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¿Por qué debería conocer a los anfibios? 

Por aprotes económicos, funciones ecosistémicas, 
esté=ca y é=ca.

(Noss and Cooperrider 1994; Groom et al. 2006) 



Establecer la pregunta y los obje2vos del estudio 

¿Dónde y cuándo? Definiendo la escala espacial y temporal del estudio 

¿Cuánto? Definiendo el tamaño de la muestra 

Muestra representa>va de la población 
Número de réplicas de las unidades experimentales 
(individuos, poblaciones, especies, parches de hábitat, 
entre otros) 

• Inventarios de fauna: describir y/o cuan0ficar la fauna de 
una localidad, líneas de base

• Monitoreos de fauna: describir y/o cuan0ficar cómo 
varía en el 0empo la fauna de una localidad
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Fig. 1.2 Representatives of four anuran modes of reproduction. (a) Pleurodema borelli 
pair constructing a foam nest on the surface of water, from Argentina, (b) Leptodactylus 
bufonius mud nest by the edge of a depression, from Argentina, (c) Hyla bokermanni eggs 
on a leaf above water, from Ecuador, (d) male Rhinoderma darwinii brooding tadpoles in 
its vocal sac, from Chile. Photographs by Martha L. Crump.

Crinia georgiana from Australia oviposit in small water-fi lled depressions, 
seeps, or crevices on the ground where non-feeding larvae absorb their large 
yolks before metamorphosing.

Temperate and tropical frogs with terrestrial eggs and aquatic larvae accom-
plish this feat in diverse ways. Dendrobatids lay their eggs on land, but then a 
parent transports the larvae to water. In a few species of Dendrobates, the female 
also provides her young with unfertilized eggs as food. Rhinoderma rufum, from 
Chile, lays its eggs on land. The male takes late-stage eggs into his vocal sac 
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Series de desarrollo para embriones
Los anuros han sido históricamente elegidos por los embriólogos dadas sus 
considerables ventajas para llevar a cabo estudios de desarrollo, fundamen-
talmente desde una aproximación experimental, bioquímica y molecular en 
particular en el género Xenopus. Sin embargo, el estudio de otras especies 
(excluyendo las especies modelo) y a gran escala taxonómica, implica un de-
safío principalmente por su escasez en colecciones herpetológicas.

Esta etapa temprana se caracteriza por presentar grandes cambios morfoló-
gicos en un corto periodo de tiempo, por lo que la metodología más utiliza-
da para estudios embriológicos incluye la obtención de series de desarrollo. 
Una serie de desarrollo es un tipo de muestreo que requiere fijar periódica-
mente embriones de una misma puesta, lo que implica que muchas veces 
deba realizarse in situ, en el campo y entre viajes de campaña.

Para la obtención de series de desarrollo se extraen los huevos o embriones 
con pipetas Pasteur y si es necesario ayudándose con pinzas o tijeras, cuando 
la gelatina es muy densa. Los embriones se sobreanestesian con benzocaína 
diluida o alternativamente colocando los embriones libres directamente so-
bre hielo (ver Sección 5) y deben preservarse cada vez en recipientes indi-
viduales en general con formol 4–10%. La frecuencia de extracción y el nú-
mero de embriones varían dependiendo de la duración del desarrollo de la 
especie, del tamaño de la puesta y por supuesto del tipo de estudio proyec-
tado. Cuanto más rápido se desarrollen los embriones, más frecuentemente 
habrá que realizar fijaciones, para asegurarse especímenes que cambien gra-
dualmente, sin dejar de considerar la cantidad de huevos disponibles para 
evitar truncar tempranamente las series. Para estudios de secuencia de de-
sarrollo de caracteres embrionarios, en general resulta adecuada la fijación 
cada 6–8 hs, pero para estudios de la variación de forma (que ocurre muy 

Figura 3.1.1. Mantenimiento de ovi-
posturas. (A) Detalle de puesta acuá-
tica de Atelognathus nitoi. (B) Detalle 
de nidos de Phyllomedusa sauvagii 
dispuestos en trípodes en el interior 
de bandejas con agua. Fotos: D. A. 
Barrasso y M. J. Salica.



Tabla de Gosner (1960) o sistema de estadíos
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rápidamente en especial durante el inicio del desarrollo) o que enfaticen es-
tadios muy tempranos, el intervalo debe acortarse a 4 hs. Para estudios más 
puntuales (e.g., explorar el desarrollo de un carácter individual) es recomen-
dable realizar series piloto donde primero se establezca el rango de tiempo 
en que ocurre el cambio de interés. Los intervalos pueden ir modificándose a 
medida que el desarrollo avanza, y ya en estadios larvales las fijaciones pue-
den ser diarias. Estudios propios en diversos clados y sus detalles particula-
res para cada uno, pueden consultarse en los trabajos correspondientes(9-22).

Un punto interesante es que si bien los huevos y embriones no eclosionados 
suelen fijarse completos, es decir con las capas de gelatina que los envuel-
ven, una alternativa es primero liberarlos de ellas. Esta práctica es frecuen-
te para estudios moleculares, pero también es recomendable en el caso de 
embriones con desarrollos intracapsulares largos, en los cuales el aumento 
de tamaño del espécimen dentro del huevo redunda en que se enrolle típi-
camente y una vez fijado esta característica obstaculiza la observación. La 
eliminación de las membranas se efectúa químicamente con cisteína 2%(6, 7) o 
mecánicamente mediante el uso de pinzas finas, teniendo especial cuidado 
en no dañar al embrión.

La elección del fijador está en directa relación con el tipo de análisis pro-
yectado y se recomienda prever esto con antelación a la colecta para evitar 
el desperdicio de material. El formol preserva muy bien los tejidos por lo 
que es el elegido para análisis morfológicos clásicos e incluso funciona muy 
bien para observación con microscopía electrónica de barrido. Para estudios 
de histología y ultraestructura (microscopía electrónica de transmisión) se 
recomienda fijar en glutaraldehído o solución Bouin(23), mientras que para 
estudios de marcadores génicos se sugiere el fijador MEMFA(6).

Figura 3.1.2. Etiquetado y preserva-
ción de series de desarrollo. (A) Caja 
grillada con eppendorf rotulados in-
dividualmente. (B) Tubo individual 
con datos asociados y frasco con se-
rie completa. Foto: J. Grosso.

Morfometría de renacuajos
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associated with the margins. A vent tube extends posteriorly from the midventral 
abdomen. Two major types are recognized: dextral, where the aperture lies to the 
right of the sagittal plane of the tail fi n (e.g. hylids and ranids), and medial, where 
the aperture lines parallel with the plane of the tail fi n (e.g. bufonids and scaphi-
opodids; Figure 3.3c). As with the spiracular tube confi gurations, there are many 
subtle variations in the shape and position of the vent tube.

The lateral line system (i.e. neuromasts; Hall et al. 2002; Lannoo 1985) is 
composed of many depressions in the skin with sensory cells in the center that 
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Fig. 3.3 Measurements and body parts of a tadpole. (a) Dorsal (upper) and lateral 
(lower) views of a typical tadpole, drawing of Rana sp. by D. Karges; (b) dorsal (left) 
and lateral (right) eye positions of tadpoles, stylized drawings by D. Karges; and 
(c) examples of medial (left, Bufo boreas) and dextral (right, Rana catesbeiana) vent 
tubes; white arrow, plane of ventral fi n; black arrow, outfl ow of vent tube. BL, body 
length; IND, internarial distance; IOD, interorbital distance; LB, hind limb bud; MTH, 
maximum tail height; OD, oral disc; SP, spiracle; TMA, tail muscle axis; TMH, tail muscle 
height; TMW, tail muscle width; TL, total length; TaL, tail length; VT, vent tube.

Morfometría de renacuajos
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Fig. 3.4 Components of the oral disc of a tadpole. (a) Oral disc of a typical tadpole, 
schematic drawing by D. Karges; (b) sagittal sections of the oral apparatus of a common 
benthic tadpole (upper) and a tooth ridge (lower left), schematic drawings modifi ed 
from ones in Heron-Royer and Van Bambeke (1889); two labial teeth of Hyla chrysoscelis 
(lower right) removed from a tooth series and in natural position; (c) scanning electron 
photomicrograph of the oral apparatus of a tadpole of Bufo fowleri, actual oral disc 
width, about 2.3 mm, photograph by M. Penuel-Matthews; and (d) lateral view of 
the mouthparts of H. chrysoscelis (1, upper jaw sheath; 2, lower jaw sheath; 3, lower 
tooth rows; 4, upper tooth row). A-1, A-2, anterior tooth rows 1 and 2; P-1, P-2, 
P-3, posterior tooth rows 1 to 3; S-1, S-2, sheaths of presently erupted (1) and fi rst 
replacement (2) teeth; B, body of fi rst replacement tooth; C, cusps on fi rst replacement 
tooth; EM, lateral emargination in oral disc; G, dorsal gap in marginal papillae; H, head of 
presently erupted tooth; IRC, infrarostral cartilage; LJS, lower jaw sheath; M, mouth; MP, 
marginal papillae; MZJ, mitotic zone for production of jaw sheath; MZT, mitotic zone for 
production of labial teeth; SP, submarginal papillae; SRC, suprarostral cartilage; TR, tooth 
ridge; TS, tooth series; UJS, upper jaw sheath.



2- Colecta de renacuajos

Del estadío 25 de Gosner
branquias externas son reabsorbidas 
Hasta el 41 de Gosner
erupción de los miembros anteriores en el 
clímax metamórfico



Técnicas de muestreo acJvo 

• Redes
• Cajas trampa
• Encuentros visuales
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y grandes cuerpos de agua permanentes. Por ejemplo, se recomienda selec-
cionar microhábitats someros, que incluyan los sitios de menos de 30 cm de 
profundidad a distancias de 0 a 2 m de la costa y microhábitats profundos 
representados por sitios a más de 2 m de la costa con profundidades entre 
30 cm a 1 m(9). Esto permite detectar especies como Boana punctata que utili-
zan microhábitat profundos (1 m o más) y especies tales como Physalaemus 
albonotatus y Elachistocleis bicolor, que prefieren microhábitats someros (C. 
Antoniazzi, obs. personal). En ambientes lóticos asociados a río de llanura, 
es recomendable muestrear debajo de los camalotes (macrófitas flotantes) 
donde se alimentan y refugian los renacuajos (C. Antoniazzi, obs. personal).

Los muestreos en estos tipos de ambientes se pueden realizar mediante una 
técnica de barrido con el empleo de la red de mano o copo. Esta técnica con-
trola la superficie o el volumen barrido en cada redada y permite realizar 

Figura 3.2.2. Diseño de red de mano 
o copo de marco metálico en forma 
de letra D para captura de renacua-
jos. Foto: C. Antoniazzi.



Técnicas de muestreo pasivo

• Redes simples (bollas y plomos, ancho de maya)

• Trampas de embudo (nasa)

Fig 4.1 Representative sampling techniques targeting larval amphibians in aquatic 
habitats: (a) Pipe sampling in which a pipe is used to trap larvae that are then cleared 
using a dip net (section 4.2.1); (b) leaf litterbags are used for sampling salamander 
larvae in stream habitats (from Waldron et al. 2003; section 4.2.4); (c) a collapsible 
funnel trap deployed along a pond edge (section 4.2.5); (d) a larval Ambystoma 
talpoideum salamander marked with a lateral orange visible implant elastomer (VIE) tag 
(photograph courtesy of Kristen Landolt of Murray State University; section 4.2.6).

(a)

(c)

(d)

(b)



3- Relevamiento de postmetamorfos
(juveiles o adultos)

Técnicas de muestreo acJvo 

• Muestreo por encuentros visuales

Supuestos:
i) todos los individuos de las dis>ntas 
especie >enen la misma probabilidad 
de ser encontrados. 
ii) cada individuo es detectado una 
única vez en la búsqueda. 



3- Relevamiento de postmetamorfos
(adultos)

Técnicas de muestreo acJvo 

• Muestreo por registros audiJvos

Canto especie-específico

a) Muestreo audi>vo
Categorías de abundancia
 Ocacional 
 Raro
 Común
 Abundante

b) Registros sonoros
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Caja 4.4.1 - Terminología básica utilizada en bioacústica de anuros

Notas: Unidades de sonido temporalmente discretas, separadas por intervalos cortos de 
tiempo, en relación a la longitud total del canto. Los cantos pueden estar conformados por 
una única nota o por varias notas (multinota).

Pulso: Físicamente, es definido como un tren de ondas simple, producido por una única 
liberación o impulso de energía, separado en el tiempo de otros pulsos por una signifi-
cativa reducción de la amplitud. Por las características intrínsecas de las vocalizaciones 
de los anuros, esta reducción de amplitud entre pulsos raramente se traduce en silencios 
totales.

Frecuencia: Número de ciclos de oscilación de las ondas sonoras por unidad de tiempo. 
La unidad utilizada para la medición de los ciclos por segundo es el Hertz o Hercio (Hz) 
o kiloHertz (kHz; equivalente a 1000 Hz). El sonido audible está definido en relación a la 
percepción humana entre los 20 y los 20000 Hz. Por debajo de este umbral se denomina 
infrasonido y por encima ultrasonido.

Amplitud: Diferencia entre la presión máxima (pico de la onda sonora) y la presión 
ambiental. Proporcional a la intensidad del sonido.

Oscilograma: Representación visual de un sonido, que muestra los cambios en la am-
plitud a lo largo del tiempo.

Espectrograma: Representación visual de un sonido, mostrando la frecuencia y la am-
plitud del sonido a lo largo del tiempo. También denominado como audiospectrograma o 
sonograma.

Espectro de frecuencia (power spectrum): Representación visual de un sonido, mos-
trando la amplitud relativa de cada componente de frecuencia. La frecuencia basal del 
canto es denominada frecuencia fundamental. A menudo se corresponde también con 
la frecuencia dominante (frecuencia con mayor concentración de energía en el espectro), 
aunque muchas veces el pico de mayor intensidad puede darse en algunos de los armóni-
cos del canto (múltiplos de la frecuencia fundamental).

Definiciones siguiendo a Toledo et al.(52) y Köhler et al.(48). Imagen extraída de Steinmann 
y Grenat. COMPORTAMIENTO ANIMAL REPRODUCTIVO: un enfoque evolutivo (53)
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De acuerdo al número y complejidad de los elementos que componen el can-
to, se reconocen: 

Cantos simples: formados por un único elemento o nota, o por un grupo de 
notas de estructura similar (Figura 4.4.2A-C). 

Cantos compuestos o complejos: presentan más de una nota, que difieren 
en cuanto a su estructura temporal y/o espectral (Figura 4.4.2D).

Función. Los anuros pueden generar distintos sonidos según el contexto en 
el que se encuentren. En general, las vocalizaciones de los anuros transmi-
ten información sobre: ubicación; tamaño corporal del individuo; identidad 
individual; estado reproductivo individual (receptivo: cantos de aparea-
miento o cortejo, no receptivo: canto de liberación); motivación agresiva o 
interacciones depredador-presa(18,49-51). Toledo y colaboradores(52) relevaron 
la información disponible sobre los tipos de canto reconocidos, basados en 
su significancia biológica, y los subdividieron en tres categorías de acuer-
do al contexto social en el cual fueron observados: reproductivos, agresivos 
y defensivos (Tabla 4.4.1). Mientras que los cantos agresivos suelen estar 
siempre asociados a eventos reproductivos, los cantos defensivos son adap-
taciones para prevenir la depredación(52). Köhler y colaboradores(48) sugieren 
además una nueva categoría, los cantos de alimentación (feeding call) que 
refieren a los sonidos emitidos por los renacuajos y juveniles de algunas es-
pecies en ese contexto.

Figura 4.4.2. Tipos de vocalizacio-
nes en anuros según su estructura 
temporal y espectral. Oscilograma y 
espectrograma de: (A) canto simple 
pulsado de Odontophrynus ameri-
canus; (B) serie de dos cantos simples 
tonales de Leptodactylus latinasus; (C) 
serie de dos cantos simples pulsáti-
les de Scinax nasicus; (D) canto com-
puesto o complejo de Melanophry-
niscus stelzneri, con series de notas 
tonales en la primer mitad del canto 
y un tren de pulsos en la segunda 
mitad. Imagen extraída y modifica-
da de Steinmann y Grenat(53).

Información del canto

Tasa de canto (temporal)
Duración del canto (temporal)
Frecuencia dominante (espectral)
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su significancia biológica, y los subdividieron en tres categorías de acuer-
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y defensivos (Tabla 4.4.1). Mientras que los cantos agresivos suelen estar 
siempre asociados a eventos reproductivos, los cantos defensivos son adap-
taciones para prevenir la depredación(52). Köhler y colaboradores(48) sugieren 
además una nueva categoría, los cantos de alimentación (feeding call) que 
refieren a los sonidos emitidos por los renacuajos y juveniles de algunas es-
pecies en ese contexto.

Figura 4.4.2. Tipos de vocalizacio-
nes en anuros según su estructura 
temporal y espectral. Oscilograma y 
espectrograma de: (A) canto simple 
pulsado de Odontophrynus ameri-
canus; (B) serie de dos cantos simples 
tonales de Leptodactylus latinasus; (C) 
serie de dos cantos simples pulsáti-
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y un tren de pulsos en la segunda 
mitad. Imagen extraída y modifica-
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(A) canto simple pulsado de Odontophrynus 
americanus

(B) serie de dos cantos simples tonales de 
Leptodactylus la4nasus

(C) serie de dos cantos simples pulsá3les de 
Scinax nasicus

(D) canto compuesto o complejo de 
Melanophryniscus stelzneri, con series de 
notas tonales en la primer mitad del canto y 
un tren de pulsos en la segunda mitad. 

Oscilograma

Espectrograma
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Trampas de caída o nasas + cercos de deriva 
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fences have been used most extensively in the southeastern USA, they have proven 
effective for many amphibian species worldwide (e.g. Gittins 1983; Friend 1984; 
Bury and Corn 1987; Friend et al. 1989; Jehle et al. 1995; Weddeling et al. 2004). 
However, drift fences were relatively ineffective for sampling anurans in forests of 
Queensland, Australia (Parris et al. 1999) and recorded lower numbers of anuran 
species than automated recording devices or nocturnal line-transect surveys in 
Taiwan (Hsu et al. 1985).

13.2.2  How are passive traps constructed, 
aligned, and monitored?

Funnel traps can be nearly any size and have been constructed of a variety of 
materials including twine netting, hardware cloth, window screen, nylon mesh, 
plywood, PVC pipe, and plastic soft-drinks bottles (Figure 13.1; Griffi ths 1985; 
Shaffer et al. 1994; Adams et al. 1997; Buech and Egeland 2002; Willson et al. 
2005). The wide range of funnel trap variants makes them effective for most 
species in nearly any habitat, aquatic or terrestrial. Likewise, pitfalls can be any 
size from small coffee cans to multi-gallon drums, but must be suffi ciently deep 
to prevent escape of the target species. Pitfall traps are typically metal or plastic. 
Several studies have been conducted weighing the strengths and weaknesses of 
different trap types for various amphibian species (e.g. Vogt and Hine 1982; 
Friend 1984; Friend et al. 1989; Mitchell et al. 1993; Greenberg et al. 1994; 
Enge 2001; Ryan et al. 2002; Stevens and Paszkowski 2005; Todd et al. 2007), 
and we refer readers to these sources rather than discussing the merits of each 
trap type in detail here.

Fig. 13.2 Schematic of a terrestrial drift fence with large pitfall traps. Figure reprinted 
from Gibbons and Semlitsch (1981).

Aluminum-
flashing

drift fence

Plastic bucket pitfall trap

Drainage holes

Plastic cable ties

Metal stakes
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would be necessary to capture high numbers of most species, especially lar-
ger anurans (e.g. ranid frogs and toads) that could jump out of a smaller can 
(Mitchell et al. 1993). Larger buckets also increase the time that climbing hylids 
and microhylids are likely to remain within the trap. In some situations, funnel 
traps are the best single trap type for capturing many amphibian species (Enge 
2001; Todd et al. 2007); however, funnel traps are generally more costly to 
construct, more time-consuming to maintain, and more prone to desiccating 
captured amphibians than are pitfalls. In nearly all situations, a combination of 
trap types (e.g. alternating large pitfalls and funnel traps) will produce the best 
possible assessment of the entire amphibian community (Vogt and Hine 1982; 
Greenberg et al. 1994; Todd et al. 2007).

Second, another common application of drift fences in terrestrial habitats is to 
compare abundances of amphibians in different areas (Figure 13.3b; e.g. habitat 
types, experimental treatments). In such cases, fences are generally located far 

(a)

(b)

Drift-fence array Replicated arrays

Habitat 2

Habitat 1

Large wetland

Small
wetland or

Fig. 13.3 Examples of drift-fence and passive-trap confi gurations used to address 
different research questions. Solid lines represent sections of drift fence, fi lled 
circles represent pitfalls, and open rectangles represent funnel traps. (a) Drift-
fence confi gurations used to sample pond-breeding amphibians migrating to and 
from wetland breeding sites; (b) a drift-fence array pattern designed to compare 
amphibian abundance across two habitat types.
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donde la actividad es explosiva y responde a disparadores climáticos como 
las precipitaciones (como en la ecorregión Chaqueña, por ejemplo) es fre-
cuente encontrar hasta 20 especies vocalizando en simultaneo en un único 
sitio reproductivo relativamente pequeño. De esta forma en ambientes esta-
cionales y con comunidades dominadas por reproducción explosiva es un 
método eficiente para conocer la riqueza de especies y aproximarse a datos 
de abundancia relativa si y solo si se muestrea cuando las condiciones que 
disparan la reproducción son óptimas. Esto último entonces requiere de co-
nocimiento previo sobre la fenología de las especies del sistema a muestrear, 
aunque esta información no siempre está disponible. Además, el método 
también resulta efectivo para monitorear poblaciones de especies puntuales 
a lo largo del tiempo. Asociado con métodos de marcado o reconocimiento 
de ejemplares es factible calcular tamaños poblacionales y fluctuaciones po-
blacionales a lo largo de la estación reproductiva así como entre estaciones 
o años. El seguimiento temporal de poblaciones o comunidades puede ser 
particularmente necesario para estimar abundancias y/u obtener una lista 
completa de especies en sitios donde la reproducción de la/las especie/s es 
prolongada y no está acotada a momentos puntuales (como sí ocurre en co-
munidades dominadas por especies con actividad explosiva).

Técnicas de muestreo pasivo
a) Trampas de caída

Las trampas de caída es una de las metodologías más utilizadas para la cap-
tura de anuros terrestres(8), generalmente asociadas a cercas para aumentar 

Figura 3.3.1. Esquema de una bate-
ría de trampas de caída dispuestas 
en Y. Ilustración: E. Gangenova.

Siendo trampas de vida deben ser vevisadas 
con frecuencia
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blacional de manera confiable(11). El marcado puede ser a través de la técnica 
de corte de falange o del marcado con elastómeros, por ejemplo (ver Sección 
4.1. Marcado de individuos).

El tiempo de muestreo, la periodicidad del mismo, y tiempo de activación de 
las trampas dependerán de la pregunta que se quiera responder a través de 
esta metodología.

Figura 3.3.2. Trampas de caída dis-
puestas en ambientes de pastizal 
(arriba) y bosque nativo (abajo). Fo-
tos: E. Gangenova.
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descarta su efectividad en otros ensambles de especies con predominancia 
de ranas trepadoras.

Otra cuestión a considerar es que las cubiertas y refugios artificiales pueden 
funcionar como refugio de animales que representan un riesgo para la inte-
gridad física o la salud del observador, animales ponzoñosos como arañas, 
alacranes y ofidios o vectores de enfermedades como los ratones. Por esta 
razón se recomienda tener en consideración los posibles riesgos a la hora de 
la colocación y al revisar las líneas de cubiertas artificiales.

Figura 3.3.3. Tipos de refugios arti-
ficiales para monitoreo pasivo des-
plegados en el Bosque Montano de 
las Selvas de las Yungas en Jujuy, Ar-
gentina a.  Ladrillos cerámicos hue-
cos; b. Tubos de PVC.  Fotos: M. S. 
Akmentins.

a

b



Monitoreo o muestreo acúsJco pasivo (MAP)

grabadores digitales automa>zados
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six comparative scenarios grouped in three categoriesA 1) biased- 
towards-AS sampling effort (A, single-hour PAM; and B, single-day 
PAM); 2) equal sampling effort (A, five-night PAM; and B, thirty-night 
PAM); and 3) biased-towards-PAM sampling effort (A, five-full-day 
PAM; and B, thirty-full-day PAM; Table S2, Fig. 2). Such comparison 
enables to determine the combined effect of sampling duration and 
sampling effort on species detection, based on the differences of each 
method. Since AS was conducted once per month (every 45 days 
approximately), the estimation of species richness by AS was the same in 
each scenario, whereas the estimation by PAM varied in relation to the 
temporal scale and sampling effort (Tables S3, S4). 

.)2)/) Group /- Biased-to,ards-!* sampling e%%ort 

.)2)/)/) *cenario /!- *ingle-1our P!&) The first scenario compared the 
number of species observed by AS and PAM in one hour of sampling, 
corresponding to the same day and hour. While AS allocated E0 min of 
intense in-situ survey, PAM only recorded 2 min of environmental 
sounds, and hence the two methods used a markedly different sampling 
effort (Fig. 2). Is PAM similarly effective in detecting species than AS, 
despite of collecting data in such short temporal scale? We hypothesize 
that PAM will exhibit lower efficiency of detecting anuran species than 
AS due to the significant difference in sampling effort, which presum-
ably results in a higher probability of AS to record species within one 
hour of sampling. 

.)2)/).) *cenario /B- *ingle-da$ P!&) The second scenario compared 
the number of species observed by each method in one day of sampling. 
While AS allocated E0 consecutive minutes of survey in a given day, 
PAM recorded 48 min distributed among 2 min per hour over the entire 
day. Thus, the estimation by PAM was based on 24 h taken from the 
beginning of AS and comprised 24 samples (2-min recordings; Fig. 2). Is 
PAM, at a daily time scale, similarly effective in detecting species than 
AS? In this case, we hypothesize that PAM, even allocating less sampling 
effort, will be able to register a higher species richness than AS due to its 
longer period of sampling. PAM will probably refine species detection by 
recording active species beyond the period in which AS was carried out. 

.)2).) Group .- E3ual sampling e%%ort 

.)2).)/) *cenario .!- Five-nig1t P!&) In this scenario, we evaluated 
species detection with PAM gathering observations over a week of 
sampling. To balance the comparison between AS and PAM, we selected 
audio recordings from five consecutive days since the day when AS was 
performed (the same day and the four subsequent days) and during the 
same night hours (7p.m. to 12 a.m.; Fig. 2). This resulted in an equal 
sampling effort for the two techniques (E0 min), although with a 
different temporal distribution of samples. While AS allocated E0 
consecutive minutes of survey in a given day, PAM recorded E0 min 
distributed among 5 days and E h per day (30 2-min recordings). Due to 
technical issues, in some cases we used PAM recordings corresponding 
to a few days before AS to complete the five sampled days (Table S4). Is 

Fig. 2. Summary of the six comparative scenariosA 1A- Single-hour PAM, 1B- Single-day PAM, 2A- Five-night PAM, 2B- Thirty-night PAM, 3A- Five-full-day PAM, 3B- 
Thirty-full-day PAM. The panel A shows the number of sampling days of each scenario and survey method (AS, active search; and PAM, passive acoustic monitoring). 
The panel B shows the number and distribution of the sampling hours (red) within 24 h cycles, as well as daytime (light blue) and nighttime (dark blue). AS surveys 
allocated E0 min of sampling per hour, whereas PAM 2 min. The scenarios were divided into 3 groupsA 1- Biased-towards-AS sampling effort (pink); 2- Equal sampling 
effort (green); and 3- Biased-towards-PAM sampling effort (blue). (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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Active or passive acoustic monitoring? Assessing methods to track anuran 
communities in tropical savanna wetlands 
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+e$,ords- 
ARU 
Autonomous recording unit 
Call survey 
Visual encounter 
PAM 
Passive acoustics 

A B S T R A C T   

The development of new acoustic technologies has promoted remarkable advances in biodiversity monitoring. 
Passive acoustics is increasingly being used in ecological research to remotely assess animal communities. This 
recent revolution opens new questions about the precision and efficiency of these emerging methods in tracking 
biodiversity. However, most of the studies evaluating passive monitoring have been applied on temperate regions 
and in the short term, limiting the understanding of the potential of these techniques and the development of a 
general framework for survey design. Based on a year-round monitoring of anuran communities at Brazilian 
savanna wetlands, we examined efficiency of traditional (active searches, AS) and emerging monitoring methods 
(passive acoustics, PAM) in detecting species at an increasing scale (hours, days, weeks, and months). We 
determined species richness on 42 active searches and more than 34,000 audio recordings and defined six 
comparative scenarios (with unequal and equal sampling efforts) in order to explore the combined effect of 
sampling effort and sampling duration on the species richness detected by these two methods. Using PAM, we 
estimated higher regional and local richness (14 species per site on average) than AS (8.3 species per site) and 
detected all anuran species found by AS. Except when sampling effort was highly biased towards AS (single-hour 
PAM), passive acoustics was able to find more species than AS in all cases. In scenarios with similar sampling 
effort, differences in observed species richness depended on the temporal distribution of samples. As PAM 
covered a wider daily and seasonal period, the number of detected species increased, particularly at the most 
intensive and prolonged sampling (thirty-full-day PAM). Contrary to expectations, we did not record additional 
species when using AS. Our results provide evidence that passive acoustics is an efficient monitoring technique, 
offering a higher capacity to detect vocal species in biodiversity surveys than traditional methods, especially 
when applied in the long term. Sampling scenarios revealed that species detection on monitoring programs is 
associated with both sampling effort and sampling duration. Thus, due to the potential of PAM to increase these 
two parameters, this technique can reach better outcomes and be particularly advised for ecological research. 
These findings can assist researchers in survey design under tropical environments and in determining suitable 
sampling efforts when applying acoustic monitoring programs.   

1. Introduction 

Acoustic surveys are a common and long-established technique to 
document and monitor biodiversity (Dorcas et al., 2009). A wide variety 
of taxa, such as invertebrates, anurans, birds and mammals, produce 
acoustic signals during social behaviors, including mating and territory 
defense (Bradbury and Vehrencamp 2001, Gerhardt and Huber 2002, 

Narins et al., 2007). Since these signals are often species-specific, 
acoustic surveys enable to determine species occurrence, relative 
abundance or reproductive phenology, among other community fea-
tures (Crump et al., 2017; Duarte et al., 2019; Willacy et al., 2015). As a 
result, animal sounds have been a crucial clue for biodiversity appraisal 
and ecological research since decades (Laiolo, 2010). In recent years, 
technological advances in audio recording have revolutionized survey 
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)LJXUH��� An example of soundscape 
monitoring using acoustic indices. Sensors 
are placed along a gradient of land cover (A; 
anthropogenic to primary), and soundscape 
indices are calculated from recordings (B). 
Some indices partition the soundscape 
into frequency bands corresponding to 
anthropogenic and biotic sounds (B1), 
H�J��1RUPDOLVHG�'LIIHUHQFH�6RXQGVFDSH�
Index; and others calculate the ratio of 
power between multiple frequency bands 
as a measure of acoustic diversity (B2), e.g. 
$FRXVWLF�'LYHUVLW\�,QGH[��7KHVH�FDQ�WKHQ�EH�
used to model how anthropogenic land use 
affects these indices (C).
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Algunas hipótesis ecológicas

birds body size is correlated with frequency. This correlation is explained in birds
by the capacity to vibrate the syringeal membrane, which can produce high-
frequency sound only in a small apparatus.

The relationship between body mass and frequencies utilized in vocal
performances has been proved by Wallschlager (1980) in 90 European passerine
birds and by Fletcher across different species of birds and mammals (Fletcher 2004)
with a relationship between frequencies and body mass expressed by a power law
f / M!0.33 (f ¼ frequency, M ¼ body mass) (Fig. 3.2).

Similar results have been found by Boeckle et al. (2009) from 76 species of frogs
where 25 % of the variation in dominant frequency has been explained by
body size.

In birds, besides body size the dimension of the bill is a further important
element to modulate sounds, especially high-frequency sounds. In fact, the change
in bill size and its morphology are not only correlated with foraging habits and the
structure of the habitat, but the suprasyringeal tract that functions as a resonating
space is directly related to bill dimension and shape. Small bills can produce more
modulations than large bills, and this morphological trait is negatively related with
the trill rate. Smaller bills produce trills at a higher rate and definitively larger bills
are less versatile and less able to produce sound than smaller bills. In particular, the
bill is gaped more during the production of high-frequency notes, and the speed
with which the bill is opened or closed depends on the dimension of the bill. Podos
(1997), investigating 34 species of birds belonging the family Emberizidae, has
found that the increase of trill rate corresponds to a reduction of frequency band-
width utilized.

3.3 The Acoustic Adaptation Hypothesis (AAH)

A community of acoustic animals is arranged according to the acoustic signals that
individuals emit to fulfill different functions. Long-range and short-range
communications occur intensively during specific active times. Density, receiver
psychology, signal used, and environmental conditions are the major factors that

Fig. 3.1 The four
bioacoustics hypotheses and
their major constraints

3.3 The Acoustic Adaptation Hypothesis (AAH) 45
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better than high-frequency signals, and songs that contain short notes repeated
at longer intervals travel more efficiently in dense vegetation (Fig. 3.3, 3.4 and 3.5).

At the same time, acoustic signals propagate at different rates from ground to
canopy level, and according to this property the height at which animals vocalize
and sing can be modified to adapt to the best transmission rate.

Song notes, calls, and contact notes are modulated according to the habitat, and
adaptation is expected in every species.

The sound reaction to habitat conditions is not constant in different situations.
For instance, in open habitats there is a weaker relationship between attenuation and
frequencies, but in closed habitats (dense vegetation coverage) this effect is
enhanced.

The acoustic adaptation hypothesis is based on the assumption that sound when
crossing a homogeneous frictionless medium diverges spherically from a source
that has a small dimension compared with the sound’s wavelength. The far sound
decreases at a rate of 6 dB at each doubling of distance for the inverse square law.
The amount of energy that is emitted by a punctual source is distributed radially on
a surface that is increased by the square of the radius where the surface corresponds
to the s ¼ 4πr2. However, the environment is more complex than an ideal space and
the inverse square law presents anomalies. In fact in the real world sound energy
can be reduced by several factors such as absorption by air, ground, and vegetation
or reflected and diffracted, and we expect that such disturbances vary according to
the length of the sound propagation path.

The limit in field experiments of the AAH by playback procedures results in part
from the unknown level of impedance of trees, rocks, grasses, water, and so on. The
excess of attenuation (EA) that measures the amount of energy captured by the
medium outside the limit of the inverse square law is linked to frequency by a
positive correlation. Higher frequencies are reflected more by leaves and branches
in forests than low frequencies, but local conditions can create different conditions
for sound transmission.

A method based on playback and on recording sessions able to capture the
frequencies that in a specific habitat experience the least excess attenuation has
been first applied by Morton (1975).

Fig. 3.3 Schematic
representation of the effects
of vegetation sounds
according to frequencies:
low-frequency sounds are
more able to penetrate dense
vegetation
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In Fig. 3.4 is indicated the excess of attenuation level for random noise and for
pure tone in forest, edge, and grass conditions. This author after playback
experiments has confirmed that forest habitats differ from edge, and open areas in
a narrow range of frequency (1,585–2,500 Hz) have a lower attenuation than lower
or higher frequencies. The attenuation increases sharply above 2,500 Hz. Birds that
inhabit the lower forest level have predominantly pure tones averaging 2,200 Hz.

The edge habitats have a broad range of frequencies, and the attenuation rate
does not differ significantly, suggesting that the selection pressure is not in action in
these habitats. In grassland there is a positive correlation between increasing
frequency and increasing attenuation.

The results presented by Morton (1975) have been confirmed by Marten and
Marler (1977) in temperate habitats. Animals vocalizing at an height greater than
1 m can transmit at a longer distance when low frequencies are used. When the
sound is emitted very close to the soil, where the attenuation of lower frequencies is
higher, this allows us to state that the distance at which the sound may be transmit-
ted depends more on the height at which a bird is singing than by the
frequencies used.

Simulations conducted by Brown and Handford (1996) have confirmed the
acoustic adaptation hypothesis. They constructed two different types of “source
signals,” rapid amplitude modulation (AM) (trills) for open habitats and low AM
(whistles) in close habitats.

The degradation of such signals was performed artificially by various echo
treatments or by various amplitude decrease treatments. The results are consistent
with the AAH because in closest habitats whistled signals transmit with better
quality than trilled signals. In open habitats trilled signals are transmitted with a
lower variability of quality than whistled signals and for their redundancy are
transmitted with more efficiency.

Further experiments conducted by these two authors (Brown and Handford
2000) have demonstrated that whistles degrade less than trills in open and forest
habitats but in open habitats trills are received with higher quality than whistles
(Fig. 3.5).

The AAH has been proven by Patten et al. (2004) at the subspecies level in the
song sparrow (Melospizia melodia heermanni and M. m. fallax) on the Pacific
slopes of California. These two species occupy riparian habitats, but the first

Fig. 3.4 Schematic
representation of the effects
of vegetation on sounds
according to frequencies:
high frequencies encounter
more friction in dense
vegetation

48 3 Bioacoustics Theories

subspecies lives in a denser understory with greater vertical heterogeneity.
According to the AAH, the song of M. m. heermanni has lower pitched and more
widely spaced elements than that of M. m. fallax.

As an adaptation to the conditions of dense rainforests, birds use low-pitched
whistle-like songs.

Narrow-frequency bandwidth notes (NFB) are pure tones that do not have great
changes in frequency; these tones are emitted by birds that live in dense forests and
differ from frequency-modulated notes. These notes benefit from reverberation,
allowing the transmission of a longer and louder signal as demonstrated by play-
back experiments conducted by Slabbekoorn et al. (2002) on the green hylia (Hylia
prasina), a bush warbler passerine (family Cettiidae) living in dense forests of
tropical Africa. Its song is quite simple, composed of two successive NFB.

Longer notes produced a stronger behavioral response, demonstrating that
reverberation can improve signal transmission when the signal design is adapted
as in NFBs. The positive effect of reverberation has been tested on the white-necked
thrush (Turdus albicollis) and on the sympatric species cocoa thrush (Turdus
fumigatus orinocensis) by Nemeth et al. (2006). The first species has song elements
that are double those of the cocoa thrush, and an experiment of long-distance
transmission showed that the white-necked thrush, which has a longer sound, has
a less-attenuated signal (Fig. 3.6).

The authors suggest that the positive effect of reverberation favors longer songs.
A more complex scenario, depicted by Ziegler et al. (2011), showed that the

call attributes of the frog Hypsiboas pulchellus are strongly affected by habitat
structure in terms of temporal parameters of the call and that temperature affects the
size of individuals and consequently the dominant call frequency. These authors

Fig. 3.5 Long syllables,
such as whistles (a), can
cross dense layers of
vegetation with minimal
interference, whereas short
syllables (b), such as trills,
are more likely to be
transmitted in open
environments
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versa, found that the feeding niche was changed and that the new habits were
conserved during life in experimental individuals. This work opened a grand vista
to the mechanism that allows species to coexist.

Habitat selection and behavior can modify call properties in animals. In
environments with a high diversity of vocal animals, spectral and temporal overlap
should be reduced to avoid masking and confused signals (Krause 1993) (Fig. 3.10).

The acoustic niche hypothesis, as named by Bernie Krause in 1980 (Krause
2012), posits that the sound spectrum is a limited resource and that species try to
reduce and minimize acoustic competition. The acoustic niche can be defined as
partitioning into a frequency space the sounds of animals to reduce the interspecific
masking effect. This frequency partitioning has been documented in bats, for
example.

The acoustic niche hypothesis is related to the evolution of habitats and the time
lag of coexisting species, as recently pointed out by Malavasi and Farina (2013).

The acoustic niche hypothesis has been proved in birds, frogs (at least some),
and in some species of cicadas. In this last group of insects Sueur (2002) has
observed reduction of acoustic heterospecific overlap.

However, this expectation was not demonstrated in a recent investigation by
Planquè and Slabbekoorn (2008) in a Peruvian bird assemblage. These authors did
not find a negative correlation between spectral and temporal overlap. Exploring
the acoustic behavior of 20 vocally dominant species from 14 families, they did not
find a significantly lesser correlation between spectral and temporal overlap. The

Fig. 3.10 Schematic representation of acoustic repartition across frequencies and time of the
individual repertoire of different vocal species (a–g) and a spectrogram (Reproduced with permis-
sion from David Monacchi) from an African tropical forest (lower) showing the dense repartition
of sounds that belong to the frequencies
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This behavior decreased in sharpness and intensity later in the season when
breeding behavior was more demanding: the switch between episodes of feeding
and singing was less definite as the breeding season advanced. Singing time at the
breeding stage represents a way to affirm social cohesion and to transmit a focused
message to the females.

1.6.3 Anthrophonies

The anthrophonies are the results of the movements of artificial devices such as
cars, train, airplanes, industrial machinery, and bells. This component of the
soundscape is becoming intrusive and dominant in large parts of the Earth,
associated with urban development and globalized trade. Antrophonies are the
major cause of noise pollution, a phenomenon that has revealed dangerous
consequences to all organisms and to human health also, producing relevant
modifications of behavior in both human and nonhuman animals. In humans, high
levels of noise can cause annoyance and aggression, hypertension, hearing loss,
additional stress, tinnitus, hearing loss, sleep disturbance, etc. Long-term exposure
to high levels of noise can contribute to cardiovascular pathology and to an
increment in blood pressure. In Chaps. 5 and 6 are presented more details about
the characteristics and consequences of exposure to noise.

Anthrophonies increase in importance moving toward urban areas and close to
industrial and transport infrastructures (Fig. 1.3) such as highways, airports, and air
corridors. Anthrophonies change according to the different structure and function of
cities and the social and economic context. A sonic gradient across a city is
intercepted by the economic value of houses, fixing their price.

Fig. 1.3 Along a gradient of increased human intrusion (from intact natural landscape, through
rural landscape, and to urban landscape), geophonies seem to be not affected, biophonies show
a clear decrease, and finally anthrophonies increase

10 1 Soundscape and Landscape Ecology

Ecoacús3ca

Paisaje acús0co

ACOUSTIC MONITORING  11

Time (s)

Fr
eq

ue
nc

y 
(H

z)

)LJXUH��� ([DPSOHV�RI�GL̆HUHQW�ELRWLF�DQG�DELRWLF�VRXQGV�UHSUHVHQWHG�DV�VSHFWURJUDPV��
with amplitude shown on a linear colour scale from blue (low) to yellow (high). Note the 
GL̆HUHQW�IUHTXHQF\�VFDOHV�

Acoustic methods have an especially rich history in the study of free-living animals that 
are both challenging to survey visually and particularly acoustically active, especially 
echolocating bats in the terrestrial realm (Russo & Jones 2003; MacSwiney G et al. 2008; 
Walters et al. 2012; Barlow et al. 2015) and cetaceans in marine environments (Johnson & 
Tyack 2003; Mellinger et al. 2011; Klinck et al. 2012b). For example, ultrasonic surveys and 
monitoring have played an important role in estimating bat species richness and population 
trends during the last two decades (e.g. (MacSwiney G et al. 2008; Barlow et al. 2015)). 
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perform better; (c) the capacity of acoustic indices to estimate
distinct facets of biodiversity; and (d) whether acoustic indices
are affected by different environments or sources of biological
information. Finally, we identify both conceptual and practical

shortcomings and pitfalls and provide general recommenda-
tions for the efficient use of these novel tools. Our findings allow
the consolidation of a new research program on acoustic diver-
sity indices that advances their application in ecology.

Table 1. Main applications of acoustic indices on the assessment of biodiversity and ecosystems

Study parameter Application Representation Example

Species richness Surrogate of the number of signalling species
from passive acoustic recordings, used
to determine the diversity of local
communities

Sueur et al. (2008)

Abundance of
sounds

Surrogate of the number of specific types of
sounds or signals produced by a given species
or animal chorus (identified or unidentified
taxa), used to determine the intensity of
acoustic activity

Pieretti et al. (2011);
Buxton et al. (2016)

Species
composition

Estimation of the similarity of soundscapes
among communities or periods over time,
used to identify changes in species
composition or habitat structure

Sueur et al. (2008);
Depraetere et al. (2012)

Overall
biological
diversity

Surrogate of biological aspects of animal
communities other than species richness (e.g.
phylogenetic or functional diversity), used to
represent a global overview of biological
diversity

Gasc et al. (2013b)

Acoustic activity
patterns

Description of temporal and spatial patterns
of acoustic activity of species or
communities, used to compare species’
calling phenology

Farina et al. (2013)

Soundscape
composition

Determination of the relative contribution of
sound sources (e.g. anthrophony and
biophony) to soundscapes, used to describe
their structure and dynamics

Kasten et al. (2012);
Gage & Axel (2014)

Soundscape
visualisation

Visual representation of long time series of
audio data, used to identify acoustic events
and describe their structure and dynamics

Phillips et al. (2018);
Towsey et al. (2018)

(Continues on next page)
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Acoustic indices as proxies for biodiversity:
a meta-analysis

Irene Alcocer1,2† , Herlander Lima3†, Larissa Sayuri Moreira Sugai1,2,4 and
Diego Llusia1,2,5,*
1Terrestrial Ecology Group, Departamento de Ecología, Universidad Aut!onoma de Madrid, C/ Darwin, 2, Ciudad Universitaria de Cantoblanco,
Facultad de Ciencias, Edificio de Biología, 28049, Madrid, Spain
2Centro de Investigaci!on en Biodiversidad y Cambio Global, Universidad Aut!onoma de Madrid, C/ Darwin 2, Ciudad Universitaria de Cantoblanco,
28049, Madrid, Spain
3Department of Life Sciences, GloCEE Global Change Ecology and Evolution Research Group, University of Alcal!a, Alcal!a de Henares, 28805,
Madrid, Spain
4K. Lisa Yang Center for Conservation Bioacoustics, Cornell Lab of Ornithology, Cornell University, 159 Sapsucker Woods Road, Ithaca, NY,
14850, USA
5Laborat!orio de Herpetologia e Comportamento Animal, Departamento de Ecologia, Instituto de Ciências Biol!ogicas, Universidade Federal de Goi!as,
Campus Samambaia, CEP 74001-970, Goiânia, Goi!as, Brazil

ABSTRACT

As biodiversity decreases worldwide, the development of effective techniques to track changes in ecological communities
becomes an urgent challenge. Together with other emerging methods in ecology, acoustic indices are increasingly being
used as novel tools for rapid biodiversity assessment. These indices are based on mathematical formulae that summarise
the acoustic features of audio samples, with the aim of extracting meaningful ecological information from soundscapes.
However, the application of this automated method has revealed conflicting results across the literature, with conceptual
and empirical controversies regarding its primary assumption: a correlation between acoustic and biological diversity.
After more than a decade of research, we still lack a statistically informed synthesis of the power of acoustic indices that
elucidates whether they effectively function as proxies for biological diversity. Here, we reviewed studies testing the rela-
tionship between diversity metrics (species abundance, species richness, species diversity, abundance of sounds, and
diversity of sounds) and the 11 most commonly used acoustic indices. From 34 studies, we extracted 364 effect sizes that
quantified the magnitude of the direct link between acoustic and biological estimates and conducted a meta-analysis.
Overall, acoustic indices had a moderate positive relationship with the diversity metrics (r = 0.33, CI [0.23, 0.43]),
and showed an inconsistent performance, with highly variable effect sizes both within and among studies. Over time,
studies have been increasingly disregarding the validation of the acoustic estimates and those examining this link have
been progressively reporting smaller effect sizes. Some of the studied indices [acoustic entropy index (H), normalised dif-
ference soundscape index (NDSI), and acoustic complexity index (ACI)] performed better in retrieving biological infor-
mation, with abundance of sounds (number of sounds from identified or unidentified species) being the best estimated
diversity facet of local communities. We found no effect of the type of monitored environment (terrestrial versus aquatic)
and the procedure for extracting biological information (acoustic versus non-acoustic) on the performance of acoustic indi-
ces, suggesting certain potential to generalise their application across research contexts. We also identified common sta-
tistical issues and knowledge gaps that remain to be addressed in future research, such as a high rate of pseudoreplication
and multiple unexplored combinations of metrics, taxa, and regions. Our findings confirm the limitations of acoustic
indices to efficiently quantify alpha biodiversity and highlight that caution is necessary when using them as surrogates
of diversity metrics, especially if employed as single predictors. Although these tools are able partially to capture changes
in diversity metrics, endorsing to some extent the rationale behind acoustic indices and suggesting them as promising
bases for future developments, they are far from being direct proxies for biodiversity. To guide more efficient use and

*Author for correspondence (Tel.: +34 914972780; E-mail: diego.llusia@uam.es).
†These authors contributed equally to this work.
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Clasificación de sonidos

Frog species
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Fig. 2. Frog species distribution for recordings. Left: the number of recordings with particular frog species. Here, all x-axis labels from left to right are corresponding abbreviations of nine
frog species from Fig. 3 (b) to (j). Right: the number of recordings that include different frog species.
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(a) original spectrogram
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(b) gaussian filtering
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(c) spectral subtraction
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(d) otsu thresholding
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(e) original AED results
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(f) final AED results

Fig. 4. The original spectrogram which is generated by applying
STFT to acoustic data is (a), (b)–(e) are four processing steps of
acoustic event detection, (f) is the spectrogram with acoustic events
detected and marked with blue rectangles. In (a), (b), (c), (e), and (f),
dark red denotes the largest intensity, dark blue is the lowest. The
blue rectangular boxes in figures are used to detect frog calls, but the
colour is not correlated to the intensity of spectrogram. For (d), it is a
binary image, where red colour denotes one and blue colour indicates
zero. (For interpretation of the references to color in this figure le-
gend, the reader is referred to the web version of this article.).
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Iden2ficación y marcaje de individuos

1.Técnicas de iden>ficación por manchas y patrones de la piel 

Identificación	
individual
(para	captura-recaptura)

2. Diseño/patrones	
de	la	piel

• Método	no	invasivo.
• Puede	ser	muy	útil	

en	algunas	especies,	
pero	no	en	todas.

Bombina variegata





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)
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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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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
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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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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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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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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.

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

*Corresponding author. Email: acanavero@fcien.edu.uy
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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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LOS ANUROS COMO MODELO DE ESTUDIO DE FENOLOGÍAS
FENOLOGÍAS DE CANTO

 
 
 
 
 
 
 

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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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 E, including: 1) the effect of local richness and the impact 
of working with absolute or relative richness (Supplementary 
material Appendix 1); 2) the effect of the range of tempera-
tures evaluated; 3) the fit of nonlinear model (i.e. untrans-
formed) versus log-transformed, log (S � c) local community 
richness data; 4) the impact of the value of c used in the log-
transformation; and 5) the potential impact of autocorrela-
tion in residuals.

"e putative effect of local community richness on the 
estimation of activation energy was evaluated by a mathe-
matical argument (Supplementary material Appendix 1). We 
found that species richness only affects the intercept estima-
tion of the metabolic model and has no effects on the esti-
mation of the activation energy (E). An additional point of 
concern is the potential increase in the uncertainty associated 
with the estimation of E when the range of temperatures is 
narrow. "is point was evaluated by exploring the associa-
tion between the standard error associated with E, with the 
range of temperatures used in the estimation.

We fitted a metabolic model, lnSa � –E � 1/kT � C 
(Allen et al. 2002), to anuran phenological data (Sa, species 
richness of calling males each month; k is Boltzmann’s con-
stant (8.62 � 10�5eV K�1, Gillooly et al. 2001); T, mean 
monthly temperature). We considered the fit of a non-linear 
model avoiding data transformation (O’Hara and Kotze 
2010). However, as shown in the results section, these mod-
els had a poor performance on convergence and large error 
terms. Consequently, we worked with log-transformed data 
(Allen et al. 2002). In order to deal with observations of 
zero-richness on log-transformed data, a constant has to be 
added (Legendre and Legendre 2012). "is constant may 
have the same order of magnitude as the significant digits of 

the variable to be transformed; for species richness this pro-
duces the classical transformation log(S � 1) (Legendre and 
Legendre 2012). We further considered the performance of 
other values for the constant, such as 0.1 and 2. "e alterna-
tive of excluding zero-values was not considered here because 
these are structural zeroes, that is, they are part of the bio-
logical phenomena under investigation, chiefly observed at 
low temperatures. Activation energies estimated from log-
transformed data and non-linear fits were also compared 
with a Kolmogorov–Smirnov and a paired t-test.

An additional matter of concern is that the estimations 
of parameter E from time series could be biased because of 
a lack of independence of residuals or non-linear association 
between log(S) and 1/KT (Pawar et al. 2016). Independence 
was evaluated with a Pearson’s autocorrelation for each 
time series and contrasting the estimated E values in mod-
els with or without a temporal variable that accounted for 
the autocorrelation. Non-linearity was evaluated consider-
ing a polynomic regression, estimating the Akaike weight of 
evidence for the polynomic model and the linear alterna-
tive (Burnham and Anderson 2004, Johnson and Omland  
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alternative models and ∆AIC the difference between each 
model and the best model. Akaike weights could be inter-
preted as the probability that a given model is the best model 
for the data (Burnham and Anderson 2004). Finally, in 
order to compare the distribution of E values calculated for 
each community (Table 1) with those calculated by a recent 
compilation of E values (activation energies estimated for 
the rise component of the temperature response curves of 

Figure 1. Geographic locations of the 52 Neotropical data series.



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).
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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.

Accepted for publication August 2019.

© 2019 Ecological Society of Australia doi:10.1111/aec.12819

Austral Ecology (2019) 44, 1451–1462

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.
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nificant differences with the right skewness distribution pre-
sented by Dell et al. (2011) for the responses of positive and 
negative traits associated with species interactions (two-sam-
ple Kolmogorov–Smirnov test: D � 0.648, p-value � 0.001). 
Further, the present distribution of activation energies did 
not differ from a normal distribution (Shapiro–Wilk test of 
normality: W � 0.957, p-value � 0.204) (Fig. 3). "e 95% 
confidence interval of the mean activation energy of the call-
ing activity (1.53 to 2.08eV) excludes the empirical value 
of approximately 0.65eV (Huey and Kingsolver 2011) and 
also the range of values 0.2 to 1.2eV proposed by Gillooly 
et al. (2001) for a wide range of thermal dependence of 
amphibians. "e strong support for the linear model relat-
ing log(S) and 1/KT (W.linear � 0.98; Supplementary mate-
rial Appendix 4) does not support an overestimation of E 
because of non-linear trends.

"e analysis of residuals reported a significant autocorrela-
tion in 17 of the 52 cases. So we included a temporal compo-
nent to the equation (lnSa � –E � 1/kT � month � C) and 
estimated the slope (i.e. the activation energy E). In this case 
eighteen models had a significant fit (p-value � 0.05) and 
twenty-eight a marginal fit (p-value � 0.1). We did not find 
differences between mean values of E estimated from both 
models using either all fitted values (Welch two sample t-test, 
N1 � N2 � 52, t � 0.966, df � 101.06, p-value � 0.337), 
or only the significant fits (Welch two sample t-test, 
N1 � 34, N2 � 28, t � 0.560, df � 51.484, p-value � 0.578, 
mean1 � 1.804, mean2 � 1.675). Similarly, when compar-
ing the distributions of E values, we did not find significant 
differences either (two-sample Kolmogorov–Smirnov test, 
D � 0.132, p-value � 0.910). Based on this result, where E 
does not differ significantly on their mean and distribution 
no matter if it is estimated considering residual autocorrela-
tion or not, we opted for the initial estimates. Finally, the 
standard errors associated with estimated E values were not 
associated with the range of temperatures involved in the 
estimation (F1,49 � 0.031; p-value � 0.86). An outlier with 
no significant E and very large standard error was excluded 
in this estimation. Further, when only significant E values 

latitude ordered by the two first axes of a principal compo-
nent analysis) and MPD distance matrices with the matrix 
of community activation energy distances (each distance was 
calculated as the activation energy of community A minus 
the activation energy of community B) using a simple Mantel 
test (10 000 permutations). Finally, we explored the link 
between the community activation energy, and phylogeny 
or environment, using partial Mantel test (10 000 permu-
tations). In order to describe the activation energy matrix, 
we calculated the partial correlation with phylogeny after 
removing the effect of environment, and then calculated the 
partial correlation with environment after removing the con-
tribution of phylogeny (Naisbit et al. 2012).

Results

"e number of species engaged in calling activities was better 
explained by the random intercept and slope model, which 
had the lowest AIC value (AIC � 1407.65) in comparison 
with the random intercept model (AIC � 1440.66) and the 
random effects model (AIC � 1621.17). "e former model 
presents high values of standard deviation of the intercept 
(28.62) and of the slope (0.74eV) showing the relevance 
of community idiosyncrasy (Fig. 2). "is variation in slope 
highlights the importance of analyzing the activation energy 
as a biological variable.

Out of the 52 phenological community data-series ana-
lyzed, 35 fit significantly the metabolic model, with a percent-
age of the explained variance ranging from 27.5 to 87.4%. 
We considered the case 5 (Arzabe et al. 1998) as an outlier 
because it presents an extreme value of E (–1.033eV). Indeed, 
Arzabe et al. (1998) suggested that the hydroperiod was the 
mayor factor influencing and maintaining assemblages of 
anurans in that location. So the main mechanisms operating 
would be the regulation of hydric demands and not tempera-
ture related. "e mean and median of E values estimated is 
1.80eV (standard error � 0.14eV) and 1.67eV, respectively 
(n � 34). "e distribution of the activation energy shows sig-

Figure 2. Fitted random intercept and slope model with the reciprocal temperature in Kelvin multiplied by Boltzmann’s constant (k) as 
independent variable, and as dependent variables the natural logarithm of the number of species with calling behavior per month. "e black 
line represents the fitted values for all communities, and the grey lines represent the fit for local communities. Dots represent the number 
of species that call in a particular month of a particular community.
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!e non-linear models for Sa frequently failed to converge, 
requiring very large number of iterations and evaluation 
of several alternative starting values to achieve conver-
gence. Further, no difference was detected in the distribu-
tion (two-sample Kolmogorov–Smirnov test: D � 0.098, 
p-value � 0.97) and mean value (paired t49 � 1.01, 
p-value � 0.32) of E estimated with non-linear fit or log-
transformed richness (log(Sa � 1)), but standard errors from 
non-linear models were significantly larger (paired t49 � 4.36, 
p-value � 0.0001) than those estimated by the linear model. 
However, the use of other constants (c � 0.1 and c � 2) 
determined significant deviation between E estimated with 
non-linear fit (paired t49 � –2.88, p-value � 0.006; paired  
t49 � 2.56, p-value � 0.013) or log-transformed richness 
(paired t49 � –4.29, p-value � 0.0001; paired t49 � 6.30, 
p-value � 0.0001). Consequently, we carried out all analy-
ses using the log-transformed linear model adding a constant 
c � 1, because it displays a better performance and because it  
is amenable of analysis with mixed models (Zuur et al. 2009).

!e path analysis and simple and partial Mantel tests were 
performed with the 34 communities for which we found a 
significant fit to the linearized metabolic model. !e path 
analysis model shown in Fig. 4 explained 55% of the variance 
in calling activation energy (E), showing the main role of the 
environment (represented by a latent variable constructed 

were considered, a positive association between estimated E 
and the range of temperatures was observed (F1,32 � 9.05; 
p-value � 0.005; R2 � 0.20). !is contradict the expected 
negative association because an artifact from a unimodal 
rate-temperature relationship (Pawar et al. 2016).

Figure 3. Activation energy histogram. E, activation energy 
calculated with the metabolic model presented by Allen et al. 
(2002): lnSa � –E � (1/kT) � C; S, number of species with calling 
behavior per month; T, mean month temperature in Kelvin degrees; 
k � Boltzmann constant � 8.62 � 10–5 eV K–1; calculated with the 
34 of 52 data series with a significant fit.

Figure 4. Evaluation of the putative role of the environment and community richness on the activation energy of anuran calling activity. Sloc, 
total number of species that call at least once in the study period; NDVI, normalized difference vegetation index; PET, potential evapotrans-
piration; Samp is a parameter of the sinusoidal function: S � Smean � Samp sin [2 � P � (month � c)/12]; S, number of species that call in a 
particular month; Samp, amplitude of the sinusoidal function; Smean, mean value of S estimated from the sinusoidal function. Paths values are 
standardized effects. Values of 1 mean completely causal link and a value of 0 mean no causal link. Arrow width represents the strength of the 
causal link. In the figure was included the result of correlations of latitude as independent variable with mean annual temperature � Tamean, 
coefficient of variation in annual temperature � TCV, minimum temperature � Tmin, total annual rainfall � rain and coefficient of variation in 
annual precipitation � PCV; external arrows represent variances unexplained by the model, and the explained variance for endogenous 
variables is represented by one minus the path coefficient between its associated error variable. SRMS, standardized root mean square error.



1. Metacomunidades de anfibios en el Área Protegida 
Laguna Garzón
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Lista de especies de anfibios de del 
Área Protegida Laguna Garzón

Familia Hylidae
1-Boana pulchella
2-Scinax squalirostris
3-Scinax granulatus
4-Dendropsophus sanborni
5-Pseudis minuta

Familia Leptodactylidae
6-Leptodactylus latrans
7-Leptodactylus gracilis
8-Leptodactylus la<nasus
9-Leptodactylus mystacinus
10-Physalaemus gracilis
11-Physalaemus biligonigerus
12-Pseudopaludicola falcipes

Familia Bufonidae
13-Melanophryniscus montevidensis
14-Rhinella gr. granulosus
15-Rhinella arenarum

Familia Odontophrynidae 
16-Odontophrynus americanus
17-Odontophrynus maisuma

Familia Microhylidae
18-Elachistocleis bicolor
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2. Diversidad acús0ca en las áreas protegidas costeras
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3. Monitoreo acús0co de una metacomunidad de anfibios (Barra Grande, 
Laguna de Cas0llos, Rocha)

4. Efectos de la contaminación lumínica y sonora sobre sistemas biológicos: 
Las Brujas, Canelones; San Carlos, Maldonado
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movement within the group), they result in a clear acoustic pattern around the breeding colony of silence during 
the night and calls during the day, thus enabling the use of acoustic analysis to determine activity patterns in the 
colony. Two breeding colonies in Israel’s major cities were studied to some detail: one in Tel Aviv20, and the other 
at Jerusalem’s Western Wall21. While these studies agree with the general knowledge described above, an interest-
ing observation was made in 2002 regarding the Western Wall colony. !is site is an important religious site and 
is therefore illuminated by arti"cial lights throughout the night. !e swi#s in this colony were observed to leave 
their nests earlier in the morning and return later in the evening than their counterparts in Tel Aviv21.

In 2016 the lighting system in the Western Wall was replaced by a much more intense and widespread system. 
We hypothesized that the added illumination would result in a further extension of the swi#s’ activity hours, and 
perhaps allow them to exploit a hitherto unavailable resource – moths and other nocturnal insects that can be 
attracted to the light. We used acoustic loggers to record A. apus activity in four breeding colonies di$ering in 
their nighttime light levels, and looked for moth-scales in fecal sacs obtained from the nests in order to check for 
dietary di$erences. We found that, surpassing our hypothesis, Western Wall swi#s were active throughout the 
night while those of the other three colonies ceased their activity shortly a#er sunset. While we did not observe 
any attacks on moths by the night-active swi#s, we found moth wing scales in fecal sacs of swi#s from all three 
urban colonies.

�������
We compared temporal activity patterns obtained from acoustic recordings between four breeding colonies 
di$ering in their level of ALAN exposure (see below and in methods): Jerusalem’s Western Wall (henceforth 
“Wall”), ALAN intensity 120 lx; Bar Ilan University (henceforth “BI”), ALAN intensity 3.85 lx; Tel Aviv (hence-
forth “TLV”), ALAN intensity 0.83 lx; and Hatira canyon (henceforth “Desert”), ALAN intensity 0.005 lx. We 
conducted visual observations and fecal sac microscopy to investigate moth consumption a#er sunset, in order to 
determine whether this prolonged activity enabled the swi#s to exploit an obvious new resource. !e entire study 
was conducted concurrently at all four sites during the pre-%edging period (see methods).

��������������������������Ǥ� We have recorded a total of 26,373 "les containing swi# calls (Wall: 16,670, 
12 nights; BI: 5,801, 11 nights; TLV: 3,827, 10 nights; Desert: 75, 11 nights). To describe the temporal activity 
patterns we divided each night into ten-minute bins and counted the "les containing calls in each bin. As swi#s 
o#en %y in tight groups emitting overlapping calls it was impossible to count individual calls (see methods). Our 
results clearly show that while at the three lower-ALAN sites (BI, TLV, & Desert) activity followed a daily pattern 
– beginning around sunrise and ending around sunset, at the high-ALAN site (Wall) a high level of activity was 
maintained throughout the night (Fig. 1). At all sites there is a noticeable peak in activity around sunset. While 
this peak starts at the same time at all sites, its maximum and end di$ered among sites (Fig. 2), matching ALAN 
intensity: evening activity peak ended "rst in “Desert” colony (0.005 lx), then in “TLV” (0.83 lx), and later still in 
“BI” (3.85 lx); while in “Wall” (120 lx) activity never stopped and the peak stretched for four hours before activity 
dipped for a brief period before rising again around 02:00 (see also S1 for non-normalized, all nights’ data from 
all sites).

To ascertain the recorded patterns were not caused by anthropogenic noise, we checked for correlations 
between swi# activity and background noise (see methods) during two full nights for each of the urban colonies 
(Fig. S2). !e results of this analysis show that the correlation between the two is sometimes signi"cant and some-
times non-signi"cant (Table 1), but in all cases anthropogenic noise explains only a small portion of the variance 

Figure 1. Temporal activity patterns. Swi# activity as represented by acoustic recordings. Multi-night mean 
(3-period moving average ± se, represented by dashed lines of the same color) of the number of "les containing 
swi# calls per 10-minute bins. Data were normalized by dividing each time-bin value by the maximum time-bin 
value (of the same colony), to allow a comparative representation of the di$erent sized colonies (e.g. “Desert” 
colony, which was much smaller and produced an order of magnitude fewer calls). !e bar at the top depicts 
day/night (sunrise/sunset) cycle (yellow = day, black = night). At all three low-ALAN sites swi# activity ended 
around sunset, while at the high-ALAN site (Wall) activity continued throughout the night. Note that the 
evening peak starts at the same time at all sites, but activity drops under lower-ALAN conditions "rst.
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