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Resumen 
 

 En esta tesis se incorporan nuevas técnicas de estimación de tasas 
evolutivas, modelado 3D y análisis espaciales para entender los diferentes 
factores que determinan la variación del tamaño y la forma corporal de 
anuros. En el primer capítulo realizamos análisis de ensamblaje para 
investigar si las interacciones entre clima y tasas evolutivas influencian la 
evolución de las distribuciones de tamaño en anuros del Nuevo Mundo. 
Encontramos que los sesgos de las distribuciones están correlacionados con 
tasas de especiación y extinción y que las variables ambientales también 
contribuyen a definir la proporción de especies grandes y pequeñas 
presentes en cada ensamblaje. En el segundo capítulo hemos analizado los 
gradientes de tamaño corporal entre diferentes especies de anuros del 
Nuevo Mundo, hallando una asociación consistente entre la mediana de 
tamaño y la variación geográfica en la evapotranspiración potencial y la 
disponibilidad de agua. Así, nuestros resultados sugieren que una menor 
ratio superficie-volumen permite que especies mayores puedan controlar 
mejor el balance de agua y calor. A lo largo del tercer capítulo se explora 
en mayor profundidad los mecanismos de retención de calor y agua 
vinculados a variaciones en la ratio superficie-volumen como la causa de 
la respuesta del tamaño corporal a la variación en el clima. Para ello hemos 
utilizado nuevas técnicas de fotogrametría con las que se reconstruyeron 
especímenes de sapo corredor (Epidalea calamita) en modelos 3D y se 
obtuvieron datos de su geometría corporal. Mientras que la variación del 
tamaño corporal no refleja la variación ambiental experimentada por la 
especie, la variación de la ratio superficie-volumen está fuertemente 
correlacionada con la variación de la aridez. Esto apoya la importancia de 
una menor ratio superficie-volumen para la conservación de agua. 
Finalmente, el cuarto capítulo se centra en la evolución de los dos rasgos 
previamente analizados: el tamaño corporal y la ratio superficie-volumen 
de diversas especies de hílidos. Se evaluó el ajuste de estos rasgos a cuatro 
modelos evolutivos y se analizaron los patrones evolutivos a lo largo de la 
filogenia de de las ranas arborícolas. Nuestros hallazgos indican que ambos 
rasgos son lábiles con algún grado de estructura filogenética y que se 
ajustan mejor a un modelo Ornstein-Uhlenbeck, donde los caracteres 
evolucionan hasta un óptimo adaptativo.  
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Introducción General 

Introducción General 
	  
 
‘size changes everything in ecology’ [Robert Ricklefs] 
 
 
   

Para cualquier objeto que describamos, una de las primeras 
características que notamos es el tamaño. La manera en que juzgamos y 
caracterizamos los organismos no es diferente: el primer registro en una 
descripción biológica es el tamaño, aunque sólo en nuestras cabezas. En 
su ensayo 'On Being the Right Size', J.B.S. Haldane (1926) inicia el texto 
afirmando que los zoólogos ignoran en cierto modo la gran variación de 
tamaño corporal entre animales. Haldane describe cómo diferentes 
fuerzas como la gravedad, la presión atmosférica y la tensión superficial 
en los fluidos actúan de manera diferente en animales de diferentes 
tamaños. Un escarabajo puede sobrevivir a una caída de 1000 metros, un 
ratón muere por que la resistencia del aire actúa diferentemente en sus 
cuerpos debido a sus diferentes superficies. Cuando Haldane escribió su 
ensayo, pocos investigadores mencionaban la evidente diferencia de 
tamaño entre animales muy próximos. Hoy en día se considera que este 
rasgo tiene fuerte influencia en las características ecológicas, fisiológicas 
y evolutivas de las especies. Lo que parece rutinario hoy, hace menos de 
100 años no era tan obvio. ¿Qué ha cambiado desde entonces? 

El estudio del tamaño y sus cambios ha sido un tema recurrente en 
la literatura científica y no científica desde la antigüedad (Fig. 1). En el 
libro “Diálogos sobre dos nuevas ciencias”, Galileo (1638) discurre por 
primera vez sobre cambios alométricos en sólidos. Galileo describe cómo 
la relación entre el volumen y la superficie de una forma cambia a medida 
que aumentamos o disminuimos su tamaño, demostrando que 'la razón 
entre dos volúmenes es mayor que la razón de sus superficies'. Este 
principio matemático, conocido como Ley cuadrática-cúbica, se aplica en 
innumerables áreas, desde ingeniería hasta la biomecánica. Si buscamos 
el desarrollo de esas ideas durante los años posteriores al siglo XVII, 
percibimos que mucho avance fue hecho por matemáticos e ingenieros. 
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Los conceptos de similitud traídos por Galileo fueron importantes para 
calcular el papel del peso, la fuerza, la resistencia y otras propiedades 
físicas utilizadas en la construcción y el diseño.  

Figura 1. La representación de los cambios de tamaño tiene un atractivo 
fantástico. En más de una obra literaria (Alicia en el país de las maravillas, 
Stuart Little) el aumento/disminución de los personajes son a menudo el 
catalizador de sus aventuras. Gulliver, en Los viajes de Gulliver, no cambia su 
tamaño absoluto, pero cambia su tamaño relativo. En la imagen a la izquierda, 
el Emperador de Lilliput encabeza su ejército bajo las piernas del gigante 
Gulliver. En la imagen de la derecha, Gulliver es examinado por el Rey de 
Brobdingnag después de haberlo comprado del granjero. Ilustrado por Thomas 
Morten y B. Braidwood. 
 

A partir del siglo XVIII, los principios de las ideas de Galileo 
fueron aplicados a animales y plantas independientemente por diferentes 
ramas de la biología (McMahon & Bonner, 1983). Uno de los primeros 
trabajos fue realizado por P.F. Sarrus y J.F. Rameaux (1838), en el que 
explican que un animal pierde el calor producido por su volumen a través 
de la superficie expuesta al ambiente. De esta manera, un animal grande 
posee una mayor producción de calor en relación con lo que puede perder 
a través de la piel (Sarrus & Rameaux, 1838). Este argumento fue, pocos 
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años después, refinado y colocado en un contexto geográfico por Carl 
Bergmann (1847), el cual explica que los endotermos mayores ocurren en 
latitudes altas (zonas más frías) por tener una menor pérdida del calor en 
relación al calor producido por sus volúmenes. Así, surgiría la más 
conocida regla ecogeográfica: la Regla de Bergmann. Desde entonces 
innumerables investigadores han tratado de averiguar si la regla se aplica 
a diferentes grupos animales y cuáles serían los factores que determinan 
la variación de tamaño corporal.  
 

VARIACIÓN DEL TAMAÑO CORPORAL 
 

No importa si un organismo es grande o pequeño, las leyes físicas 
gobiernan ambos. Así, ¿cómo es posible que un animal tan pequeño como 
la rana crepuscular (Paedophryne amaurensis) que mide 7 mm exista en 
el mismo mundo que la rana goliat (Conraua goliath) midiendo 350 mm? 
Ambos animales son ectotermos y dependen de la disponibilidad de 
energía ambiental para mantener la temperatura corporal constante y, así, 
su actividad fisiológica. Considerando sus diferentes tamaños corporales 
y, por lo tanto, sus diferentes volúmenes y superficies, las dos especies 
absorben y pierden calor en cantidades diferentes. De esta manera, 
dependiendo de la región geográfica donde la especie ocurre, hay una 
mayor o menor restricción energética para grandes o pequeños tamaños 
(Olalla-Tárraga & Rodríguez, 2007).  

Figura 2. Mapa de riqueza de 
anuros en América del Sur. El 
número de especies está 
representado en grid-cells de 
resolución espacial de 96x96 
kilómetros. 
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En los bosques de América del Sur la diversidad de formas, tamaños y 

hábitos de vida de las especies de anuros es sorprendente. Más de 80 
especies de anfibios pueden ser observadas en un solo bosque en Brasil 
(Fig. 2; Wiens, 2007). En estas comunidades, una característica muy 
llamativa es la gran frecuencia de especies pequeñas en área determinada. 
Una de las hipótesis más clásicas justifica esa proporción sesgada para 
animales pequeños como una consecuencia de la gran disponibilidad 
energética en los trópicos (Clauset & Erwin, 2008). Así, ectotermos 
pequeños poseen una mayor probabilidad de supervivencia en esas 
regiones, ya que sus necesidades energéticas serán más fácilmente 
suplidas (Ashton, 2002). Por otro lado, en las regiones templadas existe 
una menor cantidad de especies y necesitan contar con otras estrategias 
para economizar el calor (Kozlowski & Gawelczyk, 2002). Ante los 
diferentes tipos y amplitudes climáticas experimentadas por las especies, 
una gran variación geográfica del tamaño corporal es esperada (Angilletta 
et al., 2004). Este tipo de patrón espacial ha sido estudiado desde hace 
más de un siglo y ante la actual crisis ambiental una nueva ola de 
discusión sobre los determinantes climáticos del tamaño corporal está 
surgiendo y fortaleciendo esta línea de estudio (Rapacciuolo et al., 2017).  

Las diferentes especies varían geográficamente en tamaño, la 
proporción de especies de diferentes tamaños no es uniforme y el tamaño 
impacta en la forma de interacción de las especies con su medio. Siendo 
así, se espera que el tamaño corporal esté bajo los efectos de la selección 
natural (Maurer et al., 1992). Los patrones de evolución de las 
características biológicas clarifican muchas preguntas clásicas sobre la 
diversidad de la vida en la Tierra. Dado que el tamaño de un animal 
impacta directamente sobre la supervivencia de los individuos, se espera 
que haya una fuerte selección ajustando el diseño de los organismos al 
ambiente (Blanckenhorn, 2000). Así, la forma de un organismo puede 
haber sufrido algún tipo de selección y el tamaño cambia como 
consecuencia (Banavar et al., 2014). Sin embargo, lo opuesto parece ser 
la regla: el tamaño sufre selección y la forma del animal cambia para que 
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la eficiencia mecánica del individuo sea mantenida (Banavar et al., 2014). 
De esta manera, analizar la variación del tamaño y de la forma a gran 
escala temporal aclara la visión del cuadro general de cómo y por qué los 
linajes evolucionan.  

 
 

ANFIBIOS ANUROS 
 

A pesar de su gran diversidad, un grupo con más de 7 mil especies 
descritas, los anfibios continúan siendo uno de los grupos de vertebrados 
menos conocidos (Wells, 2007). Los anuros, en particular, representan el 
clado de anfibios mejor estudiado tal vez por su ocurrencia ubicua en 
todos los continentes a excepción de la Antártida. Sin embargo, muchos 
aspectos de su ecología y evolución requieren más investigaciones 
consistentes. Este hueco de conocimiento ha ido disminuyendo en los 
últimos años con la publicación de grandes bases de datos (por ejemplo, 
Oliveira et al., 2017). Así, los anfibios se están convirtiendo en un grupo 
de referencia para testar preguntas macroecológicas y macroevolutivas. 

Los anuros poseen una morfología relativamente simple y 
homogénea entre las especies que ocurren dentro de este grupo (Duellman 
& Trueb, 1986). Todas las especies de anuros comparten características 
morfológicas que las hacen distinguibles de otros grupos de vertebrados. 
Esta simplificación y homogeneidad fue previamente asociada al proceso 
de pedomorfismo, el mantenimiento de características en el adulto que 
están más relacionadas con los juveniles en las especies ancestrales 
(Schoch & Milner, 2004). De esta forma, la miniaturización de sus 
cuerpos surge como consecuencia de la expresión de características 
corporales de las formas juveniles (Blanckenhorn, 2000; Yeh, 2002). 
Muchos linajes evolucionaron independientemente para tamaños 
corporales menores de 20 mm y esa miniaturización parece estar 
vinculada con algunas características ecológicas (muchas especies 
pequeñas son especialistas en sus dietas). A pesar de relativamente 
pequeños, los anuros poseen, en general, especies que pueden llegar a 
grandes tamaños y que ocurren en grandes áreas geográficas (Phillips et 
al., 2006). Así, no parece existir una única fuente de variación de tamaño 
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corporal en este clado, sino que fuerzas sinérgicas pueden estar actuando 
diferentemente en diferentes linajes del grupo. 
 En cuanto a la forma corporal, hasta la actualidad, sólo conocemos 
de la existencia de un estudio más detallado sobre la relación entre la 
geometría corporal y ecología en anfibios (Vidal-García et al., 2014). En 
cuanto a la variación espacial de esta característica, la mayoría de las 
investigaciones anteriores basaban sus inferencias en medidas lineales 
como la longitud corporal (Ashton, 2002; Olalla-Tárraga & Rodríguez, 
2007; Gouveia & Correia, 2016). En consecuencia, existía una limitación 
en la búsqueda de patrones ecogeográficos y la identificación de posibles 
mecanismos causales que llevan a las especies a persistir en sus hábitats 
(Gaston et al., 2008). Además, un enfoque geográfico amplio, que abarca 
un gran gradiente de condiciones ambientales, es necesario si queremos 
entender las causas de las variaciones clinales del tamaño y la forma del 
cuerpo.  

Igual que a escala geográfica, es especialmente acuciante la 
necesidad de estudios sobre la variación en la morfología de anuros en un 
contexto macroevolutivo (Vidal-García et al., 2014). En comparación con 
las otras clases de anfibios, los eventos de evolución que llevaron a la 
típica morfología de anuros han sido más frecuentemente estudiados 
(Pérez-Ben et al., 2018). Sin embargo, pocos estudios han analizado en 
profundidad el tiempo y el modo de la evolución en el tamaño y la 
geometría corporal de este clado. Los gradientes de variación en tamaño 
podrían reflejar una variación enmascarada de la geometría corporal. Así, 
entender si tales características son adaptativas es crítico para conocer a 
fondo la evolución morfológica en anuros (Ashton, 2002; Vidal-García & 
Scott Keogh, 2017). 
 
 
 
OBJETIVOS DE LA TESIS 

 
En esta tesis buscamos incorporar nuevas técnicas de estimación 

de tasas evolutivas, modelado 3D y análisis espaciales para entender los 
diferentes factores que determinan la variación del tamaño y forma 
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corporal de anuros. La tesis está estructurada en cuatro capítulos que 
discuten causas evolutivas, geográficas, intraespecíficas e interespecíficas 
de dicha variación. Más específicamente, se establecieron los siguientes 
objetivos: 
 
Capítulo I 

Analizar si el aumento de las tasas de diversificación hacia 
tamaños más pequeños lleva a distribuciones asimétricas, mientras que las 
mayores tasas de diversificación en especies mayores conducen a 
distribuciones sesgadas a la izquierda. También analizamos si los 
determinantes ambientales favorecen a una mayor ocurrencia de especies 
más pequeñas o grandes, generando distribuciones no normales. 
 
Capítulo II 

En este capítulo examinamos la variación geográfica continental 
en el tamaño corporal y evaluamos la importancia de los predictores 
climáticos para explicar las clinas de tamaño corporal en anuros a lo largo 
del Nuevo Mundo. 
 
Capítulo III 

El objetivo de este trabajo fue analizar si el ambiente afecta la 
geometría corporal y la longitud corporal del sapo corredor, Epidalea 
calamita. Utilizamos nuevas técnicas de fotogrametría para reconstruir 
especímenes en modelos tridimensionales y para recopilar datos 
geométricos (volumen y área de superficie) a lo largo de todo el rango de 
distribución de esta especie. 
 
Capítulo IV 

En este trabajo, analizamos el tiempo y el modo de diversificación 
de la relación superficie-volumen (SA:V) y la longitud corporal (SVL) en 
ranas arborícolas. Más específicamente, se investigó si SA:V evolucionó 
más rápido que SVL, y si los factores ambientales explican la variación 
en la forma corporal mejor que la variación en el tamaño. 
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ABSTRACT 
 

Body size frequency distributions are often skewed to the right 
with a greater frequency of small-sized species. Right skewness may 
appear when speciation is biased towards small species and extinction is 
biased in the large bodied ones. On the other hand, limits imposed by 
environmental constraints will select taxa to co-occur in assemblages and 
may modify size distributions to the left or to the right. We analysed if the 
shape of size distributions of anurans is related to diversification rates and 
how the environment may also be creating the observed patterns. We 
computed diversification rates from a dated phylogeny and obtained data 
for body size, spatial distribution and the climate (annual temperature, 
potential evapotranspiration and NDVI) inhabited by 2789 anuran species 
to analyze the relationship between diversification rates and body size. 
We then used an assemblage-based approach to test if climate is acting 
together with species evolutionary history to generate skewed 
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distributions of body sizes. Skewness was positively correlated with size-
biased speciation and extinction, while was negatively correlated with net 
diversification. After the inclusion of environmental predictors, the 
explanatory power of our models increased significantly. When ranking 
the predictors, evolutionary rates remained first followed by a secondary 
role of environmental variables. Despite the high frequency of right-
skewed body size distributions, New World’s assemblages show a 
variation of skewness that can be explained by faster diversification 
(speciation-extinction) at modal sizes. Then, we are inclined to conclude 
that size biased evolutionary rates and environment both have a role on 
defining the proportion of small and large sizes at local scales. 
 
Keywords: Body size frequency distributions, assemblages, amphibians, 
diversification rates, skewness  
 

INTRODUCTION 
 

One of the most important and studied attributes of an animal is its 
size (Gaston & Blackburn, 2000). Body size is known to affect species’ 
physiology (Kleiber, 1947), morphology (Prothero, 2015), life history 
(Peters, 1983) and rates of molecular evolution (Fontanillas, Welch, 
Thomas & Bromham, 2007). Body size is also a good surrogate for traits 
that are more difficult to measure (e.g. fertility, metabolic rate, nutritional 
requirements) and a suitable predictor of variation in ecological attributes 
(e.g. niche breadth, home range, abundance, geographic range) across 
species (Gaston & Blackburn, 2000; Olalla-Tárraga, Torres-Romero, 
Amado & Martinez, 2015). Given its ecological and evolutionary 
importance, body size-frequency distributions within and between 
lineages have been studied to understand how species assemblages are 
shaped and determine how species interact and persist in the environment 
(Brown & Maurer, 1987; Blackburn & Gaston, 1994a).  

Among the majority of taxa, body size distributions are often 
skewed to the right with a greater frequency of small-sized species 
(Blackburn & Gaston, 1994a; Gaston & Blackburn, 2000; Kozlowski & 
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Gawelczyk, 2002). This pattern is well documented for mammals (Brown 
& Nicoletto, 1991; Clauset & Erwin, 2008), birds (Blackburn & Gaston, 
1994b; Gaston & Blackburn, 2000), reptiles (O’Gorman & Hone, 2012; 
Burbrink & Myers, 2014) and even for all terrestrial species together 
(Hutchinson & MacArthur, 1959; May, 1988). Despite some exceptions 
(amphisbaenians, Feldman, Sabath, Pyron, Mayrose & Meiri, 2015; 
lacustrine fishes, Griffiths, 2012; tropical mammals, Bakker & Kelt, 
2000), right skewed body size distributions do not seem to be an 
statistical artifact, even though distributions based on incomplete samples 
may be biased (Blackburn & Gaston, 1994a). In fact, it is well known that 
small species may be missing from size distributions either because they 
were not described yet (Reed & Boback, 2002; Collen, Purvis & 
Gittleman, 2004; Meiri, 2016). However, even if small-bodied species are 
undersampled, such bias is not sufficient to explain the ubiquity of right 
skewed distributions (Blackburn & Gaston, 1994a). Therefore, the 
emergence of this pattern suggests important size-related ecological and 
evolutionary processes (Gaston & Blackburn, 2000; Kozlowski & 
Gawelczyk, 2002). 

In a geographical context, a major question is whether size 
distributions differ from local to global scales. Right skewness tends to 
decrease or even vanish at low spatial scales (Brown & Nicoletto, 1991; 
Burbrink & Myers, 2014). This seems to result from the absence of large-
bodied species in small land masses compared to large ones. Brown & 
Nicoletto (1991) suggested that at a local scale, body size becomes 
uniformly distributed because of competition preventing like-size species 
to co-occur. Gaston & Blackburn (2000) instead found bimodal and non-
significantly log-skewed frequency distributions for the avifauna of a 
small-scale assemblage. In general, a high variability of species’ body 
size distributions exists in local assemblages and there seems to be no 
universal pattern at this scale (Brown & Maurer, 1989; Brown & 
Nicoletto, 1991; Gaston & Blackburn, 2000). A number of studies have 
documented both right (Schoener & Janzen, 1968) or left skewed body 
size distributions (Knouft, 2004) and even symmetric distributions that do 
not differ from a log-normal (Eadie, Broekhoven & Colgan, 1987). Only 
recently an attempt has been made to fully understand this variation at 
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different scales (Bakker & Kelt, 2000; Burbrink & Myers, 2014; Nash et 
al., 2014; Fritschie & Olden, 2015). 

A variety of hypotheses have been proposed to explain the shape 
and variability of size distributions. The simplest explanation is that they 
arose from random diversification from which body size variation 
increases with cladogenesis events, generating a normal distribution 
(Maurer, 1998). Under this scenario, a size limit may arise as a 
consequence of species’ physiological boundaries. Consequently, a 
normal distribution will be transformed into a right skewed one as a result 
of a ‘reflecting barrier’ in smaller sizes (McKinney, 1990). Tests of this 
hypothesis have concluded that, at least on larger scales, non-random 
mechanisms are necessary to produce the observed patterns (Brown & 
Maurer, 1986; Maurer, Brown & Husler, 1992). Alternatively, the most 
obvious mechanism generating skewed distributions involves size-related 
diversification rates. When speciation and extinction rate are size-biased, 
right skewness will occur when speciation is biased towards small species 
and extinction is biased to the large ones (Maurer et al., 1992). In the 
same way, a left skewed distribution arises when speciation is biased 
towards large species and extinction towards the smaller ones (Maurer et 
al., 1992).  

Despite the belief that size-biased speciation and extinction 
represent an obvious explanation for non-normal size distributions, 
empirical evidence of any tendency is scarce (Gaston & Blackburn, 2000; 
Burbrink & Myers, 2014; Feldman et al., 2015). Also, most studies using 
simulated data have produced distributions that have very small variation 
when compared to those observed in nature (Maurer et al., 1992). One 
exception is the model presented by Clauset and Redner (2009) which 
creates variation in body mass distribution that is similar to observed 
patterns in mammals. Clauset and Redner (2009) also show that right-
skewed distributions can be created if extinction risk is higher for large 
species, while an absorbing boundary towards smaller species inhibit 
them to atain larger sizes (Clauset & Erwin, 2008; Clauset & Redner, 
2009). Kozlowski and Gawelczyk (2002) asserted that size-biased 
speciation and extinction alone are not able to produce the distributions 
detected in nature (Kozlowski & Gawelczyk, 2002). Pure cladogenetic 
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changes can only diffuse size in linages if daughter species are different 
enough from their ancestor (Kozlowski & Gawelczyk, 2002). 
Furthermore, the high frequency of right skewed distributions would only 
be achieved if a clade originate from large species and then average to 
small sizes, which contradicts most paleontological observations 
(Kozlowski & Gawelczyk, 2002). Thus, additional processes need to be 
invoked to unravel why small (right skewness) or large (left skewness) 
body size is favoured (Gaston & Blackburn, 2000). One alternative is to 
couple models of selective diversification to an environment-based 
model.  

Species interact with their environment in a wide array of spatial 
and temporal scales. Large scale, temporal or/and spatial, processes 
determine the pool of species that originate and have access to a region 
(Brown & Maurer, 1987). On the other hand, small scale processes will 
shape how species persist in their environment (Brown & Maurer, 1987). 
The characteristics of any assemblage are, therefore, not only the result of 
speciation and extinction dynamics modifying the species pool, but also 
the result of evolutionary differentiation adjusting species traits to 
environmental conditions (Ricklefs & Schluter, 1993; Lebrija-Trejos, 
Pérez-García, Meave, Bongers & Poorter, 2010; Kraft et al., 2015). 
Environmental conditions coupled with physiological traits may 
constitute a lower limit for body sizes, although constraints such as 
thermoregulation limitations, oxygen concentration and resource 
availability may also act as an upper limit for larger sizes (Stevenson, 
1985; Hokkanen, 1986; Alexander, 1998; Smith & Lyons, 2011). Under 
this scenario, limits imposed by environmental constraints will select taxa 
to coexist and may modify size distributions to the left or to the right 
(Brown & Nicoletto, 1991; Maurer et al., 1992; Lebrija-Trejos et al., 
2010). Then, the composition and structure of co-occurring species in an 
assemblage should reflect a complex dynamic between trait-driven 
diversification rates (which provide species for the location) and 
environmental variables (which restructure size distributions differently 
from the source pool) (McKinney, 1990; Clauset & Erwin, 2008). 
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Figure 1. Different scenarios of the relationship between the factors that may affect body 
size distributions in assemblages. (a) Speciation and extinction may be biased towards small 
or large sizes. (b) Right skewed distributions may appear when speciation is biased towards 
small sizes and extinction is biased towards large sizes. Under the same reasoning, left-
skewed distributions may appear when speciation is biased towards large sizes and 
extinction is biased towards small sizes. Environmental constraints favour species with 
small or large sizes leading to distributions that differ from normal: (c) high temperatures 
favour smaller species leading to right skewed distributions, (d) high environmental 
potential evapotranspiration favour large species and leads to high frequencies of left 
distributions, (e) more productive regions may maintain more large species by providing 
more resources, which leads to left skewed-distributions of body sizes. AT, annual mean 
temperature; PET, potential evapotranspiration; NDVI, normalized difference vegetation 
index. 
 



 
 

 
19 

Capítulo 1 
 

Here, we analyse the following non-excluding hypotheses about 
the factors that may affect body size distributions in assemblages: (i) Size-
biased diversification hypothesis, where higher speciation rates towards 
smaller sizes and higher extinction rates towards large sizes lead to right-
skewed distributions  (Fig. 1b); and (ii) Environmental restriction 
hypothesis, where environmental determinants favour species with small 
or large sizes leading to body size distributions to differ from a normal 
distribution (Fig. 1c, d, e). In absence of any evidence of size-biased 
diversification or environmental constraints on body sizes we accept a 
null hypothesis indicating that the emergence of any skewness is a result 
of the reflecting barrier on small or large body sizes. 

To fully test our hypotheses, we used a large dataset on the spatial 
distribution, body size, rates of clade diversification and climate inhabited 
by 2,598 anuran species of the New World. We chose to work with 
anuran species primarily because they present a wide diversity of species 
and size along a broad geographical gradient (Wells, 2007). Secondly, it 
has been shown that this group exhibits complex dynamics of 
diversification at different latitudes (Wiens, 2007). Finally, it is known 
that anuran body size is affected by environmental constraints including 
energy and water availability (Olalla-Tárraga, Rodríguez & Hawkins, 
2006; Olalla-Tárraga, Diniz-Filho, et al. 2009; Gouveia & Correia, 2016). 
First, we characterized the shape of body size distributions of anuran 
assemblages across the Americas. We then analysed if any skew in the 
observed distributions is associated with differential speciation, extinction 
or diversifications rates between body size. Finally, we evaluated if these 
models can be improved with the inclusion of environmental variables 
describing resources, energy and water availability. 
 

MATERIAL AND METHODS 
 
DATASET 
 

We used log10- transformed maximum snout to vent length (SVL) 
as a measure of body size. Although mass has been suggested to be a 
better measure, it is not often reported for ectotherms and, hence, SVL 
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length is commonly used in macroecological analyses (Feldman et al., 
2015). We collected data for 1234 species from published literature 
sources (see Appendix S1 in Supporting Information). To avoid possible 
island effects on the distribution of body sizes, we chose not to include 
island species in our analyses (Foster, 1964). We complemented our 
database with size data available in AmphiBIO database (Oliveira et al., 
2017). This allowed us to analyse 2,598 species that occur in the New 
World mainland, representing 93.15% of total species.  

We downloaded distribution range maps from the IUCN Red List 
(http://www.iucnredlist.org, accessed in May 2018). We overlaid the 
ranges with a Behrmann equal-area grid of 4290 cells (each cell with a 
size of 96.3 x 96.3 km) to obtain a presence/absence matrix. With this 
matrix, we could calculate the shape of body size frequency distributions 
(BSFD) and average values of diversification rates and environmental 
variables for each grid-cell in the New World. BSFD were calculated as 
skewness !", following the adjusted Fisher-Pearson coefficient of 
skewness, given by: 
 

!" =
$($ − 1)
$ − 2

1
$ *+ − * ,-

+."

1
$ *+ − * /-

+."

, /
 

 
 where  $ is the number of species and *+ the maximum SVL length. We 
chose to calculate skewness only for cells in which at least 10 species 
occur. 
Based upon previous results on the relationship between body size and 
environmental gradients (for more details see Olalla-Tárraga et al., 2009; 
Gouveia & Correia, 2016), we selected three environmental variables to 
test whether environment shapes size distributions: annual mean 
temperature (AT), potential evapotranspiration (PET) and normalized 
difference vegetation index (NDVI). Annual mean temperature was 
downloaded from WorldClim (Hijmans, Cameron, Parra, Jones & Javis, 
2005), PET from Willmott & Matsuura (2001), both with a spatial 
resolution of 0.5°, and NDVI from Earth Observatory (available at 
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http://earthobservatory.nasa.gov/) with a spatial resolution of 1°. Mean 
values of PET and NDVI habitat availability were calculated for each 
grid-cell. For AT we chose to use maximum values once thermal stress is 
a major determinant of the distribution range in ectothermic species 
(Myers & Giller, 1989). 
 

DIVERSIFICATION RATES ESTIMATION 

To analyse if body size-driven diversification is the dominant 
force of skewed distributions in New World's assemblages, we used a 
dated large-scale phylogeny which includes over 7,288 amphibian species 
(Pyron & Wiens, 2011) to estimate rates of speciation and extinction 
along the tree. This is the most suitable phylogenetic hypothesis for our 
work, once it does not present polytomies and includes all anuran species 
for which we have data for. Phylogenetic tree handling and processing 
were performed using R package 'ape' (Paradis, Claude & Strimmer, 
2017). 

We used the software Bayesian Analysis of Macroevolutionary 
Mixtures (BAMM, www.bamm-project.org; Rabosky, Donnellan, 
Grundler & Lovette, 2014) to estimate rates of speciation (l), extinction 
(µ), and to calculate net diversification 0 ( as 0	= l - µ). BAMM uses 
reversible jump Markov chain Monte Carlo (rjMCMC) to explore 
multiple universes of shifts configurations in the diversification regime of 
a phylogenetic tree and infer complex dynamics of evolutionary changes. 
For each regime, BAMM estimates parameters of exponential increase or 
decrease of speciation, while estimating parameters for a constant 
extinction model. Although many approaches and softwares (‘diversitree’ 
Fitzjohn, 2012; ‘RPANDA’ Morlon et al., 2016; ‘geiger’ Harmon et al., 
2009; and others) have been developed to model diversification and 
phenotypic evolution along phylogenies, only a few account for rate 
variation through time and provide estimated rates for each branch, 
including terminal branches. As evidence suggests, failing to adjust rate 
variation through time may lead to biased parameter estimation and 
factors that regulated species number in clades or regions (Rabosky, 
2010, 2012; Rabosky & Glor, 2010). Thus, for the purpose of our work, 
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BAMM software is the most suitable manner to obtain reliable rate shifts 
and to test if these rates are affected by measures of body size. Despite its 
multiple advantages, recent papers have discussed the ability of BAMM 
to accurately estimate diversification rates (Moore et al., 2016). As 
inherent to any scientific progress, the development and scrutiny of 
diversification models has indeed begun to reveal some limitations that 
must be considered (Pyron & Burbrink, 2013). It is indeed because of this 
constant scrutiny that new approaches are being refined each day. We 
believe that BAMM is one of these approaches, since it is one of the few 
software tools that allowed us to estimate speciation and extinction rates 
for each tip in the phylogenetic tree. A recent paper showed that BAMM 
may underestimate extinction rates mainly for root lineages, but can yet 
detect rates at most recent lineages (those that we are analysing) (Burin et 
al., 2018). Even so, we took every precaution necessary to interpret our 
results. We strongly suggest that readers should pay attention to recent 
discussions of the accuracy of this method and alternatives to reliably 
estimate speciation and extinction rates (Moore et al., 2016; Rabosky et 
al., 2017; Burin et al., 2018). 

We ran fifty million generations to obtain speciation and 
extinction rates for each species. In analyses were used a 10% burn-in and 
analysed MCMC convergence by the effective sample size (ESS), were a 
ESS value > 200 was considered an adequate performance (Rabosky et 
al., 2014). We used R package 'coda' (Plummer, Best, Cowles & Vines, 
2006) to evaluate ESS. After estimating evolutionary rates for each 
species, we calculated mean rates for each grid-cell as the mean of 
speciation, extinction and diversification rates of each species occurring 
per cell.  
 
STATISTICAL ANALYSES 

For each grid-cell, we performed PGLS analysis between body 
size and each evolutionary rate (l, µ and 0) (Fig.1a). For all models we 
used a maximum-likelihood value (ML) of λ (Pagel, 1999). By setting λ 
as ‘ML’ we optimize the branch length transformations to find the best 
one given the data and the model (Freckleton et al., 2002). Thus, PGLS 
does not lead to a problem of phylogenetic overcorrection because if there 
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is no phylogenetic signal in the data, parameter estimates will be equal to 
an ordinary least square regression (Garamszegi, 2014). The values of κ 
and δ were set as 1, following the standard practice. We obtained the 
slope b (speciation=bl; extinction=bµ and net diversification =br) and 
used it as an estimate of differential diversification between body sizes. 
PGLS regression was performed with the package 'caper' (Orme et al., 
2013) using R environment (R Core Development Team). To test the Size 
biased diversification hypothesis, we used the slope b as a predictor of 
skewness for each assemblage. If this hypothesis is fulfilled, there will be 
a negative relationship between br and skewness indicating that a higher 
diversification in smaller sizes leads to high frequency of small species 
(right skewness) (Fig. 1b). On the other hand, for the Environmental 
restrictions hypothesis we used AT, PET and NDVI as predictors of 
skewness of each grid-cell from the New World (Fig. 1c, d, e). Previous 
works showed that large anuran species can endure low temperatures and 
high evapotranspiration, once they have lower heat and water loss due to 
reduced surface area to volume ratios (Olalla-Tárraga & Rodríguez, 2007; 
Olalla-Tárraga et al., 2009; Gouveia & Correia, 2016). Based on this, we 
expected a positive relationship between skewness and AT (Fig. 1c), 
while the relationship with PET should be negative (Fig. 1d). Finally, we 
expect that highly productive regions would maintain more species of 
larger sizes, leading to deviations from normal distributions to left skewed 
ones (Fig. 1e). 

We used a modified t-test, which uses spatial correlograms to 
calculate geographically effective degrees of freedom, to obtain unbiased 
coefficients and control for spatial autocorrelation in evolutionary 
predictors (ßλ, ßµ and ßr), environmental and our response variable 
skewness (Legendre, 1993). Then, we ran multiple regressions including 
different combinations of predictors but always maintaining ß in the 
models. We performed a model selection using Akaike Information 
Criterion (AIC) (Burnham & Anderson, 2002). To compare competing 
models that best fit our data, we calculated DAIC (DAICi=AICi-minAIC) 
and to estimate the probability of each model to be the best one we 
calculated Akaike's weightings (wi). We used standardized partial 
regression coefficients to identify the contribution of each predictor in the 
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multiple regressions and the relative support of each hypothesis (Hargens, 
1976). We excluded highly correlated variables (assessed by Variance 
Inflation factor values lower than 10) in order to minimize 
multicollinearity. 

Since assemblages are not spatial and statistically independent, we 
obtained eigenvector-based spatial filters to include them into multiple 
regression models as predictors in order to control for spatial 
autocorrelation. Spatial filters are an effective way to minimize spatial 
autocorrelation between different spatial scales (Diniz-Filho & Bini, 
2005). We selected non-redundant filters using maximization of the 
coefficients of determination (r2) and minimization of residual spatial 
correlation as a criterion to avoid an overcorrection for spatial 
autocorrelation (Diniz-Filho & Bini, 2005). We excluded non-significant 
filters to avoid strong collinearity between filters and environmental 
variables and to evaluate if this approach removed spatial correlation. We 
finally evaluated a change in the ranks of partial regression coefficients of 
each predictor and the r2 of each model. Because our results may be 
dependent on the spatial scale used in this work, spatial analyses were 
repeated at two extra grain sizes (2º and 4º at the equator, corresponding 
to 192.6 km × 192.3 km and 385.2 km × 385.2 km respectively). Results 
obtained at these spatial resolutions (2º and 4º) are reported as Supporting 
Information (see Appendix S2, Table S2.2). We performed the spatial 
analysis with R package ‘spdep’ (Bivand, 2017). By doing that we were 
able to analyse whether evolutionary rates increase or decrease with size 
and if that relationship is creating skewed distributions in local 
assemblages.  
 

RESULTS 
 

The sizes of New World anuran species span three orders of 
magnitude, ranging from the poison dart frog Hyloxalus chlorocraspedus 
(8.6 mm) to the helmet water toad Calyptocephala gayi (320 mm). The 
body size distribution of all analysed species showed a classic right 
skewness, although the overall skewness value is close to zero 
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(skew=0.24, ±0.3) (Fig. 2a). However, size distributions of species in 
local assemblages of the New World showed a high variance in skewness, 
with a spectrum from positive to negative values (Fig. 2b,c). Despite the 
presence of left skewed cells, and even normal distributions, most local 
assemblages were right skewed (Fig. 2c). Interestingly, much of the left 
skewed grid-cells were patterned in the 'dry diagonal' of South America, 
which includes the Caatinga, Cerrado and Chaco regions (Fig. 2c).  

 

 

 
The stationarity of MCMC and high ESS values indicated that 

speciation, extinction and diversification rates derived from BAMM 
estimations converged as expected (ESSlog- likelihood=329.5430; ESS 
number of shifts= 294.9376). From PGLS analyses between l, µ, r and 
body size measures we could observe that, in general, there is a positive 
relationship between body size and l and µ (Fig. 3a, b). On the other 
hand, a negative relationship between body size and r arise towards in 
central (Fig. 3c). These results support the idea that body size drives the 
diversification of anuran species.  

Figure 2. Patterns of maximum body size distribution of anuran species from New 
World. (a) Frequency distribution of maximum body size (log of SVL), (b) 
frequency distribution of body size skewness in each grid-cell, and (c) 
geographical patterns of skewness distribution of anuran body sizes in the New 
World. Spatial resolution of 96.3 x 96.3 (Behrmann equal-area grid of 4209 cells). 
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Our analyses showed that skewness was positively correlated with 

ßl (Table 1a). Nevertheless, skewness was also positively correlated with 
ßµ but with a higher rate of change (Table 1b), which suggests that higher 
extinction rates in large animals may produce positive skewness. This 
pattern can be easily noticed in the relationship between skewness and ßr, 
which was negatively significant and suggests a dynamic between 
speciation and extinction rates acting on body size (Table 1c). Regression 
models with only evolutionary predictors described 23%, 21% and 
0.007% of the variance in skewness for βλ, βµ and βr respectively, with a 
probability of 0% of being the best model (Table 1).  

After the inclusion of environmental predictors, the model showed 
considerable improvement of R-adjusted (Table 1). Multimodel selection 
identified one model that best fitted our data with DAIC£2 for each 
evolutionary predictor used in analysis (Table 1). This model included 
evolutionary (β) and environmental predictors (PET, NDVI and AT). The 
best single model produced similar results across all the three grain sizes 
(see Appendix S2, Table S2.2), thus we choose to discuss in more detail 
the results obtained at spatial resolution of 2º. We ranked explanatory 

Figure 3. Geographical patterns of slope β of PGLS analyses between body size 
and speciation, extinction and diversification rates in assemblages of the New 
World. Spatial resolution of 96.3 x 96.3 (Behrmann equal-area grid of 2209 cells). 
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variables by its standardized regression coefficients and ßl, ßµ and ßr were 
ranked in first (Table 2a,b,c). This result highlights the importance of 
evolutionary forces structuring and shaping size distributions in 
assemblages. Ranks of the explanatory variables remained the same after 
inclusion of spatial filters in our models, which confirms that our results 
are not an artifact of spatial autocorrelation (Table 2).  
 

 
 

DISCUSSION 
 

Anuran assemblages of the Western Hemisphere exhibit a 
remarkable spatial variation of body size frequency distributions, ranging 
from right to left skewness and including normal distributions. Most 
assemblages follow the typical pattern in vertebrates of a unimodal and 
marked right-skewness with a dominancy of small-bodied species 
(Kozlowski & Gawelczyk, 2002). This result highlights that body size 

             Predictors       

  
Diversification 

rate β AT PET NDVI AICc ∆AIC Wi 

         
a. Speciation 0.349 0.519 -0.402 0.049 5820.4 0 0.89 

0.353 0.539 -0.415  5824.6 4.28 0.1 

  
       

b. Extinction 0.464 0.319 -0.302 0.051 5613.2 0 0.93 
0.468 0.339 -0.315   5.42 0.06 

  
       

c. Net 
diversification 

-0.374 0.374 -0.299 0.074 5804.2 0 0.99 
-0.376 0.404 -0.318  5816.9 12.64 0 

 
        

Table 1. Selection of competing multiple regression models based in information theory. 
Models are ranked by AICc and the selected model is shown in bold. Predictors abbreviations 
are: Slope from PGLS analysis between body size and evolutionary rates (β), annual mean 
temperature (AT), potential evapotranspiration (PET) and normalized difference vegetation 
index (NDVI). *P<0.01 
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frequency distributions are frequently, albeit not exclusively, right-
skewed on small spatial scales. Considering the number of analysed 
species, it is unlikely that these results are an artefact of incomplete 
sampling (Blackburn & Gaston, 1994a; Pimm et al. 1994). Thus, other 
mechanisms must be invoked to explain differences in the shapes of size 
distributions. Our results show that evolutionary and ecological processes 
act concomitantly to shape body size distributions in anuran assemblages, 
supporting both the size biased diversification and the environmental 
constraints hypotheses. The pattern of assemblages dominated by high 
frequencies of small species does not exclude the presence of normal and 
left-skewed distributions. While many workers have reported differences 
between size distributions at different scales, attempts to explore major 
underlying mechanisms are rare (Burbrink & Myers, 2014). 

 

               Predictors    
  Diversification 

rate n β AT PET NDVI R2 

adj AIC BIC 

          a. Speciation 2209 0.324* -0.184* 0.085* 0.035* 0.59 4288.55 4402.54 

          b. Extinction 2209 0.336* -0.239* -0.031 0.036* 0.57 4413.1 4521.4 

          c. Net 
diversification 2209 -0.240* 0.108* -0.0004 0.066* 0.54 4565.96 4674.31 

    
 

       

          At the evolutionary level, our results show that higher rates of 
speciation in larger species are correlated with more positive skewness. 
This is somewhat counterintuitive (one may expect large species to have 
lower rates of speciation), but agrees well with previous findings on 

Table 2. Multiple regression models between skewness of anuran body sizes, diversification 
rates slope from PGLS analyses and environment. Models include non-redundant 
eigenvector-based spatial filters. Standardized coefficients of predictor variables are 
presented to evaluate their relative importance. *P<0.01. Abbreviations as in Table 1. 
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vertebrate body size and speciation rates (Bromham, 2003; Liow et al., 
2008). Higher rates of evolution may translate in higher rates of 
phenotypic divergence, broader geographic distribution and higher 
change of reproductive isolation, which would lead to higher rates of 
speciation (Omland, 1997; Bromham, 2003). Indeed, larger amphibian 
species are known to have wider geographical ranges, larger clutches and 
higher chance of dispersion (Wells 2007). In this case, higher rates of 
origination in larger anurans could lead to a higher frequency of large 
species. However, our results suggest that speciation is not acting alone, 
once large species are not in high frequency in most local communities of 
the New World.  

According to our results, small species do not speciate faster than 
larger ones but they can better persist in the environment. Extinction rates 
were higher for large-bodied species and this relationship was also 
correlated with right-skewed distributions. This can be viewed as an 
opposite force to speciation rates, which also have a positive correlation 
with assemblages’ skewness. Both speciation and extinction rates are 
acting together, indicating that even if large species present high 
speciation rates they are also more prone to extinction and are eliminated 
from local habitats. Based on simulated data, Johst and Brandl (1997) 
argued that extinction alone is sufficient to produce skewed distributions. 
Large-bodied anurans are known to be prone to extinction due to their 
biological and physiological requirements. Amphibians are the smallest of 
living vertebrates, and had undergone to several miniaturization events 
along their evolutionary history (Wells, 2007). Small body size, coupled 
with their permeable skin, can make amphibians vulnerable to any kind of 
environmental change (Rowe, Hopkins & Bridges, 2003). At the same 
time, small bodies may provide advantages that allow amphibians to resist 
habitat degradation and climate changes (Wells, 2007). Small amphibians 
can occupy microhabitats that are unavailable to the large ones. Also, they 
can endure habitat degradation better then large species, once degraded 
habitats can retain some of the conditions needed for survival and 
reproduction (Marsh, Thakur, Bulka, Clarke, 2004). Another advantage of 
small bodies is the low energy demands that allow a large number of 
species to live in small habitat patches (Rowe et al., 2003). Large anurans 
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may be more susceptible to any disturbance that decrease food supply 
available to store energy used for reproduction, movement and defence 
(Rowe et al., 2003). Hence, small-bodied amphibians may be able to 
persist more in a changing environment, whereas the large ones may be 
more prone to extinction. Our results confirm this tendency of high 
extinction rates in large anurans, and this relationship leads to a high 
frequency of small sized species. Thus, large-biased extinction rates are 
favouring small body size in anuran assemblages even when speciation is 
also high in large sizes. In this way, our results allow us to generalize that 
diversification plays a role in shaping size distributions depending on if 
speciation rates overlay extinction rates of analysed lineages.  

The sum effect of evolutionary rates can be enhanced by extrinsic 
factors to produce more variable skewness in body size distributions. Our 
findings suggest that both forces (evolutionary rates and environment) are 
acting together to produce patterns of size distribution. For anurans, part 
of the variation in skewness is explained by environmental variables 
which improved our models. Even though size biased evolutionary rates 
alone are able to produce skewed distributions, environmental constraints 
may be selecting species in assemblages. Environmental factors may be 
able to modify the size distribution to right or left, if there are any 
reflecting barriers for small and large sizes respectively. In some cases, 
such reflecting barriers will only be highlighted in regions where 
directional selection favours small or large body sizes, pushing them to 
their physiological limits. In the Dry Diagonal in South America, where 
evapotranspiration is high, we observed that there is a prevalence of left 
skewness (Fig. 2). Moreover, we observed that PET has a positive effect 
on skewness when body size affects species net diversification, showing 
that an increase in PET also increases the frequency of large sizes (Table 
1c). It is well known that in regions with high evapotranspiration, larger 
animals are favoured once they have lower water loss per unit of volume 
(Olalla-Tárraga et al., 2009; Gouveia & Correia, 2016). However, the 
selection of large species does not explain the presence of left skewness 
alone, once this selection could increase indefinitely the size average in 
assemblages (Kozlowski & Gawelczyk, 2002). One possible explanation 
is the existence of a reflecting barrier in large sizes as well, which also 
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pushes maximum sizes to the left. Fossil evidence provides us some 
extraordinary examples of the limiting role of oxygen under the body size 
of ectotherms (Graham, Dudley, Aguilar & Gans, 1995). During the late 
Carboniferous, when oxygen concentrations were high, gigantism was 
developed in different groups (insects, millipedes and amphibians). 
However, those animals were extinct when oxygen levels dropped during 
the Permian (Graham et al., 1995; Dudley, 1998). For amphibians, 
oxygen concentrations may act as a restriction for larger sizes through 
limiting oxygen diffusion during cutaneous breathing (Ultsch, 1973, 
1974). Furthermore, higher oxygen concentrations may reduce the 
relationship between water loss by evapotranspiration and oxygen 
absorption, decreasing more effectively the desiccation (Hillman, 
Withers, Drewes & Hillyard, 2009). Thus, our results highlight the 
importance of environmental restrictions in shaping body size 
distributions of anuran assemblages.  

On a large and small spatial scale, species' body size distributions 
are usually skewed to the right, with small species being at greater 
number than large ones. Despite this high frequency of right-skewed 
distributions, anuran assemblages of the New World show a variation of 
skewness, with areas that also show high frequency of medium and large 
species. While recent works failed to find any evidence of a link between 
evolutionary rates and body size distributions (Burbrink & Myers, 2014; 
Feldman et al., 2015), we detected patterns suggesting faster 
diversification at modal sizes. Furthermore, we were also able to show 
that environmental variables are acting directly on size and it is likely that 
different processes are important at different scales. Then, we are inclined 
to conclude that biased evolutionary rates and environment both have a 
role in defining the proportion of small and large sizes at local scales. 
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Appendix S1. Species list and sources for body size data available in the online version. 
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pppendix S2. Spatial regressions w
ith eigenvectors-based spatial filters for different grain size. 
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ABSTRACT 
 
The validity of Bergmann’s rule, perhaps the best known ecogeographical 
rule, has been questioned for ectothermic species. Here, we explore the 
interspecific version of the rule documenting body size gradients for 
anurans across the whole New World and evaluating which 
environmental variables best explain the observed patterns. We assembled 
a dataset of body sizes for 2761 anuran species of the Western 
Hemisphere and conducted assemblage-based and cross-species analyses 
that consider the spatial and phylogenetic structure in the data. In 
accordance with heat and water-related explanations for body size clines, 
we found a consistent association of median body size and potential 
evapotranspiration across the New World. A relevant role of water 
availability also emerges, suggesting the joint importance of body size for 
thermoregulation and hydroregulation in anurans. Anurans do not follow 
a simple Bergmannian pattern of increasing size towards high latitudes. 
Consistent with previous regional findings, our Hemisphere-wide 
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analyses detect that the geographic variation in anuran body sizes is 
highly dependent on a trade-off between heat and water balance. The 
observed size-climate relationships possibly emerge from the interplay 
between thermoregulatory abilities and the benefits inherent to reduced 
surface-to-volume ratios in larger species, which decrease the rates of 
evaporative water loss and favour heat retention. Our results also show 
how temperature becomes important for species that are directly in 
contact with the substrate and water, like burrowing and terrestrial 
anurans, while arboreal species exhibit a body size cline linked with 
potential evapotranspiration.  
 
Keywords: amphibians, Bergmann’s rule, comparative analysis, 
ecogeographic rules, ectotherms, macroecology.  
 
 

INTRODUCTION 
	
	
  Geographical patterns in the variation of biological traits, the so-
called ‘ecogeographical rules’, provide insights into the ecological and 
evolutionary processes that allow species to persist in their environment 
(Mayr 1956, Lomolino et al. 2006). These rules describe systematic 
trends in biological attributes of species and its covariation with position 
(e.g. latitude, longitude, altitude, depth) or environmental variables (e.g. 
temperature, precipitation, salinity) (Gaston et al. 2008). While much 
debate still exists around the validity of most ecogeographical rules and 
the extent to which they can be considered general laws of nature, there is 
an increasing consensus that the documentation of exceptions to the rules 
can also be very informative on possible underlying mechanisms (Olalla-
Tárraga 2011).  

Bergmann’s rule, which states that among closely related species 
body size increases towards colder environments at higher latitudes 
(Bergmann 1847, James 1970), is arguably the best known 
ecogeographical rule. Bergmann (1847) originally conceived this 
latitudinal size gradient for warm-blooded vertebrates, arguing that large 
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bodied species show better heat conservation due to their reduced surface 
area-to-volume ratios (Gaston et al. 2008). In cold environments, 
endothermic animals are not only physiologically constrained to maintain 
their body temperatures but must also reduce energetic costs (Bennett and 
Ruben 1979, Hickman et al. 2010). Heat production in endotherms is 
related to body volume while dissipation occurs through the external 
surface, thus enabling large-bodied animals to produce more heat while 
losing less (Peters 1983). Hence, the original adaptive mechanism (heat 
conservation) behind Bergmann’s rule is linked to the selective advantage 
of larger animals in cooler climates to conserve metabolic heat (Lindsey 
1966, James 1970).  

Although well supported in birds and mammals (Hawkins and 
Diniz-Filho 2006, Rodríguez et al. 2006, Olson et al. 2009, Pincheira-
Donoso 2010), the generality of Bergmann’s rule is still questioned in 
ectotherms. Numerous studies have shown that many ectotherms also 
display clinal variation in body size (Mousseau 1997, Ashton 2002, 
Ashton and Feldman 2003, Cruz et al. 2005, Pincheira-Donoso et al. 
2007), whereas others present conflicting results (Partridge and Coyne 
1997, Arnett and Gotelli 1999, Belk and Houston 2002, de Queiroz and 
Ashton 2004). Therefore, the applicability of Bergmann’s rule to cold-
blooded animals remains unclear (Blackburn et al. 1999, Ashton 2002, 
Ashton and Feldman 2003, Adams and Church 2008, Pincheira- Donoso 
et al. 2008). Among amphibians, contrasting evidence exists at both the 
intra- (Ashton 2002, Adams and Church 2008) and interspecific levels of 
analysis (Olalla- Tárraga and Rodríguez 2007, Slavenko and Meiri 2015). 
In fact, some studies suggest that amphibians follow Bergmann’s rule 
(Lindsey 1966, de Queiroz and Ashton 2004, Olalla- Tárraga and 
Rodríguez 2007, Gouveia et al. 2013), others report the converse trend 
(Olalla-Tárraga and Rodríguez 2007, Cvetkovic´ et al. 2009), whereas 
some findings only reveal weak relationships between environmental 
temperature and body size (Ashton 2002, Slavenko and Meiri 2015).  

Much of the controversy around Bergmann’s rule stems from the 
conflation between pattern and process and claims that the rule can only 
be declared to be valid under explicit falsificationist tests of the original 
heat retention mechanism (see arguments presented in the debate between 
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Watt et al. 2010 and Olalla-Tárraga 2011). Amphibian species do not 
produce sufficient heat via metabolic activity and depend on their 
immediate surroundings to warm their bodies (Wells 2007). Thereby, the 
occurrence of large-bodied amphibian species in cold environments 
would be a priori limited due to their longer heating times (Hillman et al. 
2009). Some amphibians, however, show behavioral control of their body 
temperature by basking in direct sunlight or on warm substrates (Wells 
2007), and partially overcome constraints for heat acquisition in cold 
environments (Olalla-Tárraga and Rodríguez 2007). Large 
thermoregulating amphibians would benefit from faster heating rates and 
better heat retention in cold environments, so that their activity times and 
energy demands would not be compromised. Therefore, it is still plausible 
that a thermoregulatory mechanism underlies body size clines in anurans 
(Olalla-Tárraga et al. 2006, 2009, Olalla-Tárraga and Rodríguez 2007). 
This is the basis of the ‘heat balance hypothesis’, which considers both 
heat loss and heat gain processes as a unifying explanation for size clines 
in both endotherms and ectotherms with thermoregulatory abilities 
(Olalla-Tárraga and Rodríguez 2007).  

In this scenario of intense debate about the applicability of 
Bergmann’s rule to ectothermic organisms, a set of alternative 
environmental hypotheses has also been suggested, but most of them 
remain largely untested especially over macroclimatic gradients at 
continental scales (Ashton 2002, Olalla- Tárraga et al. 2009, Gouveia et 
al. 2013). McNab (1971, 2010) stated that a species becomes smaller or 
larger depending on the abundance, size, and availability of resources, 
suggesting a pattern called the ‘resource rule’. Thus, latitudinal size 
trends in many animals would respond to primary or secondary resource 
exploitation (Rosenzweig 1968, McNab 2009). This is also called the 
‘primary productivity hypothesis’, which claims that larger species will 
be favoured in more productive regions, where their energetic 
requirements can be fulfilled (Rosenzweig 1968). Bearing in mind that 
water availability in the environment critically affects nearly every aspect 
of anuran life-cycles (Wells 2007), water-related variables have also been 
considered as major correlates of spatial patterns in body size (Olalla-
Tárraga et al. 2009). Specifically, the ‘water conservation hypothesis’ 
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posits that body sizes increase towards regions with pronounced dry 
seasons thus reflecting that lower surface area-to-volume ratios are also 
advantageous to minimize water loss by evapotranspiration (Ashton 
2002). This hypothesis was recently revisited by Gouveia and Correia 
(2016), which showed that for tree frogs and salamanders, water 
conservation is a more suitable explanation of the variation in the body 
size of amphibians. Finally, the ‘habitat availability hypothesis’ was 
proposed to account for the effects of habitat zonation on body size 
gradients. In a study of Bergmann’s rule for terrestrial mammals in the 
New World, Rodríguez et al. (2008) found that the interaction between 
macroclimate and topography generates strong habitat zonation gradients 
in tropical and subtropical mountains which may have acted as 
environmental filters for the occurence of larger species.  

Despite there has been increasing interest in clarifying whether 
anuran body sizes respond to environmental variation or not, most 
previous research has been taxonomically and geographically restricted, 
which has prevented the search for size cline patterns and the 
identification of possible causal mechanisms (Ashton 2002, Olalla-
Tárraga and Rodríguez 2007, Adams and Church 2008, Olalla-Tárraga et 
al. 2009, Gouveia et al. 2013, Slavenko and Meiri 2015). While anurans 
are extensively distributed worldwide, ranging from subarctic to tropical 
regions, nearly every previous study has focused on analyzing Holarctic 
species or selected parts of the Neotropics only (Olalla-Tárraga and 
Rodríguez 2007, Olalla-Tárraga et al. 2009, Gouveia et al. 2013, 
Slavenko and Meiri 2015). Studies with narrow geographic scope may 
have failed to detect body size patterns because they do not comprise 
enough geographic and climatic variation that may promote phenotypic 
divergence (Gaston and Blackburn 2000, Gaston 2003). This generates 
some issues in evaluating body size clines, once narrow ranges of 
environmental variation hamper studied species to experience sufficient 
selection that would result in marked morphological gradients (Phillimore 
et al. 2007, Birand et al. 2012). Then, a broader geographical approach, 
encompassing a wider range of environmental conditions, is necessary if 
we are to document body size clines in respect to climate variation. 
Hence, the existing empirical evidence may not be enough to robustly 
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conclude about the validity of Bergmann’s rule for amphibians.  
Methodological issues also plague the analysis of geographic 

clines in body size (Gaston and Blackburn 2000). Despite originally 
formulated as an interspecific pattern, Bergmann’s rule has often been 
tested at the intraspecific level (neo-Bergmannian rule sensu James 1970) 
since its reformulation by Rensch in the 1930s (Meiri 2011, Olalla-
Tárraga 2011). However, phylogenetically restricted data sets usually fail 
to detect the true pattern because body size clines are also expected to 
result from species turnover across macroclimates (Blackburn et al. 
1999). Studies that encompass higher taxa of a region are more likely to 
detect selection pressures for larger sizes in cooler climates (Blackburn et 
al. 1999). Over the past ten years Bergmann’s rule has increasingly been 
studied at the interspecific level following two different approaches: 
assemblage-based and cross-species methods. The assemblage approach 
is a spatially explicit method consisting in a subdivision of the geographic 
space into grid-cells and averaging body sizes of all co-occurring species 
within each cell (Olalla- Tárraga et al. 2010). Alternatively, a cross-
species approach considers each species as an independent unit of 
analysis and uses latitude or a single measure of an environmental 
parameter against which body size is regressed (Olalla-Tárraga et al. 
2010). Although both approaches are widely adopted in macroecological 
studies, they can be misused. Assemblage-based approaches have been 
criticized due to their potential sensitivity to spatial autocorrelation, 
species richness, and the size index used in the analysis (Meiri and 
Thomas 2007). On the other hand, cross-species analyses can be affected 
by type I errors derived from pseudoreplication caused by phylogenetic 
non-independence of the data, which requires the use of phylogenetic 
comparative methods (Olalla-Tárraga et al. 2010). Although both 
approaches should be viewed as complementary, they are rarely tested 
jointly for the same set of species (but see Torres-Romero et al. 2016).  

Here, we examine the occurrence of geographic body size 
gradients in anurans accross the New World. We adopt both assemblage-
based and cross-species approaches to document the interspecific 
variation in body size across entire continental gradients and examine the 
importance of environmental predictors in explaining the observed clines. 
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For the first time, a broader taxonomic and geographic scale is being 
considered to evalute Bergmann’s rule and to test a set of alternative 
environmental hypotheses. More specifically, we evaluate the following 
four hypotheses: heat balance (James 1970, Olalla-Tárraga and Rodríguez 
2007), primary productivity (Rosenzweig 1968), water conservation 
(Ashton 2002) and habitat availability (August 1983). 
 

MATERIAL AND METHODS 
 
SPECIES DATA 
 

We downloaded distribution range maps from the IUCN Red List 
(http://www.iucnredlist.org, accessed in June 2014) for all anuran species 
present in the New World and overlaid them with a Behrmann equal-area 
grid of 4209 cells (each with a size of 96.3 x 96.3 km) to obtain a 
presence/absence matrix. We then computed values of each predictor (see 
below) to characterize the environmental conditions within grid-cells. 
Mapping handling and variable processing were performed with ‘raster’ 
package version 2.4 available in R environment (Hijmans et al. 2015). 

We compiled body sizes from the published literature to build a 
large database that comprises information for a total of 1230 anuran 
species in the New World (Supplementary material Appendix 2). We 
completed our database with body size data p rovided in the AmphiBIO 
trait database for amphibians (Oliveira et al. 2017). This allowed us to 
assemble data for 2761 New World’s species in total (Supplementary 
material Appendix 2). These species are representative of those that co-
occurr in anuran assemblages across the whole New World representing 
94.39% of total species (Fig. 1a). Body size for each species was obtained 
as maximum snout-vent length (adult SVL in mm) and was log10-
transformed to minimize the effects of typically right-skewed body size 
distributions. To avoid problems related to body size dimorphism, we 
choose to compile SVL measurements from females only. Maximum 
SVL was used because it is an indicative of the potential size of 
organisms with indeterminate growth (Hariharan et al. 2015, Levy and 
Heald 2015), and is the most common size measurement provided in the 
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literature and frequently used in similar macroecological analyses. 
Following Olalla-Tárraga and Rodríguez (2007), the database does not 
include five freeze-tolerant North American anurans in our analyses (Hyla 
chrysoscelis, Hyla versicolor, Pseudacris triseriata, Pseudacris crucifer 
and Rana sylvatica), whose geographic distributions are independent of 
body size and reflect a unique physiological adaptation to survive at 
extremely cold temperatures (Layne and Lee 1995, Storey and Storey 
1996). We did not incorporate intraspecific variation in body size since 
we assume that intraspecific spatial variation of body sizes is small 
compared to interspecific spatial variation (Blackburn et al. 1999, Gaston 
et al. 2008, Olalla-Tárraga et al. 2010).  
 
ENVIRONMENTAL VARIABLES  

 
We selected the following 11 environmental variables (associated 

hypotheses in parentheses): 
1. Mean annual temperature (MAT), maximum temperature of the 
warmest month (MTW), minimum temperature of the coldest month 
(MTC) and annual potential evapotranspiration (PET) (Heat Balance): 
These variables have been widely used in macroecology and 
biogeography as a measure of the amount of environmental energy 
(Fisher et al. 2011), including studies on large-scale body size gradients in 
amphibians (Olalla-Tárraga and Rodríguez 2007, Olalla-Tárraga et al. 
2009). Following Gouveia and Correia (2016), we used a Thornthwaite 
model for PET (a temperature-based model sensu Fisher et al. 2011), with 
no explicit indication of water supply in the equation. In temperate cold-
limiting regions this PET metric is strongly correlated and essentially 
indistinguishable from thermal gradients, whereas in water-saturated 
tropical environments such as the Amazon rain forest the relationship 
temperature-PET is decoupled (Gouveia and Correia 2016). Hence, PET 
is deemed to be a more complete proxy variable than temperature to 
account not only for the energy regime (Fisher et al. 2011), but also the 
environmental capacity to remove water in certain Neotropical ecoregions 
(Gouveia and Correia 2016). MAT, MTW and MTC were downloaded 
from WorldClim (Hijmans et al. 2005) and annual PET from Willmott 
and Matsuura (2001), both with a spatial resolution of 0.5º.  
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2. Normalized difference vegetation index (NDVI) (Primary 
Productivity): We calculated mean annual values of NDVI as our proxy 
of primary productivity. NDVI measures wavelenghts and intensity of 
infra-red and visible light reflected by the Earth surface to determine the 
concentration of green leaf vegetation on the planet. This variable has 
already been shown to be correlated with vegetation biomass in several 
ecosystems (Myneni et al. 1995, Pettorelli et al. 2005) and is frequently 
used as a proxy for productivity (Valenzuela-Sánchez et al. 2015). Data 
were obtained at a resolution of 1o from http://earthobservatory.nasa.gov/. 
3. Annual precipitation (AP), precipitation of the wettest month (PW) and 
precipitation of the driest month (PD). Water deficit (WD) and Aridity 
Index (Ari) (Water Conservation): These three variables were used as 
indicators of the availability of water and moisture in the environment. 
AP, PW and PD were obtained from WorldClim (Hijmans et al. 2005) for 
the period ~1950-2000 (resolution of 0.16 o). Following Olalla-Tárraga et 
al. (2009), WD was calculated as PET minus annual actual 
evapotranspiration (AET) at a resolution of 0.5º from data in Willmott 
and Kenji (2001). The Aridity Index has been developed to quantify 
precipitation availability over an atmospheric water demand and is 
calculated as the quotient of mean annual precipitation and annual PET 
(Zomer et al. 2008). Aridity data were downloaded from the Geospatial 
Database at a spatial resolution of 0.008º (http://www.cgiar-csi.org). 
Values of the index decrease towards more arid conditions.  
4. Elevation range (Ele) (Habitat Avalability): Elevation range is an 
estimate of habitat availability at the mesoscale (Hawkins and Diniz-filho 
2006). We downloaded elevation data from GTOPO 
(https://lta.cr.usgs.gov/GTOPO30), at a resolution of 0.008º to incorporate 
the topography in our models.  

We summarized the values of the predictors for both the 
assemblage-based and cross- species analyses. For the former, mean 
values of each predictor were computed for each grid-cell. Statistical 
analyses were run for anurans across the whole New World and 
separately for the Nearctic and Neotropical regions.  
 
ASSEMBLAGE-BASED ANALYSES  
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Body size distributions tend to remain right-skewed and deviate 
significantly from normality even after a logarithmic transformation 
(Schoener and Janzen 1968). We detected that the majority of grid-cells 
in the Americas show positive skewness (Supporting information 
Appendix 1, Fig. A1) and decided to use medians instead of means as 
descriptors of body size for each species assemblage (Meiri and Thomas 
2007). We first calculated Pearson correlation coefficients to explore the 
relationships between median body size and our predictors. To obtain 
unbiased coefficients and control for spatial autocorrelation in 
environmental predictors and body size, we implemented a modified t-test 
which uses spatial correlograms to calculate geographically effective 
degrees of freedom (Legendre 1993).  

We then ran multiple regressions including different combinations 
of predictors and performed a model selection based on information 
theory using Akaike Information Criterion (AIC) (Burnham and 
Anderson 2002). We calculated ∆AIC (∆AICi=AICi - minAIC) to 
compare competing models that best fit our data and Akaike’s weightings 
(wi) to estimate the probability of each model to be the best explanatory 
one. To identify the contribution of each environmental variable in 
multiple regressions and the relative support for each hypothesis we used 
standardized partial regression coefficients (Hargens 1976). We did not 
include highly correlated variables (as assessed by Variance Inflation 
Factor values lower than 10) in multiple regression models to minimize 
multicollinearity. Hence, annual temperature, annual precipitation 
(correlated with MTW, MTC and PET, respectively) and aridity 
(correlated with AP, PW and WD, respectively) were excluded from 
multiple regressions (Supporting Information Appendix 1, Table A1). 
Since spatial data units are not statistically independent and this can lead 
to an underestimation of error variances, we obtained eigenvector-based 
spatial filters and included them as predictors in multiple regression 
models to control for spatial autocorrelation. Spatial filters have been 
shown to be an effective way to miminize spatial autocorrelation at 
different spatial scales (Diniz-Filho and Bini 2005). To avoid an 
overcorrection for spatial autocorrelation, we selected non-redundant 
filters using maximization of the coefficients of determination and 
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minimization of residual spatial autocorrelation as a criterium (Diniz-
Filho and Bini 2005). We also excluded non-significant filters to avoid 
strong collinearity between environmental variables and the filters and 
evaluated if this approach removed residual spatial autocorrelation using 
spatial correlograms of our best fitted models. 

Similarly, to address concerns about the potential effects of 
species richness on assemblage-based analyses (Meiri and Thomas 2007), 
we adjusted median body size in grid cells by the number of species using 
species richness as weighting factor in a weighted regression (Carroll and 
Ruppert 1988). A weighted regression is a method used when the least 
squares assumption of constant variance in the errors is violated (Carroll 
and Ruppert 1988). This special case of generalized least squares reflects 
the behavior of the random errors in the model, it works by incorporating 
extra nonnegative constants (e.g. weights). We evaluated changes in the 
ranks of coeficients by comparing the standardized partial regression 
coefficients for each predictor and the coefficient of determination (R2) 
for each model. We performed assemblage-based analyses in SAM v4.0 
(Rangel et al. 2010).  

CROSS-SPECIES ANALYSES  

To assess the congruence between two types of interspecific 
analyses and verify if the main predictors of body size remain the same in 
assemblage-based and cross-species methods we conducted a species-
level comparative analysis. We characterized the environmental 
conditions experienced by each species across their distributional range 
and regressed body size against each predictor. We performed a 
phylogenetic generalized least square regression (PGLS) which uses the 
phylogenetic relationships between species to generate an estimate of 
expected covariance in cross-species data. PGLS does not lead to a 
problem of overcorrection for phylogeny because if there is no 
phylogenetic signal in the data parameter estimates will be equal to an 
ordinary least square regression (Garamszegi 2014). To perform PGLS 
analyses we used a large-scale phylogeny which includes over 2800 
amphibian species (Pyron and Wiens 2011), which is the most complete 
phylogenetic hypothesis to date and is suitable for our work because it 



 

 
53 

Capítulo 2 
 

does not present polytomies and includes all the species for which we 
have body size data. For all models, we used a maximum-likelihood value 
(ML) of λ (Pagel 1999). The λ parameter adjust the internal branch 
lengths of the tree by keeping all tips contemporaneous (Freckleton et al. 
2002). By setting λ as ‘ML’ we optimize the branch length 
transformations to find the best one given the data and the model 
(Freckleton et al. 2002). The values of κ and δ were set as 1, following the 
standard practice. We then adjusted all R values for all variables. 

When analyzing body size spatial variation in ectotherms one 
must consider the habitat on which the species occur, once their 
surroundings are their main source of energy. As indicated by Hillman et 
al. (2009), amphibian species inhabit a variety of habitats and their 
occupancy will depend to the availability of water and their ability to 
cope with the environmental constraints of each microhabitat type. With 
this in mind, we chose to run a PGLS analysis including microhabitat data 
from Moen and Wiens (2017) using the same classification assigned by 
them (aquatic, arboreal, terrestrial, burrowing, semiarboreal, semiaquatic 
and semiburrowing). We ran PGLS analysis with CAPER package in R 
environment 3.0.2 (Orme et al. 2013).  
 

RESULTS 

ASSEMBLAGE-BASED ANALYSES 

The median body size of anurans shows a geographic gradient 
with the largest species being found towards the north of Nearctic and the 
west coast of the Neotropics, especially in southern parts of the Andes 
(Fig. 1b). This region is characterized for having a semiarid and cool 
climate. The smallest sizes are found between south of the Nearctic and 
central-north of the Neotropic (Fig. 1b). Interestingly, medium sizes can 
be observed across the South America ‘dry diagonal’, which comprises 
Caatinga, Cerrado and Chaco biomes. The multimodel selection approach 
identified five models in the New World and Nearctic and two models in 
the Neotropics that best fit our data with ∆AIC≤2 (Supplementary 
material Appendix 1, Table A2). These models in the New World, 
Nearctic and Neotropic presented a good fit and were indistinguishable 
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(Supplementary material Appendix 1, Table A2). Thus, in order to better 
test the four proposed hypotheses along the continent, we chose to use the  
model that included all variables. 
 
 

Figure 1. Geographical patterns of anurans in the New World at a spatial 
resolution of 96.3 x 96.3 km (Behrmann equal-area grid of 4209 cells). (a) 
proportion of species per cell, numbers of analysed species are compared to 
the total number of co-occuring species that have been described in each 
assemblage. (b) median body sizes of analysed species. Numbers included in 
the map are log-trasformed snout-to-vent lenght values in milimeters. 
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Assemblage-based analyses show that median body size was 
negatively correlated with PET, which consistently emerge as the 
strongest predictor across the Americas (R2=0.64, Table 1a). Range in 
elevation was positively correlated with body size and ranked second 
according to its standardized regression coefficient (Table 1a). 
Precipitation of the wettest month also had a significant and negative 
standardized regression coefficient and ranked third in terms of 
importance. Ranks of the most important explanatory variables remained 
the same after the inclusion of spatial filters as predictors and species 
richness as a weighting factor in regression models (Table 1a). Hence, our 
results are not an artifact of spatial autocorrelation or the uneven 
distribution of species richness across space.  

A multiple regression model in the Nearctic explained 41% of 
variance (Table 1b) and anuran median body size described a pattern 
consistent with water availability in the environment. PW and PD, 
together with WD, were the best explanatory variables in both spatial and 
non-spatial models. PET also ranked as a significant correlate, so that the 
largest species are present in low energy cells in this region, with 
restricted southern areas occupied by smaller sizes (Fig. 1b).  

In the Neotropics, the single best model described 28% of the 
variance in body size (Table 1c). In this model, minimum temperature of 
the coldest month ranked first (negative sign) and elevation range, 
maximum precipitation, water deficit and maximum temperature were 
also important (Table 1c). Elevation range was negatively and 
significantly associated with median body size and ranked second, 
illustrating how habitat complexity jointly with energy availability 
contribute to shape the occurrence of small and large species along the 
Neotropics (Fig. 1b). These results are in accordance with the heat 
balance, habitat availability and water balance hypotheses.  

 
CROSS-SPECIES ANALYSES  
 

Results for cross-species analyses were consistent with those 
reported at the assemblage level for the Western Hemisphere (Table 2). 
The variation of anuran body sizes strongly fits a Brownian Motion model 
of evolution (λ=0.924). Best models included the eight environmental 
variables that ranked differently in each group (aquatic, terrestrial, 
arboreal, burrowing, semi aquatic, semi arboreal and semi burrowing). 
PET was the best predictor of body size for anurans that occupy different 
microhabitats, similar to the assemblage analysis (Table 2). 
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1.054	

	
 

 
 

 
 

 
 

 
 

 
Terrestrial	

-0.0023	
0.015	

0.0033	
-0.0004	

-0.0021	
-0.0009	

0.0011	
0.002	

0.03	
3.749	

	
 

 
 

 
 

 
 

 
 

 
A
rboreal	

0.023	
0.003	

0.0004	
0.0003	

-0.03*	
0.0009	

0.0003*	
0.001	

0.04	
1.116	

	
 

 
 

 
 

 
 

 
 

 
Burrow

ing	
0.08*	

0.0009	
-0.001	

-0.002	
-0.006	

0.006	
0.0004	

0.001	
0.44	

1.609	

	
 

 
 

 
 

 
 

 
 

 
Sem

i	aquatic	
-0.004	

-0.005	
-0.0001	

-0.002	
0.004	

0.0009	
0.0002	

-0.004	
0.09	

2.218	

	
 

 
 

 
 

 
 

 
 

 
Sem

i	arboreal	
0.031	

-0.008	
0.0004	

0.0004	
-0.005	

0.0008	
0.0003	

0.004	
0.14	

1.492	

	
 

 
 

 
 

 
 

 
 

 
Sem

i	burrow
ing	

0.01	
-0.0007	

0.005	
-0.009	

-0.026	
-0.004	

-0.001	
-0.001	

0.45	
20.16	

	
	

	
	

	
	

	
	

	
	

	

Table 2. Phylogenetic generalized least squares results for the relationship betw
een body size and predictor variables. *P<0.01. 

Abbreviations as in Table 1. 
 



 

 
58 

Capítulo 2 
 

The variation in body size for arboreal species is also associated to PET 
and Ele. However, PET did not emerge as a significant correlate of body 
size among aquatic and burrowing species (Table 2a). For these groups, 
MTW was the most important and significant predictor. We could not 
detect any relationship between average body size and environment of 
species classified as either terrestrial, semiaquatic, semiarboreal or 
semiburrowing. Results from PGLS are also in agreement with both the 
heat balance and water availability hypotheses showing that average large 
sizes are found in regions with low energy and water availability.  
 
 

DISCUSSION  
 

Anuran body sizes in the New World do not follow a simple 
Bergmannian pattern of increasing size towards high latitudes. Instead, 
we detected that body size strongly correlates with the spatial variation in 
potential evapotranspiration (PET). This general pattern could be 
interpreted as indicative of an influence of heat and water conservation 
dynamics on body size, as predicted by the heat balance and water 
conservation hypotheses (Olalla-Tárraga and Rodríguez 2007, Ashton 
2002). Furthermore, the joint role of energy and moisture that becomes 
apparent in separate analyses for the Neartic and Neotropics is indicative 
of the inherent difficulties to tease apart thermal and hydric constraints in 
shaping anuran body size variation across water-limiting environments 
(Olalla-Tárraga et al. 2009, Gouveia and Correia 2016, Rapacciuolo et al. 
2017). 

Larger body size confers better abilities to retain metabolic heat 
due to the smaller surface-to-volume ratio (Bergmann 1847, James 1970). 
However, this statement neglects that the heat balance of ectothermic 
animals is not only the result of heat conservation mechanisms but also 
depends on the potential for energy acquisition. Ectothermic animals are 
unable to produce metabolic heat to the extent of mammals and birds and 
must gain heat from their surroundings and regulate their body 
temperature through behavior (Wells 2007). Because of that, many 
researchers have claimed that small-bodied ectothermic species should be 
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favored in low energy environments due to their greater surface-to-
volume ratio which would be advantageous to gain heat faster and reduce 
basking times (Pincheira-Donoso et al. 2008). This view ignores that 
small body size is also associated to more rapid cooling, a disadvantage in 
cold environments (Olalla-Tárraga et al. 2006). Thereby, two opposite 
selective forces act concomitantly on anuran body size, one favoring 
smaller sizes to gain heat more rapidly and another one favoring larger 
sizes to better conserve body temperature (Olalla-Tárraga and Rodríguez 
2007). Most anurans are not strict thermoconformers and have evolved a 
number of physiological and behavioral mechanisms to increase heating 
rates and satisfy their energy demands under low environmental 
temperatures (reviewed in Hillman et al. 2008). Short-term movements or 
posturing allow species to maximize heat gain and overcome the 
constraints of large sizes in cold climatic conditions. Such behavioral 
thermoregulation represents an adaptive advantage to increase heating 
rates (Hillman et al. 2009). Thus, heat gain, which is critical to achieve 
optimal body temperatures in cold climates, is not exclusively size-
dependent, whereas a large body provides more thermal inertia and allows 
to maintain body temperature more effectively (Tracy et al. 2010). Also, 
the same mechanism of heat retention may be evoked to explain the 
association between size clines and variation in water availability, once 
large sizes enhance water retention in moisture depleted environments 
(Ashton 2002). Our hemisphere-wide analyses highlight a relevant role of 
water availability, more specifically with the spatial variation in minimum 
precipitation levels, in the Nearctic in accordance with predictions of the 
water conservation hypothesis (Ashton 2002, Olalla- Tárraga et al. 2009, 
Gouveia and Correia 2016). Despite behavioral activities such as basking 
may enhance heat gain, hydroregulation is difficult to disentangle from 
thermoregulation in amphibians (McNab 2002). Anurans have a highly 
permeable skin and their ability to survive at high temperatures or low 
humidities critically depends on their capacity to tolerate desiccation. 
Rates of evaporative water loss increase with decreasing body size (i.e. 
greater surface to volume ratios) so that small-bodied species are more 
susceptible to desiccation (Tracy et al. 2010). To withstand prolonged 
periods of high ambient temperature and maintain stable body 
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temperatures, many anurans regulate evaporative water loss through 
postural adjustments that increase water absorption from moist substrates 
(Wells 2007, Vitt and Caldwell 2009). Other species control evaporative 
cooling by increasing skin resistance (Buttemer and Thomas 2003, Tracy 
2010). This is the case of “waterproof” frogs of the genus Phyllomedusa 
which show cutaneous control of water exchange (Shoemaker et al. 1989, 
Tracy et al. 2010). Despite the presence of specific adaptations to 
maintain water in anurans bodies, we still find that larger sizes offer a 
dehydration tolerance in species that inhabit arid and semiarid 
environments in the Nearctic and Neotropics (Navas 2003, Vitt and 
Caldwell 2009). Thus, as ectotherms that depend on external heat sources, 
larger anuran species in tropical areas must rely on behavioral and/or 
physiological adjustments to reduce heating times and optimize water 
conservation (Hillman et al. 2009). We thus suggest that the interplay 
between body temperature and water balance has an effect on the 
variation of body size in most anurans. Since larger sizes allow better heat 
conservation in cold climates, but can also allow better water 
conservation (Olalla-Tárraga et al. 2009, Gouveia and Correia 2016), it is 
possible that the same mechanism is important throughout the New 
World.  

Our results also reveal some interesting aspects of geographical 
size clines in tropical areas. Although the tropical zone in the New World 
is dominated by small-sized anurans (Fig. 1), we were able to detect a 
gradient associated with with minimum temperature of the coldest month. 
This pattern can be easly noted by a high frequency of the largest sizes 
located at the Andean plateau (Fig. 1). Thermoregulation is particularly 
important for anurans to survive at high altitudes, where temperatures 
may be extremely low (McNab 2002). For example, body temperatures of 
the Andean toad Rhinella spinulosa are usually above environmental 
temperatures, including those of the substrate and shaded air temperatures 
even during the night (Pearson and Bradford 1976, Sinsch 1989). This 
toad replaces water loss during exposure to the sun by the water stored in 
the bladder, a common mechanism also found in desert amphibians 
(McNab 2002, Hillman et al. 2009). Due to the high energy availability in 
the Neotropics, water loss through evapotranspiration is also high. Under 
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such scenario, the need to thermoregulate may hamper the conservation of 
body water. However, many species also rely on behavior to reduce 
evaporative water loss by retreating to the shade, even at high latitudes 
(Pearson and Bradford 1976). In this way, the largest sizes are benefited 
in low temperature localities of the Neotropics, a result that is also 
reflected by the relevance of topographic variation in this realm. This size 
pattern in the Neotropics may not be simply shaped by an increase in the 
size of cold climate species but interpreted as a decrease in the sizes of 
high temperature species (Lindsey 1966). Anurans are primarily 
inhabitants of tropical regions and about 80-90% of all anuran species are 
found in the tropics with species numbers drastically decreasing at higher 
latitudes (Wiens 2007). Many anuran species living in warm climates 
exhibit body temperatures around 30oC and heat gain is not a major 
constraint in those regions rather than cooling (Hutchison and Dupré 
1992). Thus, several tropical anurans exhibit also some degree of 
behavioral control of body temperature and their body sizes vary directly 
with environmental temperature (Hutchison and Dupré 1992). Then 
smaller sizes allow species to spend less time heating the body and devote 
it to reproduction, feeding, and growth, among other activities (Wells 
2007). This is important in tropical regions where abundance of predators 
is higher than in temperate latitudes and predation selection may 
determine body size tendencies (Rohde 1998). Then, by decreasing the 
time to actively thermoregulate, many species would be less vulnerable to 
predation due to exposure in more lighted microhabitats. Moreover, 
smaller sizes are advantageous to also reduce overheating through 
evaporation, which leads to lower body temperature (Lillywhite 1975). 

Different interpretations of evidence for size clines have been 
hampered by the many factors that can affect body size. This is 
particularly true for amphibians where different geographic size variation 
has been found and the detection of general trends is less evident than in 
endothermic animals (Ashton 2002, Olalla-Tárraga and Rodríguez 2007, 
Adams and Church 2008, Olalla-Tárraga et al. 2009, Gouveia et al. 2013). 
Explanations for anuran body size gradients are necessarily more complex 
and additional selective forces uncovered by our models may be 
necessary to gain further insights into the causes. Interestingly, our 
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analyses provided congruent results at the assemblage and cross-species 
level. Both approaches identified PET as the best predictor for all anurans 
analysed. Some researchers have claimed that size-environment 
relationships unveiled by phylogenetically controlled analysis in anurans 
are weak (Slavenko and Meiri 2015). Considering the water requirements 
and environmental energy dependence of anurans, it is difficult to 
imagine that their biological traits are not driven to some extent by 
environmental constraints operating both at the microhabitat and the 
macroclimatic levels (see also Gouveia and Correia 2016). Despite the 
multiple causes of geographical body size gradients in amphibians and the 
inherent difficulties to incorporate all relevant predictors at 
macroecological scales, our models are still able to detect consistent and 
significant environmental signals at this spatial scale of analysis. 
Previously reported findings for anuran size gradients had not considered 
the different microhabitats in which anurans live. By including such data, 
we have found that depending on the microhabitat level occupied by 
species, the importance of environmental correlates of body size can be 
altered. Despite the presence of anurans in their habitat is dependent on 
the availability of water, our results show how temperature becomes 
important for species that are directly in contact with the substrate and 
water. For aquatic and burrowing anurans, for example, maximum 
temperature was the most importat determinant of body size. This is 
especially true for burrowing frogs for which microhabitat preferences 
reflect a high ability to endure high temperatures and, consequently, 
evaporative water loss (Hillman et al. 2009). In the case of aquatic 
species, air temperature has already been shown to improve the results of 
correlations between body size and environmental temperature 
(Valenzuela-Sánchez et al. 2015). In this work, we have shown that the 
biogeographic variation in body size of New World anurans is well 
explained by potential evapotranspiration, a variable that reflects both 
available energy and atmospheric water content (Fisher et al. 2011). Even 
after deconstructing our analyses into the two major biogeographical 
realms in the New World (Nearctic and Neotropics), results remained 
consistent with predictions of the heat and water conservation hypotheses 
(Olalla-Tárraga et al. 2007). We also found evidence for a role of water 
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availability, in accordance with previous findings in Nearctic amphibians 
(Olalla-Tárraga et al. 2009, Gouveia and Correia 2016, Rapacciuolo et al. 
2017). The patterns we observe are detectable along the whole American 
continent even if part of the variance may be related to other factors. 
Many anuran species have biological and physiological traits that enable 
them to reach a heat balance via energy exchange with the environment, 
while their sizes enable them to maintain water in body. Therefore, 
surface to volume ratios are primarily important for optimizing the heat 
and water balance of larger anuran species. Finally, we provide evidence 
that the combination of assemblage and cross-species approaches is 
helpful to explore and understand the ecological and evolutionary forces 
that shape broad-scale body size clines.  
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Table A1, Part 2.  Pearson correlation coefficients for assem
blage-based analyses of the Nearctic. *P<0.01. 
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Table A1, Part 3.  Pearson correlation coefficients for assem
blage-based analyses of the Neotropic. *P<0.01. 
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Figure A1. Skewness map of body size distribution (spatial resolution of 96.3 x 
96.3 km in a Behrmann equal-area grid of 4209 cells). Numbers included in the 
map were calculated from grid-cells with at least 10 values of body sizes. 
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Figure A2. Spatial correlograms using Moran’s I for median snout-vent 
length (red circles) and residuals of the best environmental model (green 
circles) for: (a) anurans in New World; (b) anurans in Nearctic; (c) 
anurans in Neotropic. Distance units corresponding to a planar system 
with arbitrary scale. 
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ABSTRACT 
Body size clines and their relationship with environmental 

gradients have been continuously questioned for ectotherms. Regardless of 
being frequently suggested as the cause of body size response to climatic 
gradients, the geographical variation of surface-to-volume ratios remained 
poorly explored.  Until recently, no empirical study has examined in detail 
how the body’s geometry of an animal is related to the environment. Here, 
we use new techniques of photogrammetry to collect geometric 
measurements from 3D models of the natterjack toad and tested if surface 
area-to-volume ratios and body size are predicted by environment. We 
used photogrammetry techniques to reconstruct specimens into 3D models 
and to collect geometric data (volume and surface area) and to calculate 
surface area-to-volume ratios (SA:V) of 104 specimens of Epidalea 
calamita. We then employ spatial analysis to examine the relationships 
between SA:V, body size and a set of bioclimatic variables. In accordance 
with water-based hypotheses, a decreases SA:V was strongly associated 
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with more arid environments. In contrast, body size was only weakly 
constrained by environmental conditions. The difference in results of 
models using traditional body length measure SA:V may indicate body 
size and SA:V are not under the same selective pressures. The observed 
SA:V-water related variables relationships possibly emerge from the 
benefits inherent to reduced surface-to-volume ratios in individuals 
inhabitant of more arid areas, which decrease the rates of evaporative water 
loss. In conclusion, our results show that a lower SA:V arise as an effective 
way to maintain an amphibian’s body hydrated. 

 

Keywords: 3D models, amphibians, Bergmann’s rule, biogeography, 
body size, surface area-to-volume 

 

INTRODUCTION 
Size is one of the most obvious attributes of an organism (Haldane, 

1926). For almost two centuries, biologists have examined the relationship 
between body size and environmental conditions (Gaston & Blackburn, 
2000). Karl Bergmann (1847) pioneered the study on geographical 
gradients in body size and first noticed that larger endothermic vertebrates 
are more prone to occur in cold climates due to their smaller surface-to-
volume ratio. Bergmann argued that a reduced surface area-to-volume 
ratio (SA:V hereafter) is important to the heat economy of warm-blooded 
animals, once they should produce less heat in relation to their size to 
maintain a constant body temperature. His arguments for this mechanistic 
basis relied on the allometric scaling of an object dimensions, on which by 
increasing the size by 1:2, the surface increases 1:4 while the volume will 
increase by 1:8.  Thus, because the dissipation of heat is mainly related to 
the amount of surface exposed to air and its production is related to the 
volume, if we ignore external structures (e.g. fur, feathers), larger animals 
should be warmer than smaller ones. Although originally discussed for 
mammals and birds, the mechanism by which body size clines are 
produced was also evoked for ectotherms (Ray, 1960; Lindsey, 1966). 
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Cold-blooded animals depend on their environmental surroundings to 
increase body temperatures and are unable to generate metabolic heat to 
the extent of endotherms (Hillman et al., 2009). While larger ectotherms 
in colder climates would also have limited heat absorption capacities 
(Hillman et al., 2009), many species do exhibit some thermoregulatory 
behavior (e.g. basking or microhabitat selection) or compensatory 
mechanisms (e.g. thermal melanism) to enhance heat gain and heat 
conservation (Olalla-Tárraga & Rodríguez, 2007). Smaller SA:V also 
helps ectothermic species to better conserve the absorbed heat (Olalla-
Tárraga & Rodríguez, 2007; Olalla-Tárraga et al., 2009a; Rodrigues et al., 
2017). According to the heat balance hypothesis, size clines across 
macroclimatic gradients can also emerge in thermoregulating ectotherms 
as a result of thermal adaptation and through changes in body dimensions.  

As expected from the heat balance hypothesis, a relationship 
between environmental temperature and body size has been documented 
in amphibians (Olalla-Tárraga & Rodríguez, 2007; Olalla-Tárraga et al., 
2009b), albeit weak correlations also arise under certain climatic settings 
(Slavenko & Meiri, 2015; Gouveia & Correia, 2016). A possible reason 
for the lack of a universal pattern on the relationship between 
environmental temperature and body size in amphibians is the interplay 
with water availability. As wet-skinned terrestrial vertebrates, amphibians 
do not only depend on thermoregulation but also critically on 
hydroregulation (Ashton 2002; Olalla-Tárraga et al. 2009a; Gouveia & 
Correia 2016). A water conservation mechanism based on SA:V 
relationships, that can be considered analogous to the conservation of heat, 
has also been proposed to account for geographic size gradients in this  
taxonomic group (Ashton, 2002; Olalla-Tárraga et al., 2009b; Gouveia & 
Correia, 2016). The water conservation hypothesis states that large-bodied 
animals can better cope with arid environmental conditions, once their 
smaller SA:V  confers lower desiccation rates (Nevo, 1973; Ashton, 2002). 
Evaporative water loss in wet-skinned ectotherms is highly dependent on 
the surface area of the skin exposed to the air (Wells, 2007). Because of 
their lower SA:V, larger amphibians have greater resistance to water loss 
than smaller ones under the same environmental conditions and skin 
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resistance.  In smaller amphibians, the area through which water 
evaporates from the animal’s body is enlarged relative to the volume on 
which the water can be stored. Moreover, thermoregulation and 
osmoregulation are closely linked in amphibians and respond to both 
environmental energy and water availability (Hillman et al., 2009). 
Increasing air temperatures are associated to higher levels of water loss 
and, hence, also affect the water balance in amphibians (Hillman et al., 
2009). Consequently, both water and heat conservation depend on the 
geometry of an amphibian’s body.  

Even though the variation in SA:V has been recurrently suggested 
as the cause of body size responses to climatic gradients, most inferences 
on organismal size clines stem from single linear measurements of body 
length as a size metric instead of direct SA:V estimates. This can be mainly 
explained due to the inherent technical limitations in the capture of 
geometric measurements of animal’s bodies. While volumes can be easily 
measured through Archimedes’ principle, organismal surface area 
provides a real challenge. Surface area is often estimated by skinning 
euthanized animals and displacing the removed skin in graph paper to 
determine the area (McClanahan & Baldwin, 1969). Until recently, no 
method was able to precisely and directly measure skin surface of 
amphibians without damaging collection specimens (Wardziak et al., 
2014). Recent advances in medical image acquisition (e.g. computed 
tomography, magnetic resonance imaging) bring new possibilities in 
capturing and estimating surface areas, but image machinery is often 
expensive (Laforsch et al., 2012). The advent of new photogrammetry 
techniques coupled with digital modelling enables obtaining accurate 
measurements of 3D object structures. 	 Modern digital geometry 
processing offers the opportunity to specifically characterize  the total skin 
surface of complex morphologies, through which heat and water are 
exchanged with environment (Nguyen et al., 2014). In animals such as 
amphibians, whose transcutaneous fluxes of respiratory gases, osmolytes 
and water are essential to maintain homeostasis, the application of novel 
3D modelling techniques open new avenues for understanding their 
physiology, ecology and geographic distribution.  
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In this work, we apply photogrammetry techniques to generate 3D 
reconstructions of specimens and to collect geometrical data (volume and 
surface area) of one anuran species, Epidalea calamita (Laurenti, 1768). 
The natterjack toad, E. calamita, is a ubiquitous species occupying 
different habitat types as coastal dunes, dense forests, agricultural fields 
and mountains (Beebee, 1983). The species occurs in different climatic 
conditions and its reproduction is strongly associated with local 
precipitation regimes (Sinsch, 1988). Previous works on body size 
variation and its relationship with climate have reported that E. calamita 
increases its size with temperature, a converse Bergmannian gradient 
(Leskovar et al., 2006; Sinsch et al., 2010). On the contrary, Martínez-
Monzón et al. (2017) recently analyzed fossil data for this species and 
showed a pattern of decreasing size with winter temperatures during the 
Pleistocene period. These contrasting findings suggest that various 
mechanisms are possibly involved in generating the observed patterns. 
Here, we test the two principal hypotheses on geographical body size 
variation in amphibians: heat balance and water conservation. 
Additionally, we test the Primary Productivity hypothesis, which states 
that large species are more prone to occur in more productive areas, where 
abundant resources allow larger size to be maintained (Rosenzweig, 1968); 
and the Starvation Resistance hypothesis, which posits that large animals 
will occur in more seasonal environments, surviving long periods of 
resource scarcity (Van Voorhies, 1996). For the first time, we show that 
surface-to-volume ratio is predicted by climate, revealing that water 
conservation is fundamental to explain the occurrence of E. calamita in 
Europe. A comparison with results obtained from traditional body length 
measurements highlights the importance of considering body geometries 
when exploring climatic correlates of geographic size gradients.   

MATERIAL AND METHODS 
BODY SIZE AND OCCURRENCE POINTS 

The natterjack toad (Epidalea calamita) is widely distributed from 
the Iberian Peninsula to Belarus, Ukraine and Estonia, which allows 
analysing a broad span of climatic variation (Fig. 1). We sampled 104 
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individuals from four museums in Europe: Museo Nacional de Ciencias 
Naturales, Spain (MNCN-Madrid); Muséum National d’Histoire 
Naturelle, France (MNHN-Paris); Zoologisches Museum in Center of 
Natural History, Germany (CeNak-Hamburg) and Museum für 
Naturkunde, Germany (MfN-Berlin). From each specimen, we used a 
Mitutoyo digital calliper with a precision of 0.01 mm to measure snout-
vent length (SVL in mm) and recorded sampling locality. To avoid issues 
related to sexual size dimorphism, we chose to sample SVL measurements 
from adult female specimens only. Only specimens for which sampling 
locality was available were measured and included in our analyses (see 
Appendix S1 in Supporting Information). 

 

Figure 1. Geographic range (gray area; source: IUCN Red List) of Epidalea 
calamita and locality points (black dots) of specimens retrieved from 
museums in Europe. 
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PHOTOGRAMMETRY AND 3D MODEL RECONSTRUCTION 

To reconstruct specimens into 3D models, we applied a 
photogrammetry technique based on a three-step process summarized in 
Figure 2. Specimens of E. calamita were pinned vertically by introducing 
a needle in the cloacal vent and fixing it into a play dough base (Fig. 2a). 
This mounting method allows capturing the geometry in more detail by 
covering every angle of the specimen and thus avoiding occlusions. The 
pinned specimen was positioned on a turntable and a 11mm photography 
tag was used to calibrate models’ geometric measurements. We used a 
DSLR Nikon D3400 camera with AF-S Nikkor 50 mm prime lens to 
capture roughly 250 pictures of five angle shots (Fig. 2a). We 
photographed all specimens in normal-mode in which the object remains 
focused at any viewing angle with only the depth focus of the DSLR 
camera lens. After completing the acquisition of 2D images from different 
orientations, we used Autodesk Recap Photo version 18.2.0.8 to produce a 
3D digital model from all photographed specimens (Fig. 2b). We then 
computed surface-area and volume from generated 3D models to calculate 
surface-to-volume ratios (SA:V) for each specimen (Fig. 2c). More details 
about 2D images acquisition and the 3D reconstruction process of 
specimens from natural history collections can be found in Nguyen et al. 
(2014). 

ENVIRONMENTAL VARIABLES 

To test whether body size length (SVL) and surface-to-volume 
ratios (SA:V) are determined by climate, we selected a set of twelve 
environmental variables on the basis of previous studies that have 
documented size-environment relationships in amphibians (Arnett & 
Gotelli, 1999; Ashton, 2002; Olalla-Tárraga & Rodríguez, 2007; Ficetola 
et al., 2010): annual mean temperature (AT), temperature of the warmest 
month (TWM), temperature of the coldest month (TCM), temperature 
seasonality (TS), annual precipitation (AP), precipitation of the wettest 
month (PWM), precipitation of the driest month (PDM), seasonality of 
precipitation (PS), normalized difference vegetation index (NDVI), NDVI 
seasonality (NDVI S), aridity index (Ari) and water deficit (WD). We 
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downloaded AT, TWM, TCM, TS, AP, PWM, PDM and PS from 
WorldClim version 2.0 (Fick & Hijmans, 2017) with a spatial resolution 
of 0.5º. The Aridity index is calculated as the quotient of mean annual 
precipitation and annual potential evapotranspiration and was obtained 
from the Geospatial Database at a spatial resolution of 0.008º (available at 
http://www.cgiar-csi.gov.org). As this index increases for more humid 
zones, and decreases for more arid zones, we estimated Ari*-1 to better 
interpret the results. We used NDVI as a proxy for productivity and data 
were downloaded from http://earthobservatory.nasa.gov/ at a spatial 
resolution of 1º.  NDVI seasonality was calculated as the coefficient of 
variation of NDVI of each point. Water deficit was calculated as potential 
evapotranspiration minus actual evapotranspiration and downloaded from 
Willmott and Matsuura (2001) at a resolution of 0.5º. 

 

 

Figure 2. Three steps to create photogrammetry-based 3D models of specimens. 
(a) first step consists in mounting the specimens into vertical position and 
photographing it at five different positions; (b) using acquired 2D images, a 3D 
model is inferred by overlapping the collected images in a 3D modelling 
software like Autodesk Recap Photo ®; (c) in the software the surface area, 
volume, size and other measures can now be compiled from the generated 3D 
model. 
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STATISTICAL ANALYSES 

Initially, to explore the relationships between our response 
variables (SVL and SA:V) and potential predictors, we calculated Pearson 
correlation coefficients (see Appendix S2, Table S2.2). We did not include 
highly correlated (r >0.5) predictor variables in multiple regression models 
to minimize multicollinearity. Also, we did not include redundant 
bioclimatic variables that could be implicated in more than one hypothesis 
to better discuss emergent relationships. Hence, we excluded TWM, TCM, 
AP, PWM, PDM, PS, NDVI S and WD from further analyses (Table S2.2). 
We computed Ordinary Least Squares (OLS) regression models separately 
for SVL and SA:V against a set of four predictors each one associated with 
one hypothesis: AT (heat balance), TS (starvation resistance), NDVI 
(primary productivity), and Ari (water conservation). We then performed 
a model selection based on Akaike Information Criterion (AIC) between 
OLS models with different combinations of predictors. We calculated 
∆AIC (∆AICi=AICi-minAIC) to identify the model that best fit our data 
(∆AIC<2) and Akaike’s weightings (wi) to estimate the probability of each 
model to be the best one. For the competing models, we also analysed the 
multicollinearity (assessed with Variance Inflation Factor values lower 
than 10) between the predictors included in each multiple regression model 
(Table S2.4). Additionally, to detect if collinearity is still present in our 
models, we calculated the condition number (CN) for each of them 
(Belsley, 1991). To evaluate the contribution of each environmental 
variable in multiple regressions, we used standardized partial regression 
coefficients (Hargens, 1976).  SVL data were log10-transformed prior to 
regression analyses for minimizing the effects of typically skewed body 
size distributions. 

Because spatial data units are not fully independent and this may 
lead to an underestimation of error variances, we included eigenvector-
based spatial filters as predictors in regression models. This approach has 
been shown to be an effective way to minimize spatial autocorrelation at 
different spatial scales (Diniz-Filho & Bini, 2005). To obtain unbiased 
coefficients and avoid overcorrection, we selected non-redundant filters 
using maximization of coefficient of determination and minimization of 
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residual spatial correlation (Diniz-Filho & Bini, 2005). Also, we excluded 
non-significant filters to reduce strong collinearity between selected filters 
and environmental variables. Finally, we compared the results of spatial 
and non-spatial (OLS) methods in order to examine the contribution of 
spatial structure in our multiple models (Table 2). We also evaluated 
changes in the ranks of coefficients by comparing the standardized partial 
regression coefficients of each predictor and the coefficient of 
determination (R2) for each model. All analyses were conducted in R 
environment (R Core Team, 2015). 

 

RESULTS 
The multiple model selection identified three models that best fit 

our data with ∆AIC<2 (Appendix S2, Table S2.4). As these models 
presented a good fit and were indistinguishable, we chose to use the model 
that included all environmental variables (TA, TS, NDVI and Ari). The 
Pearson correlation matrix showed that only annual mean temperature and 
aridity index remained highly correlated (r > 0.5, Table 1). We choose to 
maintain these variables in our models due to their obvious importance in 
testing proposed hypotheses as this did not lead to major changes of 
coefficient estimates between OLS and spatial models (Table 2). 
Multicollinearity itself did not reduce the reliability of our models once the 
rank of the most important predictors also remained the same (Table 2). 
Thus, we cautiously discuss how complex and synergistic processes link 
body size variation to environmental gradients.  

Regression models using SVL and SA:V as response variables 
showed different explanatory power, with body sizes measured as SVL 
poorly explained by climate (Table 2). OLS models showed that SVL was 
positively correlated with annual temperature, temperature seasonality and 
aridity and negatively with NDVI (Table 2a). Only the relationship with 
annual temperature was significant in the OLS model that accounted for 
16% of the variance. The positive sign of this relationship suggests that 
SVL increases towards warmer climates, exactly the opposite as predicted 
by the heat balance hypothesis. This relationship between annual 
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temperature and SVL remained significant after the inclusion of spatial 
filters as predictors in the regression model. Also, aridity and NDVI 
became significant and ranked in second and third respectively. This 
finding point towards an effect of spatial autocorrelation in the observed 
patterns as indicated by the condition number (CN>10, Table 2a). 

  Body Size SA:V AT TS NDVI 
      

SA:V -0.003 1    
AT 0.312* 0.439* 1   
TS -0.021 0.201* -0.02 1  
NDVI -0.290* 0.166 -0.273* 0.213* 1 
Ari -0.138 -0.628* -0.782* -0.362* -0.005 
		 		 		 		 		 		

The explanatory performance of SA:V models (R2=43%) 
remarkably improved the low coefficient of determination found for  SVL 
models. SA:V was negatively correlated with the aridity index which 
ranked first in terms of explanatory importance (Table 2b). Reduced SA:V 
occur in arid environments, in accordance with the water conservation 
hypothesis. Annual temperature and temperature seasonality were also 
negatively correlated with SA:V and ranked second and fourth 
respectively, as indicated by their standardized regression coefficients, 
although no significant (Table 2b). NDVI was positively correlated with 
SA:V, a pattern that reveal no support for the primary productivity 
hypothesis that remained after accounting for the spatial structure in the 
model. Ranks of the most important explanatory variables also remained 
the same after the inclusion of spatial filters, although temperature 
seasonality became non-significant in spatial models (Table 2b). Overall, 

Table 1. Pearson’s correlation coefficients between body size, surface area-to-
volume ratio and environmental variables included in multiple regression models. 
*P<0.05. 

SA:V, surface area-to-volume ratio; AT, annual mean temperature; TS, temperature 
seasonality; NDVI, normalized difference vegetation index; Ari, aridity index.	
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these findings support the water conservation and oppose the heat balance 
hypothesis (Table 2). 

DISCUSSION 
All the foundation of scaling relies on geometry. Until recently, no 

empirical study had examined in detail how the body’s geometry of an 
animal relates to environmental conditions. Here, we show for the first 
time that most of the variation in surface area-to-volume ratio (SA:V) of 
E. calamita can be explained by the geographic variation in aridity. Our 
results highlight that more arid desiccating environments are associated to 
reduced SA:V values. In stark contrast, models using snout-to-vent length 
(SVL, a classic linear metric of body size) as a response variable were not 
able to detect a strong climatic signal. As recently documented at the 
interspecific level (Slavenko & Meiri, 2015), the intraspecific variation in 
body length of the natterjack toad shows a low correlation with climate 
throughout its wide distribution range in the Western Palaearctic. This 
finding stresses the importance of selecting different metrics of body 
geometry and body size when examining clinal variation across climatic 
gradients. Body length does not seem to be the best measurement to test 
hypotheses addressing geographical changes in the capacity to retain 
energy and other essential elements in amphibians.  

While mechanisms of retention of water, heat, and energy supply 
are often adduced as causal explanations of geographical variation in mass, 
length, and other body size measures, these different metrics do not 
necessarily provide similar responses to climate (Vidal-García et al., 
2014). The remarkable difference in coefficients of determination of 
models using snout-to-vent length (SVL) and surface-to-volume ratio 
(SA:V) may indicate that traditional body size measurements are not 
suitable for testing the role of heat and water conservation in ectothermic 
size clines. Our results suggest that the responses of SA:V and SVL of E. 
calamita. to climate may be decoupled. The climatic signal on the variation 
in SVL is weak and almost negligible, whereas SA:V can be well described 
by aridity. This pattern is indicative of an influence of water conservation 
dynamics on body’s geometry as foreseen by the water conservation 
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hypothesis (Olalla-Tárraga & Rodríguez, 2007; Gouveia & Correia, 2016). 
Still, we are prone to imply that the effect of temperature on SVL was 
detected in some extent by our results and arise as mainly predictor of body 
length in spatial regression. Also, its synergetic relationship with aridity 
index and NDVI in spatial regression provide us insights of the importance 
of moisture and resource availability on SVL variation. In this way, we 
show for the first time that hydric constraints are in fact shaping the body’s 
geometry of natterjack toads in Europe, while temperature is the main 
driver of body length.  

Water economy is so crucial for amphibians that water retention 
mechanisms in these organisms have been the focus of intense 
ecophysiological research for over a century (Hillman et al., 2009). Nearly 
every aspect of the life of amphibians is affected by water availability in 
environment. For these organisms, the rate of evaporative water loss is 
associated with both temperature and humidity of their habitats and also 
with the skin surface area exposed to the air (Tracy et al., 2010). Many 
amphibians have morphological, physiological and behavioural 
adaptations to reduce water balance variation in their bodies (Hillman et 
al., 2009). Nevertheless, amphibians have lower resistance to water loss 
than other ectotherms (e.g. reptiles, insects), still making them highly 
susceptive to desiccation (Wells, 2007). By decreasing the area through 
which water can be lost, individuals with smaller SA:V are more prone to 
survive in arid areas. This was partially shown by Newman and Dunham 
(1994), when they found that larger toadlets of spadefoot toads 
(Scaphiopus couchii) lose water through evapotranspiration at slower rates 
than smaller ones. Although, they never tested the idea with SA:V, they 
suggested that despite smaller toadlets be able to faster absorption of water 
from moist substrate than larger ones, the last are more prone to conserve 
absorbed water while losing less through skin. Thus, despite many other 
adaptations to decrease evaporative water loss, a lower SA:V arise as an 
effective way to maintain an amphibian’s body hydrated.  

A mechanism similar to the one originally proposed to explain 
better heat economy in endothermic vertebrates (Bergmann, 1847; 
Salewski & Watt, 2017) may also be applied to explain water conservation 
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in amphibians. Ectotherms with increased SA:V increase the loss of water 
and dissolved substances, and also present problems to control body 
temperature in unfavourable environments, like the Iberian Peninsula. The 
same principle was object of analysis in the square-cube law, first 
described by Galileo Galilei (1638) in his final book Two New Sciences,  
which describes the relationship between the volume and the surface of a 
shape as its size increases or decreases. Galilei explains that if we scale an 
object up the surface will increase by the square of the multiplier, while 
the volume will increase by the cube of the multiplier. Since the ratio 
between the object’s surface and volume changes with the size, the 
properties of the object will also change with size. Despite being largely 
applied in engineering, the square cube law helps to explain many aspects 
of animals functioning body. For example, the form with the smallest 
SA:V is the sphere, due to its geometric inequality of 3 dimensions (Blåsjö, 
2005), a typical shape of desert frogs. As the relative surface area of an 
animal’s body also varies with body shape, elongated forms like 
salamanders that have high surface areas compared to their volumes suffer 
severe dehydration risks (Spotila, 1972). On the other side, round and 
spherical body shapes with short limbs, decreases SA:V of these animals 
reducing rates of evaporative water loss (Vidal-García et al., 2014). A 
similar effect was studied by Wardziak et al. (2014) who used MRI 
scanning to model SA:V and analysed water loss while in two different 
body postures of palmate newts (Lissotriton helveticus): the I-shaped and 
the S-shaped. While in the S-shaped position, a position with considered 
smaller SA:V, the analysed newts showed reduced transepidermal water 
loss (Wardziak et al., 2014). Thus, by decreasing skin surface area exposed 
to the atmosphere, more rounded body shapes have significant 
consequences in water economy and survival in terrestrial environments of 
ectotherms with permeable skin. 
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Surprisingly, our findings suggest that body length increases with 
increasing annual temperature. This result is opposite to predictions for the 
inhabitants of more northern parts of E. calamita’s geographic distribution, 
such as Denmark and Lithuania, as in common with previous works 
(Leskovar et al., 2006; Sinsch et al., 2010). This indicates that, at least for 
SVL, high temperatures enable the occurrence of larger individuals in 
warmer areas. Therefore, despite of the weak correlation, adult body length 
gradient of this species is in part the product of heat constraints (Olalla-
Tárraga & Rodríguez, 2007). However, previous authors suggest that this 
pattern would emerge for the natterjack toad because of faster growth rates 
during stages before sexual maturity, which are affected by temperature 
(Leskovar et al., 2006; Sinsch et al., 2010). Similar latitudinal trends were 
also observed for other Bufonidae species, the common toad Bufo bufo, in 
the Palearctic realm (Cvetkovic´ et al., 2009). In this way, the weak 
relationship of body length to temperature indicates more complex 
processes affect the variability of body size. Also, due to the striking 
difference in the predictors describing SVL and SA:V, we are prone to 
imply that these two body measurements are not under the selective force. 
While evidence suggest that SVL variation is masking gradients of life 
history traits that are directly affected by environmental temperature, a 
smaller SA:V may actually be promoting a better water conservation of E. 
calamita in Europe, due to its high correlation to aridity index.  

Faced with the task to predict how environmental changes will 
affect species interactions with their surroundings, researches felt the urge 
to understand how the morphology of animals responds to bioclimatic 
variation (Bradshaw & Holzapfel, 2010; Ficetola et al., 2016; Rapacciuolo 
et al., 2017). Although not the main goal of this work, our study 
exemplifies a non-destructive approach to precisely estimate functional 
surface areas, volume, size and other measurements that may be important 
in the interaction of a species with the physical environment. The 
photogrammetry-based 3D reconstruction used by us, generated precise 
digital duplicates of physical anuran specimens that could be used to 
analyse how heat and water transfer works. As technological 
improvements have long been linked to scientific advances, 3D models of 
complex and irregular organisms provide us a new set of data to unveil not 
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only spatial information (e.g. shape, form, volume) but also how these data 
change with time (Laforsch et al., 2012). Thus, our results on the 
mechanism that reduce evaporative water loss are not the ultimate end for 
these generated data. Providing reliable and precise data of the actual form 
of any organism represents now an important first step in understanding 
the interrelationship between shape, size, function and evolution 
(Wardziak et al., 2014). 
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Table S2.2. Pearson correlation coefficients of the relationship betw
een surface area-to-volum

e ratios, body size and a set 
of environm

ental variables for m
ultiple regression analyses.  

 SA:V, surface area-to-volum
e ratio, AT, annual m

ean tem
perature; TW

M
, tem

perature of the warm
est m

onth, TCM
, tem

perature of the coldest 
m

onth; TS, tem
perature seasonality; AP, annual precipitation; PW

M
, precipitation of the wettest m

onth; PDM
, precipitation of the driest m

onth; 
PS, precipitation seasonality; NDVI, norm

alized difference vegetation index; Ari, aridity index. *P<0.01 
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Table S2.3. Part 1. M
ultiple and spatial regression com

peting m
odels for body size and surface area to volum

e ratios (SA:V) of 
Epidalea calam

ita in Europe. Standardized coefficients of predictor variables are presented to evaluate their relative im
portance. 

Spatial analyses include non-redundant and significative filters (P<0.05).  

Abbreviations as in Table S2.2. * P<0.05, ** P<0.001
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odels for body size and surface area to volum

e ratios (SA:V).  

Abbreviations as in Table S2.2. * P<0.05, ** P<0.001
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Abbreviations as in Table S2.2. 

Table S2.4. Variance Inflation Factors (VIFs) of each predictor included in best 
selected model (∆AIC<2).  
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ABSTRACT 
 

As more spherical becomes the body, less is the surface area 
exposed to cooling and evaporative water loss relative to the body’s 
volume. Thus, surface area-to-volume ratio (SA:V) is one critical estimate 
of body’s geometry that has implications on anuran resistance to 
environmental restrictions. Despite its importance for the heat and water 
balance in anurans, SA:V has never been tested in an evolutionary 
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context. In this work, we analyse the tempo and mode of diversification 
of surface area-to-volume ratios and body length (SVL) in tree frogs. We 
used 3D models of several species to estimate SA:V, SVL and we 
inferred the effect of environmental variables on both traits from the 
recently proposed Arboranae clade. Our results showed that both SVL 
and SA:V showed a moderately significant phylogenetic signal. At the 
same time, Ornstein-Uhlenbeck model (OU) was the best model for both 
SVL and SA:V. We also show that SVL diversified neutrally along most 
of the phylogenetic history of this clade while SA:V deviated from neutral 
evolution in more recent times, which indicates an increase of 
diversification within clades more than between. Therefore, our results 
highlight that there is a subtle normalized selection acting on both SVL 
and SA:V. The small difference between both BM and OU evolutionary 
models implies that both traits change at the same rate while they are 
returned to the optimal under different forces. Moreover, PGLS analyses 
showed no relationship between environmental variables and body 
dimensions of tree frogs.  

 
Keywords: 3D models, Brownian motion, evolutionary models, Hylidae, 
Ornstein-Uhlenbeck, phylogenetic signal  

 
INTRODUCTION 
 

Size and shape are keenly linked in organisms because of their 
impact on survival and reproduction (Banavar et al. 2014). The 
emergence of specific body dimensions has physiological consequences 
that will determine the fate of whole lineages through time (Vidal-García 
et al. 2014; Vidal-García and Scott Keogh 2017). More round and large 
bodies are correlated with better capacities to conserve important 
elements (e.g. water, heat, ions) and, hence, the ability of species to 
persist in harsh environments (Vidal-García et al. 2014). Karl Bergmann 
(1847) first noticed that larger sizes promote a warmth economy in due to 
the decreased surface area-to-volume ratio, an ecogeographical pattern 
now well documented in endotherms. The same mechanism is also used 
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to explain Allen’s rule (Allen 1877), since the reduction of limb length in 
colder climates leads to a more compact body. Thus, species experiencing 
diverse environmental conditions will also display different morphologies 
fitting their surroundings (Laurent 1964).  

As more spherical becomes the body, less is the surface area 
exposed to cooling and evaporative water loss relative to the body’s 
volume. Thus, surface area-to-volume ratio (SA:V) is one critical estimate 
of body’s geometry that has implications on anuran resistance to 
environmental restrictions (Ashton 2002). Despite its importance for the 
heat and water balance in anurans (Olalla-Tárraga et al. 2009), SA:V has 
never been tested in an evolutionary context. Instead, SA:V was for many 
years inferred from total length, limb size or mass (Lindsey 1966; Olalla-
Tárraga et al. 2006, 2009; Martínez-Monzón et al. 2017). Despite their 
connection, body size (length in anurans) and body geometry are two 
traits with different effects for anurans’ life. The former is intricately 
linked with several life history traits (e.g. clutch size, growth rates, life 
span), metabolism, behaviour, and these aspects may drive how body size 
evolves (Morrison and Hero 2003). In contrast, SA:V has more specific 
consequences to an anuran’s life at particular habitats (Hillman et al. 
2009). For example, most arboreal frogs have large slender bodies with 
similar elongated limbs, which increase their SA:V. On the other hand, a 
terrestrial toad with the same body size may have smaller SA:V because 
they are chubbier with thick legs. Hence, body size and shape may be 
under different selective pressures and evolve at a different pace. This 
was recently showed by Vidal-Garcia et al. (2014) which analysed how 
body size and body shape of myobatrachid frogs differ in their 
relationships with environmental variables.  

Although climate plays an important role in morphological 
diversity, closely related clades retain characteristics that can be better 
explained by shared history with their ancestors (Revell et al. 2008). This 
tendency of related organisms to resemble each other was called 
phylogenetic signal and its simple existence can indicate neutral 
evolutionary processes that define how species traits evolve (Blomberg et 
al. 2003). For anurans, body size has already been documented to be 
evolutionarily conserved to some extent, while no test is yet available on 
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the existence of phylogenetic signal in SA:V (Blomberg et al. 2003; 
Gouveia and Correia 2016). However, as part of the variation in body size 
is environmentally driven, especially when clines are explored across 
large macroclimatic gradients, some clades may display substantial 
differences (Rapacciuolo et al. 2017). Since climate is thought to be a 
driver of body size and shape, it is expected that these traits evolve 
through disruptive selection. Thus, current and past ecological and 
evolutionary pressures will act together in defining species body 
dimensions (Hunt 2014).  

There is no doubt that size and shape can be adaptive itself so that 
certain body morphologies will be favoured in a given environment. 
Laurent (1964) highlights the adaptations to prevent water loss that each 
anuran lifestyle presents (e.g. aquatic, arboreal, burrowing and terrestrial). 
Each type are specializations with morphological features related to the 
amount of water in their environment (webbing on the feet, wax around 
the body, metatarsal shovel, thick skin). Either way, body size and shape 
are highly variable even within habitat specialized groups, which also 
suggests that these traits vary with the amount of environmental moisture 
(Laurent 1964). If body length increases through time, it would lead to 
changes in virtually every attribute of an anuran’s life (physiology, 
McMahon and Bonner 1983; behaviour, Cole 1985; ecology, 
Blanckenhorn 2000). Alternatively,  a smaller SA:V would affect how 
species lose water through evaporative water loss without expending 
more energy on habitat selection (Ashton 2002). Therefore, the relative 
importance of different modes of evolution of these traits is key to 
understand how lineages changed over time and how they can survive and 
persist in their environment. 

In this work, we analyse the tempo and mode of diversification of 
surface area-to-volume ratios and body length in tree frogs. We 
specifically addressed two questions: (i) did SA:V evolved faster than 
SVL?; and (ii) which environmental correlates best explain the variation 
in SA:V and SVL? We used 3D models of several species to estimate 
SA:V. Additionally, we inferred the effect of environmental variables on 
SVL and SA:V from the recently proposed Arboranae clade (Duellman et 
al. 2016). It was previously hypothesized that this group is a possible 
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example of adaptive radiation (Moen and Wiens 2017). The Arboranae 
clade is characterized for species that typically spend a major portion of 
their lifespan in trees or high-growing vegetation (Duellman and Trueb 
1986). Nevertheless, this taxon contains three families (Hylidae, 
Pelodryadidae and Phyllomedusinae) in which many species 
morphologies ranges from the typical arboreal slender (e.g. Phyllomedusa 
nordestina) to a more robust body (e.g. Pseudis cardosoi). Also, they 
occur in a wide variety of climates, ranging throughout the tropical and 
subtropical continents as the Americas, Europe, Asia and Oceania (Wells 
2007). Furthermore, for some families, body size has been shown to be 
phylogenetically conserved within different group of species, while 
variation in SA:V was never tested in this clade of anurans (Kamilar and 
Cooper 2013; Vidal-García et al. 2014; Gouveia and Correia 2016). Thus, 
tree frogs are an appropriate group of interest for analysing the extent to 
which phylogenetic and environmental constraints can drive 
morphological variation in anurans.  

 
MATERIAL AND METHODS 

BODY SIZE FROM MUSEUM SPECIMENS 

We sampled 60 species from two monophyletic families of the 
Arboranae clade: Hylidae and Phyllomedusidae. These families are 
widely distributed around the globe, the former occurring in the 
Americas, Eurasia, Australia, Papua New Guinea and North Africa, while 
Phyllomedusidae occur from Central to South America. This wide 
distribution allows us to analyse a broad span of climatic and 
environmental variation. For each species, we measured an average of 6 
museum specimens depending on the availability of individuals. This 
allowed us to collect snout-vent length (SVL) for a total of 226 individual 
specimens using a digital calliper with a precision of 0.01 mm. To avoid 
problems related to sexual size dimorphism, we measured females only 
by looking for the absence of typical male sexual traits (e.g. vocal sacs, 
hip pouches, spines on fingers) or by the presence of visible eggs trough 
abdominal skin. We only sampled the largest female individuals because 
maximum size is an indicative of the potential size of organisms with 
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indeterminate growth (Hariharan et al. 2015; Levy and Heald 2015). 
Specimens were provided by the Natural History Museum in London 
(United Kingdom), the Herpetological Collection of Universidade Federal 
de Sergipe (Brazil) and the Herpetological Collection of Instituto 
Nacional de Pesquisas da Amazônia- INPA (Brazil) (see Appendix S1 in 
Supporting Information). 

 
PHOTOGRAMMETRY AND 3D MODELLING 

To obtain measures of surface area and volume from specimens 
we built 3D models from each sampled individual. We applied a 
photogrammetry technique based on a three-step process summarized in 
Figure 1. We pinned tree frog specimens vertically by introducing a 
needle in the cloacal vent and fixing the set to a play dough base (Fig. 1a). 
This allows to capture the entire specimen’s geometry by covering every 
angle and, thus, avoiding any occlusions. Then, the pinned specimen was 
positioned in a turntable and a 11mm photography tag was used to 
calibrate the models’ geometric measurements. We photographed the 
pinned specimens using a DSLR Nikon D3400 camera with a AF-S 
Nikkor prime lens of 50 mm. We capture roughly 250 pictures of five 
angle shots using normal-mode in which the object remains focused at 
any viewing angle (Fig. 1a). After the acquisition of 2D images from 
several orientations, we built 3D digital models using Autodesk Recap 
Photo version 18.2.0.8 (Fig. 1b). From 3D models we computed surface 
area and volume to calculate surface-to-volume ratios (SA:V) for each 
analysed specimen (Fig. 1c). More details about the 3D reconstruction 
process using 2D images from natural history museums can be found in 
Nguyen et al. (2014). 

 
STATISTICAL ANALYSES 
 

For all of the following analyses, we used the most recent time-
calibrated phylogeny of amphibians from Jetz and Pyron (2018). To 
account for phylogenetic uncertainties, we generated 100 phylogenetic 
trees (hereafter ‘tree replicates’) with different topologies. These tree 
replicates where used in comparative analyses to calculate mean values of 
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p-value, r2, AICc and estimates. 

 

Phylogenetic Signal 
 

We estimated phylogenetic signal of SVL and SA:V using 
Blomberg et al.'s K (2003), which describes the tendency of closely 
related species to resemble each other. Values of K lower than 1 indicate 
that closely related species resemble each other less than expected under a 
Brownian motion model of trait evolution, while K>1 indicates that 
closely related species are more similar than predicted by Brownian 
motion. We compared K estimates from both SVL and SA:V to 
understand the evolutionary pattern for both traits across the Arboranae 
tree. The phylogenetic signal of these continuous traits was estimated 
using the phylosig function from ‘phytools’ package (Revell 2012). 
 
Tempo and mode of SVL and SA:V evolution 

Figure 1. Three-step process for 3D modelling from 2D images. (a) 
first, the specimens are mounted into vertical position and 
photographing it at five different positions; (b) using the 2D images, a 
3D model is inferred by overlapping the collected images in Autodesk 
Recap Photo ®; (c) the surface area, volume, size and other measures 
can be compiled from the generated 3D model in the same software. 
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To analyse the diversification of SVL and SA:V we fitted five 

alternative evolutionary models that specify different regimes of trait 
evolution: i) Brownian-motion (BM), which assumes that a trait evolves 
randomly and the expected divergence between two taxa grows 
proportionally with time; ii) Ornstein-Uhlenbeck (OU), in this model the 
trait evolves towards one or more adaptive optimum; iii) Early-Burst 
(EB), in this model a taxa evolves in a density-dependent availability of 
niche within which rapid early diversification is followed by a decrease in 
evolutionary rates as a result of niche saturation over time; iv) Brownian 
motion with a trend (Trend), in this model evolutionary changes along the 
tree follow a tendency towards larger or smaller values of the trait; and v) 
White-noise (White), is a non-phylogenetic model on which a trait 
evolves so fast that it loses all traces of a shared ancestry. We compared 
the goodness of fit of the five models based on information theory using 
the corrected Akaike’s information criterion (AICc). We then calculated 
the ∆AICc (∆AICc=AICi - minAIC) to compare the set of competing 
models and find the one that best fit our data (DAICc<2). Akaike’s 
weighting (Wi) were computed to estimate the probability of each model 
to be the best explanatory one. We tested the evolutionary models using 
the ‘geiger’ package from R environment (Harmon et al. 2008). 

To also investigate the tempo and mode of evolution of SVL and 
SA:V we performed a disparity-through-time analysis (DTT) by plotting 
the mean disparity (e.g. variance) of each subclade compared to the total 
disparity in the entire clade (Harmon et al. 2003). By using this plot, we 
can interpret if phenotypic variability within smaller clades in Arboranae 
is higher than the variability between them. We performed DTT analysis 
with ‘geiger’ package (Harmon et al. 2008). 

Finally, we reconstructed the ancestral state of SVL and SA:V at 
the root and along the whole tree of Arboranae. We used the function ace 
from ‘ape’ package (Paradis et al. 2017). 

 
Comparative analyses 
 

To explore the relationships between environmental variables and 
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our response variables (SVL and SA:V separately) we performed a 
phylogenetic generalized least squares regression (PGLS) which uses the 
phylogenetic relationship between species to generate estimates of 
covariance in cross-species data (Garamszegi 2014). PGLS does not lead 
to overcorrection for phylogeny because in the absence of phylogenetic 
signal in the response variables, parameter estimates will be equal to an 
ordinary regression. This was obtained by setting lambda as ‘ML’. PGLS 
regression was performed with the package 'caper' (Orme et al., 2013). 

To perform the PGLS analysis, we selected four environmental 
variables on the basis of previous studies that first hypothesized size-
environment relationships in ectotherms: mean annual temperature (AT) 
(Ashton 2002), potential evapotranspiration (PET) (Olalla-Tárraga & 
Rodriguez 2007, Gouveia and Correia 2016), normalized difference 
vegetation index (NDVI) (Arnett and Gotelli 1999) and water deficit 
(WD) (Olalla-Tárraga et al. 2009).  We ran PGLS with the ‘caper’ 
package in R environment 3.4.4 (Orme et al. 2013). We downloaded AT 
from WorldClim version 2.0 (Fick and Hijmans 2017) with a spatial 
resolution of 0.5º. We used a Thornthwaite model for PET (a 
temperature-based model) downloaded at 0.5º from CGIAR-CSI Global 
Soil-Water Balance Database (Trabucco and Zomer 2010). NDVI was 
used as a proxy for primary productivity and we downloaded the data 
from http://earthobservatory.nasa.gov/ with a spatial resolution of 1º. 
Finally, water deficit was estimated as potential evapotranspiration minus 
actual evapotranspiration and downloaded from Willmott and Matsuura 
(2001) at a spatial resolution of 0.5º. 
 
RESULTS 
 

Both SVL and SA:V showed a moderately significant 
phylogenetic signal (K=0.48 and K=0.35, respectively), an indication of 
lability in the evolution of these traits (Table 1a). However, the signal for 
SA:V suggests that this is a phylogenetically structured trait that evolved 
at a faster pace than SVL (Table 1b).  

A comparison of competing evolutionary models revealed that an 
Ornstein-Uhlenbeck model (OU) was the best model for both SVL and 
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SA:V (Table 1a). However, little difference exists between OU and a 
Brownian motion with a trend (Trend) in terms of DAIC (Table 1a and 
1b). Values of DAIC were also lower than 2 between OU and a pure 
Brownian motion model (BM) in the case of SVL as the response 
variable. This small difference between models becomes even clearer 
when we compare the force of selection for both SVL and SA:V 
(a=0.039 and a=0.041 respectively), while their optimum follow into 
mean values (q=53.72 and q=0.54 respectively). 

 
	

Trait	 Blomberg's	K	 Model	
Model	

parameters	 LogL	 AICc	 ∆AICc	
	 	 	 	 	 	 	 	

a.	 SVL	 0.485 

BM	 -	 -245.768	 495.74	 1.21	

OU	 a=0.039	 -244.051	 494.53	 0	

EB	 a=-0.000	 -245.760	 497.96	 3.43	

Trend	 b=94.207	 -244.480	 495.40	 0.87	

White	 -	 -261.640	 527.50	 32.97	
	

	       

b.	
	SA:V	
		

0.351	

BM	 -	 24.10	 -44.00	 3.11	

OU	 a=0.041	 26.77	 -47.11	 0	

EB	 a=-0.000	 24.10	 -41.78	 5.33	

Trend	 b=75.64	 25.76	 -45.10	 2.01	

White	 -	 18.91	 -33.62	 13.49	
	 	 	 	 	 	 	 	

 
DTT analysis showed that SVL diversified neutrally along most of 

the phylogenetic history of this clade, despite sudden peaks between 0.5 
and 0.8 relative times (Fig 2a). Meanwhile, the analysis showed that 
SA:V deviated from neutral evolution in more recent times, which 
indicates an increase of diversification within clades more than between 
them (Fig. 2b). This result also becomes apparent in ancestral state 

Table 1. Selection of five evolutionary models used to analyse the evolution of snout-vent length 
and surface area-to-volume ratios in tree frogs. SVL, snout-vent length; SA:V, surface area-to-
volume ratio; BM, Brownian-Motion; OU, Ornstein-Uhlenbeck; EB, Early-Burst; Trend, Brownian-
Motion with a trend; White, White-noise model.  
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reconstructions, which detected two main subclades with variable values 
of SVL and SA:V within them (Fig. 3). While the reconstruction showed 
that the basal ancestor of tree frogs had intermediate SVL and SA:V 
values, the variation of SVL is higher within Phyllomedusa and 
Hyla/Smilisca clade (Fig. 3a) and the variation of SA:V is higher within 
the Phyllomedusa and Dendropsophus clade (Fig 3b).  

PGLS analyses showed no relationship between environmental 
variables and either SVL or SA:V (Table 2a and 2b). 

 

DISCUSSION 

Our study provides the first analysis investigating evolutionary 
patterns of body dimensions in anurans, more specifically the evolution of 
body length and surface are-to-volume ratio of tree frog species. Here we 
show that the body size and shape of tree frogs are labile traits that show 
some degree of phylogenetic structure. By comparing different 
evolutionary models, we found that Ornstein-Uhlenbeck is the best-fitting 

Figure 2. Mean disparity in (a) snout-vent length (SVL) and (b) SA:V 
through time in tree frogs. The solid line represents the actual 
disparity in traits and the dotted line represents the expected values 
under Brownian Motion model of evolution. The grey area shows 
95% confidence interval of the DTT range. 
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model for both snout-vent length (SVL) and surface-to-volume ratio 
(SA:V). This suggests that there is an optimum for SVL and SA:V where 
lineages that display high or low values of these traits are slowly attracted 
to the optimum. Therefore, our results highlight that there is a subtle 
normalized selection acting on both SVL and SA:V. Nevertheless, when 
we analysed the evolutionary dynamics of SA:V, we detected a strong 
tendency of diversification within clades during the last 20 Million years 
which can result from selective pressures that acted independently in 
different lineages.  

A scenario where a phenotypic trait evolves randomly seems 
unlikely at first, since a synchrony of morphology and environment is 
often expected. However, due to many constantly changing selection 
pressures, random evolution is also expected over long-time periods 
(Revell et al. 2008). This seems to be the case with body length in tree-
frogs, whereas body geometry evolved relatively faster. Even so, our data 
fitted an Ornstein Uhlenbeck model suggesting that both snout-vent 
length (SVL) and surface-to-volume ratios (SA:V) of treefrogs evolved 
under a stabilizing selection. In this case, due to a small strength to return 
to the optimal (a=0.039), SVL evolution may also be described by a 
Brownian motion with a trend (Trend). A better fit of the OU model 
emerged for SA:V, indicating that this trait is under a stronger selection 
than SVL. The small difference between both BM and OU evolutionary 
models implies that both traits change at the same rate while they are 
returned to the optimal under different forces. 

Tree frogs are one of the amphibian’s groups that can be easily 
associated with one single habitat (Wells 2007). Arborealism has been 
shown to significantly affect the species diversification in this group 
(Moen and Wiens 2017). As the use of arboreal habitats opened a new 
dimension of their niches, we would expect tree frogs to present 
indications of an adaptive radiation (Schluter 2000). Nonetheless, 
adaptive radiation implies that morphological divergence must be higher 
between clades rather than within (Harmon et al. 2003). Alternatively, our 
results show that differences in SVL and SA:V accumulate gradually over 
the years and only SA:V increases its difference within clades at the later 
stages of Hylidae evolution (Fig 2b). These differences, may be result of 
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the vertical isolation between species. Therefore, the trait disparity 
analysed by us would reflect the time on which species remained 
vertically isolated from each other, and not necessarily would reflect any 
differential adaptive pressure occurring at any canopy height.  

 

 

 
The diversification of the two families in Arboranae clade, 

Hylidae and Phyllomedusidae, is consistent with the expansion of 
angiosperms at the end of the Late Cretaceaous (~ 100 Ma) (Chaboureau 
et al. 2014). During this period, angiosperm diversity reached its peak and 
continental areas located in arid zones dropped to 23%, favouring global 
rainfall to increase (Chaboureau et al. 2014). Thus, stabilization and 
aggregation of tropical and temperate regions rich on tree species 
approximated to modern-like, enabling a possible vertical stratification of 
tree frog species that could lead to morphological disparity (Scheffers et 
al. 2013). Nevertheless, the results from DTT plots showed that most 
variability of SVL accumulated between rather than within tree frog 
clades hampering our interpretation of disparities linked to the 

Figure 3. Ancestral state reconstruction of (a) SA:V and (b) SVL. 
Ancestral SVL and SA:V were calculated using maximum likelihood 
along the branches and nodes of the lineages. 
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diversification of angiosperms. Alternatively, DTT plots revealed that 
SA:V disparity increased within lineages during the last 20 Million years, 
matching to the increase in tree frog diversity (Fig 3b). This increase in 
diversification is observed mostly in Neotropical subclades as 
Phyllomedusa, Osteocephalus and Hypsiboas (Jetz and Pyron 2018). The 
Neotropical region suffered strong geomorphological changes as the 
uplifting of the Andes (Hoorn et al. 2010). This event, was crucial to the 
diversification of amphibian Amazonian species among others (Hoorn et 
al. 2010). Thus, this peak in SA:V diversification showed by DTT may 
reflect the emergence of new niches also facilitated by Neotropical tree 
expansion. 

Our dataset suggests that major divergence in the morphology of 
tree frogs occurred early in the group’s diversification history. This subtle 
modification of body length and geometry was followed by small but 
important changes in the geometry of species (Fig 2). Although anurans 
have a highly conserved body shape, small changes in the amount of skin 
exposed relative to the volume can be crucial for the survival of species 
(Wardziak et al. 2014). As we observed a constraint that hampers SVL to 
change dramatically over time, the same does not seems to occur with 
SA:V, especially for the smallest species.  In our case, the 
Dendropsophus clade was the one that mostly changed its SA:V, with 
species ranging from  mean to high values of this trait (Fig 2a). This may 
be an effect of the difficulties involved in changing SVL compared to 
SA:V. For smaller amphibians, a small increase in body mass, changing 
the average body geometry, would effectively decrease water loss by 
evapotranspiration (Gouveia et al., 2018 in press). This effect, however, 
would not be effective if the species is already larger and has smaller 
SA:V. In this case, changing skin resistance would better ensure that the 
amount of water that leaves the body is minimal. Thus, selection would 
favour higher changes of SA:V if the lineage is not only highly susceptive 
to evaporative water loss, but also has already high values of SA:V. 
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Response		 n	 Predictors	 r2	 p-value	 AICc	

	 	 	
AT	 PET	 NDVI	 WD	 		 		 		

	 	 	 	 	 	 	 	 	 	a.	 SVL	 60	 0.131	 0.238	 -0.078	 -0.088	 0.0004	 0.18	 133.23	

	 	 	 	 	 	 	 	 	 	b.	 SA:V	 60	 -0.146	 -0.062	 0.041	 0.113	 0.00003	 0.43	 149.63	

	
		 		 		 		 		 		 		 		 		

 
Despite the former general conclusions that stem from our 

findings, it becomes clear that no single SVL or SA:V can fit to a 
particular habitat. Our PGLS analyses did not show any sign of 
environmental constraints on body length and body geometry of analysed 
species, which is not consistent with the previously documented 
relationship climate-body size in amphibians (Olalla-Tárraga et al. 2009; 
Gouveia and Correia 2016). These studies analysed a much wider dataset 
including anuran species from diverse lineages. Either way, as only one 
single optimal was found for both SVL and SA:V, we would not be able 
to find any environmental variable that drives them due to the wide array 
of environmental conditions occupied by the species analysed by us. An 
association of body length and body geometry with climate could arise if 
more than just one optimal SVL and SA:V were selected for tree frogs.  

While in the beginning of Arboranae diversification their 
morphology changed significantly, SVL and SA:V’s evolution proceeded 
throughout light stabilizing selection  over the evolutionary history of tree 
frogs. The detected differences throughout time may be result of vertical 
stratification contributing to generate morphological divergences among 
species instead of divergent selection shaping tree frogs’ bodies. 
Meantime, SA:V showed a small peak of disparity during the last 20 
Million years ago, which is coincident with geomorphological and 

Table 2. Phylogenetic least square regression between snout-vent length, surface area-to-
volume ratio and different environmental predictors. SVL, snout-vent length; SA:V, surface 
area-to-volume ratio; AT, mean annual temperature; PET, potential evapotranspiration; 
NDVI, normalized difference vegetation index; WD, water deficit. 
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climatic changes in the Neotropical region. As previously shown, larger 
tree frog species are more prone to occur higher in the canopy of tropical 
forests where there is more chance for water loss through 
evapotranspiration (Scheffers et al. 2013). Despite this pattern is 
suggested to be result of decreasing surface area-to-volume to maintain 
heat and water, our results did not show any correlation between current 
environment and morphological variation in tree frogs.  
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Additional Supporting Information may be found in the online version of 
this article. 

 
Appendix S1. Dataset with specimens’ body size measurements and 

localities coordinates will be available in the online version. 
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Discusión General 
 

Una de las características más llamativas sobre la vida en la Tierra 
es la gran diversidad de formas de vida. Esta diversidad varía desde las 
diferencias genotípicas y fenotípicas entre especies, de las diferentes 
especies que forman innumerables comunidades y de los grupos 
taxonómicos mayores que reflejan millones de años de historia. Así, el 
estudio de la diversidad de especies, cómo las especies diversifican y 
cómo están distribuidas en el globo nos dice mucho sobre la propia vida y 
cómo ésta puede ser mantenida en el planeta (Brown & Maurer, 1989). 
Por más de dos siglos, los biólogos han documentado como los patrones 
de diversidad biológica varían en el espacio y en el tiempo y los factores 
que causan esa variación (Gaston & Blackburn, 2000). Estos análisis a 
grandes escalas temporales (macroevolución) y espaciales 
(macroecologia) han recibido una creciente atención, especialmente entre 
ecólogos de vertebrados (Hunt, 2014). Recientemente, la gran capacidad 
de procesamiento computacional y la disponibilidad de grandes bases de 
datos han facilitado una mejor integración entre estas dos áreas 
complementarias. De esta manera, al analizar como las especies de anuros 
varían en sus morfologías a lo largo del tiempo y del espacio, mi tesis 
buscó integrar dos niveles de análisis (históricos y espaciales) para 
entender cómo la variación morfológica en anuros evolucionó y si es 
determinada por los ambientes en que habitan las especies. 

Los ensamblajes de anuros del hemisferio occidental exhiben una 
notable variación espacial de las distribuciones de frecuencias del tamaño 
corporal y mis resultados muestran que los procesos evolutivos y 
ecológicos actúan de forma concomitante para dar forma a las 
distribuciones del tamaño corporal. Si bien algunos trabajos recientes no 
encontraron ninguna evidencia de un vínculo entre las tasas evolutivas y 
las distribuciones del tamaño corporal (Burbrink & Myers, 2014; 
Feldman et al., 2015), nosotros detectamos patrones que sugieren una 
diversificación más rápida en los tamaños menores. Además, pudimos 
demostrar que la extinción jugó un papel importante, al eliminar especies 
más grandes de los ensamblajes, afectando la forma de las distribuciones 
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de tamaños. Estos resultados tienen fuertes implicaciones en la ecología 
evolutiva. Aunque la especiación y sus consecuencias a menudo se 
consideran el tema principal de la macroecología, las tasas de extinción 
juegan un papel importante en la definición de qué especies persistirán en 
el grupo (Moen & Wiens, 2017). Por lo tanto, todas las características de 
una biota también son el producto de la selección natural actuando para 
eliminar aquellas que no pueden persistir el tiempo suficiente (Losos, 
2014). Además, también pudimos demostrar que las variables ambientales 
están actuando directamente sobre el tamaño y es probable que ambos 
procesos sean importantes a diferentes escalas. 

Los tamaños corporales de los anuros en el Nuevo Mundo no 
siguen un simple patrón Bergmanniano de tamaño creciente hacia altas 
latitudes. En cambio, detectamos que el tamaño corporal se correlaciona 
fuertemente con la variación espacial en la evapotranspiración potencial 
(PET), una medida de la energía ambiental. Este patrón general, 
particularmente prominente sobre la región Neártica, podría interpretarse 
como indicativo de una influencia de la dinámica de la ganancia de calor 
y de la conservación del calor en el tamaño corporal, según lo predicho 
por la hipótesis del balance de calor. Además, en el Neotrópico, 
encontramos evidencia de un papel de la disponibilidad de agua, de 
acuerdo con resultados previos en anuros del Cerrado en Brasil (Olalla-
Tárraga et al., 2009). Esta asociación entre el tamaño corporal y la energía 
ambiental y el agua en un gran continente confirman los hallazgos previos 
en trabajos con conjuntos de datos y en escalas geográficas menores 
(Olalla-Tárraga & Rodríguez, 2007; Slavenko & Meiri, 2015; Gouveia & 
Correia, 2016; Martínez-Monzón et al., 2017). De cualquier manera, los 
patrones que observamos son detectables a lo largo de todo el continente 
americano, incluso si parte de la varianza puede estar relacionada con 
otros factores. 

Después de deconstruir los análisis en las dos principales regiones 
biogeográficas del Nuevo Mundo (Neártico y Neotropical), los resultados 
se mantuvieron consistentes con las predicciones de la hipótesis del 
balance térmico (Olalla-Tárraga & Rodríguez, 2007; Olalla-Tárraga et al., 
2009). Sin embargo, parte de la varianza no explicada por nosotros puede 
ser el resultado del uso de una variable respuesta no adecuada: la longitud 
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del cuerpo. El mecanismo original por el cual una especie puede 
conservar el calor y/o el agua en su cuerpo es una disminución en la 
relación superficie-volumen (SA:V). Como SA:V es primordialmente 
importante para optimizar el equilibrio térmico de las especies de anuros 
más grandes en condiciones de baja energía, esta medición de la 
geometría debe de analizarse de manera consistente. Por lo tanto, para 
explorar y comprender las fuerzas ecológicas y evolutivas que dan forma 
a las clinas de tamaño corporal, es clave que podamos volver a los 
conceptos iniciales en Ecología. 

Pocos estudios empíricos han examinado en detalle cómo la 
geometría del cuerpo de un animal está relacionada con el ambiente 
(Vidal-García et al., 2014; Wardziak et al., 2014). Aquí, mostré por 
primera vez a partir de modelos 3D que la mayor parte de la variación en 
la relación superficie-volumen (SA:V) del sapo corredor, E. calamita, 
puede explicarse por la variación en la aridez, la temperatura anual y la 
estacionalidad de la precipitación. Al mismo tiempo, es notable que el 
ambiente no limita la longitud del tamaño corporal tan fuertemente como 
lo hace con la geometría de esta especie, lo que confirma trabajos 
recientes (Slavenko & Meiri, 2015). Este puede ser el resultado más 
llamativo demostrado por mi tesis, que por la longitud del cuerpo de una 
especie parece no ser una variable apropiada para probar hipótesis que 
aborden los cambios geográficos en la capacidad de retener energía y 
otros elementos esenciales (Capítulo III). Aunque el tamaño y la forma 
están de alguna manera correlacionados, la difusión (a través de la cual el 
calor y el agua se mueven del cuerpo del animal al exterior) depende de la 
forma (Hillman et al., 2009). Si bien los mecanismos de retención de 
agua, calor y disponibilidad de energía a menudo se ofrecen como 
explicaciones causales de la variación geográfica en masa, longitud y 
otras medidas de tamaño, pueden no estar necesariamente relacionados 
(Vidal-García et al., 2014). Entonces, un mecanismo que un ectotérmo 
puede usar para disminuir su pérdida de recursos esenciales puede no 
estar completamente bajo las mismas presiones selectivas que el tamaño. 
Estos importantes resultados sugieren que fuerzas diferentes actúan sobre 
la evolución de la SA:V y la longitud corporal en los anuros. 

No hay duda de que el tamaño y la forma pueden ser adaptativos. 
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Por lo tanto, tiene sentido que en un ambiente determinado se favorecerán 
ciertas morfologías del cuerpo. Al analizar el clado de las ranas arbóreas, 
mostramos que la diversificación morfológica, SVL y la evolución de 
SA:V, se desarrollaron bajo una presión de selección estabilizadora a lo 
largo de su historia evolutiva (Capítulo IV). Las diferencias detectadas a 
lo largo del tiempo pueden ser el resultado de la estratificación vertical 
que contribuye a generar divergencias morfológicas entre las especies en 
lugar de la selección divergente que forma los cuerpos de las ranas 
arbóreas (Scheffers et al., 2013). Aunque esta posibilidad necesitaría un 
mayor esfuerzo de investigación futuro. Mientras tanto, SA:V mostró un 
pequeño pico de disparidad durante los últimos 20 millones de años, que 
coincide con los cambios geomorfológicos y climáticos en la región 
neotropical. A medida que las especies de ranas arbóreas más grandes se 
encuentran, más altas en el dosel de los bosques tropicales se producen, 
donde hay más posibilidades de pérdida de agua a lo largo de la 
evapotranspiración (Scheffers et al., 2013). A pesar de que se sugiere que 
este patrón es el resultado de la disminución de la superficie /volumen 
para mantener el calor y el agua, nuestros resultados no mostraron 
ninguna correlación entre ambiente y la variación morfológica en las 
ranas arbóreas analizadas. Entonces, serían necesarios más clados que 
ocupen diferentes estratos arboreos para futuros estudios sobre la 
diversificación de SA: V y SVL. 

Uno de los principales desafíos de la biología de la conservación 
es predecir el impacto de los cambios climáticos a los que la biota de la 
Tierra se enfrentará en el futuro cercano. Ya hemos experimentado 
pérdida de muchas especies, hábitats y de recursos naturales (Duarte et 
al., 2012). Me gusta pensar que mi tesis proporciona algunos puntos de 
referencia para comprender el impacto relativo del clima, y del posible 
cambio climático, en las distribuciones de especies de anuros y en los 
rasgos que les permiten seguir sobreviviendo en hábitats específicos. Un 
gran número de estudios ya han encontrado evidencia de disminuciones 
en el tamaño corporal de las aves (Yom-Tov et al., 2006), mamíferos 
(Millien, 2004), sapos (Reading, 2007) y otras especies (Sheridan & 
Bickford, 2011). Un estudio más directo sobre el efecto del aumento de 
las temperaturas en estas disminuciones es necesario. Sin embargo, el 
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tiempo por el cual los procesos evolutivos están actuando para adaptar las 
especies al cambio climático actual no es factible. Por lo tanto, la 
disminución del tamaño y el aumento de la relación superficie-volumen 
puede ser un efecto de las acciones antrópicas (Sheridan & Bickford, 
2011). De cualquier forma, saber cómo las especies evolucionaron para 
interactuar con su entorno en la actualidad puede ayudarnos a diseñar 
mejores estrategias de conservación. 

 

REFERENCIAS 
 
Brown, J.H. & Maurer, B.A. (1989) Macroecology: The division of food and 

space amor species on continents. Science, 243, 1145–1150. 
Burbrink, F.T. & Myers, E.A. (2014) Body size distributions at community, 

regional or taxonomic scales do not predict the direction of trait-driven 
diversification in snakes in the United States. Global Ecology and 
Biogeography, 23, 490–503. 

Duarte, H., Tejedo, M., Katzenberger, M., Marangoni, F., Baldo, D., Beltrán, 
J.F., Martí, D.A., Richter-Boix, A. & Gonzalez-Voyer, A. (2012) Can 
amphibians take the heat? Vulnerability to climate warming in subtropical 
and temperate larval amphibian communities. Global Change Biology, 18, 
412–421. 

Feldman, A., Sabath, N., Pyron, R.A., Mayrose, I. & Meiri, S. (2015) Body sizes 
and diversification rates of lizards, snakes, amphisbaenians and the tuatara. 
Global Ecology and Biogeography, 25, 187–197. 

Gaston, K.J. & Blackburn, T.M. (2000) Pattern and Process in Macroecology, 
(ed. by K.J. Gaston) and T.M. Blackburn) Blackwell Science Ltd, Malden, 
MA, USA. 

Gouveia, S.F. & Correia, I. (2016) Geographical clines of body size in terrestrial 
amphibians: water conservation hypothesis revisited. Journal of 
Biogeography, 43, 2075–2084. 

Hillman, S.S., Withers, P.C., Drewes, R.C. & Hillyard, S.D. (2009) Ecological 
and Environmental Physiology of Amphibians, Oxford University Press, 
Oxford. 

Hunt, G. (2014) Macroevolutionary trends. The Princenton Guide of Evolution, 
pp. 573–578. Princenton University Press, Princeton. 

Losos, J.B. (2014) The Princeton Guide to Evolution, (ed. by D.A. Baum), D.J. 
Futuyma), H.E. Hoekstra), R.E. Lenski), A.J. Moore), C.L. Peichel), D. 



 

 
129 

Discusión General 

Schluter), and M.C. Whitlock) Princeton University Press, Princeton. 
Martínez-Monzón, A., Blain, H.A., Cuenca-Bescós, G. & Rodríguez, M.Á. 

(2017) Climate and amphibian body size: A new perspective gained from 
the fossil record. Ecography, 40, 001-011. 

Millien, V. (2004) Relative effects of climate change, isolation and competition 
on body-size evolution in the Japanese field mouse, Apodemus argenteus. 
Journal of Biogeography, 31, 1267–1276. 

Moen, D.S. & Wiens, J.J. (2017) Microhabitat and Climatic Niche Change 
Explain Patterns of Diversification among Frog Families. The American 
Naturalist, 190, 29–44. 

Olalla-Tárraga, M.Á., Diniz-Filho, J.A.F., Bastos, R.P. & Rodríguez, M.Á. 
(2009) Geographic body size gradients in tropical regions: Water deficit 
and anuran body size in the Brazilian Cerrado. Ecography, 32, 581–590. 

Olalla-Tárraga, M.Á. & Rodríguez, M.Á. (2007) Energy and interspecific body 
size patterns of amphibian faunas in Europe and North America: anurans 
follow Bergmann’s rule, urodeles its converse. Global Ecology and 
Biogeography, 16, 606–617. 

Reading, C.J. (2007) Linking global warming to amphibian declines through its 
effects on female body condition and survivorship. Oecologia, 151, 125–
131. 

Scheffers, B.R., Phillips, B.L., Laurance, W.F., Sodhi, N.S., Diesmos, A. & 
Williams, S.E. (2013) Increasing arboreality with altitude: A novel 
biogeographic dimension. Proceedings of the Royal Society B: Biological 
Sciences, 280, 1–9. 

Sheridan, J.A. & Bickford, D. (2011) Shrinking body size as an ecological 
response to climate change. Nature Climate Change, 1, 401–406. 

Slavenko, A. & Meiri, S. (2015) Mean body sizes of amphibian species are 
poorly predicted by climate. Journal of Biogeography, 42, 1246–1254. 

Vidal-García, M., Byrne, P.G., Roberts, J.D. & Keogh, J.S. (2014) The role of 
phylogeny and ecology in shaping morphology in 21 genera and 127 
species of Australo-Papuan myobatrachid frogs. Journal of Evolutionary 
Biology, 27, 181–192. 

Wardziak, T., Oxarango, L., Valette, S., Mahieu-Williame, L. & Joly, P. (2014) 
Modelling skin surface areas involved in water transfer in the Palmate 
Newt ( Lissotriton helveticus ). Canadian Journal of Zoology, 92, 707–714. 

Yom-Tov, S., Yom-Tov, Y., Wright, J., Feu, R.D. & Lindström, J. (2006) 
Recent Changes in Body Weight and Wing Length among Some British 
Passerine Birds. Oikos, 112, 91–101. 

 





 
131 

Conclusiones 
1 Anuran assemblages of the New World show a variation of 

skewness that can be explained by faster diversification at 
modal sizes.  

2 Size-biased evolutionary rates and environment both have a 
role on defining the proportion of small and large sizes at local 
scales. 

3 In the New World region, the geographic variation in body 
size has a consistent association with water availability, with 
larger species being found in more arid regions, as west coasts 
of South and North America.   

4 The body size gradient is correlated with water availability in 
the Nearctic, the same pattern found in the New World. 
Meanwhile, in the Neotropics larger body sizes are related 
with low temperature and high elevation variability. 

5 For the first time, we showed that surface-to-volume ratio is 
predicted by climate, revealing that water conservation is a 
major driver for the occurrence of Epidalea calamita in 
Europe. 

6 We also showed that, intraspecifically, the body length of the 
natterjack toad is partially described by climate, althought this 
correlation is weaker than the correlation with surface-to-
volume ratio. 

7 Despite the connection between body size and body shape, 
these two traits differ in the pace at which they evolve. 

8 While both traits change at the same rate, they are returned to 
an optimal under different forces, thus suggesting different 
pressures that select multiple optimum. 



	


