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Abstract
Female mate choice is often thought to be based on signals that honestly reflect male quality as
a potential mate. However, while particularly costly acoustic signals have often been studied, the
existence of differences in energetic costs among males has rarely been considered. These differ-
ences may be decisive in many ‘income breeding’ species in which males face a trade-off between
calling in order to attract females and foraging to renew their energetic reserves. We thus examined
calling energetic costs in an income breeder, Hyla arborea (L.), known to produce costly energetic
calls, in order to explore the sources of inter-individual variability. After an arginine vasotocin in-
jection, we determined the relationships between energetic costs (via oxygen consumption), call
characteristics and male morphology. We found a strong variation in male calling energetic costs.
For the same call rate, some males consumed oxygen at a rate four times greater than others. This
difference was mainly explained by male size, bigger males consuming less oxygen per gram of
tissues than smaller ones during calling. In addition, an acoustic parameter, within bout call rate,
also influenced the energetic cost of emitted signals. These findings highlight the importance of
calling energetic cost in income breeding species which have strong consequences on sexual selec-
tion processes. Indeed, energetic constraints are key parameters to understand the inter-individual
variation in call characteristics. Males with a reduced cost may increase their chorus tenure and/or
the attractiveness of their calls. Regarding female mate choice, choosing a big male may involve
indirect benefits linked both to male size and to calling cost.

Keywords
sexual selection, acoustic communication, calling cost, body size, oxygen consumption, anu-
rans, honest signal, arginine vasotocin.
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776 Calling metabolism in an income breeder

1. Introduction

Sexual selection is a form of selection which favours individuals, male or
female, that are more adept at exploiting their partner’s capacities to produce
numerous, viable and fertile offspring (Andersson, 1994). In many species,
females invest more than males in reproduction, and also often select their
sexual partner (Emlen & Oring, 1977; Andersson, 1994). Many studies have
investigated the phenotypic male traits females assess when choosing their
mate (Richardson et al., 2008, 2010a,b; Richardson & Lengagne, 2010).
These traits are expected to honestly reflect male quality. Zahavi (1975)
suggested that signals will be honest when they are costly to produce or to
maintain and when this cost is related to the physical condition of the emitter.
Signals can also be honest when their production is mechanically related to
characteristics of the sender (Maynard-Smith & Harper, 1995).

In anurans and orthopterans, acoustic signals play a crucial role in repro-
duction (Gerhardt & Hubert, 2002). Many experimental studies have shown
female preference for energetically costly call parameters, such as high call
rates, or for call parameters which are related to certain morphological char-
acteristics (e.g., preference for low frequencies which reflect large body size,
reviewed in Gerhardt, 1994). Field studies have also found a strong correla-
tion between male mating success and the number of nights spent calling
throughout the breeding season (known as chorus tenure, Gerhardt, 1987;
Sullivan & Hinshaw, 1992; Meuch & Grafe, 2009). Males are, therefore, ex-
pected to maximize their chorus tenure. Surprisingly however, the majority
of field studies conducted to date on anurans have found that males spend
relatively few of the nights of the breeding season actively calling (e.g., Ja-
cobson, 1985; Murphy, 1994a; Friedl & Klump, 2005; Grafe & Meuche,
2005).

Why then do males not lengthen their calling activity in order to increase
their mating success? The energetic constraint hypothesis (Murphy, 1994b)
suggests that the energetic cost of calling is such that callers are unable to
obtain sufficient energy to call for more than a small portion of the breed-
ing season. Laboratory analyses have indeed found that calling imposes an
extremely high metabolic cost in anurans. In most species studied to date
this cost (assessed through O2 consumption) by far exceeds that of forced lo-
comotory exercises (reviewed in Wells, 2007 and see Stoddard & Salazar,
2011). This constraint is particularly high in ‘income’ breeding species
(sensu Jonsson, 1997) that face a time trade-off between producing sexual
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signals and foraging. In his study of Bufo rangeri, Cherry (1993) indeed
observed that males lose weight when they call whereas they gain weight
during their movements outside the breeding site, which suggests that they
leave it in order to forage for food. A few studies suggest that the weight lost
due to calling varies amongst individuals. Tejedo (1992) found that big Bufo
calamita males lost weight slower than small males during the time spent
at the breeding site and could, therefore, remain there for a greater num-
ber of nights. The physiological basis of this relationship may be similar to
the allometric scaling of the metabolic cost of transport to (body mass)−0.32

(Alexander, 2005). Such allometric relationship suggests a higher efficiency
of large animals’ muscles involved in locomotion (Casey & Ellington, 1989)
and we suggest that this process could also be involved in calling energetic.

Call rate is an important predictor of the cost of acoustic signals, with a
linear correlation between O2 consumption and call rate (Taigen & Wells,
1985; Wells & Taigen, 1986, 1989; Grafe, 1996; Wells et al., 1996). How-
ever, Grafe & Thein (2001) underline that “there is an additional unappre-
ciated variation resulting from differences in the morphology and/or phys-
iology of males such that calling at the same rate can cause a threefold
differences in O2 consumption”. Surprisingly, very few studies address the
sources of this inter-individual variability (McLister, 2001) but based on the
potential higher muscle efficiency of large individuals (Alexander, 2005), we
can hypothesize that large males will exhibit lower energetic cost of calling
compared to small ones.

Hyla arborea is a European hylid known to produce costly energetic calls
(Grafe & Thein, 2001). During the seven weeks of the reproductive season,
males alternate periods of calling and foraging (Grafe & Meuche, 2005;
Meuche & Grafe, 2009). Friedl & Klump (2005) found that the H. arborea
males they followed in the field were only present in the chorus for a few
nights (mean ± SD 12.53 ± 6.61). In the present study which focuses on the
energetic cost of acoustic signals, we investigated (i) whether large males
are more effective than small ones during calling and (ii) whether some call
characteristics are correlated with these differences in energy expenditure.

2. Materials and methods

2.1. Study area, source populations and animals

Hyla arborea is a small treefrog (mean weight ± SD 5.3 ± 1.5 g and snout–
vent length 42.2 ± 2.7 mm; Richardson et al., 2008) found throughout central
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and eastern Europe. During its prolonged breeding season, from mid-April
to the end of May in these latitudes, the males congregate around ponds
from which they call at night during several hours in favourable meteoro-
logical conditions (no wind, minimal temperature: 4.5°C; Friedl & Klump,
2002). In this study conducted in 2008, males came from three French
populations located around Lyon, one called ‘Planches’ (P), near Crémieu
(5°21′7′′E, 45°44′20′′N), and the two others from the Gresivaudan valley,
‘Cheylas’ (C) and ‘Laissaud’ (L) (5°59′48′′E, 45°22′53′′N and 6°3′51.02′′E,
45°28′18.02′′N, respectively).

2.2. Arginine vasotocin treatment

Each male was weighed to the nearest 0.01 g and then injected with a dose
of arginine vasotocine (AVT, Sigma; 2 μg·(g wet weight)−1). AVT is a dis-
inhibiting hormone (Marler et al., 1995) which generates calling behaviour
in males regardless of their quality, size, motivation and stress. Indeed, calls
from males as small as 3.1 g and as large as 9.3 g were obtained, thus consti-
tuting a representative sample of both high and low quality males. To avoid
a potential bias induced by the hormone, two preliminary studies have been
conducted to assess the AVT effect on signal structure and on oxygen con-
sumption adjusted for the calling activity. First, the effect of AVT injection
has been determined by comparing calling activity of 18 males in two situa-
tions: with AVT (2 μg·(g of AVT wet weight)−1) versus ‘with no injection’
(control period). Then, the effect of AVT by itself has been evaluated by com-
paring calling activity of 12 males in two situations: with AVT (2 μg·(g of
AVT wet weight)−1) versus ‘with saline injection’ (equivalent volume of
0.9% saline). In all cases, the order of the treatment was determined at ran-
dom and analyses were based on recording from 10 to 20 min. In the second
preliminary study, the calling activity and oxygen consumption of 19 males
have been recorded (using the methodology described below) without AVT
injection to test if the mass effect on oxygen consumption is affected by the
hormone (by comparing these data with those obtained with AVT injected
males).

2.3. Oxygen consumption

In order to obtain relevant mass values of the frogs, individuals were kept for
24 h before the experiments, ensuring the purge of the gastrointestinal tract
(Brepson, unpublished data). In addition, the mass of the individuals were
only used if the frogs urinated just before being weighted.
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Energy expenditure was measured by indirect calorimetry using an open-
circuit system. After capture, the frogs were placed in a 750 ml metabolic
chamber in the dark. The chamber was placed in a thermostatic box (22 ±
1°C) and connected to a high pressure air bottle (Air Liquide, SA) filled with
air (Respal-CT), which pushed air through the chamber since a regulator-
flowmeter (Minibloc, Air Liquide) at a rate of 150 ml·min−1 (±5%). A sub-
sample of the exhaust air from the chamber was drawn continuously through
columns of Drierite to trap moisture. Oxygen content was then measured by
a Servomex O2 Analyser (Servomex). The gas analyser constantly recorded
the fractional oxygen concentration in the modified air and sends the values
every 10 s to a computer to track the time-course of oxygen consumption.
A delay of 60 s between the time of a breath and a deflection in oxygen
concentrations measured by the analyzer occurred and has been taking into
account.

Excel software (Windows) was used to convert changes in fractional oxy-
gen concentration to values of V̇O2 in ml O2 per gram of fresh tissue per hour
using a simplified version of the method of Depocas & Hart (1957), taking
into account only oxygen. All gas measurements were corrected to standard
temperature and pressure dry (STPD). Frogs were allowed to settle in the
chamber for at least 1 h before the start of a trial to reach a thermal equilib-
rium with the chamber air and were simultaneously stimulated with a chorus
playback.

2.4. Call recording

Simultaneously to oxygen consumption measurements, the calling activity of
males was recorded using a Sony ECM-T6 directional microphone (Sony),
placed outside the respirometric chamber, connected to a Tascam US 144
soundcard (Teac) and a notebook computer (recording software: Cool Edit
Pro, sampling frequency 16 kHz). Each male was recorded for a minimal
period of 30 min.

We stimulated male calling by broadcasting chorus noise recorded at the
study site, via an amplified loudspeaker (KH pas-100). We chose a recording
in which no male was louder than the others in order to avoid any risk of
the tested male responding to the calls of a particular competitor (for more
details, see Richardson et al., 2008).

Simultaneous measurements of V̇O2 and calling activity were collected
from 35 frogs (11 from Planches, 15 from Laissau and 9 from Cheylas)
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Figure 1. Organisation of mating calls of Hyla arborea. (a) Waveform demonstrating the
organisation of calls into bouts. (b) Spectrogram of a single call. This figure is published in
colour in the online edition of this journal, which can be accessed via http://booksandjournals.
brillonline.com/content/1568539x/149/7.

between 2200 h and 0200 h. Concomitantly, different calling properties were
measured over the corresponding periods of V̇O2 after allowing for the 60-
s time lag. In this species, mating calls are produced in series, known as
bouts (Figure 1), which usually contain between 10 and 30 calls. From the
entire recording, we extracted the main acoustic characteristics using Avisoft
Saslab (Avisoft BioAcoutics): call duration (ms), dominant frequency (the
frequency with the highest energy, in Hz), within-bout call rate (WCR, in
calls·s−1) and the call rate (in calls·h−1). Due to the potential displacement
of the animal into the respirometric chamber, the call amplitude was not
correctly assessed and, thus, not included into statistical analyses.

All the animals were released at the breeding site on the night following
the metabolism and calling recording.
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2.5. Statistical analysis

Statistical analyses were conducted using R™ v2.7.2 (2010) software. First,
the effect of AVT treatment on call properties was assessed using paired t

tests. In addition, regarding the analyses focused on metabolism, the poten-
tial population effect was considered as a random effect in mixed-effects
linear models fitted by maximum likelihood (package ‘nlme’, Pinheiro et
al., 2009). Since the variability due to population effects was negligible and
the estimated parameters were rigorously the same with or without random
effect, we used linear regression for the following models. The first model
explains oxygen consumption (in ml O2·g−1·h−1) by call rate (in calls·h−1).
The following models are looking for factors inducing variability around the
first model. The chosen models have been selected by the Akaike Informa-
tion Criterion (AIC). Factors tested were: call duration, within-bout call rate
(WCR) and mass. All second-order interactions between factors have been
tested and removed if not significant. For all models, variance homogene-
ity, residuals normality and residuals independence have been checked. Each
factor effect has been drawn using the package ‘effects’ (Fox, 2003) which
represent the relationship between one factor and the response variable (with
its 95% confidence envelope) averaging the other factor effects.

3. Results

During the recordings (50.9 ± 16.9 min; mean ± SD) tested males (mean
mass ± SD: 5.47 ± 1.54 g, range: 3.13–9.31 g) emitted on average 3023 ±
2669 calls (mean ± SD).

3.1. Effect of AVT on signal structure and O2 consumption

As shown in Table 1, AVT injection induced a significant difference on only
one parameter that is WCR by lowering it. However, the interaction between
AVT effect on WCR and mass was not significant (regression between WCR
changes due to treatment and mass, R2 = 0.056, p = 0.276). Nevertheless,
when considering the effect of AVT on mass-specific oxygen consumption,
the interaction between log(mass) and AVT injection was significant and
positive (estimate ± SE = 3.58 ± 0.94, t = 3.811, p < 0.001). This re-
sult indicates that large males showed a stronger increase in their oxygen
consumption than small ones with AVT injection, generating a bias in re-
sults observed with AVT injection. However, since we expected a negative
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Table 1.
Effect of arginine vasotocin (AVT) injection (2 μg·(g wet weight)−1) on different call prop-
erties in Hyla arborea.

Call
property

Type of
comparison

N Mean of the
difference

95% CI boundaries df t p

Bottom Top

Call duration AVT vs. no 18 −2.333 −5.273 0.606 17 −1.675 0.112
injection

Call duration AVT vs. 12 −1.833 −6.477 2.811 11 −0.869 0.404
saline
injection

Dominant AVT vs. no 18 17.250 −43.386 77.886 17 0.600 0.556
frequency injection

Dominant AVT vs. 12 −17.792 −91.987 56.403 11 −0.528 0.608
frequency saline

injection

WCR AVT vs. no 18 −0.372 −0.574 −0.171 17 −3.902 0.001∗∗
injection

WCR AVT vs. 12 −0.578 −0.998 −0.158 11 −3.027 0.012∗
saline
injection

Call rate AVT vs. no 18 432.674 −1403.032 2268.379 17 0.497 0.625
injection

Call rate AVT vs. 12 1642.959 −1628.510 4914.428 11 1.105 0.293
saline
injection

WCR, within-bout call rate.
∗ Significant difference, p < 0.05.
∗∗ Significant difference, p < 0.01.

correlation between mass and mass-specific oxygen consumption, the bias
generated by AVT injection was conservative and did not affect the validity
of our results.

3.2. Effect of calling and mass on O2 consumption

Figure 2 shows a positive linear relation between mean O2 consumption and
call rate during the recording. Call rate explained approximately 70% of the
variance in O2 consumption. It is important to notice that our purpose was
not to obtain absolute O2 consumption measurements but to investigate how
males mass affect O2 consumption per gram.
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Figure 2. Effect of call rate, on oxygen consumption of Hyla arborea during the entire calling
recording in 35 males. (Linear model equation: Y = 1.199 + 0.0003043X; R2 = 0.695;
p = 5.03 × 10−10).

In order to test the mass effect, two analyses have been conducted: first,
we used a linear model taking into account the call rate + call duration +
WCR + mass to explain oxygen consumption in ml·h−1. With such analyses,
the data showed a positive effect of all parameters (call rate, WCR and mass)
on oxygen consumption (see Figure 3A–C). In addition, to test the relative
cost of one gram of fresh tissue taking into account the call rate + call
duration + WCR + mass, we used another linear model to explain variability
in term of mass-specific oxygen consumption estimated in ml·g−1·h−1 (see
Figure 3D–F). In both models, the call duration effect has been tested and
removed bringing no information into the model (see AIC values, Table 2).
Since models including call duration or not had close parameter estimations
for the three other factors, model averaging was not necessary.

Residual variance showed that for the same call rate, some males con-
sumed less energy than others (Figure 2). For instance, for a given call rate
some males needed twice as much oxygen as predicted by the model while
others consumed only half the predicted amount.

The results of the chosen linear models (Table 3) showed that oxygen
consumption was influenced by male body mass, call rate and by mean in-
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Figure 3. Effect sizes of call rate, within bout call rate and mass on oxygen consump-
tion and mass-specific oxygen consumption drawn from the two linear models. This fig-
ure is published in colour in the online edition of this journal, which can be accessed via
http://booksandjournals.brillonline.com/content/1568539x/149/7.
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Table 2.
Akaike information criterion (AIC) testing the relative impact of the call rate, call duration,
within-bout call rate (WCR) and mass on oxygen consumption of Hyla arborea during calling
and mass-specific oxygen consumption of Hyla arborea during calling.

Model AIC

Oxygen consumption (in ml·h−1) of Hyla arborea during calling
V̇O2 ∼ call rate + WCR + log(mass) 174.2273
V̇O2 ∼ call rate + WCR + call duration + log(mass) 176.0289
V̇O2 ∼ call rate + WCR 181.7973
V̇O2 ∼ call rate + WCR + call duration 183.6029
V̇O2 ∼ call rate 192.6814

Mass-specific oxygen consumption (in ml·g−1·h−1) of Hyla arborea during calling
Mass-specific V̇O2 ∼ call rate + WCR + log(mass) 48.98291
Mass-specific V̇O2 ∼ call rate + WCR + call duration + log(mass) 50.40303
Mass-specific V̇O2 ∼ call rate + WCR 61.87324
Mass-specific V̇O2 ∼ call rate + WCR + call duration 63.5695
Mass-specific V̇O2 ∼ call rate 67.80628

dividual within bout call rate (WCR). For a given number of calls emitted, a
heavy male consumed less oxygen per gram than a lighter male (Table 3 and
Figure 3F). Taking the lowest and the highest masses among the tested indi-
viduals (3.13 and 9.31 g, respectively), the mass-specific oxygen consump-
tion ranged from 2.86 to 1.60 ml O2·g−1·h−1. In the same way, regardless

Table 3.
Effect of call rate, mass and withinbout call rate (WCR) on oxygen consumption of Hyla ar-
borea during calling and mass-specific oxygen consumption of Hyla arborea during calling.

Estimates Std. error numDF denDF F p

Oxygen consumption (in ml·h−1) of Hyla arborea during calling
Intercept −14.793687 4.159994 1 29 661.1230 <0.0001
Call rate 0.001299 0.000172 1 29 85.0529 <0.0001
log(mass) 5.332611 0.707949 1 29 10.3703 0.0032
WCR 0.000536 0.000128 1 29 17.5115 0.0002

Mass-specific oxygen consumption (in ml·g−1·h−1) of Hyla arborea during calling
Intercept 1.480038 0.695105 1 29 96.1922 <0.0001
Call rate 0.000243 0.000029 1 29 135.6601 <0.0001
log(mass) −1.157065 0.285386 1 29 5.7816 0.0004
WCR 0.000076 0.000021 1 29 12.7248 0.0013
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of the number of calls emitted and individual body size, an individual call-
ing with a higher WCR consumed more O2 than a male calling at a slower
rate. It is noteworthy that body mass and WCR are not correlated (N = 35;
R2 = 0.0028; p = 0.761), thus influencing the oxygen consumption inde-
pendent of each other.

4. Discussion

When a male is calling, we can hypothesize that almost all of the metabolic
rate would be determined by the muscles’ mean force (F , in N), shorten-
ing velocity per duty cycle (v, in ms−1) and number of duty cycles (n,
dimensionless but assumed for 1 s), leading to the following equation:
Pmetabolism = nFv. In terms of behaviour, mean muscle force would relate
most directly to the average energy for each call and the metabolism is,
thus, strongly dependent upon this average energy per call and call rate. The
present study is in agreement with such assumptions since call rate explained
70% of the variance in O2 consumption (see Figure 2). Number studies in
anurans already showed positive correlation between mass-specific oxygen
consumption and call rate (Prestwich et al., 1989; Wells & Taigen, 1989;
Grafe, 1996; Wells et al., 1996; Grafe & Thein, 2001; McLister, 2001). In
addition, for a given call rate and mass, oxygen consumption increases with
within-bout call rate. Calling faster, thus, constitutes a more costly form of
courtship for a male.

Similarly to the observations of Grafe & Thein (2001), we also found large
inter-individual variations in oxygen consumption in H. arborea, with up to
a fourfold difference between males for a given call rate. To date only one
study (McLister, 2001) has explored the sources of inter-individual variabil-
ity in O2 consumption in a hylid (Hyla versicolor) but taking into account
the metabolism in mJ. Nevertheless, because O2 consumption was not cor-
rected by individual mass, the results of the McLister’s study underline the
fact that a big individual needs more O2 to fuel his greater mass of tissue than
a small individual. Using similar analyses, our data (see Figure 3C) confirm
those published by McLister (2001). However, examining inter-individual
variability in mass-specific O2 consumption allowed us to highlight that the
heavier a male is, the less oxygen per gram it consumes while calling (for a
given call rate and within-bout call rate). The heaviest male from our tested
individuals consumed 44% less oxygen per g body mass than the lightest.
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Such conclusion could suffer from a confounding effect due to call ampli-
tude. This hypothesis can likely be dismissed since published data on the
same species at the intra-specific level (Marquez et al., 2005), and studies on
14 other hylid species (Gerhardt, 1975) and 17 African frog species (Pass-
more, 1981) with inter-specific comparison showed no relationship between
size and intensity of calls. Such relation has been found in only one Bufo
species (Gerhardt, 1975). Such discovery, thus, demonstrates a scaling of
the energy cost of calling in the same way to the scaling of energy cost of
locomotion (Alexander, 2005).

4.1. Why do bigger males consume less energy per g body mass in call
production?

As we stated before, males produce calls by using what are known as their
trunk muscles that undoubtedly consume the majority of O2 during call-
ing. However, the mass effect as new explanatory factor approach cannot
be investigated trough the framework described before, since this variabil-
ity does not appear in the equation explaining metabolic rate with muscle
mean force, velocity per duty cycle and number of duty cycles. We can, thus,
hypothesize the occurrence of differences in physiological traits between
large and small males to explain the observed inter-individual variations
and particularly potential differences in muscles functioning. Several inter-
specific comparisons of Neotropical hylids and leptodactylids have found
a strong positive correlation between male calling rates and trunk muscle
lipid content, capillary density, sarcoplasmic reticulum and mitochondria
content (Wells, 2007). Such proximal causes of higher calling capacities
have also been studied at an intra-specific level (Zimmitti, 1999) demon-
strating that males with high calling rates constantly exhibit higher citrate
synthase (CS) activity. We can, thus, hypothesize similar physiological dif-
ferences between big and small males in H. arborea. But this still does not
explain the inter-individual variation in call production cost. Part of the ex-
planation may involve inter-individual differences regarding mitochondrial
content and functioning (Steyermark et al., 2005), especially regarding the
number of ATP molecules produced from ADP for each oxygen atom con-
sumed during substrate oxidation and oxidative phosphorylation, which is
known as the mitochondrial ATP/O ratio. This parameter, often neglected, is
very important in the relationships between acquiring nutrients and ensuring
a suitable supply of oxygen to oxidize them, and producing ATP in quanti-
ties sufficient for growth, survival and reproduction. Up until now, the huge
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majority of studies argued from the oxygen consumed that is not constantly
correlated to ATP synthesis but recent studies in ectotherms demonstrated
implication of ATP/O into the growth and senescence processes (Robert &
Bronikowsky, 2010; Salin et al., 2012). Thus, assessing the ATP/O ratio in
large and small individuals could demonstrate that large individuals perform
an ATP production similar to that of small individuals but with lower oxygen
consumption, reflecting variation in metabolic efficiency (Brand, 2005).

4.2. Male size, energetic calling cost and calling activity

Acoustic signals are very costly to produce in H. arborea (Grafe & Thein,
2001; this study), and in this species, males are considered to be income
breeders with a prolonged breeding season. Thus, males face a trade-off
between calling — which is an energy-consuming activity — and foraging
to renew their energetic reserves. In our study, we have shown for the first
time in anurans that big males spend less mass-specific energy than smaller
males at producing calls (i.e., they consume less oxygen per gram for the
same acoustic output).

A lower calling cost can have various consequences for male calling be-
haviour. With a given amount of energy, males could (i) emit calls that are
both costlier energetically and more attractive to females, (ii) spend more
consecutive nights calling on the breeding site before leaving to replenish
their energetic reserves, (iii) call for a longer time each night. Concerning the
first hypothesis, our study found no correlation between male body mass and
within-bout call rate or bout length (N = 35; R2 = 0.0026; p = 0.770). We
unfortunately have no data regarding call amplitude, which is also known to
determine the energetic cost of call production. Regarding chorus tenure, the
second hypothesis seems more attractive than the third: in prolonged breed-
ing anurans, male mating success has often been explained by the number of
nights males spent calling at the breeding site (e.g., Gerhardt, 1987; Dyson et
al., 1992; Sullivan & Hinshaw, 1992; Murphy, 1994a; Bertram et al., 1996;
Friedl & Klump, 2005) and not by the time spent within the chorus during
the night (Murphy, 1999). Moreover, Friedl & Klump (2005) and Castellano
et al. (2009) found chorus tenure to be positively correlated with male body
mass in H. arborea and H. intermedia, respectively. It now appears neces-
sary to monitor male vocal activity precisely over several successive nights
in order to put these various hypotheses to the test.
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4.3. Why choose big males?

In our study, we showed that bigger males consume less oxygen per gram
during calling than smaller males. These large males are often more attractive
to females in many species (Andersson, 1994). What direct and indirect
benefits could females obtain by choosing big males?

In non-lekking species, the bigger males have been shown to give indirect
benefits to females such as access to the best oviposition sites (e.g., Wells,
1977; Howard, 1978) or a higher fertilisation rate of the eggs (Robertson,
1990). H. arborea is a lekking species (Friedl & Klump, 2005) and, thus,
males are not expected to defend resources for females. Furthermore, as far
as we know, no data showed any difference due to male size in egg fertili-
sation in H. arborea. Once paired, like in other anurans, the female controls
the movement of the pair (Lengagne & Joly, 2010) and, thus, chooses the
oviposition site. It, therefore, seems that bigger males cannot afford any di-
rect benefits to female in H. arborea.

In many anuran species, females can also benefit from mate choice in-
directly because attractive males bequeath superior genes to their offspring.
In H. arborea, as in many other anuran species, there is a negative corre-
lation between call frequency and male size: the bigger a male, the lower
its call frequency and females exhibit a strong preference for low frequency
calls (Márquez & Tejedo, 1990; Richardson et al., 2010a). By pairing with
a larger male, females may gain several indirect benefits. First, we showed
that large males consume less energy per gram of fresh tissue in call produc-
tion than smaller ones. While a particular form of mitochondrial functioning
might not be heritable by pairing with a large male (mtDNA is generally
passed along the maternal line), other characteristics such as higher mus-
cle quality could be heritable to offspring. Secondly, bigger males may also
be viewed as males with better foraging abilities. Indeed, an indirect ben-
efit of female mate preference concerning foraging ability has been shown
in guppies (Poecilia reticulata) with a probable genetic contribution to the
foraging ability from fathers to their offspring (Karino et al., 2005). Lastly,
large males may also be viewed as males that, with the same amount of food,
exhibit a better assimilation of nutrients and a better growth (Secor & Dia-
mond, 1998). Determining how male calling costs affect both male signal
production and female mate choice, thus, promises to significantly advance
our understanding of the mechanisms involved in sexual selection.

Page 39 / 161



790 Calling metabolism in an income breeder

Acknowledgements

We warmly thank Emilien Luquet and Jerôme Prunier for their precious
help in collecting frogs, and the mayors of Optevoz and Le Cheylas for
giving us access to the field sites. We also thank two anonymous reviewers
for their helpful comments on the manuscript. This study was conducted
in accordance with French laws and the experimental protocol adhered to
the Animal Behaviour Society Guidelines for the use of animals in research
and was approved by the Préfecture de l’Isère (decision 2007-03328) and
the Direction of Veterinary Services (permit DSV no. 69266347). It was
supported by an ANR grant (COLAPSE program).

References

Alexander, R. McN. (2005). Models and the scaling of the energy costs for locomotion. —
J. Exp. Biol. 208: 1645-1652.

Andersson, M. (1994). Sexual selection. — Princeton University Press, Princeton, NJ.
Bertram, S., Berrill, M. & Nol, E. (1996). Male mating success and variation in chorus

attendance within and among breeding seasons in the gray treefrog (Hyla versicolor).
— Copeia: 729-734.

Brand, M. (2005). The efficiency and plasticity of mitochondrial energy transduction. —
Biochem. Soc. Trans. 33: 897-904.

Casey, T.M. & Ellington, C.P. (1989). Energetics of insect flight. — In: Energy transforma-
tions in cells and organisms (Wieser, W. & Gnaiger, E., eds). Georg Thieme, Stuttgart,
p. 200-210.

Castellano, S., Zanollo, V., Marconi, V. & Berto, B. (2009). The mechanisms of sexual
selection in a lek-breeding anuran, Hyla intermedia. — Anim. Behav. 77: 213-224.

Cherry, M.I. (1993). Sexual selection in the raucous toad, Bufo rangeri. — Anim. Behav. 45:
359-373.

Depocas, F. & Hart, S.J. (1957). Use of the Pauling oxygen analyser for measurement of
oxygen consumption of animals in open-circuit systems and in a short-lag, closed-circuit
apparatus. — J. Appl. Physiol. 10: 388-392.

Dyson, M.L., Passmore, N.I., Bishop, P.J. & Henzi, S.P. (1992). Male behaviour and corre-
lates of mating success in a natural population of African painted reed frogs (Hyperolius
marmoratus). — Herpetologica 48: 236-246.

Emlen, S.T. & Oring, L.W. (1977). Ecology, sexual selection, and the evolution of mating
systems. — Science 197: 215-223.

Fox, J. (2003). Effect displays in R for generalised linear models. — J. Stat. Softw. 8(15):
1-27.

Friedl, T.W.P. & Klump, G.M. (2002). The vocal behaviour of male European treefrogs (Hyla
arborea): implications for inter- and intrasexual selection. — Behaviour 139: 113-136.

Page 40 / 161



Y. Voituron et al. / Behaviour 149 (2012) 775–793 791

Friedl, T.W.P. & Klump, G.M. (2005). Sexual selection in the lek-breeding European treefrog:
body size, chorus attendance, random mating and good genes. — Anim. Behav. 70: 1141-
1154.

Gerhardt, H.C. (1975). Sound pressure levels and radiation patterns of the vocalizations of
some North American Frogs and toads. — J. Comp. Physiol. A 102: 1-12.

Gerhardt, H.C. (1987). Evolutionary and neurobiological implications of selective phonotaxis
in the green treegfrog (Hyla cinerea). — Anim. Behav. 35: 1479-1489.

Gerhardt H.C. (1994). The evolution of vocalization in frogs and toads. — Annu. Rev. Ecol.
Syst. 25: 293-324.

Gerhardt, H.C. & Huber, F. (2002). Acoustic communication in insects and anurans: common
problems and diverse solutions. — The University of Chicago Press, Chicago, IL.

Grafe, T.U. (1996). The function of call alternation in the African reed frog (Hyperolius
marmoratus): precise call timing prevents auditory masking. — Behav. Ecol. Sociobiol.
38: 149-158.

Grafe, T.U. & Meuche, I. (2005). Chorus tenure and estimates of population size of male
European tree frogs Hyla arborea: implications for conservation. — Amphibia-Reptilia
26: 437-444.

Grafe, T.U. & Thein, J. (2001). Energetics of calling and metabolic substrate use during
prolonged exercise in the European treefrog Hyla arborea. — J. Comp. Physiol. B 171:
69-76.

Howard, R.D. (1978). Evolution of mating strategies in bullfrogs, Rana catesbeiana. —
Evolution 32: 850-871.

Jacobson, S.K. (1985). Reproductive behaviour and male mating success in 2 species of glass
frogs (Centrolenidae). — Herpetologica 41: 396-404.

Jonsson, K.I. (1997). Capital and income breeding as alternative tactics of resource use in
reproduction. — Oikos 78: 57-66.

Karino, K., Utagawa, T. & Shinjo, S. (2005). Heritability of the algal-foraging ability: an
indirect benefit of female mate preference for the males’ carotenoid-based coloration in
the guppy, Poecilia reticulata. — Behav. Ecol. Sociobiol. 59: 1-5.

Lengagne, T. & Joly, P. (2010). Paternity control for externally fertilised eggs: behavioural
mechanisms in the waterfrog species complex. — Behav. Ecol. Sociobiol. 64: 1179-1186.

Marler, C.A., Chu, J. & Wilczynski, W. (1995). Arginine vasotocin increases probability of
calling, but decreases aggressive nature of calls produced in the cricket frog. — Horm.
Behav. 29: 554-570.

Márquez, R. & Tejedo, M. (1990). Size-based mating pattern in the tree-frog Hyla arborea.
— Herpetologica 46: 172-178.

Marquez, R., Moreira, C., do Amaral, J.P.S., Pargana, J.M. & Crespo, E.G. (2005). Sound
pressure level of advertisement calls of Hyla meridionalis and Hyla arborea. — Amph.-
Rept. 26: 391-395.

Maynard-Smith, J. & Harper, D.G.C. (1995). Animal signals: models and terminology. —
J. Theor. Biol. 177: 305-311.

McLister, J.D. (2001). Physical factors affecting the cost and efficiency of sound production
in the treefrog Hyla versicolor. — J. Exp. Biol. 204: 69-80.

Page 41 / 161



792 Calling metabolism in an income breeder

Meuche, I. & Grafe, T.U. (2009). Supplementary feeding affects the breeding behaviour of
male European treefrogs (Hyla arborea). — BMC Ecol. 9: 1.

Murphy, C.G. (1994a). Chorus tenure of male barking treefrogs, Hyla gratiosa. — Anim.
Behav. 48: 763-777.

Murphy, C.G. (1994b). Determinants of chorus tenure in barking treefrogs (Hyla gratiosa).
— Behav. Ecol. Sociobiol. 34: 285-294.

Murphy, C.G. (1999). Nightly timing of chorusing by male barking treefrogs (Hyla gratiosa):
the influence of female arrival and energy. — Copeia: 333-347.

Passmore, N.I. (1981). Sound levels of mating calls of some African frogs. — Herpetologica
37: 166-171.

Pinheiro, J.C., Bates, D.M., DebRoy, S., Sarkar D. & The R Core Team (2009). nlme: linear
and nonlinear mixed effects models. — R package version 3: 1-96.

Prestwich, K.E., Brugger, K. & Topping, M. (1989). Energy and communication in three
species of hylid frogs: power input, power output and efficiency. — J. Exp. Biol. 144:
53-80.

R Development Core Team (2010). R: a language and environment for statistical computing.
— R Foundation for Statistical Computing, Vienna.

Richardson, C. & Lengagne, T. (2010). Multiple signals and male spacing affect female
preference at cocktail parties in treefrogs. — Proc. Roy. Soc. Lond. B: Biol. 277: 1247-
1252.

Richardson, C., Lena, J.P., Joly, P. & Lengagne, P. (2008). Are leaders good mates? A study
of call timing and male quality in a chorus situation. — Anim. Behav. 76: 1487-1495.

Richardson, C., Joly, P., Léna, J.-P., Plénet, S. & Lengagne, T. (2010a). The challenge of
finding a high-quality male: a treefrog solution based on female assessment of male calls.
— Behaviour 147: 1737-1752.

Richardson, C., Gomez, D., Durieux, R., Théry, M., Joly, P., Léna, J.P., Plénet, S. & Lengagne,
T. (2010b). Hearing is not necessarily believing in nocturnal anurans. — Biol. Lett. 23:
633-635.

Robert, K.A. & Bronikowski, A.M. (2010). Evolution of senescence in nature: physiological
evolution in populations of garter snake with divergent life histories. — Am. Nat. 175:
147-159.

Robertson, J.G.M. (1990). Female choice increases fertilization success in the Australian frog
Uperoleia laevigata. — Anim. Behav. 39: 639-645.

Salin K., Luquet E., Rey B., Roussel D., Voituron Y. (2012). Alteration of mitochondrial
efficiency affects oxidative balance, development and growth in frog (Rana temporaria)
tadpoles. — J. Exp. Biol. 215: 863-869.

Secor, S.M. & Diamond, J. (1998). A vertebrate model of extreme physiological regulation.
— Nature 395: 659-662.

Steyermark, A.C., Miamen, A.G., Feghahati, H.S. & Lewno, A.W. (2005). Physiological and
morphological correlates of among-individual variation in standard metabolic rate in the
leopard frog Rana pipiens. — J. Exp. Biol. 208: 1201-1208.

Stoddard, P.K. & Salazar, V.L. (2011). Energetic cost of communication. — J. Exp. Biol. 214:
200-205.

Page 42 / 161



Y. Voituron et al. / Behaviour 149 (2012) 775–793 793

Sullivan, B.K. & Hinshaw, S.H. (1992). Female choice and selection on male calling be-
haviour in the gray treefrog Hyla versicolor. — Anim. Behav. 44: 733-744.

Taigen, T.L. & Wells, K.D. (1985). Energetics of vocalization by an anural amphibian (Hyla
versicolor). — J. Comp. Physiol. B 155: 163-170.

Tejedo, M. (1992). Large male mating advantage in natterjack toads, Bufo calamita: sexual
selection or energetic constraints? — Anim. Behav. 44: 557-569.

Wells, K.D. (1977). Territoriality and male mating success in the green frog (Rana clamitans).
— Ecology 58: 750-762.

Wells, K.D. (2007). The ecology and behaviour of amphibians. — University of Chicago
Press, Chicago, IL.

Wells, K.D. & Taigen, T.L. (1986). The effect of social interactions on calling energetics in
the gray treefrog (Hyla versicolor). — Behav. Ecol. Sociobiol. 19: 9-18.

Wells, K.D. & Taigen, T.L. (1989). Calling energetics of a neotropical treefrog, Hyla micro-
cephala. — Behav. Ecol. Sociobiol. 25: 13-22.

Wells, K.D., Taigen, T.L. & O’Brien, J.A. (1996). The effect of temperature on calling ener-
getics of the spring peeper (Pseudacris crucifer). — Amphibia-Reptilia 17: 149-158.

Zahavi, A. (1975). Mate selection: a selection for a handicap. — J. Theor. Biol. 53: 205-214.
Zimmitti, S.J. (1999). Individual variation in morphological, physiological, and biochemi-

cal features associated with calling in spring peepers (Pseudacris crucifer). — Physiol.
Biochem. Zool. 72: 666-676.

Page 43 / 161



Page 44 / 161



Page 45 / 161



Page 46 / 161



Page 47 / 161



Page 48 / 161



Page 49 / 161



Page 50 / 161



Page 51 / 161



Page 52 / 161



Page 53 / 161



Page 54 / 161



Page 55 / 161



Page 56 / 161



Page 57 / 161



Page 58 / 161



Page 59 / 161



Page 60 / 161



Page 61 / 161



Page 62 / 161



Page 63 / 161



Page 64 / 161



Page 65 / 161



Page 66 / 161



Page 67 / 161



Page 68 / 161



Page 69 / 161



Page 70 / 161



Page 71 / 161



Page 72 / 161



Page 73 / 161



±

Page 74 / 161



Page 75 / 161



Page 76 / 161



± ±

± ± ±

± ± ±

± ±

± ±

Page 77 / 161



Page 78 / 161



Page 79 / 161



Page 80 / 161



Page 81 / 161



Page 82 / 161



Page 83 / 161



Page 84 / 161



Page 85 / 161



Page 86 / 161



Page 87 / 161



Page 88 / 161



Page 89 / 161



Page 90 / 161



Page 91 / 161



Page 92 / 161



Page 93 / 161



Page 94 / 161



Page 95 / 161



Page 96 / 161



Page 97 / 161



Page 98 / 161



Page 99 / 161



Page 100 / 161



Page 101 / 161



Page 102 / 161



Page 103 / 161



Page 104 / 161



Page 105 / 161



Page 106 / 161



Page 107 / 161



Page 108 / 161



Page 109 / 161



Page 110 / 161



Page 111 / 161



Page 112 / 161



Page 113 / 161



Page 114 / 161



Page 115 / 161



Page 116 / 161



Page 117 / 161



Page 118 / 161



Page 119 / 161



Page 120 / 161



Cheating for sex: inherent disadvantage or energetic constraint?

Loïc Brepson*, Mathieu Troïanowski, Yann Voituron, Thierry Lengagne
Université de Lyon, UMR5023 Ecologie des Hydrosystèmes Naturels et Anthropisés, Université Lyon 1, ENTPE, CNRS, Villeurbanne, France

a r t i c l e i n f o

Article history:
Received 22 March 2012
Initial acceptance 19 April 2012
Final acceptance 29 August 2012
Available online 2 October 2012
MS. number: 12-00232R

Keywords:
alternative reproductive tactic
anuran
bourgeois
energetic constraint
European treefrog
Hyla arborea
inherent disadvantage
parasitic tactic
satellite
sneaker

In many species, some males gain access to females by cheating, i.e. by exploiting the reproductive
investment made by other males. There are two main nonmutually exclusive hypotheses to explain the
decision of an individual to switch from the classical reproductive tactic to the parasitic one: the inherent
disadvantage and energetic constraint hypotheses. For the first time, we tested and compared these two
hypotheses in an experimental design by manipulating food availability of males with different degrees
of inherent disadvantage in the caller/satellite system of Hyla arborea. Small males were more likely to be
satellites than large individuals as predicted by the inherent disadvantage hypothesis. However, food
deprived males were not more likely to be satellites than those that were fed, suggesting that the
energetic constraint is not the main process explaining the use of a parasitic reproductive tactic.
Moreover, all else being equal, males were more likely to act as satellites if confronted with an attractive
competitor than if confronted with an unattractive one. In addition, males had a greater probability of
being satellites at the beginning and end of the night, whereas they were more likely to call during the
middle of the night. These results could highlight synchronization between male tactics and expected
female availability during the course of the night.
� 2012 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.

Extravagant attributes of males in many taxa such as the antlers
of deer, the horns of beetles or bright coloration in birds have long
intrigued naturalists. They found an initial explanation in the
second seminal work of Darwin (1871) through sexual selection.
According to Darwin’s theory, these secondary sexual characters
provide an advantage to males that have them in attracting females
and/or fighting other males. Soon after, Bateson & Brindley (1892)
were among the first to describe a dimorphism in secondary
sexual characters within a single sex (male) in two insect species.
However, it was not until the early 1970s, after the accumulation of
examples in various taxa, that Gadgil (1972) suggested that this
dimorphismwithin males may be linked to alternative strategies to
achieve reproduction and would be under the influence of sexual
selection. Nowadays, the concept of alternative reproductive tactics
(ARTs) is considered in a more extensive manner and includes
alternative tactics in both males and females. ARTs are thus defined
as sets of discontinuous traits (behavioural or not) expressedwithin
a sex, that allow individuals to achieve reproduction in two or more

alternative ways (Taborsky et al. 2008). They represent a key
concept for understanding the mechanisms of sexual selection and
are considered as a model system for studying the evolution of
phenotypic variation, providing interactions between different
fields of study such as animal behaviour, biology of development,
phenotypic plasticity, life histories or game theory (e.g. Gross &
Charnov 1980; Arak 1988; Lucas & Howard 1995). One of the
most common cases in which ARTs are expected to evolve is when
the investment in reproduction made by some individuals is
exploitable by competitors of the same sex, generally males
(Taborsky et al. 2008). In this case, two reproductive tactics are
typically maintained within the same sex: ‘bourgeois’ (or ‘classical
tactic’) and ‘parasitic’ (or ‘sneaking tactic’). The bourgeois tactic
supposes a high investment for access to reproduction, whereas the
parasitic tactic allows access to reproduction by exploiting the
investment of competitors that use the bourgeois tactic. In the vast
majority of cases the adoption of a bourgeois or a parasitic tactic is
condition dependent, depending on both intrinsic and extrinsic
factors (Gross 1996). One of the current issues in the study of ARTs
is to understand how variations in intrinsic and extrinsic factors can
influence the probability of adopting one or the other tactic.

Among species exhibiting condition-dependent ARTs, two main
types of phenotypic plasticity have been described. First, ARTs can
be fixed throughout an individual’s lifetime. In this case the
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adoption of one or the other tactic depends on intrinsic and
extrinsic factors during the individual’s ontogeny, before sexual
maturity (e.g. development towards parental or cuckolding males
in the bluegill sunfish, Lepomis macrochirus: Gross & Charnov 1980;
development towards fighter or scrambler males in the dimorphic
mite Sancassania berlesei: Radwan et al. 2002). Second, individuals
can switch from one tactic to another to maximize their repro-
ductive success according to the intrinsic and extrinsic factors at
a given time (simultaneous ARTs sensu Taborsky et al. 2008;
conditional strategy with plastic alternatives sensu Gross 1996; e.g.
switch between solitary and colonial nesters in the longear sunfish,
L. m. megalotis: Jennings & Philipp 1992; switch between territorial
and nonterritorial tactics in the solitary bee Ptilothrix fructifera:
Oliveira & Schlindwein 2010). In these cases, the adoption of one or
the other tactic depends on extrinsic factors potentially interacting
with two types of intrinsic factors: short-term factor, that is,
nutritional status at a given time limiting the expression of the
bourgeois tactic through energetic constraint, and long-term factor,
that is, inherent advantage or disadvantage in adopting the bour-
geois tactic owing to traits conditioned by ontogeny such as body
size or size of a particular body part. While extrinsic factors such as
the challenger’s competitiveness have been well studied in
numerous bourgeois/parasitic tactic systems (e.g. in insects:
Brockmann 2008; in crustaceans: Shuster 2008; in anurans:
Zamudio & Chan 2008), the distinction between ‘energetic
constraint’ and ‘inherent disadvantage’ effects on the probability of
adopting a parasitic tactic has received less attention. Dissecting
these two effects will undoubtedly increase our understanding of
the elements involved in the dynamics of switches between tactics
in a sexual selection context but also more broadly of short-term
phenotypic plasticity in other contexts (e.g. in a foraging context
with producer/scrounger tactics: Mathot et al. 2009).

Anurans represent one of the most studied taxa in the field of
ARTs. Indeed, in many species two simultaneous ARTs can be used
by males to achieve reproduction: calling (bourgeois tactic) or
being a satellite male near a calling male (parasitic tactic). In most
cases, the adoption of one or the other tactic seems to be condition
dependent (reviewed in Zamudio & Chan 2008). While the chal-
lenger’s competitiveness seems to influence the probability of
using one tactic or the other in the vast majority of cases (e.g. Arak
1988; Leary et al. 2006; Humfeld 2008; Castellano et al. 2009),
intrinsic factors interacting with it are not fully understood. The
energetic costs involved in calling and/or defending a territory in
anurans are often high (reviewed in Wells 2001) and render the
energetic constraint a relevant hypothesis to explain the switch
from a calling to a satellite tactic (Emerson & Hess 2001). However,
most studies conducted to date have shown no apparent difference
between callers’ and satellites’ body condition, providing little
support for the energetic constraint hypothesis (e.g. Arak 1988;
Lance & Wells 1993; Leary et al. 2008a; Castellano et al. 2009; but
see Leary et al. 2004; Humfeld 2008). Moreover, studies of steroid
hormonal profiles in two Bufo species suggest a switch mechanism
dependent on corticosterone levels (Leary et al. 2006, 2008a, b) but
apparently independent of energy stores, contrary to the predic-
tions of the energeticsehormoneevocalization model proposed by
Emerson & Hess (2001). In addition, in most cases satellite males
are smaller than calling males (e.g. Wells 1977; Arak 1988;
Castellano et al. 2009; but see Lance & Wells 1993). Hence, causes
referring to an inherent disadvantage (typically low fighting abili-
ties or unattractive calls) are often invoked to explain the use of
a satellite tactic in anurans (Zamudio & Chan 2008). Nevertheless,
even if these elements mainly support the inherent disadvantage
hypothesis, they do not rule out the energetic constraint hypothesis
since small males may have lower energy stores and/or may suffer
higher metabolic costs than large males when calling (Voituron

et al. 2012); however, these differences are not considered in
body condition indices (Peig & Green 2010). In addition, several
theoretical models have taken into consideration a potential
energetic constraint that has led to patterns of tactic use dynamics
in anurans close to those observed in the field, indirectly support-
ing this hypothesis (Lucas & Howard 1995; McCauley et al. 2000).
Hence, to disentangle the effects of the inherent disadvantage and
the energetic constraint on the decision-making process and to
compare them quantitatively, we need an experiment in which the
energetic constraint is manipulated through feeding/food depri-
vation experiments rather than inferred through body condition
indices.

In this study, we experimentally tested and compared the effects
of both inherent disadvantage and energetic constraint in interac-
tion with the challenger’s competitiveness on the probability of
adopting a satellite tactic in the European treefrog, Hyla arborea.
Males in this species do not defend resources but are known to
exhibit a very expensive calling behaviour to attract females (mean
aerobic scope of 18 � 9; Grafe & Thein 2001). Small males seem to
bear an inherent reproductive disadvantage because they are less
attractive to females (Marquez & Tejedo 1990; Richardson et al.
2010). Moreover, small males have been reported occasionally to
use a satellite tactic, preferentially parasitizing larger males (Berec
& Bajgar 2011). In addition, H. arborea is a prolonged breeder and,
during the breeding season, males seem to alternate calling periods
to attract females and foraging periods to replenish their energy
stores (Meuche & Grafe 2009). Hence, our predictions are threefold:
males should be more likely to use a satellite tactic (1) if they are
small (under the inherent disadvantage hypothesis), (2) if they are
deprived of food (under the energetic constraint hypothesis) and
(3) if they are confronted with an attractive competitor versus an
unattractive one (all else being equal).

METHODS

Capture and Housing Conditions

Hyla arborea were obtained from a population located near
Lyon, France, on the Crémieu Plateau (5�21070E, 45�440200N). Over
the course of the breeding season, we captured 100 males indi-
vidually by hand (in a net) when they arrived at the pond. Under
this capture regime, there is no selection of particular males since
we avoided the bias of capturing only calling males on the pond.
The frogs were then transported by car in individual boxes to our
laboratory where they were immediately weighed and measured
(snoutevent length, SVL). After weighing, the males were stomach-
flushed according to the methodology described by Solé et al.
(2005) to ensure that all animals began the treatment with an
empty stomach to standardize the effect of this treatment regard-
less of what the individual ate before. We then placed males in
individual terraria (25 � 17 cm and 15 cm high) constructed of
plastic mesh (sides and lid) containing a water-filled basin and
a tree branch. During the treatment period (described below), the
males were exposed to a natural photoperiod, and chorus noise
(75 dB) was broadcast each night from 2000 to 0130 hours
(mimicking the field conditions during intense nights of chorusing).
We used the same chorus noise during the behavioural experiment
(see below). To construct the chorus noise track, we recorded 10
males from the same population in the laboratory in individual
semianechoic chambers using Sony ECM-T6 microphones and
Roland R-44 recorders. Then, we modified the call amplitude of
each individual record (using Avisoft Saslab software, Avisoft
Bioacoustics, Berlin, Germany) to reach the same level and mixed
them carefully to avoid amplitude saturation of the constructed
track. We thus used a chorus noise in which no male was louder
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than any other to avoid the risk of the testedmale responding to the
calls of a particular competitor during the behavioural experiment
(Richardson et al. 2008).

Treatment

We randomly assigned males to one of two treatments: fed or
food deprived. The fed group was fed house crickets, Acheta
domesticus, and bluebottle flies, Calliphora vomitoria, ad libitum for
7 days before beginning the experiment. We ensured that all of the
fed males ate by observing them individually after distributing the
food. The males of the food-deprived group were maintained
during the same time periodwithout any food supply. Their terraria
were manipulated in the same manner as those of the males of the
fed group. We assessed the impact of the treatment on the body
condition by reweighing the males after the treatment and by
computing a size-independent condition index, the scaled mass
index (SMI), both before and after the treatment. SMI is a condition
index corresponding to the predicted mass of the individual at the
mean length of the population based on the logelog standardized
major axis regression between mass and length. This condition
index is particularly relevant because it considers the mutual
interdependence of mass and length, with both being inherent
indicators of ‘true size’, rather than considering only length as an
indicator of ‘true size’ (Peig & Green 2010). Owing to a technical
issue with the balance used for weighing, only 88 males out of the
original 100 were reweighed after the treatment. Whereas the SMI
did not differ between the fed and the food-deprived groups before
the treatment (t test with Welch’s 1947 approximation for degrees
of freedom: t97.5 ¼ �0.969, P ¼ 0.335), it was significantly lower in
the food-deprived group after the treatment (t test with Welch’s
approximation for degrees of freedom: t85.7 ¼ 2.352, P ¼ 0.021;
mean SMI � SE in the fed group ¼ 5.69 � 0.09 g (range 4.38e
6.94 g), in the food-deprived group¼ 5.39 � 0.09 g (range 4.18e
6.60 g)).

Experimental Design

We conducted tests between 2030 and 0100 hours in a rectan-
gular experimental arena (Fig. 1). This arena was lit by a weak red
light allowing behavioural observations. Walls were 35 cm high.
The floor of the arena was covered with moist hessian and the
inside of the walls were lined with 60 mm-thick anechoic foam
wedges (Plastiform) to limit sound reverberation. We used the
terrarium of each male as the release box at one end of the arena,
allowing us to avoid male handling before the experiment. Two
loudspeakers were placed in the arena: the first was placed 1 m
above the centre of the arena for broadcasting chorus noise, and the
second was placed at the opposite side of the release box for
broadcasting competitor display. We defined the satellite zone as
the area within 10 cm of the competitor loudspeaker.

Acoustic displays of unattractive and attractive competitors
were constructed with calls from individuals of the same

population recorded in the laboratory in a previous study (same
recording methodology as that described above for the chorus
track) and artificially modified (using Avisoft Saslab software) to fit
the first and the third quartiles of the population for three sexually
selected call properties: dominant frequency, within-bout call rate
and amplitude. For dominant frequency, lower values are preferred
by females whereas for amplitude and within-bout call rate, higher
values are preferred in this species (Richardson et al. 2010). Hence,
the display of the unattractive competitor had a 2750 � 46 Hz
mean dominant frequency (mean � SD throughout), an amplitude
of 74.5 � 1.9 dB at the release point and a within-bout call rate of
5.87 � 0.02 calls/s. The display of the attractive competitor had
a 2400 � 53 Hz mean dominant frequency, an amplitude of
80 � 1.6 dB at the release point and a within-bout call rate of
7.20 � 0.03 calls/s. In addition, the displays differed in the number
of calls. The attractive competitor produced 172 calls grouped into
five call bouts during the 30 s, whereas the unattractive competitor
produced 102 calls grouped into three call bouts during the same
period. Number of calls per bout were comparable for the two
displays (34 � 13 calls for the attractive competitor, 34 � 5 calls for
the unattractive one), as well as call duration (55 � 6 ms for the
attractive competitor, 55 � 5 ms for the unattractive one).

Throughout the 20 min of each test, a repeated 2 min chorus
noise was broadcast at a mean amplitude of 73.4 dB at the release
point. After 9 min, we opened the terrarium by removing the side
facing the competitor loudspeaker. After 1 min, the artificial
competitor began calling (a 30 s display that was loop repeated)
during the last 10 min of the test. Each male was tested in two
situations, with an attractive competitor and an unattractive
competitor. The first competitor (attractive or unattractive) was
randomly chosen, and the two tests of a single male were con-
ducted consecutively.

During the treatment (7 days before the experiment), chorus
noise was broadcast each night from 2000 to 0130 hours using
a Hitachi CX70 CD player. During the experiment, the chorus noise
and competitor display were broadcast using two Monacor SP155X
loudspeakers connected to a computer via an IMG Stage Line
STA102 stereo amplifier. The sound levels were calibrated using
a Voltcraft MT-8820 Sound Level Meter (C-weighted, ‘fast’ root-
mean-square (RMS) setting, tolerance � 1.5 dB).

Behavioural Observations

In this experiment, males could behave in three ways: being
a caller, being a satellite or no response. A male was defined as
a caller if he produced at least one call while the competitor was
calling, whereas he was defined as a satellite if he stayed silent in
the satellite zone around the competitor loudspeaker for at least
20 s while the competitor was calling. In all other cases (staying
inactive or moving into or out of the arena), the male was consid-
ered as not responding to the test in contrast to males that
responded to the test (i.e. callers or satellite males). The criteria
used to categorize satellite males in this experiment were selected
according to a pilot study conducted with the same experimental
design. Males that remained silently close to the loudspeaker for at
least 20 s all adopted the typical low posture of satellite males
observed in the field in this species and described in other hylids
(Forester & Lykens 1986; Castellano et al. 2009; Berec & Bajgar
2011). Almost none of the males that explored without paying
attention to the competitor stoppedmoving, while males that were
not active at all stayed in the release box during the entire exper-
iment. No male stayed stationary for 20 s outside the satellite zone
either during the pilot study or during the experiment, except for
calling. It is therefore very unlikely that males classified as satellite
were nonresponding males resting in the satellite zone.

Release box
Chorus loudspeaker
Satellite zone
Competitor loudspeaker

10 cm

150 cm

85
 c

m

Figure 1. Top view of the experimental arena.
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Statistical Analysis

To ensure that our experimental design did not bias the results
obtained, we first investigated the factors influencing the proba-
bility of responding to the test. Then, among the tests in which
a male responded, we investigated the factors influencing the
probability of being a satellite rather than a caller. These two points
were investigated through generalized linear mixed models with
a binomial error and an individual random effect to take into
account repeated observations for the same individuals (Bolker
et al. 2009). We tested several explanatory factors according to
the three predictions: the attractiveness of the competitor
(attractive versus unattractive), the body mass of the tested male
before treatment (as a size indicator to test the inherent disad-
vantage hypothesis) and the treatment (fed versus food deprived to
test the energetic constraint hypothesis). We tested other key
factors: the start time of the test (varying from 2030 to 0030 hours,
coded as 8.5 to 12.5), the date of the test (varying from 20 April to
16 May, coded as 1 to 27) and the order of the test (first or second
test of each male). The quantitative factors (body mass, start time
and date) were standardized by subtracting the mean and dividing
by the standard deviation to facilitate the interpretation of each
isolated parameter by averaging the others by default. Given that
the frog’s calling activity is centred on particular hours in the night
and a particular season in the year, we also tested the quadratic
effects of the start time and date. We tested all of the second-order
interactions between the factors too. The parameters were esti-
mated through an 8-point adaptive GausseHermite quadrature
that approximates the log-likelihood using the package ‘lme4’
(Bates et al. 2011). We selected the best models using the Akaike
information criterion (AIC) and examined the significance of the
effects usingWald z tests. All of the statistics were performed using
R 2.14.1 (R Development Core Team 2011).

Ethical Note

The population from which the individuals were collected
belongs to a metapopulation consisting of more than 20 000 tree-
frogs. Hence, our sampling did not significantly affect reproduction
of the population. The stomach flushing method consisted of
injecting water at 20 �C with a syringe and a flexible hose. Stomach
flushing is discussed by many authors as a gentle and commonly
usedmethod for assessing diet in reptiles and anurans (e.g. Legler &
Sullivan 1979; Harr et al. 2000; Solé et al. 2005).This method is
especially well adapted for hylids of this size (Solé et al. 2005). No
complications were noted for either fed or food-deprivedmales (i.e.
no mortality, no lungs filled with water, Solé et al. 2005); all males
behaved normally on the following days (i.e. resting on the tree
branch or on the sides of the terrarium during the day, calling and
exploring activities during the night). Moreover, all fed males
caught food items by themselves the day after their stomach
flushing. The duration of food deprivation was chosen carefully to
mimic what happens in the wild. Indeed, in a field study, the
average chorus attendance was estimated to be 7.5 days by Grafe &
Meuche (2005) in H. arborea and so this duration appeared to be
relevant to reflect the field situation. After the behavioural exper-
iment, all males were fed ad libitum for 2 days and kept under
observation. All of them ate during these 2 days and were observed
calling almost every night during the whole experiment. Hence, we
are confident that housing conditions and treatment did not
permanently affect their health. The night following these 2 days,
they were all released at the capture site. This study was conducted
in accordance with French laws and with the approval of the
Préfecture de l’Isère (decision 2007-03328) and the Direction of
Veterinary Services (permit DSV no. 69266347).

RESULTS

Probability of Responding to the Test

Among the 100 tested males, 57 responded to the test (i.e. were
caller or satellite) at least once. Among these 57 males, 25
responded to both consecutive tests, 22 responded only if con-
fronted with an attractive competitor, and 10 responded only if
confronted with an unattractive competitor, resulting in a sample
size of 82 males responding over 200 tests. Two factors signifi-
cantly affected the probability of responding to the test: the date
of the test and the attractiveness of the competitor (Table 1). The
effect of the date was not a quadratic effect. Nevertheless, this
factor negatively impacted the probability of responding to the
test. Hence, we observed that even though males responded to the
test in 43% of the cases during the first 5 days of the experiment,
they only did so in 22% of the cases during the last 5 days.
Moreover, the males responded more frequently if confronted
with an attractive competitor (47%) than if confronted with an
unattractive one (35%).

Inherent Disadvantage and Energetic Constraint

Among the 200 tests conducted, the males responded 82
times: 47 times by performing a calling tactic, 35 times by
adopting a satellite tactic. Consistent with our predictions, males
were more likely to act as a satellite if confronted with an
attractive competitor than if confronted with an unattractive one
(Table 2, Fig. 2). As predicted by the inherent disadvantage
hypothesis, the probability of being a satellite was higher for small
males than for large males (Table 2, Fig. 2a, b). Moreover, contrary
to the prediction of the energetic constraint hypothesis, the food-
deprived males were not significantly more likely to be satellites
than the fed males (Fig. 2e, f). Indeed, when we added the factor
‘treatment’ to the selected model, its effect was not significantly
different from 0 (estimate � SE ¼ 1.33 � 1.50; Wald z test:
P ¼ 0.373). When we considered the change in the SMI during the
treatment instead of the binary factor (fed versus food deprived),
there was no significant effect on the probability of being a satel-
lite rather than a caller (estimate � SE ¼ �1.16 � 0.95; Wald z test:
P ¼ 0.222). Moreover, we found a strong quadratic effect of the
start time of the test on the probability of being a caller. Indeed,
males were more likely to be satellites at the beginning and at the
end of the night than during the middle of the night (Table 2,
Fig. 2c, d).

When we used SVL rather than mass before treatment as an
indicator of size we found a negative but not significant effect
(estimate � SE ¼ �1.10 � 0.70; Wald z test: P ¼ 0.117). When we
used the condition index (SMI) computed on the mass before the
treatment rather than a size indicator we found a far weaker and
not significant effect (estimate � SE ¼ �0.59 � 0.70; Wald z test:
P ¼ 0.396), suggesting that the effect of the body mass before
treatment actually reflects an effect of the size of the male and does
not indirectly reflect an energetic constraint effect through body
condition.

Table 1
Factors affecting the probability of responding to the test (being a caller or a satel-
lite), rather than not responding to the test, estimated through generalized linear
mixed models with a binomial error (N ¼ 200)

Estimate SE z P

(Intercept) �0.179 0.264
Date �0.603 0.222 �2.714 0.007
Competitor �0.731 0.325 �2.246 0.025

For the competitor factor, the reference is the attractive caller.
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DISCUSSION

Males were more likely to respond to the test (i.e. to be caller or
satellite) at the beginning of the experimental period than at the
end. This is not surprising because the reproductive season for this
population lasts from early April to mid-May, whereas our exper-
iment was conducted from 20 April to 16May. Hence the first males
were tested at mid-seasonwhereas the last ones were tested at the
end of the season, when treefrogs are less sexually active. Given
that the males were randomly chosen in the field and randomly
assigned to a treatment (fed or food deprived) and that the date
factor did not interact with the other factors, this date effect did not
impact the validity of our results. The males were also more likely
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Figure 2. Predicted probability (solid lines) and 95% confidence interval (dashed lines) of being a satellite rather than a caller, as computed using tests with responding males
(N ¼ 82) and according to (a, b) the mass of the tested male before treatment, (c, d) the start time of the test and whether the male was confronted with an attractive or unattractive
competitor. Circles represent the observation data. Predictions according to the body mass are given for the mean start time, whereas predictions according to the start time are
given for the mean mass. (e, f) The observed proportion (and 95% confidence interval) of satellites among responding males in the fed and food-deprived groups when confronted
with an attractive or unattractive competitor.

Table 2
Factors affecting the probability of being a satellite rather than a caller, when
responding to the test, estimated through generalized linear mixed models with
a binomial error (N ¼ 82)

Estimate SE z P

(Intercept) 0.722 0.838
Competitor �3.394 1.431 �2.372 0.018
Body mass �1.762 0.934 �1.886 0.059
Start time 0.120 12.800 0.009 0.993
(Start time)2 32.639 15.059 2.167 0.030

For the competitor factor, the reference is the attractive caller.
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to respond to the test if confronted with an attractive competitor
than if confronted with an unattractive one. This result could be
because callers are expected to call when confronted with both
competitors, whereas satellites are expected to be a satellite of an
attractive competitor (e.g. Humfeld 2008; Castellano et al. 2009;
Berec & Bajgar 2011) but may look for a better male to parasitize if
confronted with an unattractive competitor, that is they do not
respond to the test. Indeed, among the tests with respondingmales,
callers were more frequently observed than satellites. This
competitor effect could lead to an underestimation of the propor-
tion of satellites among the males responding to the test. However,
it did not interfere with our predictions and thus did not impact the
validity of our results.

Predictions 1 and 3 are verified by our experiment: the males
were more likely to be satellites if confronted with an attractive
competitor than if confronted with an unattractive one, and small
males were more likely to be satellites than large males. However,
prediction 2 is not verified by our experiment: the food-deprived
males were not more likely to be satellites than the fed males.
These results support the inherent disadvantage hypothesis and are
consistent with both field observations ofH. arborea (Berec & Bajgar
2011) and most of the observations and experiments conducted
using anurans (reviewed in Halliday & Tejedo 1995; Zamudio &
Chan 2008) and other taxa (e.g. Kodric-Brown 1986; Kiflawi &
Gray 2000; Oliveira & Schlindwein 2010). In our case, small males
were probably physically constrained and unable to produce
advertisement calls that were as attractive as those of larger males
(e.g. with a low dominant frequency). Within such a context, the
expression of alternative noncalling mating tactics may allow
a proportion of small males to intercept females attracted by the
attractive calling males. Whenwe used SVL rather thanmass before
treatment as an indicator of size we found a negative but not
significant effect probably owing to a lack of statistical power
regarding the weak interindividual variability of SVL compared to
body mass. When we used the condition index (SMI) computed on
themass before the treatment rather than a size indicator we found
a far weaker and not significant effect. Hence, we are confident that
the described effect of the body mass before treatment actually
reflects an effect of the size of the male and does not indirectly
reflect an energetic constraint effect through body condition.

In our experiment, we found no effect of 1 week of food depri-
vation (an appropriate food deprivation period considering the
field behaviour of these animals) on male reproductive tactic. Even
when considering the change in the SMI during the treatment
instead of the binary factor (fed versus food deprived), there is no
significant effect on the probability of being a satellite rather than
a caller. Hence, for the first time, we showed experimentally that
the energetic constraint hypothesis poorly explains the switch from
a bourgeois tactic to a parasitic tactic in comparison to the inherent
disadvantage hypothesis. Although the acoustic activity of
H. arborea is among the costliest measured in anurans (Grafe &
Thein 2001), males may not be subject to metabolic constraints
that predispose them to use less energetically demanding tactics.
Hence, we did not find a linear increase in the probability of being
a satellite during the course of the night, which could be explained
by the depletion of energetic reserves. Accordingly, a satellite tactic
is probably not used by males at the end of a calling period, just
before the beginning of a foraging period. The lack of support for
the energetic constraint had been suggested by several studies that
compared the body condition of callers and satellite males in
anurans and found no difference (Arak 1988; Lance & Wells 1993;
Leary et al. 2008a; Castellano et al. 2009; but see Leary et al. 2004;
Humfeld 2008). This is the first time that body condition has been
experimentally manipulated, instead of being only estimated
through indices, to assess its effect on tactic use in anurans.

However, another experimental design consisting of within-
subjects tests comparing behaviour before and after food depriva-
tion, as well as before and after supplemental feeding, could be
even more powerful to test the energetic constraint hypothesis and
should be considered for future studies.

In our experiment, the lack of a food deprivation effect on the
probability of using a satellite tactic might be caused by too short
a food deprivation period. However, our purpose here was not to
wipe outmales’ energetic stores, but rather to diminish these stores
significantly to investigate the effect of this diminution on the
decision-making process. To do so, 1 week of food deprivation
seemed to be appropriate since it corresponds to the average
chorus attendance observed in the field for this species (Grafe &
Meuche 2005). Indeed, we observed a significant effect of this
treatment on males’ body condition (see Methods). Nevertheless, it
remains possible that the energetic constraint acts only after
a critical threshold of energetic stores is reached and that our
treatment was not strong enough to reach this threshold. However,
one might question the relevance of a longer food deprivation
period knowing the behaviour of these animals in the field. In
addition, given that they have been investigated in the same
experiment, on the same individuals, with the same sample size
and on the same response variable, the effects of the energetic
constraint and the inherent disadvantage hypotheses are rightly
comparable. Hence, we can assert that, with an appropriate food
deprivation period considering field observations, the energetic
constraint has a negligible effect on the probability of using
a parasitic tactic compared to the effect of the inherent disadvan-
tage of being small in this species. Therefore, even if our results do
not rule out the energetic constraint hypothesis, they provide little
support to this hypothesis in comparison with the inherent
disadvantage hypothesis.

Moreover, our results strongly suggest that, when switching
from one tactic to another, males use the same acoustic cues as
those used by females to select mates. This result has also been
reported in several previous studies in anurans (e.g. Leary et al.
2006; Humfeld 2008; Castellano et al. 2009; Berec & Bajgar
2011). Nevertheless, it is known that H. arborea females also use
visual cues based on carotenoid pigments during mate choice
(Richardson et al. 2009; Gomez et al. 2010). Thus, it would be highly
interesting to test whether males can also use visual cues when
switching from one tactic to another.

The start time of the test had a strong effect on the probability of
being a satellite or a caller but not on the probability of responding
to the test. Therefore, all things being equal, males had a greater
probability of being a caller during the middle of the night than at
the beginning or end of the night. This result should be paralleled
with studies in anurans that investigate the timing of female arrival
to the pond. Indeed, synchronization between female arrival and
maximum chorus intensity during the middle of the night is often
found (Passmore et al. 1992; Bevier 1997; Murphy 1999). Hence,
amoderately attractive male should have a veryweak probability of
mating if calling when females are rare and attracted by the few
most attractive males (i.e. at the beginning and the end of the
night), and could increase his success by adopting a satellite tactic
near an attractive male. Moreover, when both the caller density and
chorus noise are high (i.e. in the middle of the night), females are
less discriminating and the mating probability of moderately
attractive calling males increases (Wollerman & Wiley 2002;
Richardson & Lengagne 2010). This relationship between the
operational sex ratio and the proportion of males using an ART has
previously been highlighted in several studies but generally at the
scale of the entire breeding season or by comparing several pop-
ulations (e.g. Lodé et al. 2005; Gao & Kang 2006; Mendoza-Cuenca
& Macias-Ordonez 2010; see also Rowell & Cade’s 1993 modelling
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work). Our results suggest that, as the inherent disadvantage, the
nightly timing of female availability could be important in deter-
mining which tactic a male will choose at a given time to maximize
his reproductive success. To our knowledge, only Leary et al.
(2008a) dealt with nightly variation of the proportion of satellites
in anurans. Leary et al. (2008a) clearly showed that the proportion
of satellites was positively correlated with the density of males in
the chorus at the reproductive season scale. However, this pattern
was not so clear when considering measures made within nights. It
is thus possible that, at the night scale, the correlation between the
proportion of satellites and density of males in the chorus is hidden
by other important factors such as nightly timing of female
availability.

To conclude, in this study we showed experimentally that very
short-term phenotypic plasticity as observed in some ARTs might
be more dependent on long-term intrinsic factors such as body size
than on short-term intrinsic factors such as nutritional status. In
such systems, extrinsic factors such as social context (including for
instance the challenger’s competitiveness, male density and oper-
ational sex ratio) thus seem to play a major role for short-term
switches between tactics. Future studies should therefore try to
test experimentally and compare quantitatively potential extrinsic
factors acting on the switch decision between tactics, in a sexual
selection context but also on short-term phenotypic plasticity in
other contexts (e.g. in a foraging context with producer/scrounger
tactics). Such experiments would greatly improve our knowledge of
the dynamics of switches between tactics and their associated
selection pressure in changing environments.
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