
SVL (mm), and time of recapture (RC) of the individuals 
(predictor variables) and the distance covered (response 
variable) were explored by linear regressions. Individuals 
recaptured in the same SCZ as their first capture were not 
considered (i.e., distance was considered to be zero). All 
analyses were performed using PAST (PAleontological 
STatistics) v1.94b (Hammer et  al., 2001) and Statistica 
v6.1 (StatSoft Inc., 2003).

RESULTS

Captures and recaptures

Four reproductive events were recorded in August, 
October, and December 2012 and February 2013. These 
events coincided with the four periods of maximum 

accumulated precipitation in the area (>  60  mm). A 
total of 1,594 individuals were captured, 244 of which 
were recaptured at least once. The number of captures 
varied from 14 in September 2011 to 373 in October 
2012 (Fig. 2). There were two peaks in the frequency of 
capture that coincide with two of the months of breeding 
activity, the first in August 2012, with 230 individuals, 
and the second in October 2012, with 373 individuals, 
respectively.

Only 1,049 individuals could be sexed. The smallest 
male with a developed vocal sac was 18.26  mm long; 
the smallest female found in a pond during an event 
of breeding activity was 21.82  mm, and the smallest 
female found in amplexus was 21.83  mm. Using these 
measurements as adult size limits, we captured 731 adult 
males, 318 adult females, and 100 juveniles.

Figure 2. Monthly variation in the number of captured and recaptured individuals of Melanophryniscus montevidensis at Barra de la Laguna de Rocha.

Figure 3. Male of Melanophryniscus montevidensis recaptured four times in Barra de la Laguna de Rocha during the period of work. (a) First capture: July 
2012, shelter in C1. (b) Recapture (RC) 1: August 2012, breeding activity in C2t. (c) RC 2: September 2012, active in C2t. (d) RC 3: October 2012, breeding 
activity in C2t. (e) RC 4: December 2012, breeding activity in C2t. Photos: Federico Achaval-Coppes, Santiago Cruces, Ernesto Elgue, and Gisela Pereira.
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Abstract. The study of the patterns of movement is required to obtain knowledge of different aspects of the natural history of organisms, 
including foraging sites, shelter, breeding, capability of dispersion, and migration distance. This study analyzed the pattern of movements 
of a population of Melanophryniscus montevidensis among five sites selected in Barra de la Laguna de Rocha, Uruguay. Sixteen field trips 
were undertaken between September 2011 and February 2013. Active searches were conducted in every site, and individuals were cap-
tured, sexed, measured, weighed, photographed, and released. Photo-identification was used to identify captured (n = 1,594) and recaptured 
(n = 244) individuals. Photographs were assessed using the software Wild ID. The greatest number of captures and recaptures coincided 
with the months of breeding activity for the species. There was a significant correlation between body size and distance covered (R² = 0.06; 
P = 0.003). Among the recaptured individuals, 18.9% moved among sites. Most of the individuals that moved either among or inside the 
same sites (71.8%) covered distances < 100 m. No association was found between the time of recapture and the distance covered (R² = 0.01; 
P = 0.12). Additionally, some individuals were found at the same specific capture zones in subsequent field trips. The results demonstrate 
the high site fidelity of this species. Such information is essential to estimate the effects of habitat fragmentation in wild populations, as 
individuals would not be able to change their habitats easily.

Keywords. Amphibia; Mark-recapture; Photographical record; Uruguay.

Resumen. El estudio de los patrones de movimientos permite conocer distintos aspectos de la historia natural de los organismos, como si-
tios de forrajeo, refugio, reproducción, capacidad de dispersión y distancia de migración, entre otros. En este estudio se analizaron los patro-
nes de movimientos de una población de Melanophryniscus montevidensis entre cinco sitios seleccionados en la Barra de la Laguna de Rocha, 
Uruguay. Se realizaron 16 salidas de campo entre setiembre de 2011 y febrero de 2013. Los individuos se buscaron activamente en cada sitio, 
fueron capturados, sexados, medidos, pesados, fotografiados y liberados. La Fotoidentificación se utilizó para identificar a los individuos cap-
turados (n = 1594) y recapturados (n = 244). Las fotos fueron evaluadas utilizando el software Wild ID. Los picos de abundancia en capturas y 
recapturas coincidieron con meses de actividad reproductiva para la especie. Se encontró una correlación significativa entre el tamaño de los 
animales y la distancia recorrida en metros (R² = 0.06; P = 0.003). El 18.9% de los individuos recapturados se movió entre sitios. La mayoría 
de los individuos que se movieron ya sea entre o dentro de los mismos sitios (71.8%) recorrió distancias menores a 100 m. Por otra parte, 
no se encontró asociación entre el tiempo de recaptura en meses y la distancia recorrida en metros (R² = 0.01; P = 0.12). Además, algunos 
individuos fueron encontrados en la misma zona específica de captura en subsecuentes salidas de campo. Los resultados muestran la alta 
fidelidad de sitio en la especie. Esta información es esencial a la hora de determinar los efectos de la fragmentación del hábitat en poblaciones 
silvestres, ya que los individuos no cambian sus hábitats fácilmente.

best-known movements are their seasonal migrations 
from and to their breeding sites (Semlitsch, 2008). This 
kind of movement rarely exceeds a few hundred meter; 
nonetheless, some species may cover greater distances to 
reach their breeding sites (Stuart et al., 2008).

In anurans, movements are determined by intrinsic 
and extrinsic factors (Vitt and Caldwell, 2009). Since 
anurans are ectothermic animals with permeable skin, 
they are sensitive to environmental variables, especially 
temperature and humidity, and regulate their activity 
accordingly (Guimarães et  al., 2011; Sluys and Guido-
Castro, 2011). Consequently, their movements are 
greater on rainy or humid days (Husté et al., 2006) and 
they are usually performed at night, when the high levels 

INTRODUCTION

The study of the patterns of movement provides 
information on different aspects of the natural history 
of organisms, like foraging sites, shelter (for example 
holes in fallen trees, ground vegetation, cracks in rocks, 
and natural or constructed caves), breeding, dispersion 
ability and migration distance, among others (Wells, 
2007). When compared to some terrestrial vertebrates, 
amphibians are not very vagile, although some important 
resources, such as their breeding and feeding sites, are 
separated by time and space (Sinsch, 1988). In general, 
they present a low capability of dispersion and a high level 
of fidelity to certain sites (Sinsch, 1990). Probably, their 
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Técnicas de marcado 

1. Corte de falanges 
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Figura 4.1.1. Diferentes alternativas 
para el reconocimiento individual 
de ejemplares por medio del corte 
de falanges. A. Según Martof(23): el 
código representado  es el 5767 que 
requiere el corte de las falanges 3200 
+ 2400 + 100 + 40  + 20 + 5 +2. 

B. Según Hero(24): el corte de más de 
una falange en la misma extremidad 
indica el menor número posible. En 
el ejemplo el código correcto es 103 
ya que no es posible marcar el códi-
go 301.

C.  Según Phillot et al.(25): el menor 
código resulta del corte de los dedos 
1 + 2 (código 3) y el mayor posible 
del corte de  los dedos 600 + 70 + 20 
+ 7 + 2 (código 699). 

Las líneas rojas y amarillas repre-
sentan las falanges que se cortan en 
un mismo individuo para establecer 
cada código único. Foto: M. S. Ak-
mentins.

A

B

C

Identificación	
individual
(para	captura-recaptura)

1. Toe	clipping	(corte	de	
falanges)

Solo	para	anuros	y	urodelos
No	muy	recomendado
• corr.	positiva	con	mayor	

mortalidad	de	individuos	
marcados	(evidencia	mixta)

• Efecto	negativo	en	amplexo
• Algunas	especies	pueden	

regenerar	dedos	(marca	temporal)

E>quetas electrónicas pasivas internas (Passive Integrated Transponder, PIT) 

Identificación	
individual
(para	captura-recaptura)

3. Otros
• Hay	muchos	métodos!
• Algunos	caros,	otros	no	tanto	(si	se	

pueden	hacer	caseros)
• Otros	son	económicos	pero	bastante	

invasivos	(e.g. trasplantes	cutáneos)



4.1 Marcado de individuos 98

La técnica permite la individualización de muchos ejemplares o la distinción 
de individuos de cohortes distintas o sitios diferentes mediante la creación 
de códigos combinando distintos colores y colocando las marcas en distintas 
ubicaciones corporales(29,30, 31). Sin embargo, no se aconseja la combinación de 
ciertos colores, como el amarillo con verde ya que si bien con luz natural son 
perfectamente distinguibles, pueden llegar a confundirse bajo luz UV.

Una de las desventajas del método es la probabilidad de migración de la 
etiqueta una vez implantada. Para reducir este riesgo, se ha sugerido colocar 
los VIE en una región donde el movimiento sea poco probable como en las 
membranas (Figura 4.1.2) o entre los dedos de las patas traseras(17,32), aun-
que el uso de esta técnica en animales pequeños o aquellos con membranas 
muy reducidas puede que no sea factible. En estos casos se ha propuesto una 
técnica híbrida denominada VIE-C que combina inyecciones de VIE en la 
superficie plantar con un solo corte de falange de los dedos del pie trasero(17). 

El tiempo de manipulación es relativamente rápido,y mejora a medida que 
el investigador gana experiencia. Sin embargo, algunos autores optan por 
anestesiar los individuos previamente al marcado(32,34). 

Una gran ventaja comparativa que ofrece esta técnica, además de ser inocua 
para los organismos, es la posibilidad de aplicar marcas a larvas, las que 
pueden perdurar a lo largo del ciclo de vida complejo de muchos anfibios 
pudiendo identificar ejemplares durante todo el desarrollo, a través de la 
metamorfosis y su migración a la vida terrestre(28,31). Usualmente el marcado 
de larvas se ha limitado a cierta etapa de desarrollo y peso pero la técnica 
ha comenzado a mostrar resultados confiables en especies con renacuajos 

g

Figura 4.1.2. Ubicación del implante 
visible de elastómero en la membra-
na interdigital (flecha negra). Foto: 
V. Corbalán. 

Implante visible de elastómeros (Visual Implant Elastomer, VIE) 
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Caja 4.1.1 - Marcado de larvas de Alsodes pehuenche con elastó-
meros en la cordillera de los Andes

Valeria Corbalán1;  Guillermo Debandi1; F. Martínez1 & Cármen Úbeda2

El marcado de individuos con elastómeros ha sido implementado en larvas de Alsodes 

pehuenche, las que, por su tamaño relativamente grande, resultan de fácil manipula-

ción para la aplicación de esta técnica. A partir de la observación de agrupaciones de 

larvas con distintos tamaños y estadios de desarrollo, el objetivo del estudio fue determi-

nar la duración del desarrollo larval. Para ello se buscaron sitios con alta abundancia de 

larvas, las que fueron capturadas con redes de acuario y colocadas en contenedores con 

agua. Se clasificaron en clases de acuerdo al tamaño y grado de avance en el desarrollo 

de las patas traseras y delanteras. Luego, a cada clase se le asignó un color de elastómero 

(verde, naranja, rosa, amarillo) y los individuos fueron marcados con el color correspon-

diente a la clase a la que pertenecían. Sólo se marcaron aquellas larvas de tamaño mayor 

a 15 mm, y ningún individuo sufrió heridas o muerte durante la manipulación. Se aplicó 

una única marca en la región ventral a fin de evitar que los renacuajos sean detectados 

por depredadores aéreos (Figura 4.1.3a). 

Una vez marcados, se liberaron en el sitio de captura, georreferenciando el lugar. Se rea-

lizaron recapturas luego de 12, 16, 23 meses y 4 años. No se observaron desplazamientos 

en ninguna de las marcas. Una segunda sesión de marcado se llevó a cabo con 16 meses 

de diferencia de la primera, y los elastómeros (que habían sido mantenidos en heladera 

con sus componentes separados) aún conservaban sus propiedades. Si bien la tasa de re-

captura fue baja (alrededor del 15%), se pudo registrar el avance en el desarrollo larval y 

encontrar individuos marcados aún habiendo completado su metamorfosis (Figura 4.1.

Figura 4.1.3. Detalles de la ubicación de implantes visibles de elastómeros en una larva y un postmetamórico de Alsodes 
pehuenche. Foto: V. Corbalán.

a b
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Figura 4.1.4. Seis ubicaciones posi-
bles de implantación de elastómeros 
(bandas verdes) en distintas partes 
del cuerpo de renacuajos para su 
identificación individual. Adaptado 
de(34)

3b). Los resultados indicaron que este desarrollo es muy lento, y cada individuo perma-

nece al menos 4 inviernos (y tal vez 5) como larva(31). Esto pone de manifiesto la vulne-

rabilidad de la especie ante un evento catastrófico (sequía del ambiente, modificación del 

curso de agua, salinización del agua, etc.) ya que en ausencia de las condiciones óptimas 

para el desarrollo se podrían eliminar varias generaciones al mismo tiempo.

1. Instituto Argentino de Investigaciones de las Zonas Áridas (IADIZA), CCT Mendoza-CONICET, Mendoza, Argentina.

2. Universidad Nacional del Comahue, Bariloche, Argentina.

pequeños y desde etapas tempranas del desarrollo(28,33,34). Se han realizado 

pruebas en renacuajos marcados en seis posiciones corporales diferentes (Fi-
gura 4.1.4). La migración y la pérdida de la etiqueta en ciertas regiones (cola 

y región dorsal del cuerpo) son particularmente altas debido a la reabsorción 

de la cola durante la metamorfosis y probablemente debido a los movimien-

tos de natación que involucran la musculatura dorsal. La región ventral y el 

lateral derecho son los más aconsejables, ya que permanecen por más tiempo 

y muestran la menor tasa de mortalidad en los individuos durante las fases 

iniciales de la metamorfosis(34). Otra característica a tener en cuenta es que a 

medida que se desarrollan los renacuajos, los cambios individuales morfoló-

gicos y fenotípicos (aumento de pigmentación en la piel) pueden enmascarar 

la presencia de una etiqueta constituyendo una probable fuente de error en 

la identificación. Sin embargo, a pesar de sus limitaciones, esta técnica por 

su fácil aplicación y bajo costo constituye una de las más adecuadas para 

marcar renacuajos y adultos de muchas especies de anfibios.

Implantes visuales alfanuméricos (Visual Implant Alphanumeric, VIA) 
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torio o que requieren que los investigadores registren a los individuos para 
observaciones de comportamiento(37-39) e incluso para estudios de tamaño 
poblacional y sobrevida(40). Su uso puede considerarse para un período corto 
de tiempo dado que la coloración generalmente desaparece después de unos 
días(37) y los niveles altos de radiación solar pueden reducir la eficacia de 
la tinción debido al fotoblanqueo(41). Algunos estudios han encontrado que 
la tinción puede tener efectos tanto en la respuesta de los depredadores(41) 
como en los niveles de agresión(42) y afectar la tasa de crecimiento de los 
renacuajos al menos en ciertas concentraciones y en algunas especies(27,38,40).

Las tinturas biológicas más simples de utilizar son el rojo neutro y el azul de 
metileno aplicándolas por inmersión de los individuos en soluciones de muy 
baja concentración(37,41). La aplicación de otros fluorocromos como la calceína 
también ha mostrado buenos resultados y la ventaja que la marca parece 
persistir a lo largo de la metamorfosis, si bien resulta más complejo de regis-
trar dado que requiere una fuente de iluminación con filtros específicos(43).

Figura 4.1.5. Equipo para inyección 
de etiquetas VIA y detalle de la co-
locación de la etiqueta en el inyector. 
Foto: M. Vaira.



Cinturones y piercings 
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Caja 4.1.2 - Utilización del marcado con cinturones de cuentas en 
Melanophryniscus rubriventris

Lidwina Bertrand1 & Marcos Vaira2

La técnica de marcado de individuos con cinturones de cuentas, se aplicó en un estudio 

cuyo objetivo era describir y analizar las estrategias reproductivas de los machos y hem-

bras de una población de Melanophryniscus rubriventris. El sitio reproductivo se cen-

só diariamente en períodos consecutivos de 34, 9 y 11 días. Todos los individuos del área 

fueron marcadas con un cinturón de cuentas al concluir la observación (Figura 4.1.6). 

Se realizó un seguimiento diario de los individuos marcados para asegurar que no fueran 

lastimados por el cinturón. No se observaron individuos lacerados ni dañados. Asimismo, 

se registró una hembra oviponiendo con el cinturón colocado. Los machos marcados, que 

retornaban a los sitios reproductivos en días sucesivos, no mostraron signos de verse 

afectados por el cinturón realizando distintas actividades (caminando, vocalizando, en 

amplexo) de igual manera que los ejemplares no marcados.

Figura 4.1.6. Detalle de la confección del cinturón y de un macho y una pareja con la marca 
colocada. Fotos: L. Bertrand.

Melanophryniscus rubriventris 
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Los cinturones fueron confeccionados utilizando tanza elástica Cristal Line C.B.X., de 

0,40 mm de grosor, y con cuentas de vidrio coloreadas (canutillos). Se fueron combinando 

canutillos de distintos colores según la secuencia deseada. Cada cinturón tenía un peso 

aproximado de 0,15 g. correspondientes al 4,5 % del peso corporal promedio de los indivi-

duos. Se cortaron los extremos de la tanza para evitar que quedaran puntas que pudieran 

lacerar la piel y se estiró el cinturón suavemente para asegurar que el nudo no corra. 

En total fueron marcados 291 individuos (171 machos, 40 hembras y 40 parejas). En 

los sucesivos muestreos, sólo se encontraron 12 cinturones sueltos, de los cuales 7 co-

rrespondían al marcado de machos y 5 habían sido usados para marcar hembras. En tres 

oportunidades se observó que las hembras perdían su cinturón al quedar atrapadas entre 

las luchas de varios machos por intentar el amplexo. Sólo un 4% de los individuos mar-

cados perdieron su cinturón, por lo que la técnica de marcado para observaciones durante 

períodos cortos de tiempo resultó efectiva.

1 Dpto. de Bioquímica Clínica - CIBICI - CONICET, Facultad de Ciencias Químicas, Universidad Nacional de Córdoba, Lab. 6 - Ciudad Univer-
sitaria, Córdoba, Argentina.

2 Instituto de Ecorregiones Andinas (INECOA), CONICET – Universidad Nacional de Jujuy, CCT Salta-Jujuy, San Salvador de Jujuy, Jujuy, 
Argentina.

utilizado como alambre de resistencia (encontrándose presente en la mayo-
ría de los artefactos de calefacción, como selladores de bolsas, caloventores, 
etc.). Además, se utilizan perlas plásticas (comúnmente denominadas mos-
tacillas) para crear un código de colores que nos permita identificar los ejem-
plares. Las perlas de colores se consiguen en diferentes tamaños entre 1,5 y 
5 mm de diámetro (Figura 4.1.7a), lo cual brinda la posibilidad de escoger 
el tamaño deseado según el tamaño del animal a marcar y el objetivo del 
estudio. Las mostacillas al estar realizadas con material de color homogéneo 
(Figura 4.1.7b) son altamente resistentes a la decoloración.

Figura 4.1.7. a. Diferentes tamaños 
y colores de las perlas plásticas uti-
lizadas para confeccionar piercings. 
b. Ejemplo de una mostacilla recu-
perada que no ha perdido la colora-
ción. Fotos: E. Sanabria.

a b
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La aplicación de la marca en los anfibios adultos conlleva una serie de pasos 
que con la práctica se realizan de manera rápida y casi automática: Se cortan 
4 cm de alambre de Nicrom y se construye un pequeño anillo en uno de los 
extremos con la ayuda de una pinza de puntas (Figura 4.1.8A). A continua-
ción, se insertan tres perlas plásticas de diferentes colores para crear una 
combinación única para cada marca. Un código internacionalmente conoci-
do y fácil de recordar es el que se utiliza para la codificación de los valores 
de resistores eléctricos (Tabla 4.1.1), pero se puede crear un código propio  
dependiendo de los colores de perlas disponibles (Figura 4.1.8B).

Una vez insertadas las 3 perlas en la secuencia deseada, cerrar con un peque-
ño anillo en el otro extremo, de forma que ajuste las perlas de plástico (Figura 
4.1.8C). De esta manera, la marca está terminada ya que en ese extremo que-
darán un par de centímetros de alambre, que permiten insertar la marca en el 
animal y cerrarla. El peso total de esta marca es de aproximadamente 0,2 g.

Figura 4.1.8. Pasos para colocación 
del piercing en anuros A. alambre de 
Nicrom con un anillo en un extremo. 
B. secuencia de mostacillas. C.  mar-
ca completa con los dos anillos en 
cada extremo. D.  marca inserta en 
la aguja para enhebrar en la piel. E. 
cierre de la marca pasando el extre-
mo largo del alambre por el primer 
anillo (flecha).  Fotos: E. Sanabria.
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Para realizar la colocación de la marca, y con el fin de prevenir infecciones, 
se embeben las marcas con alcohol en una concentración del 70%, así como 
las herramientas a utilizar. El lugar donde se aplicará la marca en el animal, 
se limpia con una gasa humedecida en alcohol al 30%, debido a que la gran 
permeabilidad de la piel de los anfibios los hace sensibles a las concentracio-
nes bajas de alcohol y pueden provocar la muerte de los ejemplares.

Para colocar la marca se toma el ejemplar ubicado con la cloaca hacia arriba 
para tener fácil acceso al saco lateral. Para este paso se necesita una aguja 
hipodérmica estéril (calibre: 21Gx1”), que corresponde a las siguientes di-
mensiones: 2,5 centímetros de largo y un diámetro exterior 0,8 mm y un 
diámetro interno de 0,5 milímetros). Se pellizca la piel en el saco lateral del 
ejemplar (de forma de extender la piel) donde se va a introducir la aguja y se 
inserta en el saco lateral, teniendo en cuenta que solo se debe perforar la piel 
del ejemplar (sin tocar el músculo). Luego, se inserta en el orificio de la aguja 
el pie de largo de la marca, paso seguido se retira con suavidad la aguja y la 
marca queda enhebrada en la piel del ejemplar (Figura 4.1.8D). El paso final 
es cerrar la marca, para ello con una pinza de puntas levantaremos el pie 
largo de la marca y lo pasamos a través del primer anillo, y realizamos un 
segundo anillo, junto al primero, y de esta manera queda cerrada la marca 
(Figura 4.1.8E).

La lectura se realiza desde el extremo donde se cerró la marca en el cual 
quedaran dos anillos de alambre (Figura 4.1.8E, flecha) lo que se considera 
el inicio de la lectura de la marca.

Comentarios finales

Las consideraciones sobre el bienestar animal y la preservación de las pobla-
ciones a largo plazo resultan esenciales al elegir la técnica de marcado más 

Color Primera perla Segunda perla Tercera perla 
(multiplicador)

Negro 0 0 0

Marrón 1 1 10

Rojo 2 2 100

Naranja 3 3 1000

Amarillo 4 4 10000

Verde 5 5 100000

Azul 7 7 1000000

Violeta 8 8 10000000

Gris 9 9 100000000

Blanco 10 10 1000000000

Tabla 4.1.1. Codificación por color 
utilizada para los valores de resisto-
res eléctricos.
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4.5.2.2 Identificación y medición de las presas

4.5.2.2a -Larvas

Cada ítem debe ser identificado con la mayor precisión taxonómica  posible, 
y ser cuantificado de acuerdo con la técnica descrita por Hill et al.(89). En el 
caso de las algas, se pueden utilizar portaobjetos o cámaras de sedimenta-
ción, donde se colocarán las muestras de las alícuotas obtenidas y se analiza-
rán bajo un microscopio óptico o invertido, según corresponda,  normalmen-
te a un aumento de 400x. El cálculo de la densidad de algas puede hacerse 
siguiendo a  Villafañe y Reid(90). La técnica de contar (e identificar) al menos 

Figura 4.5.3. a- Equipo básico de cá-
nulas para anuros de pequeño, me-
diano y gran porte; (1-extremo pos-
terior de sonda Nelaton con encas-
tres; 2- Extremo anterior de sonda 
Nelaton®; b- Extremo posterior de 
sonda Nelaton adaptado a jeringa de 
60 ml para flushing a especies de ta-
maño grande (1- Capuchón de aguja 
hipodérmica; 2-Eppendorf perfora-
do). Foto: E. Schaefer.
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aquellos que logran determinar cada una a nivel de género o especie.  Esto 
se debe a que, si bien los anuros ingieren sus presas enteras (Figura 4.5.4a-
d), en muchas oportunidades se pierden estructuras clave para su correcta 
identificación durante el proceso de deglución y digestión (Figura 4.5.5a,d). 
Teniendo en cuenta posteriores correlaciones entre tipo de presas y tamaño 
del anfibio, algunos estudios incluyen la identificación de ítems alimentarios 
cuyo cuerpo presente más del 70% del cuerpo sin digerir, esto a los efectos 
de evitar sub o sobreestimaciones de aportes volumétricos y numéricos de 
cada uno de ellos y su correspondiente relación, errónea, con variables mor-
fológicas del depredador. Otros, deciden identificar la mayor cantidad de 
presas posibles, para ello se sirven de la reconstrucción de ítems parcialmen-
te digeridos (Figura 4.5.5a.b), o piezas clave para cada grupo (élitros, patas, 
alas, etc.) en base a ejemplares similares hallados completos en ese u otros 
contenidos estomacales. 

Una metodología empleada para efectuar una estimación del tamaño de las 
presas parcialmente digeridas, es la de cotejar los restos encontrados en los 
tractos digestivos con presas completas colectadas mediante relevamientos 
de oferta alimentaria, en el mismo microhábitat en que se capturaron los 
anuros. De esta forma, en muchas ocasiones, pueden usarse las medidas 
(largo, ancho o volumen) de las presas colectadas como oferta trófica para 
inferir el tamaño de las encontradas en la dieta. En todo caso, siempre debe 
tenerse especial cuidado, principalmente en aquellos anuros generalistas en 

Figura 4.5.4. A-D: Medición de largo 
(línea azul) y ancho (línea amarilla) 
de los ítems presa con diferentes ta-
maños y proporciones corporales. 
C: en línea punteada roja se mues-
tra la estimación de la longitud real 
del cuerpo al acondicionar aquellos 
ejemplares recuperados en posicio-
nes corporales que dificultan su me-
dición. Foto: M. Duré.
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su alimentación, que presentan una alta  diversidad de ítems alimentarios lo 
que complejiza su correcta identificación y cotejo con presas fragmentadas. 
Cuando el anfibio es especialista en algún tipo de presas, como hormigas o 
termitas, contar con la oferta trófica puede resultar de utilidad para recons-
truir los fragmentos desarticulados de los tractos digestivos y asignar me-
didas de tamaño a esas presas ingeridas. Como se mencionó anteriormente, 
debe considerarse que al utilizar esta metodología se puede incurrir en una 
sobre estimación del volumen presente en un tracto digestivo, ya que en los 
mismos buena parte de las presas ya han sido digeridas o bien eliminadas 
(defecado), por lo que se desaconseja implementarlo si el objetivo del trabajo 
es establecer relaciones entre volumen por ítem o total por estómago con 
respecto al tamaño de los anuros.

La identificación de las presas se realizará bajo lupa estereoscópica y, en al-
gunos casos, para presas muy pequeñas o para el reconocimiento de ciertas 
estructuras de valor taxonómico de las presas se utilizará microscopio óp-
tico. Es importante limpiar bien cada ítem alimentario antes de proceder a 
su identificación y medición. Para algunas presas será necesario, además, 
realizar un trabajo meticuloso que incluye acomodar, desenvolver o recons-
truir el cuerpo (Figura 4.5.5a-e) antes de su identificación. Para ello puede 
servirse de agua, pinceles, pinzas y agujas histológicas. Algunos ítems son 
recuperados en posiciones difíciles de medir (Figura 4.5.5c-e), por lo que se 
deberán tener especial cuidado al tomar su longitud y ancho (Figura 4.5.4c), 
unificando este procedimiento para todas las presas. Una vez identificadas y 
medidas, se volcará toda la información en planillas y el contenido de esto-

Figura 4.5.5. Detalle de reconstrucción 
(A,B) y ejemplos de dificultad de medi-
ción por posturas corporales complejas 
(C-E)  de los ítems presa recuperados 
de contenidos estomacales de anuros. 
Foto: M. Duré.

Estudios de dieta
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Figura 4.6.1. Mesocosmos colocados 
en ambientes naturales (clausuras), 
en este caso empleados en estudios 
de interacciones tróficas que inclu-
yen anfibios. Estas clausuras per-
miten el intercambio de agua con el 
exterior facilitando la alimentación 
de las larvas de anuros.  Foto: F. Jara.

4.6.1 Métodos, técnicas y protocolos previos y durante 
los ensayos experimentales
i) Consideraciones y protocolos para minimizar exposición y transmisión 
de patógenos. Uso y desinfección del material que se emplea en el campo 

El trabajo de campo con anfibios en cualquiera de los estadios de desarrollo 
de su ciclo de vida implica, en general, tener contacto, ingreso y manipula-
ción con ambientes acuáticos de distinto tipo, tanto lóticos como lénticos. Por 
lo tanto, es necesario tener en cuenta una serie de consideraciones y recomen-
daciones. Se desarrollan brevemente, a modo de recordatorio, ciertas pautas 
de cuidado, ya que este apartado también está desarrollado en la Sección 
4.10 Registro de hongos. Protocolos en campo y laboratorio de este Manual.

• Consideraciones generales

Es importante tener en cuenta que resulta conveniente tener conjuntos o gru-
pos de elementos y equipo de muestreo menor (redes-bateas-baldes, etc.) 
que posibiliten su utilización, indefectiblemente, SOLO en la localidad de 
estudio SIN INTERCAMBIO entre otras localidades.

En el caso que el equipo sea reutilizable y que no pueda ser replicado para su 
uso individual en distintos sitios, ya sea por su costo o por su tamaño (botas-
Waders-aparatos multiparamétricos del tipo de registro de oxígeno disuel-
to, pH, conductividad, etc.), es imprescindible que se siga un protocolo de 
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En todos los casos es conveniente recorrer los ambientes, el perímetro com-
pleto del sitio de estudio en el caso de lagunas someras, marcar las ovipostu-
ras con algún tipo de identificación (plástico, tela), de manera de identificar 
y realizar conteos precisos a lo largo de sucesivos muestreos o visitas. 

b. Conteo de huevos. Respecto al conteo de huevos en ambientes natura-
les y en el laboratorio en especies con diferentes modos reproductivos, se 
recomiendan a continuación una serie de métodos posibles a realizar en el 
campo (conteo a simple vista) y otros combinando otras herramientas en el 
laboratorio, como análisis de fotografías, uso de lupa, etc., dependiendo del 
modo reproductivo

c. Conteo de huevos a simple vista (“ojo desnudo”) en el campo. Un mé-
todo simple es el empleo de bateas blancas graduadas o cuadriculadas que 
puedan estar inmersas en la columna de agua, de manera de alterar lo menos 
posible a la masa de huevos (Figura 4.6.5, panel superior). De esta manera, 
el fondo blanco permite mejor visibilidad y distinción de los huevos como 
unidades para su conteo; así mismo la graduación facilita también el conteo. 
Por otro lado, se debe considerar, en caso que se desee optimizar el tiempo 
de trabajo de campo, realizar fotografías de dichas oviposturas en las bateas 
para su posterior conteo en el laboratorio. En algunos casos las oviposturas 

A B

C

Figura 4.6.4. A. Uso de Cápsulas de 
Petri; B. Uso de porta-velas de vi-
drio; C. Vasos plásticos. Fotos: M. G. 
Perotti.
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manera, durante el procesamiento de datos, el análisis estadístico en bloques 
permitirá eliminar el sesgo (la confusión), si es que existe, por ejemplo, por la 
ubicación de las unidades experimentales en ambientes que no son totalmente 
homogéneos en sus condiciones (diferente exposición a la luz).

Muchas veces es necesario readecuar las incubadoras para permitir introdu-
cir aireadores que brinden oxígeno para los recipientes de trabajo y de esta 
manera controlar también esta variable (oxigenación de los recipientes) que 
podría introducir sesgo a los experimentos. Los recipientes de hasta un litro 
pueden adquirirse como insumos de vidrio para laboratorio o en cotillones 
en el caso de vasos plásticos de hasta un litro. Las piletas de mantenimiento 
o los mesocosmos de experimentación pueden ser de fibra de vidrio o lona 
similar a las piletas Pelopincho®, o bebederos para animales de granja. Los 
mesocosmos acuáticos medianos también se pueden armar a partir de reci-
pientes plásticos fáciles de adquirir (palanganas; Figura 4.6.10).

Figura 4.6.10. Piletas de manteni-
miento con marcos que permiten 
montar filtros o mallas y distintos 
tipos de mesocosmos acuáticos ubi-
cados en el exterior del laboratorio. 
Fotos: M. G. Perotti, F. Jara.

Estudios en microcosmos

Manipulación de organismos:
• Uso de guantes lavados

Capturas: 
• obtener la mayor canDdad de información posible de cada 

individuo (medidas morfométricas, peso, material 
genéDco…)

• Información del ambiente (sustrato, meteorología)
• depositar en colecciones cienUficas
• Eutanasia (técnico acreditado por la CHEA) uDlizando 

anestésicos (Pentobarbital sódico, Metanosulfonato de 
tricaína MS-222)
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Table 3. Estimated parameters, FSP values, and explained variance (R2) for each model. 

Abbreviations as in Table 1. Values in parentheses are 1 SEM. Boldface indicates most 
parsimonious models. 

 

Model  FSP R2 

1 S = – 1.75 (2.08) + 0.33 (0.12) T 2.044 0.32 

2 S = 3.21 (1.23) + 0.01 (0.01) R 2.202 0.02 

3 S = – 2.07 (2.28) + 0.33 (0.12) T + 0.004 (0.01) R 2.150 0.33 

4 S = 3.47 (0.24) + 3.20 (0.35) sin [2Ǒ (M – 0.81 (0.19)) / 12] 1.503 0.85 

5 A = – 2.58 (6.76) + 0.76 (0.39) T 3.066 0.19 

6 A = 7.31 (3.62) + 0.03 (0.04) R 3.137 0.05 

7 A = – 4.63 (7.27) + 0.73 (0.40) T + 0.03 (0.03) R 3.158 0.23 

8 A = 9.33 (0.91) + 8.84 (1.34) sin [2Ǒ (M – 0.63 (0.27)) / 12] 2.672 0.75 

 
 
 

 
 

Figure 3.  Adjustment of the sinusoidal model to the species richness: S (model 4 in 
Table 3). Data points represent observed values. 
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Table 2.   Ranks of relative abundance for each species of the anuran assemblage at Espinas Stream, Maldonado, Uruguay, from September 
1998 to April 2000. 1 = one calling male, 2 = two or three calling males, 3 = more than three calling males with calls being 
distinguishable from each other, 4 = chorus, S = number of species calling, A = sum of the estimated abundances of all active species, 
Nº = number of different months where the species was registered (in a 12 months scheme). 

 

 1998 1999 2000  

Species S O N D J M A M J J A S O N J F M A N° 

Hypsiboas pulchellus 4 2 4 4 4 4 4   4 4 3 3 3 4 1 4 2 10 

Pseudis minuta 2 2 3 2 2 4 1    3 1 3 3 2 1 1  8 

Physalaemus gracilis 4 4 4 4 3      1 4 4 4 3  1  7 

Scinax granulatus 1  3  1        4 2 1    4 

Leptodactylus latinasus  1 1          3 4 3 1   4 

Leptodactylus ocellatus   3 2 4 1       3      5 

Leptodactylus gracilis             1 2 2    3 

Elachistocleis bicolor    2 2            2  3 

Odontophrynus americanus    2             4  2 

Rhinella gr. granulosus     4 4              2 

S 4 4 6 7 7 3 2 0 0 1 3 3 7 6 6 3 5 1  

A 11 9 18 20 20 9 5 0 0 4 8 8 21 18 15 3 12 2  
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Figure 4.   Adjustment of the sinusoidal model to the accumulated abundance estimates: 
A (model 8 in Table 3). Data points represent observed value 

 
 

duction, several ultimate factors could 
shape the evolution of phenological 
variation in organism assemblages, 
while other factors (called proximates) 
provide the direct stimuli or 
physiological regulation of seasonality 
(Morin 1999, DeCoursey 2004, Nelson 
2005, Bradshaw and Holzapfel 2007). 
This kind of seasonal activity pattern 
has elements of endogenous 
timekeeping (e.g. melatonin hormone, 
see Jørgensen 1992, D´Istria et al. 1994) 
combined with exogenous components, 
probably photoperiod, that synchro-
nize the cycle to the local seasonal time 
(DeCoursey 2004, Nelson 2005, 
Bradshaw and Holzapfel 2007). 

A statistical concept that has to be 
considered is that of “latent variables” 
(Everitt 1984, Shipley 2000, Nespolo et 

al. 2003). A latent variable represents 
hypothetical constructs (e.g. size) or 
complex variables that by their nature 
or available information cannot be 
directly measured (Everitt 1984, 
Shipley 2000). A typical example of a 
latent variable in biology is body size 
(Nespolo et al. 2003). Different 
measures of organism attributes are 
related with its size, as body mass, total 
length, or length of some structures, 
but not a single variable can be 
assumed as a perfect representation of 
body size (Nespolo et al. 2003). To 
work with a latent variable, an 
observable variable that is closely 
associated with the latent variable state 
can be used, as body mass is used to 
approximate body size (Shipley 2000). 
Season, as a determinant of community 
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restricted and imply that the same set of observations are represented by the two var-
iables. In this case, with a latent variable involved, which is reconstructed with
information of several observed variable, the estimated coefficient and associated
error indicate that photoperiod is exactly reproducing the co-variation among the
other variables that is summarized in the latent variable. Consequently, this repre-
sents strong support for a potential role of photoperiod as the variable used by
amphibians to regulate their activity. This is reinforced by the fact that the sinusoidal
nature of amphibians’ activity, estimated without consideration of photoperiod, cap-
tured exactly the same trend that is estimated when a single linear regression with
photoperiod is fitted. The sinusoidal and the linear model capture the same informa-
tion not only because of the congruence in explained variance, but because the same
pattern of residuals is observed in both analyses. The fact that photoperiod is capable
of capturing this seasonal dynamic in an identical way is a strong support for both
the sinusoidal model which represents seasonality and to photoperiod as the most
plausible variable behind amphibian seasonal activity.

The potential role of photoperiod is further supported by the identification of its
physiological effects on amphibians. Amphibians can sense the seasonal variation of the
day length by melatonin hormone segregation and use this signal to couple physiological
processes and behavioural patterns with time (Jørgensen 1992; D’Istria et al. 1994;
Bradshaw and Holzapfel 2007; Both et al. 2008). The use of an environmental signal to
adjust behaviour and physiology with time, requires the existence of a mechanism

Figure 3. Correlation between residuals of the regression between photoperiod and amphibian
activity and the fit of the sinusoidal model.
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evolution of biological seasonality (e.g., competition, predation, temperature, physi-
ological restrictions), and proximate factors that supply the direct stimuli for the
physiological regulation of the biological seasonality (e.g., photoperiod, biological
clocks). Photoperiod is the variable most commonly used by organisms to predict a
window of favourable conditions, particularly to reproduce, because it gives noise-
free information about the time of the year (Bradshaw and Holzapfel 2007). Finally,
it should be highlighted that the poor performance of precipitation and/or tempera-
ture against photoperiod as determinants of amphibian activity, and the wide use of
this last environmental cue in very different organisms, indicates photoperiod to be
the most plausible variable leading to seasonal variation in amphibian activity.

The use of SEM allows the translation of a set of hypotheses on the functioning
of a system into a causal structure and their evaluation as a likely cause of observed
data (Shipley 2000). We constructed and evaluated a latent variable – time of the year –
that synthesized the seasonality of the system in temperature, photoperiod, and
species richness but excluded, computationally, rainfall as a component of congruent
seasonal variation. This agrees with the idea that in those regions where rainfall is
uniform or irregular throughout the year, amphibians will follow climatic factors
that are truly seasonal (Both et al. 2008). The additional contribution of the SEM is
the identification of the connection between photoperiod and the latent variable that
represents temporal dynamics of the main variables of our study system. Conditions
to observe a path coefficient of exactly 1 and associated error equal to 0 are notably

Figure 2. Linear regression of the number of species calling per month (S) between September
1998 and April 2000 with photoperiod (P).
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Organism survival and reproduction are affected by the ability to synchronize
behaviour and physiological condition to the season, typically using photoperiod.
However, temperature and rainfall have been repeatedly invoked as determinants
of annual reproductive cycles in amphibians. This putative role of environmental
conditions determining amphibians’ activity was recently challenged in favour of
photoperiod or a combination of environmental variables as more plausible clues.
We evaluated the alternative variables potentially used by amphibians to track
season fluctuations. The seasonality of a system was captured in a structural
equation model, which identified photoperiod as the variable that represents sea-
sonal variations in amphibian richness and climatic conditions. Congruently,
reconstruction of amphibian seasonality with a sinusoidal model captured the
same information as a linear regression between richness and photoperiod.
Available evidence suggests that amphibians could be tracking photoperiod, over
temperature and rainfall, as the proximate factor determining their seasonal varia-
tion in physiology and activity.

Keywords: photoperiod; Anura; seasonality; assemblages; structural equation
model; latent variables

Introduction
Organisms have evolved coupling of vital activities such as reproduction and migra-
tion, to specific moments of the year (Bradshaw and Holzapfel 2007). Several factors
are suggested as potential causes of these rhythms in organisms’ activity or
abundance (called phenologies): tracking of seasonal resources, predator avoidance,
positive interactions (facilitation), physiological constraints, temporal resource parti-
tioning, as well as chance (Pianka 1973; Schoener 1974; Morin 1999; Richards 2002;
Sandvik et al. 2002; Kronfeld-Schor and Dayan 2003; Bradshaw and Holzapfel
2007). The capacity to be ready for predictable events and to synchronize the physiol-
ogy, biochemistry, and behaviour, promoting efficient organism function, can be
determined by the response to external factors or by endogenous mechanisms (bio-
logical clocks) (Palmer 2002; DeCoursey 2004; Nelson 2005). As an external factor,
photoperiod is a variable frequently used by organisms to predict the window of
favourable conditions, for example to reproduce, mainly in temperate zones because
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Organism survival and reproduction are affected by the ability to synchronize
behaviour and physiological condition to the season, typically using photoperiod.
However, temperature and rainfall have been repeatedly invoked as determinants
of annual reproductive cycles in amphibians. This putative role of environmental
conditions determining amphibians’ activity was recently challenged in favour of
photoperiod or a combination of environmental variables as more plausible clues.
We evaluated the alternative variables potentially used by amphibians to track
season fluctuations. The seasonality of a system was captured in a structural
equation model, which identified photoperiod as the variable that represents sea-
sonal variations in amphibian richness and climatic conditions. Congruently,
reconstruction of amphibian seasonality with a sinusoidal model captured the
same information as a linear regression between richness and photoperiod.
Available evidence suggests that amphibians could be tracking photoperiod, over
temperature and rainfall, as the proximate factor determining their seasonal varia-
tion in physiology and activity.
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Organisms have evolved coupling of vital activities such as reproduction and migra-
tion, to specific moments of the year (Bradshaw and Holzapfel 2007). Several factors
are suggested as potential causes of these rhythms in organisms’ activity or
abundance (called phenologies): tracking of seasonal resources, predator avoidance,
positive interactions (facilitation), physiological constraints, temporal resource parti-
tioning, as well as chance (Pianka 1973; Schoener 1974; Morin 1999; Richards 2002;
Sandvik et al. 2002; Kronfeld-Schor and Dayan 2003; Bradshaw and Holzapfel
2007). The capacity to be ready for predictable events and to synchronize the physiol-
ogy, biochemistry, and behaviour, promoting efficient organism function, can be
determined by the response to external factors or by endogenous mechanisms (bio-
logical clocks) (Palmer 2002; DeCoursey 2004; Nelson 2005). As an external factor,
photoperiod is a variable frequently used by organisms to predict the window of
favourable conditions, for example to reproduce, mainly in temperate zones because
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Anuran phenology and the macroecological perspecKve
Amphibia-Reptilia 26 (2005): 211-221

Breeding activity patterns, reproductive modes, and habitat use by
anurans (Amphibia) in a seasonal environment in the Pantanal, Brazil

Cynthia P. de A. Prado1,3, Masao Uetanabaro1, Célio F.B. Haddad2

Abstract. Annual patterns of breeding activity, reproductive modes, and habitat use are described for a frog community
in a seasonal environment, in the southern Pantanal, Mato Grosso do Sul, Brazil. Data were collected monthly between
January 1995 and December 1998. A total of 24 species from four families; Bufonidae (3 species), Hylidae (10 species),
Leptodactylidae (9 species), and Microhylidae (2 species) were registered. Three reproductive activity patterns are recognized
among these species: continuous, explosive, and prolonged; 50% of the species were explosive breeders. Seasonal pattern of
reproduction was verified for three analyzed years (1995-1997); most species reproduced during the rainy season (Nov-
Jan). The reproduction was aseasonal in 1998; unexpected rains in the dry season lead to an unusual breeding activity. Five
reproductive modes were noted — 62.5% of the species have the generalized aquatic mode, and 33.3% deposit eggs embedded
in foam nests. Many species used the same sites for reproduction, although temporal partitioning and calling site segregation
was observed. The occurrence of many species that exhibit explosive breeding early in the rainy season is common in seasonal
and open environments with variable and unpredictable rainfall, as is the case in the Pantanal.

Introduction

Environmental conditions affect organisms’ life
history traits and play an important role in
structuring and regulating ecological communi-
ties (e.g., Toft, 1985; Menge and Olson, 1990;
Walther et al., 2002). Anurans are especially
dependent on water and/or atmospheric hu-
midity for reproduction, mainly because they
are vulnerable to desiccation, at least in one
phase of their lives (e.g., egg, tadpole, or post
metamorphic). Regarding breeding seasonality,
anurans are known to exhibit two basic pat-
terns: (1) tropical species capable of breeding
throughout the year; rainfall is the major extrin-
sic factor controlling reproduction; and (2) tem-
perate species with seasonal breeding activity
that is dependent on a combination of temper-
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ature and rainfall (Duellman and Trueb, 1986;
Bertoluci and Rodrigues, 2002).

Temporal and/or spatial partitioning of re-
sources constitute mechanisms by which syn-
topic taxa may avoid competition (Schoener,
1974). Anurans may differ in habitat use for
breeding, calling site, annual reproductive pe-
riod, daily period of calling activity, and acoustic
features of advertisement call, which are also
interpreted as important isolating mechanisms
(e.g., Wells, 1977; Haddad et al., 1990). Further-
more, frogs exhibit a great diversity of repro-
ductive modes, mainly in the Neotropics (Duell-
man and Trueb, 1986). Comprehension of such
diversity is crucial to understand anuran com-
munity organization, as is information on tem-
poral and spatial distribution (Duellman, 1989;
Hödl, 1990; Magnusson and Hero, 1991). In
spite of this, descriptive data on reproductive
patterns and habitat use in anurans are available
for only a few tropical assemblages (Donnelly
and Guyer, 1994). Most studies on breeding ac-
tivity patterns and habitat use of Neotropical
anuran communities have been carried out in the
Amazon basin (e.g., Crump, 1974; Aichinger,
1987; Neckel-Oliveira et al., 2000) and in the
Atlantic rainforest, southeastern Brazil (e.g.,
Haddad and Sazima, 1992; Bertoluci, 1998;
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Table 1. Anuran species registered for the southern Pantanal, Brazil, their reproductive modes, reproductive patterns (E =
explosive; C = continuous; P = prolonged), and reproductive period based on calling males and/or presence of gravid females
and clutches (black bars), or only on gravid females (grey bars). Reproductive period refers to all reproductive episode
registered for each species from January 1995 to December 1998.

Species Mode Pattern Reproductive period

Bufonidae
Bufo sp. 1 (gr. granulosus) 1 E
Bufo sp. 2 (gr. granulosus) 1 E
B. schneideri 1 E

Hylidae
Hyla nana 1 C
H. punctata 1 P
H. raniceps 1 P
Lysapsus limellus 1 C
Phrynohyas venulosa 1 E
Phyllo medusa hypochondrialis 18 P
Pseudis paradoxa 1 P
Scinax acuminatus 1 E
S. fuscomarginatus 1 P
S. nasicus 1 E

Leptodactylidae
Adenomera cf. diptyx 21 or 22 P
L. eptodactylus chaquensis 8 E
L. elenae 21 P
L. fuscus 21 P
L. cf. macrosternum 8 E
L. podicipinus 3 C
Physalaemus albonotatus 8 P
P. cf. biligonigerus 8 E
Pseudopaludicola cf. falcipes 1 E

Microhylidae
Chiasmocleis mehelvi 1 E
Elachistocleis cf. bicolor 1 E

Months J F M A M J J A S O N D

Reproductive modes: (1) eggs and exotrophic tadpoles in lentic water; (8) foam nest and exotrophic tadpoles in lentic water;
(18) eggs on leaves above water; exotrophic tadpoles in lentic water; (21) foam nest in subterranean chamber; exotrophic
tadpoles in lentic water; (22) foam nest in subterranean chamber; endotrophic tadpoles inside the chamber (Duellman and
Trueb, 1986); (8a) eggs and early larval stages in foam nests in basins constructed by males; exotrophic tadpoles in lentic
water (Prado et al., 2002).

months (January to May; table 1). Two ex-
plosive breeders, Bufo schneideri and Lepto-
dactylus cf. macrosternum, reproduced sporad-
ically during the dry months (table 1); the lat-
ter species is naturally rare at the study site and
its reproductive period could be underestimated.
Males of L. cf. macrosternum were heard call-
ing following unexpected rains or floods.

Reproduction occurred mainly during the
rainy season in 1995-1997, with most of the
species breeding between November and Jan-
uary (fig. 1). In 1998, after three months with
almost no rain, unexpected rains fell in August

and September; this resulted in explosive breed-
ing activity out of the expected pattern for the
region (fig. 1). The circular statistical analysis
(Rayleigh test of uniformity) revealed that the
breeding activity of frogs was significantly sea-
sonal (table 2) for three of the four years tested;
the exception was 1998.

Among the years with breeding activity sig-
nificantly seasonal, the degree of seasonality
and mean date of peak of breeding activity were
variable. The degree of seasonality (r) varied
from 0.92 to 0.57 (table 2). Comparison of the
mean angle among the years showed that the
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to survival, growth, and reproduction, controls ecological processes at all levels of organization
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Mixed effect linear model
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a b s t r a c t

The extant amphibians are one of the most diverse radiations of terrestrial vertebrates (>6800 species).
Despite much recent focus on their conservation, diversification, and systematics, no previous phylogeny
for the group has contained more than 522 species. However, numerous studies with limited taxon sam-
pling have generated large amounts of partially overlapping sequence data for many species. Here, we
combine these data and produce a novel estimate of extant amphibian phylogeny, containing 2871 spe-
cies (!40% of the known extant species) from 432 genera (!85% of the !500 currently recognized extant
genera). Each sampled species contains up to 12,712 bp from 12 genes (three mitochondrial, nine
nuclear), with an average of 2563 bp per species. This data set provides strong support for many groups
recognized in previous studies, but it also suggests non-monophyly for several currently recognized fam-
ilies, particularly in hyloid frogs (e.g., Ceratophryidae, Cycloramphidae, Leptodactylidae, Strabomanti-
dae). To correct these and other problems, we provide a revised classification of extant amphibians for
taxa traditionally delimited at the family and subfamily levels. This new taxonomy includes several fam-
ilies not recognized in current classifications (e.g., Alsodidae, Batrachylidae, Rhinodermatidae, Odontoph-
rynidae, Telmatobiidae), but which are strongly supported and important for avoiding non-monophyly of
current families. Finally, this study provides further evidence that the supermatrix approach provides an
effective strategy for inferring large-scale phylogenies using the combined results of previous studies,
despite many taxa having extensive missing data.

! 2011 Elsevier Inc. All rights reserved.

1. Introduction

With over 6800 known species (AmphibiaWeb; http://www.
amphibiaweb.org/, accessed April, 2011; hereafter ‘‘AW’’) the extant
amphibians (frogs, salamanders, and caecilians) are one of the most
diverse radiations of terrestrial vertebrates. The number of known
extant amphibians has increased rapidly in recent years, with over
2700 species (!40%) described in the last 26 years (Duellman,
1999; Lannoo, 2005). This newly discovered diversity includes doz-
ens of new species from known genera in poorly studied tropical re-
gions such as Madagascar (Vieites et al., 2009), but also new genera
in relatively well-explored regions such as the southeastern United
States (Camp et al., 2009), and even new families such as Nasikabatr-
achidae (Biju and Bossuyt, 2003). Unfortunately, much extant
amphibian diversity is currently under extreme threat from pres-
sures such as habitat loss, global climate change, and infectious dis-
ease, and many species have gone extinct in the last few decades
(Blaustein and Wake, 1990; Stuart et al., 2004).

A phylogenetic framework is critical for discovering, under-
standing, and preserving extant amphibian diversity, but a large-
scale phylogeny for extant amphibians is presently lacking. How-
ever, recent molecular and combined-data studies have made
important contributions to higher-level phylogeny (Frost et al.,
2006; Roelants et al., 2007; Wiens, 2007a, 2011) and to the phylog-
eny of many major groups, such as caecilians (San Mauro et al.,
2009; Zhang and Wake, 2009b), hyloid frogs (Darst and Cannatella,
2004), ranoid frogs (e.g., Bossuyt et al., 2006; Wiens et al., 2009),
microhylid frogs (van der Meijden et al., 2007), bufonid frogs
(Pauly et al., 2004; Pramuk et al., 2008; Van Bocxlaer et al.,
2009), centrolenid frogs (Guayasamin et al., 2009), dendrobatid
frogs (Grant et al., 2006; Santos et al., 2009), hemiphractid frogs
(Wiens et al., 2007a), hylid frogs (Faivovich et al., 2005, 2010;
Wiens et al., 2005b, 2010), terraranan frogs (Hedges et al., 2008;
Heinicke et al., 2009), and salamanders (Kozak et al., 2009; Vieites
et al., 2011; Wiens et al., 2005a, 2007b; Zhang and Wake, 2009a).

The largest estimate of extant amphibian phylogeny to date is
that of Frost et al. (2006). Those authors reconstructed amphibian
phylogeny based on relatively intensive sampling of species (522)
and characters (up to 4.9 kb of sequence data from 2 mitochondrial
and 5 nuclear genes [mean = 3.5 kb], and 152 morphological
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Network theory

(Lewinsohn & Prado 2006, Olesen et al. 2007, Canavero et al. 2009, Fortuna et al. 2009, Borthagaray et al. 2014a,b)
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(2006)

Phenological modularity (ZMod):
It represents the degree to which some 
species are more likely to share months 
in which they are ac>ve.

network, and (iii) the content of species of each module (see
Materials and Methods). In total, 51 networks were analyzed, and
29, or 57%, were significantly modular, i.e., they had a modu-
larity index M significantly higher than that of random networks
(see SI Table 1). Mean M ! SD was 0.52 ! 0.071 (n " 29
networks). All networks of #150 species were modular and all
$50 species were nonmodular. Thus, modular networks encom-
passed by far most of the species and links in our sample (8,233
species and 16,799 links, or 85%).

Our subsequent analysis included only the 29 significantly
modular networks. These networks had, on average, 8.8 ! 3.7
modules—with a maximum of 19 modules for the Amami Islands
(26) and a minimum of five for a temperate forest meadow (27)
and heathland (Y.L.D., unpublished work). Modularity M was
independent of network size S, i.e., total number of species of
pollinators A, and plants P (n " 29 networks: F1,27 " 0.0003, P !
0.99), whereas, number of modules in a network NM, and mean
module size SM, i.e., number of species per module, both
increased with S (n " 29: F1,27 " 9.9, P " 0.004; and F1,27 " 45.5,
P " 0.0001, respectively).

Most links in a network were among species within the same
module (on average 60% of all links I in a network). Thus, mean
connectance CM, within a module (number of observed links/
number of possible links in the module, excluding links to other
modules), became very high (42 ! 28%), whereas mean con-

nectance C ("100I/(AP)), for the total networks was much lower
(7 ! 4%).

All 51 networks were also tested for nestedness, i.e., a widespread
pattern where specialists interact with a subset of the species that
the more generalized species interact with (16). All networks,
except five small ones, were significantly nested (see SI Table 1).
Levels of nestedness N and modularity M were uncorrelated [n "
29 networks: F1,27 " 2.96, P " 0.10, negative trend; in this analysis,
we corrected for among-network variation in S and I by using
relative nestedness (N % Nrandom)/Nrandom and relative modularity
(M % Mrandom)/Mrandom, where Nrandom and Mrandom were average
nestedness and average modularity, respectively, of the random
runs]. A nested matrix thus appeared to be built on modules
assembled by interactions that connected them; largely generalist
species (Fig. 1A) were involved in these interactions. In Fig. 1 A and
B, an example of a real network is shown in both its nested and
modular matrix version, and in Fig. 1C, its modular structure is
depicted as a graph. The nested pattern in Fig. 1A resulted from the
assembly of distinct modules (nonred colors in Fig. 1B) ‘‘glued’’
together by interactions among modules (red cells).

The 29 modular networks consisted of 254 modules. Individual
modules differed in size and shape because of variation in species
number SM (" AM & PM, i.e., the sum of pollinator and plant
species in a module) and species ratio AM/PM. On average, !SD,
a module contained 32 ! 34 species, namely, 26 pollinator
species and six plant species, i.e., AM/PM " 4.2. Thirty-six (14%)

Fig. 1. Pollination network structure and species roles. The example is from the Andes (28). (A) Nested matrix version of the network, with plant species in
columns and pollinator species in rows sorted from the upper left corner according to descending species degree. Colored cells are links between species. (B)
Modular matrix version of the same network as in A; species are now sorted according to their modular affinity (order of modules is arbitrary). Red cells are species
links gluing the seven modules together into a coherent network, and nonred cells are links within modules (links of the different modules can be identified
in A by their color). (C) Graph of modules. Module links are weighted by both the number of species links between modules and number of species within modules;
vignettes show dominant pollinator and flower type: black module: Diptera species and mainly white flowers; purple module: small-to-medium-sized beetles,
flies, an ant, and small, white/yellow flowers; blue module: butterflies and one plant species, Oxalis species; green module: bees, birds, and large, mainly yellow
flowers with a closed morphology; yellow module: large flies and small, yellow umbellifer flowers; orange module: butterflies, a large fly, and white/yellow/
pink/purple flowers; and gray module: large flies and mainly small, white flowers. (D) zc-plot of species roles with three module hubs and one connector, but
no network hub. In A and B, species acting as module hubs and connectors are shown as blue and green dots, respectively, just outside the matrix border. Notice
that the connector species in B (green dot) has #50% of its links outside its own module.

19892 ! www.pnas.org"cgi"doi"10.1073"pnas.0706375104 Olesen et al.

Modularity has been associated with stability.
(May 1972, Thébault & Fon7ne 2010, Clune et al. 2013).

©          Nature Publishing Group1972
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ESPECIES	EN
	ACTIVIDAD	

S.	sp.	
O.	americanus	
H.	bischoffi	

H.	minuta	

H.	prasina	
R.	crucifer	
S.	hayii	
R.	ictericus	
H.	albosignata	
S.	surdus	
H.	microps	
H.	pardalis	
L.	notoak=tes	
S	riziliblis	
L.	latrans	
P.	cuvieri	
H.	giesleri	
P.	boiei	
P.	olfersii	
H.	faber	
L.	fuscus	
S.	crospedospilus	
H.	senicula	
P.	dis=ncta	
S.	fuscovarius	
H.	sanborni	

Phenological modularity in amphibian calling behaviour:
Geographic trends and local determinants

ANDR!ES CANAVERO,1,2* MAT!IAS ARIM,2 FERNANDA P!EREZ,3

FABIAN M. JAKSIC1,3 AND PABLO A. MARQUET3,4,5

1Center of Applied Ecology and Sustainability (CAPES), Santiago, Chile (Email:
acanavero@gmail.com); 2Departamento de Ecolog!ıa y Gesti!on Ambiental, Centro Universitario Regional
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Abstract Phenology of species, the coupling of vital activities to specific times of the year, plays a main role in
ecosystem functioning and is expected to be affected by global change. We analysed the temporal structure of 52
amphibian communities in South America encompassing a latitudinal range from 7! to 34! south. Phenological
modularity – species tendencies to aggregate along the months – is here introduced as a ubiquitous property of
biodiversity architecture. Further, we identified an increase in phenological modularity with species richness,
available energy and in communities with lower thermal dependence (i.e. the rate of change in the number of
species active along the year associated with the environmental temperature). These patterns are in agreement
with predictions derived from several ecological hypotheses: complexity-stability, species-energy and metabolic
ecology. However, no direct association between modularity and the phylogenetic structure of communities was
observed. A structural equation model that outperformed all the plausible alternative models considered supports
these results. Modularity is reported here as a main feature of the phenology of communities that depends on
environmental conditions. Here, we report for the first time a putative connection between community species
richness and the degree of temporal structure – phenological modularity; the thermal dependence shows that
communities at low latitudes are more vulnerable to climate change; energetic environments also promote com-
munities with phenological modularity; and latitudinal patterns of phylogenetic community structure can give us
clues of which species would be important to the conservation of community processes. These results call for
further theoretical analyses to support the connection between phenological modularity, community stability and
vulnerability to global change.

Key words: activation energy, community structure, ecophylogenetics, latitude, phenological modularity,
thermal dependence.

INTRODUCTION

The need for a better understanding of the interplay
between environmental conditions and the architec-
ture and functioning of biodiversity is a pressing
challenge in ecology (McCann 2007; Naeem et al.
2012; Rohr et al. 2014). The temporal dimension has
been early recognised as an axis of community struc-
turing (Schoener 1974a,b; Jaksic 1982; Kronfeld-
Schor & Dayan 2003). In this vein, a central compo-
nent of the biodiversity architecture is the phenologi-
cal structure (Visser et al. 2010). Phenology of
species involves the temporal coupling of vital activi-
ties – that is reproduction, migration – to environ-
mental conditions (Visser et al. 2010). Phenology is
closely associated with climatic variables, which
makes it vulnerable to global climate change

processes (Scheffers et al. 2016; Kronfeld-Schor et al.
2017; V!azquez et al. 2017). Temperature has a main
role in the functioning of all biological systems
(Angilletta 2009). The thermal dependence of meta-
bolic rate determines changes in behaviour of indi-
viduals and physiology that scale up to community
structure and function (e.g. Gillooly et al. 2001;
Allen et al. 2002; Dell et al. 2011). Consequently,
seasonal trends in temperature are the main determi-
nants of phenological patterns (Angilletta 2009;
Steen et al. 2013; Tonkin et al. 2017). Therefore,
unravelling the connections among thermal depen-
dence and community structure is emerging as a key
objective in different areas of ecology (Dell et al.
2011, 2014; Ara!ujo et al. 2013; Pawar et al. 2016).
The thermal dependence of amphibian species phe-

nology was recently associated with environmental
gradients. The activities of individuals become more
dependent on the temperature at lower latitudes, with*Corresponding author.
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of Neotropical anurans found in our community datasets.
We began by checking which species were in common
between our data and the molecular matrix of Pyron and
Wiens (2011). When we did not find a species in the

molecular matrix, we used ‘surrogate’ species of the same
genus, or of the family. With these sequences, we recon-
structed a tree of 164 species, where Homo sapiens was the
out-group, and using the same concatenated sequences and

Table 1. Reference of the neotropical anuran data and their geographic locations

Locality Sloc E ZMod NRI PET

Abrunhosa et al. (2006) 22!500S; 42!270W 19 2.319 1.64 0.481 82.002
Afonso and Eterovick (2007) 20°050S; 43°290W 12 0.623 3.51 0.848 79.910
Arzabe (1999) 07°170S; 37°210W 11 3.524 !1.05 !0.687 103.820
Arzabe (1999) 07°110S; 37°190W 16 3.257 !0.13 !1.260 103.820
Arzabe et al. (1998) 11°200S; 37°250W 17 !1.033 5.72 !0.512 115.073
!Avila and Ferreira (2004) 18°580S; 57°390W 15 2.562 !0.80 !0.823 126.480
Bernarde and dos Anjos (1999) 23°270S; 51°150W 18 0.754 2.24 0.457 81.373
Bernarde and Kokubum (1999) 21°160S; 50°370W 19 1.735 0.14 !0.186 98.930
Bernarde and Machado (2000) 25°270S; 53°070W 20 0.997 !1.57 !1.647 69.233
Bernarde (2007) 11°350S; 60°410W 33 0.354 6.63 0.033 87.138
Bertoluci and Rodrigues (2002) 23°380S; 45°520W 28 0.951 4.23 2.462 77.917
Bertoluci (1998) 24°150S; 48°240W 26 0.978 3.54 1.974 73.162
Blamires et al. (1997) 16°390S; 48°360W 13 1.476 2.57 0.443 85.403
Borges and de Freitas Juliano (2007) 17!470S; 49!230W 25 2.318 4.14 !1.032 97.730
Both et al. (2008) 29°320S; 53°470W 18 0.859 !0.78 !0.335 77.418
Canavero et al. (2008) 34°470S; 55°220W 10 0.674 2.31 !1.325 68.460
Candeira (2007) 20!200S; 49!110W 24 3.181 !2.81 !1.293 95.515
Canelas and Bertoluci (2007) 20°050S; 43°280W 32 1.606 6.80 1.321 79.910
Cardoso and Haddad (1992) 21°480S; 46°350W 19 1.657 !0.76 !0.650 74.593
Cardoso and Souza (1996) 10°080S; 67°350W 31 2.598 !0.72 1.848 119.998
Conte and Machado (2005) 25°570S; 49°130W 21 1.682 0.50 1.883 66.385
Conte and Rossa-Feres (2006) 25°410S; 49°030W 31 0.847 2.51 0.836 66.385
Conte and Rossa-Feres (2007) 25!390S; 49!160W 29 1.550 !1.58 0.690 66.385
Filho (2009) 20°050S; 56°360W 15 2.156 4.32 !0.220 108.575
Forti (2009) 24°020S; 47°530W 20 0.482 0.87 1.330 76.278
Grandinetti and Jacobi (2005) 20°070S; 43°520W 11 0.167 1.33 1.300 79.910
Heyer et al. (1990) 23°380S; 45°520W 35 2.972 0.76 1.343 77.917
Kopp and Eterovick (2006) 20°060S; 43°290W 20 1.612 2.08 0.896 79.910
Kopp et al. (2010) 17°490S; 52°390W 25 2.589 !1.93 !0.694 94.135
Maffei (2010) 22°480S; 48°550W 39 1.345 7.74 0.188 83.813
Moreira et al. (2007) 29°420S; 50°590W 15 !0.721 !4.13 !0.737 72.685
Narvaes et al. (2009) 24°310S; 47°160W 11 0.248 !0.51 3.023 86.390
Nascimento et al. (1994) 20°000S; 43°500W 9 !0.455 2.72 0.147 79.910
Nomura (2008) 23!100S; 46!310W 29 0.452 1.09 2.073 70.257
Nomura (2008) 20!210S; 49!160W 23 1.898 4.57 !0.745 95.515
Nomura (2008) 20!120S; 50!290W 23 2.033 1.03 !0.816 94.618
Oda et al. (2009) 14°090S; 48°200W 21 4.958 !5.07 !0.628 90.233
Papp (1997) 22°520S; 46°020W 13 1.211 4.13 1.883 74.198
Pombal and Gordo (2004) 24°250S; 47°150W 23 0.92 !0.12 1.752 86.390
Pombal (1997) 24°130S; 48°460W 19 1.02 3.40 0.783 73.162
Prado et al. (2005) 19°340S; 57°000W 23 1.574 10.00 !0.372 125.963
Prado and Pombal (2005) 20°160S; 40°280W 17 0.604 0.66 2.730 93.137
Rossa-Feres and Jim (1994) 22°590S; 48°250W 25 0.481 4.09 !0.342 83.813
Santos (2009) 08!430S; 35!500W 28 !0.221 0.86 2.377 93.912
Santos et al. (2007) 20°110S; 50°530W 13 2.956 0.73 !0.419 94.618
Santos et al. (2008) 29!420S. 53°420W 24 0.535 4.70 !0.977 77.418
S~ao Pedro and Feio (2010) 20!310S. 43!410W 28 0.676 0.70 0.789 79.910
Silva (2007) 20°200S. 49°110W 18 2.437 !0.53 !0.914 95.515
Teixeira (2009) 22!590S; 48°300W 15 1.094 !0.48 1.572 83.813
Toledo et al. (2003) 22°250S; 47°330W 19 1.825 !0.35 !0.716 80.825
Vieira et al. (2007) 07!250S; 36!300W 15 3.184 2.25 !2.938 95.245
Zina et al. (2007) 22°220S; 47°280W 22 2.172 0.08 !0.166 80.825

Sloc, total number of species that call at least once in the study period. Included is the fit of the metabolic parameter E, call-
ing activation energy (Canavero et al. 2018); NRI, net relatedness index; PET, potential evapotranspiration; ZMod, modular-
ity index. Dark and light grey cells indicate significant Z values at P < 0.05 and marginal Z values at P < 0.1, respectively.
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on kurtosis (using the mvnorm.kur.test function of the ‘ICS’
R-package, W = 27.4605, w1 = 0.48, d.f.1 = 35.00,
w2 = 0.80, d.f.2 = 1.00, P < 0.05), we used the Satorra–
Bentler robust estimation of the chi-squared statistic and
standard error (Shipley 2016). This method corrects exces-
sive kurtosis, problems in which the errors are not indepen-
dent of their causal non-descendants, which is important
for models with latent variables (Rosseel 2012). To identify
plausible causal models, we considered 16 models covering
the potential range of connections that could be expected
in the study system (see Appendix S1: Fig. S1). All SEM
models were fitted using the ‘lavaan’ R-package (Rosseel
2012) and compared by the Akaike’s Information Criterion
corrected for small samples (AICC); the lowest AICC values
were selected (see Appendix S1: Table S1). Analyses were
performed using R version 3.03 (R Core Team 2017).

RESULTS

Modularity is observed as a recurrent feature in the
organisation of amphibians’ phenology (Fig. 2). It was
detected in 22 communities but covering a range from

antimodular in three communities to significantly
modular (see Table 1). This type of range from nega-
tive to positive deviation indicates that even non-signif-
icant modularities are part of a biological gradient,
which requires attention (Ulrich & Almeida-Neto
2012). Similarly, of the 34 time series of calling anu-
rans with significant thermal dependence, 17 yielded a
ZMod modularity index that deviated from null expec-
tations (P < 0.05), 16 on the positive side (i.e. signifi-
cant phenological modularity) and one on the negative
side (Table 1). Four communities presented
significant deviations (P < 0.05) from null expecta-
tions of NRI and six presented marginal deviations
(P < 0.10). Of the ten communities that presented
marginal and significant deviations, seven showed phy-
logenetic attraction and three showed repulsion
(Table 1). High variability is detected covering the
possible extremes of indices, which is well accounted
for by the path analysis. In fact, along with the 16 path
analysis models considered (see Appendix S1:
Fig. S1a,b), one presented a significantly better

Fig. 2. Representation of a significant modularity bipartite network showing the three modules with their two levels: anuran
species that presented calling activity (grey dots) vs months when these species were registered (black squares). The links
within (black lines) and between (grey lines) modules are also presented. Data from Bertoluci and Rodrigues (2002) (see
Table 1).

doi:10.1111/aec.12819 © 2019 Ecological Society of Australia
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performance and no discrepancy with the observed
covariation matrix (wiAICC = 0.571). When we only
consider the models supported by data, the weighted
wiAICC was 0.82 for the best model (Fig. 3). This
model considered a latent variable directly related with
a positive connection with latitude (r = 0.81) and NRI
(r = 0.52), and a negative connection with E
(r = !0.82) and PET (r = !0.70) (Fig. 3). This result
partially supports H1 (Fig. 1) in terms of the expected
covariation of several components of the environment,
biotic and abiotic. Further, the path model also
indicated an effect over ZMod from Sloc (r = 0.36)
(Fig. 1 H2, a connection between complexity and
community structure), PET (r = 0.56) (Fig. 1 H4, the
energy availability foster the time partitioning) and E
(r = !0.60) (Fig. 1 H5, communities with less thermal
dependence will structure time dimension, species
could use a wider time window along the year without
restricting its activity to the warm period). This
model accounted for 27% of the variation in
phylogenetic relatedness (NRI), 42% of the ZMod
variance and 68% of the variation in thermal depen-
dence of the activity in amphibian communities
(Fig. 3).

DISCUSSION

Phenological modularity was identified here as a
main feature of amphibians’ phenology. The anuran
species may be interacting, adapting and evolving,
modularly using the time as structuring axis on which
the complexity of the system is expressed (Canavero
et al. 2009). A temporally segmented organisation of
amphibians’ activity is expected from classic and
recent theories (Schoener 1974a,b; Jaksic 1982;
Kronfeld-Schor et al. 2017). Specifically, the increase
in modularity in interaction networks with species
richness – that is complexity – is a long-standing pre-
diction in ecology (May 1972; Stouffer & Bascompte
2011). Recent results further indicate that modularity
may enhance species adaptability, improving long-
term community stability (Scheffer et al. 2012; Clune
et al. 2013). However, these theoretical expectations
were not previously supported on empirical patterns
of amphibians’ phenology. Here, we report the perva-
sive occurrence of modularity in the study system
within a range from negative to positive deviation,
which could indicate that even non-significant modu-
larities are part of a biological gradient (Ulrich &

Fig. 3. Construction of a latent variable representing the covariation of environmental variables and the putative connection
with community phenological modularity. E, calling activation energy; Latent, latent variable; NRI, net relatedness index;
PET, potential evapotranspiration; ZMod, modularity index. Exogenous arrows represent variances unexplained by the model;
the explained variance for endogenous variables is calculated as one minus the path coefficient between its associated error
variable. Path values are standardised effects. Arrow width represents the strength of the causal link. •P < 0.1, *P < 0.05 and
**P < 0.01.

© 2019 Ecological Society of Australia doi:10.1111/aec.12819
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Calling phenology of anurans in a tropical rainforest in South 
Mexico: testing predictive models
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ABSTRACT
Anuran calling activity has been widely associated with abiotic 
factors, such as temperature, rain and photoperiod. In this sense, 
mathematical modelling could help us to decipher the mechanisms 
that underlie these phenomena in order to be able to predict 
possible scenarios. Here, we propose 15 models that incorporate 
some environmental variables with biologic relevance: photoper-
iod, accumulated rain, dry/wet season, and annual mean tempera-
ture. The calling activity patterns were obtained with an automated 
recording system (ARS) for 7 months in Nahá, Chiapas, Mexico, 
where nine species were recorded. Those models were compared 
through the Akaike information criterion corrected for small sam-
ples (AICC) to !nd the one that best !ts. Our results point to 
a sinusoidal model containing photoperiod, dry-wet season and 
accumulated rain as the best model. Photoperiod resulted as 
a critical variable driving phenological calling activity patterns 
since whenever it was incorporated in a model, its AICC values 
were reduced. It is interesting because the photoperiod, through 
photoreception, allows anurans to synchronise their physiology 
and behaviour throughout the year, being able to control the 
growth, development and maintenance of organisms by starting 
the reproduction phases in optimal seasons for their development. 
However, it is also important to highlight that phenological struc-
ture of the anuran calls in Nahá, México is better explained by 
a combination of mechanisms, which includes photoperiod, rainfall 
and seasonality, but not temperature.
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Introduction

The timing and relationship of recurring plant and animal life cycle stages with weather 
and climate is called phenology (Schwartz 2003). Temporal variation of biological events 
has an important role in survival, reproductive success, and, therefore, in biological !tness 
(Emerson et al. 2008). Therefore, !nding the abiotic factors causing recurring activity 
patterns is mandatory to comprehend complex interactions, species coexistence, and 
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l. The site was chosen to be close to an ephemeral pond (Figure 1), and because 
previous active samplings showed the presence of anurans (Ochoa-Ochoa and 
Whittaker 2014).

We analysed the recordings in Adobe Audition 3 (Adobe Systems Incorporated 2007). 
Anuran vocalisations were identi!ed with spectrograms, using discrete Fourier transform 
(DFT) size values from 200 to 250, contrasting and comparing with previously built 
advertisement calling repertoires obtained from in situ recordings of each species. In 
the case of craugastorids, a PERMANOVA was carried out that included all measured 
variables to di"erentiate species. Calling activity was determined according to a numerical 
classi!cation scheme recommended by the NAAMP (North American Amphibian 
Monitoring Program, Weir et al. 2005): 0 = no vocalisation recorded, 1 = individuals 
could be counted, there was space between calls, 2 = calls of individuals could be 
distinguished, but there were some overlapping of calls, 3 = full chorus, calls were 
constant, continuous and overlapping. Time was divided into six-day length temporary 
sections (see Appendix 1), and these grouped the calling activity data by species. Rainfall 
was de!ned by listening directly to the recordings and assigning one of the following 
categories: No rainfall = 0, rainfall = 1 and intense rainfall = 2. The accumulated rainfall was 
the sum of the values of each temporary section. It was used because some anuran groups 
in ephemeral ponds have been reported to be considerably dependent on this to carry 
out their reproductive behaviours as calls or egg-laying (M2; Saenz et al. 2006; Schalk and 
Saenz 2016; Pérez-Granados et al. 2019b). The temperature was obtained with the ARS 

Figure 1. Study site location and land use, natural protected area of Nahá, Ocosingo, Chiapas, México.
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linear model M6 was the preferred model, incorporating the variables dry-wet season and 
average temperature (Figure 4). The dry-wet season was a critical variable, possibly due to 
the simplicity of the variable itself, being binary with two possible values. It synthesises 
information on rainfall and season of the year, which builds an informative model with 
fewer variables.

To discuss the advantages of sinusoidal models over the linear ones, we should 
consider that the former have parameters that modify the wave: the amplitude (Iamp), 
the equilibrium line (Ime) and its synchronisation (C) by displacement in the horizontal 

Figure 4. Best models of each general structure. Model 6 (M6) for linear and 13 (M13) for sinusoidal 
structure. I = relative calling intensity, t = time. The solid lines represent the predictions of the models; 
the points represent the data acquired from the ARS.
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vocalisation of the sampled anurans, we performed a Rayleigh z-test to detect 
unimodal orientation. This statistical test was performed using the ‘circular’ package 
in R (Lund et al. 2017).

Models

To evaluate the proposed biological hypotheses about the phenology of call intensity, we 
developed 15 models (Table 2) with di!erent structures and environmental variables as 
predictors. We used two general structures, linear models based on linear equation and 
sinusoidal models, which incorporate the sine function, acquiring an oscillatory graphical 
representation (for further details see Canavero et al. 2008). The environmental variables 
used were dry-wet season (DW), accumulated rainfall (Ra), mean temperature ( �T) and 
photoperiod (Php) (see Table 1). The dry-wet season was incorporated assuming a direct 
dependence of the calling activity to wet season as previous works reported (M1; Saenz 
et al. 2006; Schalk and Saenz 2016). We chose a linear response to temperature because of 
the anurans ectothermic nature and its recurrent mention as the main driver to calling 
phenology (M3; Navas 1996; Bradshaw and Holzapfel 2007; Marquez et al. 2007; Steen 
et al. 2013; Canavero et al. 2018). For models 4 to 7 we explored the linear e!ects 
combining DW, Ra and AICC . The photoperiod has been proposed as an underlying factor 
of anuran calling activity, and it has been reported as a key factor in temperate regions 
(Both et al. 2008; Canavero et al. 2008; Canavero and Arim 2009), but also in tropical 
regions (Canavero et al. 2009; Schalk and Saenz 2016). In this sense, we incorporated the 
photoperiod as a sinusoidal model "tted to the number of individuals that present calling 
activity in each period of sampling (M8). To understand the capability of each variable in 
describing the calling activity we combined the sinusoidal model with the other abiotic 
variables (models 9 to 15) (Table 2).

Table 2. Models proposed to describe the anuran calling activity. The first seven models are 
linear, and the following have a sinusoidal component. I = relative calling intensity, 
DW = dry-wet season, Ra = accumulated rainfall, �T= mean temperature, Ime = mean 
relative calling intensity, Iamp = maximum deviation of Ime (amplitude of function, 
seasonality from the community), t = time, A, B, C, D, E, F = correlation coefficients for 
each variable associated (temporary section; see Appendix 1).

Model Equation No. of parameters

Null model I ~ 1 1
1 I ~ A + B*DW 2
2 I ~ A + B*Ra 2
3 I ~ A + B* �T 2
4 I ~ A + B*Ra+C* �T 3
5 I ~ A + B* �T+C*DW 3
6 I ~ A + B*DW+C* �T 3
7 I ~ A + B*Ra+C* �T+ D*DW 4
8 I ~ Ime+Iamp*sin(2π (t + c)/72) 3
9 I ~ Ime+Iamp*sin(2π (t + c)/72)+D*DW 4
10 I ~ Ime+Iamp*sin(2π (t + c)/72)+D*Ra 4
11 I ~ Ime+Iamp*sin(2π (t + c)/72)+D* �T 4
12 I ~ Ime+Iamp*sin(2π (t + c)/72)+D*Ra+E* �T 5
13 I ~ Ime+Iamp*sin(2π(t + c)/72)+D*Ra+E*DW 5
14 I ~ Ime+Iamp*sin(2π (t + c)/72)+D*DW+E* �T 5
15 I ~ Ime+Iamp*sin(2π (t + c)/72)+D*Ra+E* �T +G*DW 6
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