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Abstract  Disentangling the influence of multiple signal components on receivers and elucidating general processes influencing 
complex signal evolution are difficult tasks. In this study we test mate preferences of female squirrel treefrogs Hyla squirella and 
female túngara frogs Physalaemus pustulosus for similar combinations of acoustic and visual components of their multimodal 
courtship signals. In a two-choice playback experiment with squirrel treefrogs, the visual stimulus of a male model significantly 
increased the attractivness of a relatively unattractive slow call rate. A previous study demonstrated that faster call rates are more 
attractive to female squirrel treefrogs, and all else being equal, models of male frogs with large body stripes are more attractive. In 
a similar experiment with female túngara frogs, the visual stimulus of a robotic frog failed to increase the attractiveness of a rela-
tively unattractive call. Females also showed no preference for the distinct stripe on the robot that males commonly bear on their 
throat. Thus, features of conspicuous signal components such as body stripes are not universally important and signal function is 
likely to differ even among species with similar ecologies and communication systems. Finally, we discuss the putative informa-
tion content of anuran signals and suggest that the categorization of redundant versus multiple messages may not be sufficient as a 
general explanation for the evolution of multimodal signaling. Instead of relying on untested assumptions concerning the infor-
mation content of signals, we discuss the value of initially collecting comparative empirical data sets related to receiver responses 
[Current Zoology 57 (2): 153–161, 2011]. 
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A first step to understanding the evolution of multi-
modal signals is disentangling the influence of indivi-       
dual signal components (as well as composite signals) 
on receiver responses. This challenging task is made 
even more difficult by our inability to identify salient 
signal components for experimental manipulation. 
Many animal signals may not be obvious to human ob-
servers due to sensory limitations, such as our lack of 
visual sensitivity to UV, poor low-light visual sensitivity 
or our inability to hear ultra/infrasonic acoustic commu-
nication. Furthermore, morphological traits that appear 
conspicuous to the human observer may not be impor-
tant signal components (Tinbergen, 1951; Morris et al., 
2001; de Luna et al., 2010). Once receiver responses to 
salient signal components are quantified, an additional 
problem exists in that signal components cannot be as-
sumed to have similar functions across species, even 
within a particular clade. For example, receivers of 
closely related species often exhibit markedly different 

responses to signal components of complex displays, 
such as the visual and vibratory displays of wolf spiders  
(Hebets and Uetz, 2000; Hebets, 2008).  

A common approach to understanding signal function 
is to classify signals based on their putative information 
content (e.g. redundant information vs. multiple mes-
sages). Unfortunately, the information content of a sig-
nal is often either assumed or poorly defined (Dall et al., 
2005). Rendall et al. (2009) made this lack of specificity 
clear by outlining 15 different characterizations of in-
formation in studies of animal communication. In most 
studies, it is not clear to what “information” refers: a 
precise quantity, as in Shannon’s Information Theory 
(Shannon, 1948); aspects of the signaler’s genotype and 
phenotype as required in honest signaling (Zahavi and 
Zahavi, 1999; Searcy and Nowicki, 2005); or a more 
metaphysical quantity in the  sense that if a receiver 
responds to a signal then the signal must carry informa-
tion. These various definitions raise some problems in 
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testing hypotheses about the function and evolution of 
multimodal signals when such hypotheses are heavily 
invested in a particular notion of information. 

In most anuran species, male vocalizations are the 
primary signal modality of sexual communication (Ryan, 
1985; Gerhardt and Huber, 2002), and its use in a 
lek-like mating system is often similar. Males typically 
congregate at a pond and produce advertisement calls 
(the chorus), competing for the relatively small number 
of sexually receptive females. The number of males in a 
chorus may vary widely, but densities are often high. 
Dense choruses result in significant call overlap and 
produce discrimination challenges for female receivers 
(Gerhardt and Klump, 1988; Schwartz, 1993; Woller-
man, 1999; Ryan, 2001; Gerhardt and Huber, 2002; 
Schwartz et al. 2001; Bee and Micheyl, 2008).  

Many species also signal visually (Hödl and 
Amézquita, 2001; Narins et al., 2003) using stereotyped 
limb motions (Lindquist and Hetherington, 1996; 
Amézquita and Hödl, 2004) or by displaying conspicu-
ous color patterns (Summers et al., 1999; Hirschman 
and Hödl, 2006; Vasquez and Pfennig, 2007). In males 
of most species, conspicuous vocal sac and abdominal 
inflation also accompany the courtship call, providing 
widespread opportunity for the vocal sac to be co-opted 
as a visual signal.  

In the squirrel treefrog Hyla squirella (Anura: Hyli-
dae), Taylor et al. (2007) showed that females preferen-
tially responded to courtship displays that include a call 
and a visual cue of model frog with a vocal sac over the 
call alone. In addition, females preferred male models 
possessing conspicuous lateral body stripes. Using a ro-
botic frog, Taylor et al. (2008) demonstrated that female 
túngara frogs Physalaemus pustulosus (Anura: Lepto-
dactylidae) also prefer the multimodal signal of a call and 
vocal sac over the call alone. In both species, the visual 
component interacts with the dominant acoustic signal to 
modulate female responses (inter-signal interaction). 

Here we present additional experimental results and 
compare data between these two species showing that:  
1) morphologies that appear as conspicuous signals to 
the human observer may not be salient communication 
features, 2) the information content contained within a 
signal component is not always clear, and 3) receiver 
responses often differ among species that share similar 
ecologies and communication systems. We argue that 
classifying signals based solely on information content 
may hinder our understanding of complex signaling. 
Instead, we suggest that studies of signal function 
should first be directed at understanding how the signals 

influence receiver responses. 

1  Materials and Methods 
1.1  Multimodal signal weighting in the squirrel 
treefrog 

Squirrel treefrogs H. squirella for this study were 
collected at two field sites in southern Louisiana. The 
frogs were housed in 38 L aquaria in a laboratory at the 
University of Louisiana Lafayette and fed crickets ad 
libitum until they were used in experiments. We trans-
ported the frogs to an outdoor enclosure near the Uni-
versity for testing. We placed 105 frogs (70 males : 35 
females) into the enclosure prior to dawn and allowed 
them to acclimate to the enclosure during the day before 
the night of testing. During the afternoon, we turned on 
a garden hose and sprinkler attached to the enclosure 
and showered the frogs to simulate a rain event. At dusk, 
we broadcast a recording of squirrel treefrog vocaliza-
tions. This process stimulated males inside the enclosure 
to call. After two hours, we entered the enclosure and 
collected all the frogs. Pairs in amplexus (indicating a 
sexually receptive female) were separated and those 
females were placed into plastic containers for testing. It 
was necessary to use a headlamp to collect frogs, there-
fore we placed females in their individual containers 
into a light-safe cooler for a minimum of 1 h prior to 
testing. This ensured that their eyes were dark-adapted 
and had regained low-light sensitivity. For testing, we 
removed females from their containers without a head-
lamp (by feel) to ensure that their eyes maintained a 
dark-adapted state. For an extensive description of col-
lecting locations, housing conditions, and experimental 
procedures, see Taylor et al. (2007).  

We presented females with a two-choice test. The 
acoustic stimulus for this experiment was a digi-
tally-synthesized call based on average parameters from 
natural calls recorded in the population. Females were 
presented with this stimulus from two speakers broad-
casting the call antiphonally but at different rates, 80 
calls min-1 versus 120 calls min-1. Previous experiments 
showed that females express a five-fold preference for 
the faster call rate. They also prefer model frogs with 
larger than average body stripes, but still within their 
natural size range (Buchanan, 1994; Taylor et al., 2007). 
In this experiment, a model of a squirrel treefrog male 
was placed in front of the speaker broadcasting the call 
at the slow rate of 80 calls min-1, creating a multimodal 
signal combining relatively attractive visual and rela-
tively unattractive acoustic components. The speaker 
broadcasting the faster call rate did not have a visual 
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component associated with it.  
The model frog used for the multimodal stimulus was 

constructed from plaster and sculpted and painted to 
match live male frogs. The frog model used in this ex-
periment had a larger than average stripe size, but was 
within the range of natural variation (Buchanan, 1994). A 
latex condom was glued to the throat of the model and 
attached to a rubber bulb via aquarium air-line tube. The 
model’s vocal sac was then inflated synchronously with 
the call at the speaker by squeezing the rubber bulb and 
forcing air into the artificial vocal sac (Taylor et al., 2007).  

For each trial, a female was placed into a cage con-
structed of plastic mesh with a Petri dish floor and lid. 
This allowed the female to both hear and see the stimuli. 
Once a female was in the cage, the playbacks were 
started and females remained in the cage for at least 2 
min. After this acclimation period, the lid of the cage 
was lifted remotely giving females the opportunity to 
approach a speaker. We scored a choice when a female 
approached to within 5 cm of a speaker or speaker/ 
model frog. The positions of the multimodal and uni-
modal stimuli were switched between trials to avoid 
position bias.  

The test arena was open to natural light from above. 
All tests were conducted on clear, moonless nights with 
light levels less than 1 × 10−3 lux (lowest reading on a 
Science & Mechanics light meter, model 102). Human 
observers were unable to see test females in these con-
ditions so viewing was done with an infrared viewer 
(Night Owl Optics monocular viewer). For detailed in-
formation regarding call properties, light conditions, 
model frog construction, and experimental design see 
Taylor et al. (2007). 

We tested the hypothesis that the visual stimulus in-
creases the attractiveness of a relatively slow call. We 
analyzed the choice data using a one-tailed binomial test 
with an expected distribution of P = 0.86 and q = 0.14 
(corresponding to the distribution exhibited by females 
to fast versus slow calls in a previous phonotaxis test). A 
one-tailed test was justified based on female preferences 
for visual cues in previous experiments (Taylor et al., 
2007). The p value of the binomial test is the probability 
that the observed distribution differed significantly from 
the expected distribution. 
1.2  Multimodal signal weighting in the túngara frog 

All túngara frogs P. pustulosus were collected in the 
field around Gamboa, Panama. We placed each pair 
found in amplexus into an individual plastic bag and 
placed the bags into a light-safe cooler. We transported 
the frogs to the laboratory at the Smithsonian Tropical 

Research Institute. As with the squirrel treefrogs, we 
allowed the frogs to remain in dark conditions for a 
minimum of 1 h prior to testing so that their eyes would 
be dark-adapted at the time of testing. For testing, we 
handled the frogs in near total darkness to preserve the 
visual sensitivity of their eyes. For each trial, we sepa-
rated a female from her male and placed her into the 
arena for testing. After each night of testing, we 
toe-clipped the frogs (to prevent retesting on subsequent 
nights) and released them at the location where they 
were collected. 

Female túngara frogs express a five-fold preference 
for a complex call (“whine” plus one or more “chuck” 
components appended to the “whine”) over the simple 
call (“whine” only) (Ryan, 1985; Gridi-Papp et al., 
2006). In the present study, we also presented female 
túngara frogs with a two-choice test between a simple 
and complex call, but we placed a robotic frog (robofrog, 
described below) in front of the speaker broadcasting 
the simple call. This created a multimodal signal com-
posed of visual stimuli and the less attractive call. Thus, 
females were allowed to choose between the multimo-
dal robofrog/less attractive call and the unimodal, more 
attractive call. The positions of the stimuli were 
switched between trials to avoid position bias.  

The test arena consisted of walls made from acoustic 
foam and acoustic ceiling tiles supported on a PVC 
frame. The acoustic foam and tiles limited acoustic re-
verberations inside the lab. Lighting was provided by a 
GE brand night light (model no. 55507; Fairfield, CT, 
U.S.A.) suspended over the arena such that the full 
width of the arena received equal lighting coverage. We 
placed duct tape over the majority of the surface of the 
light to reduce intensity. We used an International Light, 
model IL 1700 research radiometer with an SHD033/W 
high gain dector to measure irradiance. We adjusted the 
irradiance of the arena to approximately 8.57 ×    
10−10 W/cm2, roughly equivalent to a moonless night on 
a forest edge. 

The robofrog was sculpted and painted to mimic a 
live male. An inflatable vocal sac consisted of a painted 
urological catheter (Gold Foley latex 30 cc, Teleflex 
Medical, Rusch Division, Research Triangle Park, NC, 
U.S.A.) attached to a pneumatic pump. The pump was 
activated by an audio signal from a laptop computer 
controlling the acoustic playback signals. This synchro-
nized the inflation/deflation of the robofrog’s vocal sac 
with the call broadcast from the speaker, mimicking a 
live, calling male. For each trial a female was restrained 
for two minutes under a funnel consisting of plastic ribs 
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wrapped with polyethylene food wrap which is effec-
tively transparent to visual and acoustic stimuli. After 
this acclimation period, the funnel was raised and a 
choice was scored when females approached to within 5 
cm of a speaker/robofrog. For details on the robofrog 
design and construction, see Taylor et al. (2008).  

We tested the hypothesis that the visual stimulus in-
creases the attractiveness of the simple call when the 
alternative is the complex call. We analyzed the choice 
data using a one-tailed binomial test with an expected 
distribution of P = 0.856 and q = 0.144 (corresponding 
to the distribution exhibited by females to complex ver-
sus simple calls in previous phonotaxis tests). A 
one-tailed test was justified based on female preferences 
for visual cues in previous experiments (Taylor et al. 
2008). The p value of the binomial test is the probability 
that the observed distribution differed significantly from 
the expected distribution. 
1.3  Stripe preference in the túngara frog 

In this experiment, we presented females with a 
two-choice test where the identical complex call was 
broadcast from each speaker. A robofrog was placed in 
front of each speaker and the vocal sac was in-
flated/deflated synchronously with the playback call, 
mimicking a live male. A robofrog at one speaker had a 
vocal sac painted with a conspicuous white stripe and 
the other robofrog lacked a white stripe. Túngara frogs 
in the population at Gamboa, Panama where these tests 
were conducted express natural variation in stripe size 
ranging from conspicuous to absent (Fig. 1). This ex-
periment held call properties constant, but allowed fe-
males to choose based on presence or absence of a stripe. 
As in previous experiments, females were restrained for 
two minutes under a funnel, the funnel was lifted re-
motely and females were allowed to approach the 
robofrog or speakers to make a choice. 

We tested the hypothesis that females express a pre-   
ference for the presence of a white vocal sac stripe. We 
analyzed the choice data using a two-tailed binomial test 
with an equiprobable distribution (corresponding to the 
probability that females will choose among identical 
calls equally). The P value of the binomial test is the 
probability that the observed distribution differed sig-
nificantly from the expected distribution. 

2  Results 
2.1  Multimodal signal weighting in the squirrel 
treefrog 

In this study where the visual cue was coupled with 
the less attractive slow call rate, 9 females chose the 

multimodal stimulus with the less attractive call and 14 
females chose the more attractive unimodal call. The 
visual stimulus of the frog model significantly increased 
the attractiveness of the slow call rate (n = 23, P = 
0.0026). In this experiment, the addition of the visual sig-
nal component rendered the slow call rate nearly 3 times 
more attractive (14% visual absent : 39% visual present), 
significantly modulating female responses (Fig. 2). 

 
Fig. 1  Variation in male stripe patterns 
A. Male túngara frog with conspicuous white stripe on the vocal sac 
(uninflated in this photo). B. Male túngara frog lacking conspicuous 
white stripe on the vocal sac. C. Male squirrel treefrog showing 
prominent yellow labial and lateral stripes. 

 
Fig. 2  Preference function for female squirrel treefrogs 
Female preference for multimodal stimulus (slower call rate plus 
model frog) versus unimodal stimulus (faster call rate only). The line 
connecting two solid points represents female responses to the alterna-
tive stimuli (n = 23). Significant difference between observed (solid 
line) and expected distribution (P = 0.86, q = 0.14; dotted line) indi-
cated by an asterisk. 
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2.2  Multimodal signal weighting in the túngara frog 
 In this experiment, female responses did not deviate 

from the expected 85.6% preference rate for complex 
calls; 3 females chose the multimodal stimulus with the 
less attractive simple call and 17 females chose the 
more attractive complex call (n = 20, P = 0.595). The 
addition of the visual signal component did not modu-
late female responses, and the less attractive simple call 
remained less attractive when the alternative was a 
complex call (Fig. 3). 

 

Fig. 3  Preference function for female túngara frogs 
Female preference for multimodal stimulus (simple call plus robofrog) 
versus unimodal complex call. The line connecting two solid points 
represents female responses to alternative stimuli (n = 20). No sig-
nificant difference between observed (solid line) and expected distri-
bution (P = 0.856, q = 0.144; hidden by observed value). 
 
2.3  Stripe preference in the túngara frog 

Females failed to express any preference for a 
robofrog possessing a conspicuous white stripe when 
the alternative was a robofrog lacking a white stripe 
(two-tailed binomial test, n = 30, P = 0.572). Fifteen 
females chose the robofrog with a large stripe and 15 
females chose the robofrog with no stripe (Fig. 4). 

3  Discussion 
Túngara frogs and squirrel treefrogs are only dis-

tantly related, but both species share similar courtship 
behaviors and communication challenges. Both species 
breed in temporary pools on warm nights with males 
vocalizing at ground/water-level from the edges of the 
pool. The density of breeding choruses is often high, 
with males competing for acoustic space and both spe-
cies often experiencing high predation pressure. The 
dense chorus that is typical of both species results in 
substantial call overlap, producing a cocktail party 
problem that challenges female discrimination (Cherry,  

 

Fig. 4  Female túngara frog preference for vocal sac stripe 
Female preference for a robofrog with a white vocal sac stripe versus 
a robofrog lacking a vocal sac stripe in a two-choice test (n = 30). 
Dotted line represents equal probability. Each robofrog had a vocal sac 
inflating synchronously with a call at the speaker, and each speaker 
broadcast the same call. 
 
1953; Bee and Micheyl, 2008). Similar ecological prob-
lems often result in evolutionary convergence of traits, 
so we might expect similar patterns of behavior and 
signal function between these two species (Trillmich 
and Trillmich, 1984; Robert et al., 1992; Foster and 
Ratnieks, 2001; Bernal et al., 2006). The data from this 
study coupled with previous work (Rosenthal et al., 
2004; Taylor et al., 2007; Taylor et al., 2008) show that 
females of both squirrel treefrogs and túngara frogs at-
tend to multimodal signals. The visual signal component 
salient for female attraction and the process by which 
signal components interact to influence female re-
sponses are markedly different, however.  

In squirrel treefrogs, females exhibit a significant 
preference for a model male possessing a relatively 
large lateral body stripe when call properties are held 
constant (Taylor et al., 2007). In túngara frogs, the 
throat of both males and females may possess a con-
spicuous white stripe, but we found the presence of this 
stripe did not affect female choice. Individuals vary 
greatly, ranging from no stripe to having a relatively 
large, conspicuous stripe (Fig 1). Given the stripe pref-
erence exhibited by squirrel treefrogs, and the variabil-
ity of stripe size in túngara frogs, we expected that fe-
male túngara frogs would prefer the conspicuous white 
vocal sac stripe on courting males. Unexpectedly, they 
expressed no such preference. Although noctur-
nally-active frogs retain high visual sensitivity in low 
light (Cummings et al., 2008), the sparse photon “rain” 
available on dark nights likely presents some level of 
visual discrimination challenge by reducing image 
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resolution (Land and Nilsson, 2001). Conspicuous and 
variable color patterns are often favored by sexual se-
lection, especially when they improve signal detection. 
Constrasting stripe patterns could potentially improve 
visual detection of calling male frogs in low-light and 
thus we might expect them be favored by female re-
ceivers. Data from the present study and Taylor et al. 
(2007) suggest that this is true in squirrel treefrogs, but 
not in túngara frogs (Table 1).  

Table 1  Female responses to variation in signal components 
demonstrating inter-signal interaction 

 Squirrel treefrog Túngara frog 

Preference for  
contrasting stripe  

Yes* 
 

No 
 

Visual cue enhances 
less attractive call 

Yes 
 

No 
 

Temporal synchrony 
required for attraction 

? 
 

Yes† 

 

Temporal synchrony refers to the inflation of the vocal sac occurring 
simultaneously with the vocalization during experimental playbacks. * 
indicates data from (Taylor et al. 2007), † indicates data from (Taylor 
et al., in press). 
 

How can we explain this difference in response to 
pattern variation between the two frogs? In squirrel 
treefrogs, when a visual cue of a calling male (model 
frog) is coupled with a relatively slow call rate (less 
attractive), the probability of female attraction to the 
slow call rate is increased. The vocalization alone is 
sufficient for mate attraction (Taylor et al., 2007), but 
the modulation of female choice by the added visual cue 
suggests that females place some level of differential 
weighting on the two signal components or that the 
multimodal stimulus generates a novel perceptual 
stimulus. Richardson et al. (2010) demonstrated a simi-
lar phenomenon, using video playback, where the vocal 
sac enhanced less attractive calls in the European tree-
frog Hyla arborea. The same interaction does not hold 
for túngara frogs, however. Compared with the complex 
call, a simple call remains less attractive even when 
coupled with the visual stimulus of a calling male. 
Slow/fast call rates and simple/complex calls represent 
different acoustic discrimination tasks, but two lines of 
evidence suggest that comparing the influence of visual 
cues with these calls is appropriate. First, in both cases 
the preference strength for the more attractive acoustic 
signal is the same, approximately 85% (Ryan, 1985; 
Taylor et al., 2007). Second, call rates above 120 min-1 
(Taylor et al., 2007) or increased numbers of chucks 
appended to a call (Bernal et al., 2009) do not make the 
calls even more attractive. These acoustic stimulus pairs 

represent upper and lower bounds of the female prefer-
ence function for their respective species and are within 
the range of what females experience in the field. Our 
data suggest that the different modulation effect be-
tween the species may result from differences in signal 
function. Alternatively, differences in visual and acous-
tic perceptual abilities (e.g., receiver psychology, see 
Rowe, 1999; Rundus et al., 2007) could affect the evo-
lution of complex signaling in anurans. For example, 
female túngara frogs may not have the same visual sen-
sitivity, resolution, or chroma discrimination as squirrel 
treefrogs, and this could constrain the evolution of male 
stripe pattern through female choice (sensu Cummings, 
2007).  

The redundant/non-redundant information framework 
(Johnstone, 1996; Partan and Marler, 1999; Partan and 
Marler, 2005) posits that if receivers exhibit equivalent 
responses to isolated unimodal signal components, then 
each component transmits redundant information. If 
receivers exhibit different responses, then each conveys 
different information (but see Partan and Marler, 2005, 
for discussion of non-informative signals in this frame-
work). Evolution may act to shape a multimodal signal 
in more complex ways, however, and the categorization 
of signals into redundant versus non-redundant mes-
sages may not be sufficient to explain the evolution of 
multimodal signaling in all cases.  

As mentioned in the introduction, the concept of in-
formation is often an imprecise one that may not always 
add clarity to the challenge of understanding multimo-
dal signals. For example, in most frog species, the vo-
calization is correlated with species identity, male loca-
tion in the chorus, male size, and potentially male qual-
ity (Welch et al., 1998; Gerhardt and Huber, 2002). Are 
these correlations enough to demonstrate that calls 
transmit information about each of these states?  We 
can calculate such correlations, and thus derive meas-
ures of the signal’s predictability, reliability, honesty, or 
information content (all of these terms are often used 
synonymously), but does that necessarily tell us any-
thing about the receiver and by extension about the se-
lection pressures that have enforced these sig-
nal-phenotype relationships?   

Signal detection by receivers is critical for commu-
nication and individual signal detection within acousti-
cally complex environments is a difficult task for many 
animals (Bee and Micheyl, 2008) and especially prob-
lematic for túngara frogs (Farris et al., 2002; Farris et al., 
2005). In the frog’s multimodal display, the vocalization 
is dominant, but the vocal sac seems to enhance the 
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ability of a female to correctly assign the acoustic signal 
to individual callers (Taylor et al., 2011). Although we 
do not have data on female responses of squirrel tree-
frogs to a non-calling model frog, Taylor et al. (2011) 
showed that female túngara frogs who respond readily 
to an acoustic playback failed to respond to a robofrog 
with inflating vocal sac but no call. This differential 
response would be indicative of multiple messages in 
the redundant/non-redundant framework. Alternatively, 
these non-equivocal responses to acoustic versus visual 
components might occur simply because the vocal sac 
improves acoustic signal detection against the back-
ground noise rather than each component transmitting 
distinctly different messages. A reliance on the untested 
assumption that responses are based on specific infor-
mation content may lead the investigator to overlook 
alternatives such as selection for signal detection. A 
more valuable paradigm would be to test receiver re-
sponses to various signal combinations, elucidating sig-
nal function or perception. We suggest that the interest-
ing, but inherently challenging analysis of signal mean-
ing be relegated to subsequent analyses. 

One of the most intriguing aspects of our data is that 
both species exhibit strong inter-signal interaction 
(Hebets and Papaj, 2005). In inter-signal interactions of 
complex displays, signal components do not act inde-
pendently but interact to affect receiver responses. Our 
data show that for frogs, the visual signal component 
alters female responses to the acoustic component. In 
túngara frogs (and probably squirrel treefrogs) the vo-
calization is dominant and is both necessary and suffi-
cient for mate attraction (Taylor et al., 2011). The visual 
components interact with the dominant acoustic signal 
and modulate female responses in both species, but in 
different ways. In female squirrel treefrogs, the visual 
stimulus of male stripes is attractive and visual cues 
enhance a less attractive call; this is not true for túngara 
frogs. For túngara frogs, the presence of a stripe on the 
vocal sac (inflating vocal sac being the salient visual 
cue, see Taylor et al., 2008) does not enhance call at-
tractiveness, but temporal synchrony of the vis-
ual/acoustic components is critical. A perceived tempo-
ral asynchrony between the components renders the 
multimodal signal significantly less attractive than the 
call alone, effectively reversing female preference 
(Taylor et al., in press). In sum, similar morphological 
patterns or behaviors (e.g. stripes and acoustic commu-
nication ) are not always indicative of equivalent signal 
function or perception by receivers.  

Hebets and Papaj (2005) outlined several hypotheses 

to explain the evolution of multimodal signals and two 
of these seem to be important in anuran communication. 
The “Context” hypothesis states that the presence of one 
signal component provides a context in which the other 
signal component can be recognized. Data from Taylor 
et al. (2011) show that female túngara frogs do not re-
spond to the isolated vocal sac as a sexual signal, sup-
porting the “Context” hypothesis of inter-signal interac-
tion. The “Attention-altering” hypothesis states that one 
component influences the information filtering mecha-
nism of the receiver, focusing attention on another sig-
nal component. For example, visual cues can increase 
comprehension and alter perception of human speech 
(Sumby and Pollack, 1954; McGurk and MacDonald, 
1976). In acoustically complex communication systems, 
such as anuran communication in which auditory stream 
analysis presents a particular problem (Farris et al., 
2002; Bee and Micheyl, 2008), auditory filtering is im-
portant for discrimination of individual signalers and 
thus should result in strong selection favoring atten-
tion-altering signal components (Gerhardt et al., 2001). 
The most parsimonious explanation for the incorpora-
tion of the visual component into frog courtship signals 
is that it evolved as an attention-altering component 
(sensu Hebets, 2005; Hebets and Papaj, 2005) within the 
context of the vocalization. That is, male signaling effi-
cacy is improved by increased discrimination/filtering 
of individual callers in an acoustically complex envi-
ronment. The data presented in this study (Figs. 2B, 3) 
indicate, however, that the degree to which individual 
signal components are weighted, differs dramatically 
among species. This suggests that signal function or 
perception within the Order Anura differ (Table 1), ren-
dering a generalized classification based on information 
content problematic.  

The anuran vocal sac probably evolved in response to 
selection for increasing calling efficiency (Bucher et al., 
1982; Pauly et al., 2006) and was first incorporated into 
the multimodal signal as a cue. As a visual cue it proba-
bly carried little additional information content early in 
signal evolution. Additional information may have be-
come incorporated in the visual component of anuran 
multimodal signals in some species (e.g., color patterns 
or shape variation correlated with body condition or 
developmental history), thereby evolving as a signal 
under content-based selection pressures. For example, 
the carotenoid-based stripes in squirrel treefrogs (Fig. 1) 
could indicate some aspect of male condition. Data are 
currently lacking to document if additional information 
content (beyond that contained in the vocalization) is 
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communicated through visual signal channels, however, 
and at least one study failed to find a correlation be-
tween male condition and luminance of male throats 
(Sztatecsny et al., 2010). 

Animals that communicate acoustically often exhibit 
similar responses to variations in signal properties 
(Gerhardt and Huber, 2002). Receiver responses often 
become more variable with increasing signal complexity, 
however, making it difficult to generalize the evolution 
of multimodal signals. We argue for an approach that 
tests hypotheses based on receiver responses to ele-
ments of complex signals (unimodal + multimodal) 
without underlying assumptions of signal meaning (e.g. 
efficacy-based approaches and inter-signal interaction in 
Hebets and Papaj, 2005). Quantifying responses to mul-
timodal signal components across species is likely to 
reveal commonalities as well as important differences 
(Framenau and Hebets, 2007; Hebets 2008), and these 
data can then provide the foundation for analyzing sig-
nal information content.   
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