_Palmar JAV personal observation 
darlingtoni MRCA hendersoni Nicholson et al. 2012 
datzorum MRCA laeviventris Kohler etal., 2007 
dissimilis sister to calimae Prates etal 2014 

duellmani 
MRCA schiedei group (cobanensis-parvicirculatus-
alvarezdeltoroi) 

Fith & Henderson, 1973 

fortunensis 
MRCA kemptoni (exsul, gruuo, kemptoni, 
pandoensis, pseudokemptoni) 

Ponce & Kohler., 2008 

fugitivus 
MRCA cyanopleurus group (Anolis alutaceus 
group from Nicholson et al. 2012) 

Garrido, O. H. 1975. 

fungosus 
MRCA pentaprion group (fungosus, ibague, 
ortonii, pentaprion, sulcifrons, utilensis, and 
vociferans) 

Uetz 2014; Myers 1971 

gracilipes external similarity with notopholis JAV personal observation 

gruuo 
MRCA kemptoni (exsul, gruuo, kemptoni, 
pandoensis, pseudokemptoni) 

Ponce & Kohler 2008 

haguei related to crassulus (also anisolepis) Stuart 1942; Smith et al. 1968 

hobartsmithi 
MRCA schiedei group (cobanensis-parvicirculatus-
alvarezdeltoroi) 

Nieto-Montes de Oca 2001 

huilae sister with boettgeri Poe et al 2008 

johnmeyeri 
johnmeyeri is closely related to purpurgularis and 
pijolense. MRCA schiedei group 

Uetz 2014 

juangundlachi MRCA cyanopleurus Garrido, O. H. 1975. 

koopmani 
MRCA Chamaelinorops clade (alumina, barbouri, 
christophei, darlingtoni, fowleri, insolitus, olssoni, 
semilineatus) 

Rand 1961 

loysiana 
MRCA loysiana group (argillaceus, centralis, 
pumilis) 

Nicholson et al. 2012 
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species Placement in the tree References 

lynchi 
MRCA lyonotus group (lionotus, macrolepis, 
oxilophus, poecilopus, rivalis) 

Miyata et al. 1985 

lyra 
related to vittigerus (in Poe et al. 2009: sister to 
bicaorum, lemurinus) 

Poe et al. 2009 

macrolepis 
MRCA lionotus group (lionotus, oxilophus, 
poecilopus, rivalis, lynchi) 

Nicholson 2002 

macrophallus related to cupreus Kohler & Kreutz 1999 

magnaphallus 
similar to pachypus and tropidolepis, in Poe & 
Ibañez (2007) is sister to tropidolepis 

Poe & Ibañez 2007 

matudai MRCA schiedei group Nieto-Montes de Oca 1994 

megalopithecus eulaemus subgroup (gemmosus, ventrimaculatus) Personal observation 

milleri MRCA schiedei group Smith 1950 
monteverde related to altae Kohler 2009 

morazani 
MRCA crassulus group (amplisquamosus, 
crassulus, heteropholidotus, muralla, sminthus, 
wermuthi) 

Townsend & Wilson, 2009 

muralla 
MRCA crassulus group (amplisquamosus, 
crassulus, heteropholidotus, muralla, sminthus, 
wermuthi) 

Kohler et al. 1999 

naufragus MRCA schiedei group Campbell et al. 1999 

occultus 
MRCA Deiroptyx clade (darlingtoni-argenteolus 
clade) 

Nicholson et al. 2012 

omiltemanus 
MRCA gadovi group (gadovi, dunni, utowanae, 
schmidti) 

Davies 1954 

parilis MRCA kunayalae, mirus Poe etal 2007 

petersii 
related to biporcatus, in Poe & Ibañez (2007) is 
nested in a clade with pentaprion-vociferans 

Poe & Ibañez 2007 

phyllorhinus 
MRCA puntactus, forming a clade with 
transversalis 

Prates et al. 2012 

pijolensis MRCA schiedei group McCranie et al. 1993 

pseudokemptoni 
MRCA kemptoni (exsul, gruuo, kemptoni, 
pandoensis, pseudokemptoni) 

Ponce & Kohler 2008 

pseudopachypus similar to pachypus and tropidolepis Kohler et al. 2007 

pygmaeus 

MRCA laeviventris subseries (cusuco, intermedius, 
kreutzi, laeviventris, salvini, megapholidotus, 
nebuloides, simmonsi, cuprinus, isthmicus, 
subocularis, rodriguezi) 

Nicholson 2002 

quaggulus related to humilis Poe & Ibañez 2007 

rivalis 
MRCA lionotus group (lionotus, oxilophus, 
poecilopus, rivalis, lynchi) 

Williams, 1984 

rodriguezi 

MRCA laeviventris subseries (cusuco, intermedius, 
kreutzi, laeviventris, salvini, megapholidotus, 
nebuloides, simmonsi, cuprinus, isthmicus, 
subocularis, pygmaeus) 

Nicholson 2002 

rupinae MRCA hendersoni species group Nicholson et al. 2012 
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species Placement in the tree References 

salvini 
MRCA pentaprion group (fungosus, ibague, 
ortonii, pentaprion, sulcifrons, utilensis, and 
vociferans) 

Kohler 2007 

santamartae related solitarius Poe 2004, Nicholson et al. 2012 
schiedii MRCA schiedii group Nieto-Montes de Oca 1994 
schmidti sinonim de nebulosus Nieto-Montes de Oca et al. 2013 
scypheus related to nitens Nicholson et al. 2012 
serranoi similar to lemurinus Kohler 1999 
simmonsi sinonim  de nebuloides Nieto-Montes de Oca et al. 2013 

soinii sister to transversalis (sp A) in Poe et al. 2008 Poe et al. 2008 

sulcifrons similar to pentaprion Myers 1971 

terueli 
Anolis carolinensis species group (allisoni, 
smaragdinus) 

Nicholson et al. 2012 

unilobatus similar to sericeus and wellbornae Kohler & Vesely 2010 
vaupesianus MRCA punctatus group Williams 1982 

vescus Anolis alutaceus species group (alfaroi-vanidicus) Nicholson et al. 2012 

vittigerus 
related to lyra. In Poe et al. 2009 nested with 
bicaorum and lemurinus 

Poe et al. 2009 

wampuensis similar to humilis, tropidonotus, uniformis McCranie & Kohler 2001 
wellbornae similar to sericeus and unilobatus Kohler & Vesely 2010 

wermuthi 
related to crassulus group (sminthus, 
heteropholidotus) 

Kohler & Obermeier 1998 

yoroensis similar to cupreus and macrophallus McCranie et al. 2001 
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Appendix S2. Performance of statistical models  

We compared the performance of three statistical models (OLS: ordinary least squares; SAR: 
simultaneous autoregressive model; and GWR: geographically weighted regression) used to estimate 
richness-climate relationships in Anolis lizards. We compared the spatial autocorrelation in model 
residuals for three regression models (OLS: ordinary least squares; SAR: simultaneous autoregressive 
model; and GWR: geographically weighted regression) using Moran’s I values for full models for the Last 
Glacial Maximum period (correlograms were similar for the Last-Inter Glacial). Correlograms shown that 
GWR methods control very well the presence of spatial autocorrelation in model residuals than SAR and 
OLS models. This suggest that parameter estimation in GWR models (predicted species richness, R2, and 
slopes) are not biased by spatial autocorrelation. 

Figure S1. Correlograms of observed and estimated species richness and residuals from species richnness-climate 
relationships for three regression models (top: GWR; middle: SAR; bottom: OLS) 
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Appendix S3. Additional tables and figures 

Table S1. Environmental variables included in each model 

 
Variables included in each model 

Full LGM -Last 
Glacial Maximum- 

Annual mean temperature (AMT) 
Annual precipitations (AP) 
Temperature seasonality (TS) 
Temperature annual range (TAR) 
Precipitation seasonality (PS) 
standard deviation of Elevation (stdevElev) 
standard deviation of Annual mean temperature (stdevAMT) 
standard deviation of Annual precipitation (stdevAP) 
climatic anomalies for AP from the Last Glacial Maximum 
climatic anomalies for TS from the Last Glacial Maximum 
climatic anomalies for TAR from the Last Glacial Maximum 
climatic anomalies for PS from the Last Glacial Maximum 

Full LIG -Last Inter-
Glacial- 

Annual mean temperature (AMT) 
Annual precipitations (AP) 
Temperature seasonality (TS) 
Temperature annual range (TAR) 
Precipitation seasonality (PS) 
standard deviation of Elevation (stdevElev) 
standard deviation of Annual mean temperature (stdevAMT) 
standard deviation of Annual precipitation (stdevAP) 
climatic anomalies for AMT from Last Inter-Glacial 
climatic anomalies for AP from the Last Inter-Glacial 
climatic anomalies for TS from the Last Inter-Glacial 
climatic anomalies for TAR from the Last Inter-Glacial 
climatic anomalies for PS from the Last Inter-Glacial 

Single Water-Energy 
Annual mean temperature (AMT) 
Annual precipitations (AP) 

Single Seasonality 
Temperature seasonality (TS) 
Temperature annual range (TAR) 
Precipitation seasonality (PS) 

Single Heterogeneity 
standard deviation of Elevation (stdevElev) 
standard deviation of Annual mean temperature (stdevAMT) 
standard deviation of Annual precipitation (stdevAP) 

Single Historical 
climatic stability -
LGM- 

climatic anomalies for AP from the Last Glacial Maximum 
climatic anomalies for TS from the Last Glacial Maximum 
climatic anomalies for TAR from the Last Glacial Maximum 
climatic anomalies for PS from the Last Glacial Maximum 

Single Historical 
climatic stability -LIG- 

climatic anomalies for AMT from Last Inter-Glacial 
climatic anomalies for AP from the Last Inter-Glacial 
climatic anomalies for TS from the Last Inter-Glacial 
climatic anomalies for TAR from the Last Inter-Glacial 
climatic anomalies for PS from the Last Inter-Glacial 
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Figure S1. Shared contributions of climatic hypotheses for Last Glacial Maximum (LGM) explaining observed Anolis species 
richness gradients. WE: Water-Energy; SEAS: Seasonality; HET: Heterogeneity; HCS: Historical Climatic Stability for LGM. See 
main text for details in variables for each hypothesis. Upper right: Venn diagram representing hypothesis evaluated in this study 
and where each lowercase letter represent unique (denoted by unique) or shared (denoted by s) contributions (see main text for 
details). 
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Figure S2. Shared contributions of climatic hypotheses for Last Inter-Glacial (LIG) explaining observed Anolis species richness 
gradients. WE: Water-Energy; SEAS: Seasonality; HET: Heterogeneity; HCS: Historical Climatic Stability for LIG. See main text 
for details in variables for each hypothesis. Upper right: Venn diagram representing hypothesis evaluated in this study and 
where each lowercase letter represent unique (denoted by unique) or shared (denoted by s) contributions (see main text for 
details). 
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Figure S3. Boxplots of local R2 values from full models for the Last Glacial Maximum and Last Inter-Glacial periods for mainland 
(Middle America, South America) and islands (Greater Antilles). 

 

 

Figure S4. Boxplots of local slope values from full models for the Last Glacial Maximum and Last Inter-Glacial periods for 
mainland (Middle America, South America) and islands (Greater Antilles). 
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Figure S5. Correlation between faunal evolutionary derivedness (mean root distance -MRD-) and geographically weighted 
regression parameters (R2 and slopes) 

 

 
Figure S6. Correlation between regional diversification (relative PD) and residuals of geographically weighted regression models 
for Last Glacial Maximum (LGM) and Last Inter-Glacial (LIG). 
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Figure S7. Frequency distributions of determination coefficients (R2) for correlations between random MRD and observed GWR 
parameters (R2, slopes) for full models for Last Glacial Maximum (LGM) and Last Inter-Glacial (LIG). 

 

 
  
Figure S8. Frequency distributions of determination coefficients (R2) for correlations between random relative PD and observed 
residuals from GWR full models Last Glacial Maximum (LGM) and Last Inter-Glacial (LIG). 
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Capítulo III.  

 

Ancient vicariance and climatic niche conservatism explains insular endemism in an iconic 
radiation of lizards.  

Appendix S1. Phylogenetic estimation for Caribbean anoles and main clades occurring in the 
Caribbean islands.  

 

Figure S1) Calibrated tree for Caribbean Anolis lizards generated using Bayesian Markov Chain Monte Carlo analysis 
implemented in BEAST (Drummond et al. 2012), with branches proportional to absolute ages (in millions of years). Blue bars in 
each node indicate 95% confidence intervals of node ages. Blue arrow indicates the MRCA for all Caribbean Anolis except for 
clade Dactyloa from Lesser Antilles. A large blue bar crossing the tree represents the timing of emergence of the GAARlandia 
and the Aves Ridge (Iturralde-Vinent and MacPhee 1999). Clade assignment was based in Nicholson et al. (2012). 
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Table S1. Anolis clades occurring in the Caribbean islands*. Only a few clades have a distribution 
in several islands.  

Clades Number of species 

clade  Dactyloa in Southern Lesser Antilles 8 
clade Deiroptyx in Cuba 7  
Clade Deiroptyx in Hispaniola 9 
clade Chamaelinorops in Hispaniola 8 
clade Xiphosurus in Cuba 5 
clade Xiphosurus in Hispaniola 5 
clade Audantia in Hispaniola 9 
clade Anolis in Cuba 32 
clade Ctenonotus in Northern Lesser Antilles 13 
clade Ctenonotus in Puerto Rico 12 
clade Ctenonotus in Hispaniola 6 
clade Norops in Cuba 18 
clade Norops in Jamaica 7 
* Anole species were assigned following to Nicholson et al. (2012) with slight modifications. 
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Appendix S2. Performance and validation metrics for ecological niche models for Caribbean 
anole species. 

Figure S1. Comparison of validation metrics (Kappa, ROC, TSS) for three niche modeling algorithms (GAM, MaxEnt, SRE) for 
Caribben Anolis species (80 species). Ecological niche models were generated using the Biomod2 library in R (Thuiller et al. 
2009) (See main text for details). 

	
 

Figure S2. Comparison of AUC values between different regularization values for niche models of Caribbean Anolis lizards (80 
species) implemented in Maxent software (Phillips et al. 2006).  
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Figure S3. Comparisons of climatic niche overlap between Caribbean anole species from a single island vs. other islands.  Niche 
overlap was measured using Schoener index (D; Schoener 1968) and values close to 1 indicate high niche similarity and values 
close to 0 indicate very low niche similarity. 
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Figure S4. Average climatic suitability estimated from Maxent models for endemic species to each Greater Antillean islands. We 
calculated an average for logistic raster from Maxent models for all species endemic to each island.  
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