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Abstract Environmental and social factors are critical to
determine the timing and duration of lekking behavior since
they provide species with signs to maximize benefits over
costs in sexual displays. However, these factors have rarely
been studied under different environmental conditions, and
thus, it remains unclear whether exogenous factors affecting
group displays show a general species-specific pattern or
whether they are population-specific. Using audio-trapping
techniques, we compared factors influencing the daily occur-
rence and duration of lekking behavior in two populations of
Hyla molleri and two populations of Hyla meridionalis locat-

ed at the thermal extremes (coldest vs. hottest) of their Iberian
distribution range. From 12,240 hourly recordings over one
season, multimodel inference revealed that the major determi-
nants of chorus occurrence were similar between populations
and species (i.e., chorus size the previous day, daytime air
temperature, relative humidity, and barometric pressure), and
accounted for 51–79 % of its deviance. In contrast, the major
determinants of chorus duration differed between populations
and species (i.e., chorus size, number of day, and air temper-
ature and relative humidity at the onset of the chorus), and
accounted for 38–69 % of its variance. Our findings suggest
that the decision making related to lek attendance is environ-
ment-dependent, takes place at time between lekking events,
and is associated with exogenous factors that may be both
stable across species ranges and population-specific when
populations are under different climatic conditions. This in-
traspecific variation might be underlain by plasticity mecha-
nisms providing tree frogs with means to cope with changing
environments. Moreover, social facilitation related to male-male
acoustic competition seems to play a relevant role on the daily
time invested by males in lek attendance.
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Introduction

Lek mating systems have been described in a wide range of
animals, such as mammals, birds, amphibians, fish, and
insects (e.g., Lloyd 1867; Downes 1969; Wells 1977;
Clutton-Brock et al. 1993; Höglund and Alatalo 1995).
Males breeding in leks or choruses congregate synchronous-
ly on reproductive sites to defend non-resource-based
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territories from competitors and to attract mating partners by
advertisement signals (Bradbury 1981; Höglund and Alatalo
1995). Attendance at group displays is crucial for individual
fitness in lekking species, although there is often variation in
mating success of males within a lek (Widemo and Owens
1995; Mackenzie et al. 1995; Kokko et al. 1998). However,
lekking behavior is also highly costly in terms of energy
(Taigen and Wells 1985; Prestwich 1994; Schwartz et al.
1995; Grafe and Thein 2001) and predation risk (Ryan et al.
1981; Tuttle and Ryan 1981), and thus, it is expected that
selective pressures favor mechanisms in lekking species to
determine the optimal time for lek formation (Murphy 1999,
2003; Brooke et al. 2000).

The timing and duration of group displays are influenced
by environmental or social factors, or both, that have been
found to act as determinants of the temporal patterns of lek-
king and chorusing behavior in multiple organisms (e.g.,
Schneider 1971; Pemberton and Balmford 1987; Han and
Gatehouse 1991; Baines 1996; Brooke et al. 2000; Berg et
al. 2006). Temperature, light intensity, and relative humidity
(or rainfall) are the most common environmental factors as-
sociated with the onset and maintenance of anuran chorusing
(Blair 1961; Heinzmann 1970; Schneider 1971; Obert 1975;
Fukuyama and Kusano 1992; Henzi et al. 1995; Navas 1996;
Oseen and Wassersug 2002; Steelman and Dorcas 2010),
although other weather variables may play a role in chorus
formation, including barometric pressure, wind speed, or lunar
cycle (Blankenhorn 1972; Henzi et al. 1995; Cree 1989;
Oseen and Wassersug 2002; Murphy 2003; Grant et al.
2009; Steelman and Dorcas 2010). Moreover, calling activity
from conspecifics can elicit acoustic displays at different
scales and levels (e.g., Capranica 1966; Ryan and Rand
1998; Brooke et al. 2000), and thus, social facilitation also
affects strongly on the timing and duration of group acoustic
displays (Wells and Taigen 1986).

Interspecific comparisons, both in sympatry and allopa-
try, have suggested that the set of exogenous determinants of
lek or chorus formation tend to be species-specific
(Blankenhorn 1972; Obert 1975; Salvador and Carrascal
1990; Oseen and Wassersug 2002; Berg et al. 2006;
Steelman and Dorcas 2010). Additionally, prolonged
breeders seem to respond to more exogenous factors than
explosive breeders and be affected by different factors
throughout the breeding season (Wells 1977; Oseen and
Wassersug 2002), but some exceptions have also been found
(Blankenhorn 1972; Salvador and Carrascal 1990).

In contrast with the abundant literature about between-
species variation, little attention has been addressed to in-
vestigate the within-species variation in the responses to
exogenous factors mediating lek attendance. Studies mea-
suring the effects of environmental variables on chorusing
activity have mostly been conducted at single locations,
where one or more species respond to the same climatic

conditions (Blair 1961; Heinzmann 1970; Schneider 1971;
Blankenhorn 1972; Obert 1975; Salvador and Carrascal
1990; Fukuyama and Kusano 1992; Henzi et al. 1995;
Moreira and Barreto 1997; Hatano et al. 2002; Oseen and
Wassersug 2002; Steelman and Dorcas 2010). Therefore, it
remains unclear whether such variables and their effects
may be extrapolated onto populations across the geographic
distribution of the species and hence under different envi-
ronmental or social conditions. The few intraspecific studies
available were not specially focused on studying the effect
of clearly divergent climate regimes, since they compared
populations at small spatial scales (Ritke et al. 1992; Navas
1996; Brooke et al. 2000).

The comprehension of factors affecting the timing and
duration of these sexual displays under different environ-
ments provides insight into a remaining open question:
whether the exogenous factors determining lek formation
show a general species-specific pattern or whether they are
population-specific. Since exogenous factors eliciting lek-
king behavior must reflect optimal local conditions for lek
formation (e.g., Höglund and Alatalo 1995; Brooke et al.
2000), it may be expected that species respond to different
exogenous factors when they inhabit in different environ-
mental or social contexts. Such response would imply the
occurrence of mechanisms of local adaptation or phenotypic
plasticity providing lekking species with means to confront
changing environments. Thus, the study of intraspecific
variation of exogenous determinants of group displays
may contribute to reveal the occurrence of such mechanisms
and helps in understanding of how species cope with envi-
ronmental heterogeneity, which is a grand and urgent task
for current biology (Schwenk et al. 2009). To our knowl-
edge, this is the first study that examines the intraspecific
variation of environmental and social determinants of an-
uran lekking behavior (chorus occurrence and duration).

The technical difficulty to monitor simultaneously distant
populations has been so far one of the reasons of the lack of
intraspecific long-term acoustic surveys. As used in this
study, the recently developed automated recording systems
(ARS; Peterson and Dorcas 1994; Frommolt et al. 2008;
Obrist et al. 2010) now facilitate the simultaneous monitor-
ing of calling activity over complete seasons and in multiple
populations, even if the populations are located at the lati-
tudinal margins of the species' distribution range. Moreover,
this sampling method prevents changes to the behavior of
the study species owing to observer presence as well as
enables subsequent thorough analyses of the recordings with
enhanced detection and reduced observer bias (Bridges and
Dorcas 2000; Oseen and Wassersug 2002; Acevedo and
Villanueva-Rivera 2006; Steelman and Dorcas 2010;
Llusia et al. 2011).

Here, we examine the environmental and social factors
that determine lek formation in two species of Palearctic tree
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frogs, Hyla molleri and Hyla meridionalis. With audio-
trapping techniques based on ARS, chorusing activity and
weather conditions were monitored in four populations (two
per species) located at the thermal extremes (coldest vs. hot-
test) of their Iberian distribution range and exposed to different
climatic conditions. Thereby, we attempt to test whether ex-
ogenous determinants of lekking behavior show a general
species-specific pattern or whether they are population-
specific. Specifically, we address the following two questions:
(1) what environmental and social factors are associated with
the daily occurrence and duration of tree frog chorus? (2) Do
these factors differ across populations (hot vs. cold), species
(H. molleri vs. H. meridionalis), and indexes of chorus for-
mation (occurrence vs. duration)? Furthermore, we discuss
the implications of our findings for predictions on the effects
of current climate change on anuran populations.

Material and methods

Species and study sites

Iberian tree frog (H. molleri Bedriaga, 1890) and
Mediterranean tree frog (H. meridionalis Boettger, 1874)
share numerous morphological, behavioral, and ecological
traits. They are both prolonged breeders and aquatic egg-
layers that aggregate in choruses around ponds, streams, or
other water bodies from early spring to summer during their
breeding season (García-París et al. 2004). Within this peri-
od, males are typically hidden in bushes or underground
hideouts at daytime, and before sunset they migrate to
breeding points, where they vocalize while floating on water
or perched on emergent vegetation (Paillette 1967;
Schneider 1974; Márquez and Tejedo 1990; Márquez et al.

2005). Lek-like mating system has been described in these
species (Friedl and Klump 2005; Jaquiéry et al. 2009);
therefore, they are suitable models to study the mechanisms
underlying lekking behavior, as recent studies have showed
with some closely related hylids (e.g., Hyla arborea) and
other lek-breeding anurans (Grafe 1997; Friedl and Klump
2005; Broquet et al. 2009; Knopp et al. 2008; Castellano et
al. 2009; Jaquiéry et al. 2009). Sympatric populations of the
study species occur in central and western Iberia, where
hybridization takes place occasionally (Oliveira et al.
1991; Barbadillo and Lapena 2003).

The study was conducted on populations located at the
thermal extremes of the Iberian distribution range of tree
frogs: two localities of H. molleri (cold and hot, hereafter
CHmo and HHmo) and two localities of H. meridionalis
(cold and hot, hereafter CHme and HHme; Fig. 1). CHmo
occurs above the timberline of the mountain area of the
Somiedo Natural Park in northern Iberia (1,490 m.a.s.l.,
Asturias, Spain), in a small temporary pond (25×18 m)
surrounded by bushes (Genista florida), alpine prairies,
and grasslands. The area is under an oceanic climate, with
cool and wet summers (Cfb, Köppen-Geiger climate classi-
fication; Peel et al. 2007). HHmo and CHme populations are
sympatric in west-central Iberia and breed in a medium-
sized permanent pond (62×53 m) located at 408 m.a.s.l.
within an agricultural land of the São Mamede Natural Park
(Portalegre, Portugal). In this site, climate shows transitional
features between oceanic and Mediterranean climates, with
warm and dry summers (Csb; Peel et al. 2007). HHme is
located in the coastal marshes of the Doñana Biological
Station in southern Iberia (3 m.a.s.l., Huelva, Spain), in a
large-sized temporary pond (160×101 m) with sedges
(Scirpus spp.) and halophytic vegetation, where it undergoes
a typical Mediterranean climate, with hot and dry summers

CHmo

HHmo
CHme

HHme

Fig. 1 Location of study sites
and tree frogs ranges in the
Iberian Peninsula (Pleguezuelos
et al. 2002; Loureiro et al.
2008). Species ranges are
plotted through 10×10 km
UTM squares (Universal
Transverse Mercator coordinate
system) with occurrence of
Hyla molleri (grey open
squares) and Hyla meridionalis
(black closed squares). CHmo
and HHmo: cold and hot
populations of H. molleri,
respectively. CHme and HHme:
cold and hot populations of H.
meridionalis, respectively.
HHmo and CHme are sympatric
populations
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(Csa; Peel et al. 2007). Geographic coordinates, meteoro-
logical conditions, and other features of the study sites are
listed in Table 1.

To quantify how thermally extreme were the climate
regime of each study site, we compared the annual mean
temperature of the 10×10 km UTM square including the
study site (Universal Transverse Mercator coordinate sys-
tem; Hijmans et al. 2005) with that of the remaining 10×10
km UTM squares of the Iberian distribution range of the
study species (1,257 squares for H. molleri and 1,074
squares for H. meridionalis; Pleguezuelos et al. 2002;
Loureiro et al. 2008). In the Iberian Peninsula, between
73 % and 99 % of the UTM squares of the species ranges
had a higher annual mean temperature than that of the UTM
square in the cold study sites (7.6 °C in CHmo; 15.4 °C in
CHme; Table 1). Conversely, between 78 % and 97 % of the
UTM squares had a lower annual mean temperature than
that of the UTM square in the hot study sites (15.4 °C in
HHmo; 17.9 °C in HHme; Table 1). The hot-cold pairs of sites
showed a similar thermal difference, approximately 5 °C,
measured as mean temperature of the wettest quarter (4.3 °C
vs. 9.2 °C, for H. molleri pair; 9.2 °C vs. 14.3 °C, for H.
meridionalis pair; Table 1).

Data collection

Anuran calling activity and weather conditions were moni-
tored during an entire breeding season (from December
2006 to July 2007; Table 2) with audio-trapping techniques
(i.e., acoustic ARS) and data loggers. Sound monitoring was
extended 10–12 weeks before and after the expected period
of calling activity for each population ensuring its complete
recording. Weather monitoring was also extended to the
previous and the subsequent year to record the meteorolog-
ical conditions outside the period of reproductive activity.
The ARS consisted of an omnidirectional condenser micro-
phone (Fonestar FCM-626) and a solid-state digital recorder
(Marantz PMD660, D&M Professional), powered by a 12-V
battery and controlled by a custom-built programmable tim-
er (Western Kentucky University; Cambron and Bowker
2006). The equipment was housed in watertight boxes, with
an external microphone placed 5–10 m from the shore of the
ponds and 1–2 m above ground to maximize the probability
of detection of anuran vocalizations. Microphones were
protected from rainfall and humidity by a plastic shield.
During the whole study period, sound recordings
(44.1 kHz, 16-bit, MP3 format) were obtained with a sched-
ule of 3 min per hour, 24 h per day, which it has shown to be
an adequate sampling regime for the most anuran calling
surveys (Shirose et al. 1997; Dorcas et al. 2009). To stan-
dardize the ARS-based sound monitoring (recording levels,
detection spaces, etc.), we followed the method described in
Llusia et al. (2011). Data download and battery replacement

were carried out every 3 or 4 weeks. During the study period,
12,240 3-min-long audio files were collected from 86 moni-
toring days in CHmo, 175 in HHmo and CHme, and 252 in
HHme. In total, the automated recording equipment was in-
active in the field 18 days in CHmo, 62 in HHmo and CHme,
and 15 in CHme due to different technical problems, thus
preventing the inclusion of data from those days. To detect
calling activity from either of the two species, we subsequent-
ly listened to the recordings in the laboratory, and visually
inspected oscillograms and audio-spectrograms (Peak 4.0,
BIAS, Inc.; XBAT, Cornell University). Sound recordings
were assigned to a calling index value between 0 and 5,
following a modified version of the NAAMP protocol (i.e.,
0=absence of calling activity; 1=single vocalizations lacking
continuity from one or two isolated individuals; 2=individuals
can be counted, space between calls; 3=calls of individuals
can be distinguished, lack of overlapping; 4=intermittent
chorus, calls are discontinuous, some overlapping; 5=full
chorus, calls are constant, continuous, and overlapping; Weir
and Mossman 2005).

Air and water temperatures (degrees Celsius) and relative
humidity (percent) were measured in situ every 5 min with
data loggers (Pendant 64 Kb and HOBO Pro V2, Onset
Computer). The air data loggers were placed 5–10 m from
the shore, in the vegetation that surrounds the ponds, 15–
35 cm above ground, and with probes protected from rainfall
and direct sunlight. The water data loggers were in the water
surface at 1–2 m from the shore of breeding ponds. Accuracy
in the measurements was 0.3 °C for temperatures and 2.8 %
for humidity. In addition to the data loggers, hourly measure-
ments of barometric pressure (hectopascal) and cloud cover
(okta) were obtained from three automatic weather stations of
the Spanish and Portuguese NationalMeteorological Services,
Agencia Estatal de Meteorología (AEMET, Spain) and
Instituto de Meteorologia (IP, Portugal). The weather stations
are located in Oviedo (335 m.a.s.l., 39 km from CHmo),
Portalegre (597 m.a.s.l., 11 km from HHmo and CHme), and
Mazagón (41 m.a.s.l.; 28 km from HHme). Time and date of
the moon phases during 2006 and 2007 were also recorded
(Planetary System Laboratory, NASA) because reproductive
phenology has been associated with lunar cycle in some
anuran species (FitzGerald and Bider 1974; Grant et al.
2009). For each hour of the study period, we assigned an
equidistant percentage value that ranged from 0 % (at time
of new moon) to 100 % (at time of full moon) as a measure of
the moon phases.

Response and predictor variables

From the initial hourly time series of data, two daily re-
sponse variables were calculated for each study site: the
daily occurrence of tree frog chorus (hereafter, chorus oc-
currence) and the nightly chorus duration (hereafter, chorus
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duration). European tree frog males attend choruses mostly
between sunset and sunrise (Schneider 1971) and tend to
move in and out of the breeding points between chorusing
events (Grafe and Meuche 2005). Thus, the temporal pat-
terns of chorusing activity within the breeding season are
expected to be associated with a daily decision making that
may be based at least on twofold decision: (1) whether to
migrate to the breeding ponds to attend a chorus, which
determines chorus occurrence (presence/absence), and (2)
when cease to call and leave the chorus, which determines
chorus duration (number of hours). Moreover, the daily
time series were selected instead of the hourly information
because hourly time series may suffer from autocorrelation
in errors of the explanatory variables, so that they fail the
assumption of independent values required for regression
methods (Sokal and Rohlf 1995).

The response variable chorus occurrence was assigned a
value of 1 (presence) when any recording within the day (i.e.,
from sunrise to sunrise) achieved a value of the calling index
between 2 and 5, whereas it was assigned a value of 0
(absence) when all recordings within the day had a value of
the calling index between 0 and 1. Tree frogs may occasion-
ally emit isolated calls from their hideouts under rocks or in
bushes at times of the day or even periods of the year that leks
are not formed in the water. Thus, the recordings with a calling
index value of 1 (i.e., single vocalizations lacking continuity
from one or two isolated individuals), which corresponds to
tentative vocal activity outside of group displays, were includ-
ed as absence of chorus occurrence. The response variable

chorus duration was calculated as the number of recordings
within the day (i.e., from sunrise to sunrise) with a value of the
calling index between 2 and 5. In addition to these variables, a
multinomial variable was also calculated as the daily maxi-
mum value of the calling index (hereafter, chorus size).

The temporal window of the daily time series of chorus
occurrence was selected so that those series were composed
of a similar number of presences and absences, i.e., a bal-
anced design. Since only a low percentage of days within
the calling season lacked choruses (mean <10 % of the
nights), days before and after the period of calling
activity were added in an amount equal to the duration
of this period (i.e., half before and half after). We
selected this temporal window to include environmental
values to which tree frogs had been subjected just
before and after the breeding season (between 3 and
8 weeks), and that might have influenced the onset
and end of the group displays. Moreover, this balanced
design with equal prevalence of presences and absences
was used to avoid the statistical problems associated
with unequal sample size between treatments in gener-
alized linear models (Hosmer and Lemeshow 1989;
Fielding and Bell 1997; Cramer 1999; Montgomery
2001; Manel et al. 2001; Gelman 2005). The temporal
window of the daily time series of chorus duration was
composed only of days with presence of chorus.

To determine the environmental and social factors influ-
encing chorus occurrence and chorus duration in each study
site, multiple binomial and linear regression analyses were

Table 2 General features of chorusing activity of tree frogs in the study sites

Hyla molleri Hyla meridionalis

Cold Hot Cold Hot

Chorus occurrence Onset 8 May 2007 12 Feb. 2007 12 Feb. 2007 26 Dec. 2006

End 25 Jun. 2007 5 Jul. 2007 3 Jun. 2007 21 May 2007

Season duration (days) 48 144 111 146

No. of days (%) with chorus 38 (79.2) 84 (58.3) 56 (50.5) 118 (80.8)

No. of days (%) without chorus 10 (20.8) 7 (4.9) 5 (4.5) 13 (8.9)

No. of days (%) without data 0 (0.0) 53 (36.8) 50 (45.0) 15 (10.3)

Chorus durationa Mean±SD (CV) 3.6±2.1 (0.58) 5.6±1.9 (0.34) 5.1±2.5 (0.49) 7.2±3.2 (0.44)

Range 1–9 1–10 1–10 1–13

No. of tracks with chorus 138 469 284 855

% tracks with chorus between sunset and sunrise 89.9 99.1 97.1 98.7

Chorus sizeb Mean±SD (CV) 4.5±1.0 (0.21) 4.4±0.8 (0.17) 4.5±0.7 (0.16) 4.6±0.8 (0.18)

% of days with maximum chorus size (value=5) 76.3 61.9 60.7 73.1

Data obtained by automatic recording systems (ARS), with a schedule of 3 min per hour, 24 h per day
a Number of hours per night of chorusing activity. Each track corresponded to a different hour of the day
b Daily maximum value of a calling index (0–5) that was estimated following a modified version of NAAMP protocol (Weir and Mossman 2005).
Maximum value: 5=full chorus, calls are constant, continuous, and overlapping. Percentage is calculated from the number of days with chorus
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computed, respectively. The set of independent variables
entered into the multivariate analyses was composed of 17
variables for binomial regressions and of 16 variables for
linear regression (Tables 3 and 4). These variables were
selected as those that could presumably influence tree frogs
or be assessed by tree frogs before the daily beginning of the
chorus attendance (in the case of chorus occurrence) and
before the daily ending of the chorus attendance (in the case
of chorus duration). To examine potential predictors of
chorus occurrence (Table 3), we used the daytime means,
minima or maxima of the environmental variables moni-
tored, as well as trend values from previous days and values
2 h before sunset (when choruses are typically close to be
initiated). Daytime was considered from sunrise to 2 h be-
fore sunset, when no chorus occurs in the study sites, and it
is expected that the decision making related to migration to
the breeding points and chorus attendance takes place. To
examine potential predictors of chorus duration (Table 4),
we used the mean values of the environmental variables
monitored during the chorus and values at the onset of the
chorus. Values at the onset of the chorus were selected
instead of values at the end of the chorus because the former
were independent of the number of hours of chorusing
activity unlike the latter (e.g., air temperature at the end of
the chorus is consistently found to be colder in long cho-
ruses than in short ones since air temperature typically
decreases along the night, and hence, a causal relationship
between temperature at the end of the chorus and chorus

duration would be found as a statistical artifact). Water
temperature was added among the explanatory variables of
chorus duration because most of tree frog males in the study
sites typically called from the surface of the water. In addi-
tion, quadratic terms of temperature variables were included
in both binomial and linear regressions to examine the
presence of temperature optima.

Calling activity may diminish along the reproductive
period due to mortality, decline in energy reserves of callers,
or due to previous mating success in part of the population
(e.g., Murphy 1994). Thus, the number of days elapsed
since the onset of the study period was added to the regres-
sion analyses. Furthermore, the social structure of aggrega-
tions (e.g., the number of males within the group displays)
in turn may influence chorus attendance and time invested
by males in the chorus (Wells and Taigen 1986), as a result
of male–male sexual competition and evoked vocal
responses (e.g., Capranica 1966; Ryan and Rand 1998).
Hence, chorus size the same night was also entered into
regression models as independent variable to investigate
whether nightly social conditions might affect chorus dura-
tion. In addition, to account for lagged effects of social
factors in chorus occurrence and chorus duration, one
lagged predictor variable was included in both binomial
and linear regressions (Tables 3 and 4). Chorus size the
previous night is expected to increase the likelihood of
chorus occurrence as a proxy of the number of males in
suitable conditions for sexual displays (hormonal levels,

Table 3 Social and environ-
mental variables examined by
multiple binomial regression as
potential factors influencing the
daily occurrence of tree frog
chorus at the breeding points
(chorus occurrence)

The daytime was taken as time
from sunrise to 2 h before sun-
set, when no chorus typically
occurs in the study sites, and it is
expected that the decision mak-
ing related to migration to the
breeding points and chorus at-
tendance takes place

Label Variable

prevSizeCHORUS Maximum size of the chorus the previous night
(calling index with values between 0 and 5)

numDAY Day number of the study season (from 1 onwards)

minDayTEMP Minimum air temperature (°C) during daytime

maxDayTEMP Maximum air temperature (°C) during daytime

chgTEMP Change in daytime mean of air temperature (°C)
from the previous day

2hSunsTEMP Air temperature (°C) 2 h before sunset

dayRH Mean relative humidity (%) during daytime

prevRH Mean relative humidity (%) during daytime the previous day

twoRH Mean relative humidity (%) during daytime 2 days previously

2hSunsRH Relative humidity (%) 2 h before sunset

dayPRESS Mean barometric pressure (hPa) during daytime

chgPRESS Change in daytime mean of barometric pressure (hPa)
from the previous day

2hSunsCLOUD Cloud cover (okta) 2 h before sunset

phaseMOON Daily percentage of moon illumination, from 0 %
(new moon) to 100 % (full moon)

minDayTEMP2 Quadratic term of minDayTEMP

maxDayTEMP2 Quadratic term of maxDayTEMP

2hSunsTEMP2 Quadratic term of 2hSunsTEMP
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energetic reserves, etc.), so that larger proportion of
males attending the chorus the previous night would
presumably enable to more males maintain chorusing
activity in subsequent nights. Moreover, chorus size
may also increase the communication distance between
conspecifics, and thus the range of social facilitation of
calling activity. Interaction terms were excluded from
the regression models because of the large number of
candidate predictors.

Statistical analyses

Multimodel inference was applied as model selection ap-
proach (Burnham and Anderson 2002; Johnson and Omland
2004; Richards et al. 2011; Symonds and Moussalli 2011),
using Akaike information criterion (AIC) corrected for
small sample sizes (Akaike's second-order AIC, AICc;
Burnham and Anderson 2004). This approach grounded on
the K-L information theory is specially suited to test multi-
ple competing hypotheses from complex systems, providing
advantages over other methods, such as weighing of candi-
date models and model averaging (Johnson and Omland
2004). All possible regression models from every combina-
tion of the independent variables (i.e., full set of models)
were computed and compared each other with AICc and
Akaike weights (wi). Regression models with ΔAICc<2
were considered as equally plausible models and retained
for model averaging. In model averaging, standardized re-
gression coefficients (β) and relative importance of the
predictor variables in the AIC multimodel inference (Σwi:
sum of Akaike weights of the models where each variable

was selected) were calculated to enable comparisons of the
effect of the predictors on the response variable.

Regression diagnostics confirmed absence of multi-
collinearity, autocorrelation, overdispersion, and signifi-
cant departures from normality in all final models.
Multicollinearity was assessed with variance inflation
factor (VIF; Montgomery and Peck 1992). When any
VIF value≥3 (Zuur et al. 2010), one of the predictor
variables involved in multicollinearity was removed
from the set of independent variables, and multimodel
procedure was restarted from the onset. Univariate re-
gression R2 as well as standardized regression coeffi-
cients (β) and relative importance (Σwi) of the predictor
variables in the averaged model were used as criteria to
select the variables excluded due to multicollinearity.
Furthermore, model residuals showed lack of autocorre-
lation in all cases as tested by Durbin-Watson statistic
(d=1.93–2.38, P value>0.39 in all cases). The ratio of
residual deviance to degrees of freedom was below 1 in
all binomial models, which indicates absence of over-
dispersion. Normality of the residuals was assessed with
Shapiro-Wilk test and graphical methods.

Multiple ordered logistic regressions were also attempted
with an alternative response variable (i.e., chorus size, the
daily maximum of the calling index, with values between 0
and 5), but these regression analyses yielded poor goodness
of fit in all cases (i.e., explained deviances <15 % and
failures of the normality assumption). Thus, the daily pres-
ence of chorus was entered as binomial variable (chorus
occurrence) instead of multinomial variable (chorus size),
and the ordered logit analysis rejected.

Table 4 Social and environ-
mental variables examined by
multiple linear regression as po-
tential factors influencing the
nightly duration of tree frog
chorus (chorus duration)

Label Variable

prevCHORUS Chorus duration the previous night (number of hours)

sizeCHORUS Maximum size of the chorus that night (calling index with
values between 0 and 5)

numDAY Day number of the breeding season (from 1 onwards)

meanAirTEMP Mean air temperature (°C) during the chorus

onsetAirTEMP Air temperature (°C) at the onset of the chorus

meanWatTEMP Mean water temperature (°C) during the chorus

onsetWatTEMP Water temperature (°C) at the onset of the chorus

nightRH Mean relative humidity (%) during the chorus

onsetRH Relative humidity (%) at the onset of the chorus

nightPRESS Mean barometric pressure (hPa) during the chorus

nightCLOUD Mean cloud cover (okta) during the chorus

phaseMOON Daily percentage of moon illumination, from 0 %
(new moon) to 100 % (full moon)

meanAirTEMP2 Quadratic term of meanAirTEMP

onsetAirTEMP2 Quadratic term of onsetAirTEMP

meanWatTEMP2 Quadratic term of meanWatTEMP

onsetWatTEMP2 Quadratic term of onsetWatTEMP
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Finally, to test whether species respond to the same
environmental and social variables across populations at
thermal extremes, we followed a standard method to
contrast among regression equations (Neter et al.
1996). Two regression models were fitted and statisti-
cally compared: (1) a combined model for both conspe-
cific populations by joining the datasets from the cold
and hot populations; and (2) the same previous model,
but including a categorical variable for population and
an interaction term between this variable and each of
the remaining predictors. Combined models showing
higher information loss and smaller strength of evidence
(i.e., ΔAICc>2 and lower Akaike weights) than models
with separate equations for populations would point out
differences in the regression equations (intercepts,
slopes, or both) for the conspecific populations (Neter
et al. 1996; Murphy 2003), and hence, this would imply
environmental and social determinants being population-
specific, rather than showing a general species-specific
pattern. This statistical procedure was used to compare
between each pair of conspecific populations (CHmo vs.
HHmo and CHme vs. HHme), for both chorus occur-
rence and chorus duration. Additional comparisons were
also conducted between species at the sympatric site
(HHmo vs. CHme) in order to test whether the two tree
frog species respond to the same environmental and
social variables when they are subjected to the same
conditions.

All statistical analyses and figures were conducted with R
2.15.0 (R Development Core Team 2012).

Results

Weather conditions

In all study sites, temperature conditions during the study
period were similar to those during the reference period of
1971–2000 (“typical meteorological year”; AEMET 2008).
Annual rainfall was less abundant (20–40 % of its range in
1971–2000), except in the southernmost site (HHme) where
rainfall reached similar rates to those of the 1971–2000
period. Within H. molleri sites, weather conditions were
markedly warmer and drier in HHmo (mean±SD; air tem-
perature, 15.0±7.2 °C; relative humidity, 62±20 %) than in
CHmo (9.2±6.3 °C; 95±13 %). For H. meridionalis, the hot
site was also warmer, but less dry (HHme, mean±SD; air
temperature, 15.6±5.8 °C; relative humidity, 74±18 %) than
the cold site (CHme; 13.0±5.8 °C; 66±18 %), although
these differences in air temperature and relative humidity
were less marked than in the pair of H. molleri sites. Rates
of other weather factors measured in the study sites are
summarized in Table 1.

Chorusing activity

Tree frog choruses were recorded between 38 and 118
nights per site (Table 2), and their presence was largely
continuous across the breeding season. The percentage of
nights lacking chorusing activity within the season averaged
only 9.8 % (range, 5–21 %). In the majority of the calling
nights (>61 %), chorus size was assigned to its maximum
level (equals 5). In contrast, chorus duration was markedly
more variable than chorus occurrence and chorus size, with
larger coefficients of variation and a duration range of 1–
13 h per calling night (Table 2). In all populations, most of
the recordings containing tree frog choruses occurred be-
tween sunset and sunrise (>90 %).

The duration of chorusing activity, both seasonally (i.e.,
number of nights from the first to the last night of chorus
occurrence) and nightly (i.e., number of hours calling per
night or chorus duration), were strongly population-specific
and longer in the hot sites than in the cold ones, as shown in
Table 2. In HHme, tree frogs formed the most prolonged and
larger choruses of the four populations, between 26
December and 21 May and with a mean duration of 7.2±
3.2 h (tracks) per calling night (n=118). In sympatry, under
the same environmental conditions, choruses of the two
species lasted similarly per night (HHmo: 5.6±1.9 h;
CHme: 5.1±2.5 h), but calling season was a month shorter
for H. meridionalis (HHmo: n=84 nights; CHme: n=56
nights).

Predictive models of chorusing activity

From the AIC multimodel inference, six to 14 logistic
regression models per population showed ΔAICc<2 (ESM
Table 1) and accounted for 51–79 % (weighted average of
the explained deviance for all selected models per popula-
tion) of the daily likelihood of presence/absence of tree frog
chorus (chorus occurrence) by including a total of five to
eight predictor variables (Table 5; ESM Table 1). In all
populations, the predictor variable with the highest strength
of evidence (Σwi=1.00, i.e., included in all models with
ΔAICc<2) and the highest magnitude effects (β=4.54–
22.54) was prevSizeCHORUS (i.e., the maximum size of
the chorus the previous night, a calling index with values
between 0 and 5) that increased the likelihood of presence of
chorusing activity. Moreover, other environmental factors
were consistently included in models with ΔAICc<2 (e.g.,
maxDayTEMP, chgTEMP, chgPRESS, dayRH, or prevRH),
although with relative importance (Σwi=0.10–1.00) and
magnitude effects (β=−0.84–2.12) differing among popula-
tions (Table 5 and Fig. 2; ESM Table 1). In most of the study
sites, the likelihood of presence of tree frog chorus increased
on warmer and wetter days with a rise in air temperature and
barometric pressure from the previous day.
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Similarly, two to 13 linear regression models per pop-
ulation showed ΔAICc<2 (ESM Table 2) and accounted
for 38–69 % (weighted average of R2 for all selected
models per population) of the variance of the nightly
number of hours of chorusing activity of tree frogs
(chorus duration) by including a total of six to seven
predictor variables (Table 6; ESM Table 2). All predictor
variables of these models showed standardized regression
coefficients (β) below 1, which suggests that major pre-
dictors had similar magnitude effects on chorus duration
in all populations. According to their strength of evi-
dence and magnitude effects, four factors were the most
prominent determinants of chorus duration: sizeCHORUS
(Σwi=0.84–1.00; β=0.30–0.80), numDAY (Σwi=0.05–
1.00; β=−0.63–0.18), onsetAirTEMP (Σwi=0.27–1.00;
β=0.16–0.78), and onsetRH (Σwi=0.31–1.00; β=0.17–
0.49), which were incorporated as predictors in three to
four of the populations. Overall, the number of hours in
which tree frog choruses were active increased in nights
earlier in the breeding season, with larger number of

males attending the chorus and with warmer and wetter
air at the onset of the calling activity (Table 6 and
Fig. 3) . Among populat ions, the inf luence of
sizeCHORUS on chorus duration was positively associ-
ated with the population size and the seasonal mean of
chorus duration. The sized-biggest population showed
the largest rates of chorus duration as well as the largest
magnitude effects of sizeCHORUS in regression models
of chorus duration (HHme, 7.2 h per night; β=0.8),
while the sized-smallest population showed the shortest
rates in these two indices (CHmo, 3.6 h per night; β=
0.0). Other predictor variables were nightCLOUD [i.e.,
mean barometric pressure (hectopascal) during the cho-
rus] and prevCHORUS (i.e., the number of hours of
chorusing activity the previous night), which were both
positively associated with chorus duration in HHme (Σwi=
1.00). Thus, chorus duration exhibited similar number of
associations with social and environmental factors than
chorus occurrence, although with less strong effects and
accounting for a lower portion of its variance.

Table 5 Standardized regres-
sion coefficients (β) and relative
importance (Σwi) from multiple
binomial regressions of the daily
occurrence of tree frog chorus
(chorus occurrence) on 17 social
and environmental variables
(Table 3), for four sites located at
the Iberian thermal extremes of
the tree frogs range

Model selection was based on
multimodel inference, using
Akaike information criterion
corrected for small sample sizes
(full set of models, ΔAICc<2)
and parameters estimated by
model averaging. Variance in-
flation factor (VIF) was set to <3
as multicollinearity threshold.
Σwi: relative importance of each
variable in the AIC multimodel
inference, calculated as sum of
Akaike weights of the models
where each variable was selected
(ESM Table 1)

Hyla molleri Hyla meridionalis

Cold site (n=86) Hot site (n=175) Cold site (n=117) Hot site (n=252)

β Σwi β Σwi β Σwi β Σwi

prevSizeCHORUS

Level 2 0.72 – 0.51 – 0.84 –

Level 3 7.07 – 2.81 – 2.07 – 1.22 –

Level 4 1.16 – 2.80 – 2.34 – 2.50 –

Level 5 4.75 1.00 4.56 1.00 4.54 1.00 22.54 1.00

numDAY

minDayTEMP 0.74 0.33

maxDayTEMP 0.83 0.35 0.97 0.30 −0.38 0.11

chgTEMP 2.12 1.00 0.40 0.10 0.51 0.11

2hSunsTEMP

dayRH 0.03 0.10 1.92 1.00

prevRH 1.19 0.39 −0.74 0.15

twoRH −0.74 0.34 −0.83 0.29

2hSunsRH

dayPRESS −0.84 0.24 0.61 0.22 0.73 0.34

chgPRESS 0.98 0.27 1.37 1.00 0.40 0.10 0.36 0.12

2hSunsCLOUD

phaseMOON −0.54 0.18

minDayTEMP2

maxDayTEMP2

2hSunsTEMP2

No. of predictors 5 8 6 6

Nagelkerke's R2 0.672 0.763 0.723 0.890

Explained deviance 0.507 0.612 0.564 0.794

Maximum VIF 2.1 2.9 2.7 2.3
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Model comparisons

The statistical comparisons between regression models
revealed that the intercepts and the slope coefficients of
the environmental and social determinants of chorus
occurrence were similar between conspecific popula-
tions at thermal extremes, whereas those of chorus
duration differed markedly. Higher information loss
was obtained in all the models of chorus occurrence
including an indicator for population (i.e., models with
separate equations for each population; H. molleri:
ΔAICc=22.2; H. meridionalis: ΔAICc=10.5; in sym-
patry: ΔAICc=21.9) than in the combined models with
common equations for both populations, which showed
a larger strength of evidence in all cases (H. molleri:
wi=1.00; H. meridionalis: wi=0.99; in sympatry: wi=
1.00). In contrast with chorus occurrence, the coeffi-
cients for chorus duration exhibited marked differences
between populations, as shown by higher Akaike

weights in all the models with an indicator for popu-
lation and interaction terms between this factor and
each predictor (H. molleri: wi=1.00; H. meridionalis:
wi=1.00; in sympatry: wi=0.99). The combined models
of chorus duration with common equations for both
cold and hot populations resulted in models with
higher AICc values (H. molleri: ΔAICc=29.2; H. mer-
idionalis: ΔAICc=24.0; in sympatry: ΔAICc=9.8).
From the AIC multimodel inference in combined mod-
els of chorus duration, the indicator for population
were incorporated in all models with ΔAICc<2 (Σwi=
1.00 in all cases; H. molleri: β=1.07; H. meridionalis: β=
−0.60; in sympatry: β=0.09), as well as several interaction
t e rms (H. mo l l e r i : n umDAY, on s e tA i rTEMP,
meanWatTEMP, and onsetRH; Σwi=0.04–0.58; β=
−0.80–0.50; H. meridionalis: onsetRH, onsetAirTEMP,
prevCHORUS, numDAY, and sizeCHORUS; Σwi=0.39–
1.00; β=−0.17–0.65; in sympatry: numDAY; Σwi=1.00;
β=−0.38).
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Fig. 2 Scatter plots and logistic
functions showing the
univariate relationships
between chorus occurrence
(probability of daily presence/
absence of tree frog chorus) and
its major exogenous
determinants in each study site,
as shown by AIC multimodel
inference: (top row)
prevSizeCHORUS, maximum
size of the chorus the previous
night (calling index with values
between 0 and 5); (second row)
chgTEMP, change in daytime
mean of air temperature
(degrees Celsius) from the
previous day; (third row)
dayRH, mean relative humidity
(percent) during daytime; and
(bottom row) chgPRESS,
change in daytime mean of
barometric pressure
(hectopascal) from the previous
day. CHmo and HHmo: cold
and hot populations of Hyla
molleri, respectively. CHme
and HHme: cold and hot popu-
lations of Hyla meridionalis,
respectively. HHmo and CHme
are sympatric populations. Size
of points is proportional to the
square root of the number of
observations
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Discussion

Determinants of chorus occurrence

Multimodel inference supports the effect of the daytime
weather conditions on the daily lek formation in tree frogs
(chorus occurrence), suggesting that decision making re-
lated to chorus attendance (e.g., migration and calling
behavior) is environment-dependent and takes place at
time between lekking events. As shown in previous
works, air temperature (Heinzmann 1970; Schneider
1971; Blankenhorn 1972; Obert 1975; Salvador and
Carrascal 1990; Fukuyama and Kusano 1992; Brooke et
al. 2000; Oseen and Wassersug 2002; Steelman and
Dorcas 2010), relative humidity (Oseen and Wassersug
2002; Steelman and Dorcas 2010), and barometric pres-
sure (Blankenhorn 1972; Henzi et al. 1995; Brooke et al.
2000; Oseen and Wassersug 2002; Steelman and Dorcas
2010) markedly affected the temporal patterns of chorus-
ing activity (β>1), although their magnitude effects dif-
fered among populations and species. This implies that
environmental factors may act as cues for lekking species
to determine the optimal time to lek, as suggested by

Brooke et al. (2000). The prominent costs associated with
lekking behavior (e.g., Ryan et al. 1981; Tuttle and Ryan
1981; Taigen and Wells 1985; Prestwich 1994; Grafe and
Thein 2001) would promote that males attending leks or
choruses restrict their presence in arenas or breeding
points according to environmental conditions.

Such behavioral strategy is expected to be specially
marked in species with prolonged breeding patterns
(Wells 1977; Oseen and Wassersug 2002), as both spe-
cies of this study, in which the arrival of females at the
breeding points occurs asynchronously along the season.
Our results were in agreement with the hypothesis pro-
posed by Wells (1977) that predicts that prolonged
breeders displaying in lek or chorus would respond
intensely to environmental conditions as a means of
regulating their energy budget throughout long repro-
ductive periods and of increasing the probability to
encounter receptive females. Moreover, Murphy (2003)
found a similar response to environmental variables in
both females and males of Hyla gratiosa, suggesting
that males could assess the same variables to predict
female abundance and thereby the payoff of attending
the chorus, which might explain the widespread

Table 6 Standardized regres-
sion coefficients (β) and relative
importance (Σwi) from multiple
linear regressions of the nightly
duration of tree frog chorus
(chorus duration) on 16 social
and environmental variables
(Table 4), for four sites located at
the Iberian thermal extremes of
the tree frogs range

Model selection was based on
multimodel inference, using
Akaike information criterion
corrected for small sample sizes
(full set of models, ΔAICc<2)
and parameters estimated by
model averaging. Variance in-
flation factor (VIF) was set at <3
as multicollinearity threshold.
Σwi: relative importance of each
variable in the AIC multimodel
inference, calculated as sum of
Akaike weights of the models
where each variable was selected
(ESM Table 2)

Hyla molleri Hyla meridionalis

Cold site (n=38) Hot site (n=84) Cold site (n=56) Hot site (n=118)

β Σwi β Σwi β Σwi β Σwi

prevCHORUS 0.21 0.42 −0.18 0.37 0.16 1.00

sizeCHORUS

Level 3 0.01 –

Level 4 0.10 – 0.22 – 0.46 –

Level 5 0.30 0.84 0.55 1.00 0.80 1.00

numDAY 0.18 0.05 −0.63 1.00 −0.48 1.00 −0.35 1.00

meanAirTEMP

onsetAirTEMP 0.78 1.00 0.46 1.00 0.16 0.27 0.22 1.00

meanWatTEMP −0.33 0.71

onsetWatTEMP

nightRH

onsetRH 0.17 0.31 0.49 1.00 0.21 0.60 0.25 1.00

nightPRESS 0.14 0.38 −0.06 0.29

nightCLOUD −0.11 0.21 0.17 0.37 0.14 1.00

phaseMOON 0.27 0.61

meanAirTEMP2

onsetAirTEMP2

meanWatTEMP2

onsetWatTEMP2

No. of predictors 6 6 6 7

Model adjust R2 0.376 0.465 0.520 0.685

Maximum VIF 2.6 2.4 2.6 2.9
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correlations between females and males attending leks
or choruses (e.g., Henzi et al. 1995; Höglund and
Alatalo 1995).

Among the daytime environmental variables, those
recorded along the entire day (i.e., mean and maximum) or
calculated as changes from previous days (i.e., trends) were
selected over variables measuring conditions at a short time
before chorus formation (i.e., 2 h before sunset). This indi-
cates that males may be influenced by weather factors across
a large temporal window: more than 2 h before the onset of
chorusing activity. In contrast, Blankenhorn (1972) found
temperature at 19 h as the major predictor factor of chorus-
ing in a German population of H. arborea.

In most populations, maximum or minimum daytime of
air temperature was positively associated with chorus oc-
currence, suggesting that warmer daytime favor chorusing
activity in populations of tree frogs located at both cold and
hot thermal extremes. Ectothermy conditions multiple

physiological and behavior processes in amphibians, includ-
ing those related to acoustic communication (reviewed in
Narins 2001). In other temperate zone anurans, temperature
has been found to be the most common weather factor
influencing calling activity (e.g., Heinzmann 1970;
Fukuyama and Kusano 1992; Oseen and Wassersug 2002;
Steelman and Dorcas 2010). Within particular thresholds of
temperature, higher body temperatures favor calling activity
because they enhance some physiological processes in-
volved in sound production, such as metabolic rate, heart
rate, circulating sexual hormones, or mechanical properties
of muscles (Rome et al. 1992; Prestwich 1994; Navas and
Bevier 2001). Furthermore, as a consequence, acoustical
features of emitted signals at higher temperature become
shorter in duration and higher in rate (e.g., Schneider
and Eichelberg 1974; Crespo et al. 1989; Prestwich
1994). Such acoustical features are often preferably
selected by females in many species (e.g., Gerhardt
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Fig. 3 Scatter plots and linear
functions showing the
univariate relationships
between chorus duration
(nightly duration of tree frog
chorus) and its major
exogenous determinants in each
study site, as shown by AIC
multimodel inference: (top row)
sizeCHORUS, maximum size
of the chorus that night (calling
index with values between 0
and 5); (second row) numDAY,
day number of the breeding
season (from 1 onwards); (third
row) onsetAirTEMP, air
temperature (degrees Celsius) at
the onset of the chorus; and
(bottom row) onsetRH, relative
humidity (percent) at the onset
of the chorus. CHmo and
HHmo: cold and hot popula-
tions of Hyla molleri, respec-
tively. CHme and HHme: cold
and hot populations of Hyla
meridionalis, respectively.
HHmo and CHme are sympatric
populations. Size of points is
proportional to the square root
of the number of observations
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and Huber 2002), and also in H. arborea and H. mer-
idionalis (Gerhardt and Schneider 1980; Schneider 1982).
Thus, the effect of temperature on anuran activity has been
proposed to explain the phenological differences in the onset
of breeding season across a latitude gradient, as a reflection of
the successive rise of temperature from southernmost to north-
ernmost sites (Schneider 1971).

However, regression analysis revealed that the major
exogenous determinant of the daily occurrence of lekking
behavior in all populations was the estimated number of
males attending the lek the previous night (positive associ-
ation), which showed a greater predictive ability than a
combination of variables measuring the weather conditions
before lek attendance. When the size of the group display is
restricted or nil the previous night, the probability of chorus
formation decreases. This was probably due to a twofold
reason. First, chorus size the previous night may increase
the probability of chorus formation because (1) chorusing
activity may induce other males to migrate and aggregate to
the chorus in the consecutive nights (e.g., Brooke et al.
2000; Gerhardt and Huber 2002), and it may expect that
the bigger the chorus size, the further the communication
distance and the social facilitation between conspecifics; (2)
levels of circulating sexual hormones related to the trigger-
ing of calling behavior may remain high in males during a
few days (for review, see Walkowiak 2007; Fritzsch et al.
1988), enabling a male to be active for more than a night,
and hence, the larger the chorus size, the larger the number
of males with hormonal conditions to attend the chorus in
subsequent days; (3) factors constraining chorus attendance
(e.g., Murphy 1994) are expected to have a more restricted
effect, in absolute terms, on larger choruses than in small
ones, so that the larger the chorus size the previous night, the
smaller the number of males affected by mortality, depletion
of energy reserves, or mating success that abandon the
chorus in the next nights. Second, the timing of lek forma-
tion followed a clumped pattern across the season. Once it
began, chorusing activity occurred almost daily within the
breeding season, with a mean of only 10 % of the days
lacking of choruses. Thus, it is not surprising that chorus
size the previous night showed a markedly association with
the daily occurrence of tree frog chorus. This explanatory
variable functions as a first-order autoregressive factor in the
time series of chorus occurrence (Chatfield 2003).

It should be noted that in this study, we investigate the
responses of the lek or chorus (i.e., male aggregation) as a
whole, instead of individual responses of the males within
the lek or chorus that cannot be discriminated by using
ARS. Chorus tenure (i.e., number of nights males attended
a chorus along the season) seems to be abbreviated in hylids
(e.g., Grafe and Meuche 2005), which may be determined
by multiple factors, such as energetic constraints, mortality,
and hormonal levels fluctuations (Murphy 1994; Emerson

2001). However, as shown in this and other studies (Grafe
and Meuche 2005), chorusing activity of tree frogs occurs
nearly all nights within the breeding season, owing to an
asynchronous presence of males in the chorus. Therefore,
factors constraining chorus attendance in a given individual
male only can be partly accounted for results from acoustic
monitoring as those reported here.

Determinants of chorus duration

Similarly to what was observed for timing, the nightly
duration of chorusing activity (chorus duration) was influ-
enced by a large set of exogenous factors, although with
lower magnitude effects (β<1). As major predictor variables
of chorus duration, the AIC multimodel inference selected
chorus size, number of day, air temperature, and relative
humidity at the onset of the chorus. The negative relation-
ship between number of day and the nightly duration of tree
frog chorus consistently found in all populations, except the
population with the shortest breeding season (CHmo), indi-
cates that chorusing activity was more intense in the early
season. At this time, the peak activity tends to take place
(Brooke et al. 2000; Grafe and Meuche 2005), with longer
and larger choruses. This was supported by our results,
which showed that also the estimated number of males in
the chorus (chorus size) was positively associated with the
number of hours of chorusing (chorus duration). The larger
the size of the chorus, the longer it lasted nightly. Previous
studies have found such correlation in other hylids (Wells
and Taigen 1986; Murphy 1999), which may probably be
owing to a twofold reason.

First, the probability of late female arrival to the chorus is
environment-dependent, as has been shown in H. gratiosa
(Murphy 1999), and presumably increases in larger choruses
because the number of males and females attending leks or
choruses is often largely correlated (e.g., Henzi et al. 1995;
Höglund and Alatalo 1995). Thus, it might be expected that
males use exogenous variables in decision making related to
the time invested in chorusing, and they prolong their call-
ing activity in larger choruses to increase the probability of
encountering late-arriving females.

Second, the positive association between chorus size and
chorus duration may be interpreted as a feedback process
caused by intrasexual competition and acoustic social facili-
tation. It has been well established that social facilitation
markedly influences on acoustic displays. Playback experi-
ments that have explored acoustic male–male interaction (e.g.,
Alexander 1961; Lopez et al. 1988; Weary et al. 1991; Jehle
and Arak 1998; Bosch and Márquez 2001), as well as phys-
iological studies on the neural basis of vocal production (for
review, see Gerhardt and Huber 2002;Walkowiak 2007), have
emphasized that acoustic displays results from a complex
integration of auditory and motor systems. Calling behavior
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can be acoustically stimulated by the presence of conspecific
calls, whichmay promote hormonal secretion related to sexual
displays (Wilczynski and Chu 2001), and evoke vocal
responses from both active and silent males (Capranica
1966; Ryan and Rand 1998). Thus, calling activity from
conspecifics affects the timing of group acoustic displays
(Brooke et al. 2000; Wells and Taigen 1986). Thereby, it is
reasonable to assume that, in a feedback process, the number
of calling males in a chorus influences in turn the time
invested by these males in calling activity or even the recruit-
ment of more males into the chorus. Sexual competition has
been suggested as the ultimate cause of this type of social
facilitation (e.g., Gerhardt and Huber 2002).

Intraspecific variation at thermal extremes

The contrast of determinants of timing and duration of
sexual displays under different climatic conditions indicates
that the factors constraining lekking behavior show both a
general species-specific pattern (for timing) and a
population-specific pattern (for duration). This suggests that
the exogenous determinants of the daily occurrence of tree
frog chorus may be stable across species ranges, despite the
large differences on climatic conditions and altitude among
their thermal extremes. However, intraspecific variation in
factors influencing lekking behavior may also be found,
such as in chorus duration, similarly to the intraspecific
variation in other aspects of mating systems (territoriality
or display patterns; e.g., Lott 1991; Höglund and Alatalo
1995). Under different selection pressures, e.g., those un-
dergone by populations in divergent climatic conditions, it is
expected that different behavioral strategies evolve to achieve
optimal mating results. The finding of intraspecific variation
in exogenous determinants of lekking behavior implies the
occurrence of mechanisms providing lekking species with
means to cope with environmental heterogeneity and chang-
ing environments. Since Iberian and Mediterranean tree frogs
show both low intraspecific and interspecific genetic variation
(Rosa and Oliveira 1994; Stöck et al. 2008), plasticity mech-
anisms might presumably underlie this intraspecific variation
in exogenous determinants of chorus duration.

Previous works based on regression analyses of multiple
weather variables have found that Pseudacris crucifer show
similar environmental determinants of chorusing activity
between distant populations, namely those located at New
Brunswick (Canada; Oseen and Wassersug 2002) and North
Carolina (USA; Steelman and Dorcas 2010). Moreover,
major predictors of chorus occurrence in this study were
also consistent with those found for a Central European
population of H. arborea (Schneider 1971). Although more
work should be done, these results suggest that the species-
specific factors influencing the timing of group acoustic
displays might be nearly homogeneous throughout the

distribution range of anuran species. However, few studies
have examined determinants of chorus duration under con-
trasted environmental conditions. Differences in methods
used between studies prevent us to draw conclusions for
other species, e.g., Lithobates catesbeianus, monitored in
Texas (USA; Blair 1961) and New Brunswick (Canada;
Oseen and Wassersug 2002). Furthermore, Navas (1996)
found neither intraspecific difference in body temperature
of calling anurans nor in daily pattern of sexual displays
between populations at 2,900 and 3,500 m.a.s.l. of three
tropical Andean species. Ritke et al. (1992) and Brooke et
al. (2000) examined the relationships between weather and
chorusing behavior at several breeding sites located at less
than 2 km from each other. They found slight variations on
daily and seasonal pattern of chorusing among sites due to
site-specific factors (e.g., water availability) as well as com-
mon factors (temperature, rainfall, etc.).

Steelman and Dorcas (2010) proposed the use of predic-
tive models of chorusing activity based on environmental
variables in calling surveys to increase the likelihood of
detection and to assist in the interpretation of data. To
extend the application of this proposed method, one must
assume first that species-specific predictive models obtained
from a single location are extrapolated to other populations
of the same species but under different climatic conditions.
Our results suggest that such extrapolation is possible. At
least for H. molleri and H. meridionalis, but probably for
other species displaying in leks or choruses, one model for
each species may be enough to predict accurately the daily
or seasonal pattern of acoustic displays of populations
across their distribution range. However, further studies
should confirm this suggestion.

The comparison between sympatric populations showed
that both H. molleri and H. meridionalis responded to the
same exogenous factors determining chorus occurrence.
This similarity in behavioral responses found between spe-
cies might be due to low interspecific genetic variation.
Although they show a clear genetic differentiation in Iberia
(Rosa and Oliveira 1994; Stöck et al. 2008), pre-zygotic
isolation mechanisms exceptionally fail between these spe-
cies, and hybrids have been reported from Iberian sympatric
populations (Oliveira et al. 1991; Rosa and Oliveira 1994;
Barbadillo and Lapena 2003). Therefore, one may hypoth-
esize that genetic divergence is still low. Consequently, it is
not surprising that the ecological constraints influencing the
initiation and maintenance of lekking behavior be very
similar in Iberian and Mediterranean tree frogs, and thus
the probability of occurrence of group acoustic displays be
affected by the same exogenous factors.

The results of this intraspecific comparison between pop-
ulations at thermal extremes might be interpreted in terms of
anuran adaptation to global warming. In the last decades, it
has become pivotal for current biology assessing the
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influence of temperature on animal communities to better
predict and comprehend the biological consequences of the
recent climate change (Schwenk et al. 2009). Temperature is
the most pervasive factor that affects amphibian physiology,
behavior (e.g., Rome et al. 1992; Wells 2007), and that
influences multiple stages of anuran acoustic communica-
tion, such as calling behavior, acoustic signal features, sig-
nal reception, and post-reception behavior (Fritzsch et al.
1988; Ryan 2001; Gerhardt and Huber 2002; Narins et al.
2007). Anuran populations from the southern limit of the
temperate zone are particularly vulnerable to climate
change. Global and regional scenarios for the Medi-
terranean Basin suggest that this region might be one of
the most climatically altered in the next decades (Solomon
et al. 2007; Giorgi and Lionello 2008). For the Iberian
Peninsula, climate projections for 2041–2100 predict a
sharp warming and pronounced decrease in rainfall, mainly
in spring and summer (Trigo and Palutikof 2001; Paredes et
al. 2006; Solomon et al. 2007). In light of our results,
chorusing activity in Iberian and Mediterranean tree frogs
may not be greatly affected by the recent global warming,
other than to show an earlier phenology. As a result of the
global rise of temperatures, the lower calling threshold will
probably be met at an earlier date, and consequently, chor-
using activity and breeding would also start earlier in these
species. A general trend toward early breeding as an effect
of global warming has already been determined on amphib-
ian populations (e.g., Beebee 1995; Blaustein et al. 2001;
Tryjanowski et al. 2003). However, further studies and long-
term acoustic monitoring will be necessary to clarify the
impact of these changes on population dynamics of temper-
ate zone anurans.
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