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signal evolution.

Communication signals by both human and non-human animals are often interrupted in nature. One advantage of multimodal cues
is to maintain the salience of interrupted signals. We studied a frog that naturally can have silent gaps within its call. Using video/
audio-playbacks, we presented females with interrupted mating calls with or without a simultaneous dynamic (i.e., inflating and
deflating) vocal sac and tested whether multisensory cues (noise and/or dynamic vocal sac) inserted into the gap can compen-
sate an interrupted call. We found that neither inserting white noise into the silent gap of an interrupted call nor displaying the
dynamic vocal sac in that same gap restored the attraction of the call equivalent to that of a complete call. Simultaneously pre-
senting a dynamic vocal sac along with noise in the gap, however, compensated the interrupted call, making it as attractive as a
complete call. Our results demonstrate that the dynamic visual sac compensates for noise interference. Such novel multisensory
integration suggests that multimodal cues can provide insurance against imperfect sender coding in a noisy environment, and the
communication benefits to the receiver from multisensory integration may be an important selective force favoring multimodal

Key words: acoustic composition, audio-visual integration, frog, multimodal signal, mate choice.

INTRODUCTION

In recent years, multimodal communication has become a com-
pelling interest, especially in behavioral ecology (Hebets and Papaj
2005; Caldart et al. 2021). Multimodal displays are composed of
signals and cues in more than one sensory modality and are wide-
spread in humans and other animals (Halfwerk et al. 2019). An ef-
fective method to probe possible functions for a multimodal signal
is addressing questions about signal content, efficacy, and inter-
signal interactions (Hebets and Papaj 2005). While previous studies
of multimodal communication have often tested whether different
components serve as back-up messages or provide multiple mean-
ings (Partan and Marler 2005), few studies focus on the inter-signal
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interactions of multimodal communication and how specific inter-
actions across multimodal components influence the receivers’
behavioral responses (Halfwerk et al. 2019). Different signal com-
ponents of multisensory signals often interact so that one signal
can change the receiver’s response to another signal (Bahrick et al.
2004; Caldart et al. 2021). One impressive example is the McGurk
effect, which shows that mismatching lip movements and auditory
cues during speech can change our acoustic perceptions (McGurk
and Macdonald 1976).

Acoustic signals produced by most frogs are accompanied by
the inflation and deflation of a conspicuous vocal sac (Narins et al.
2003; Taylor et al. 2008; Zhu et al. 2021). The acoustic component
of a frog’s call is its dominant characteristic, yet visual components
(e.g., dynamic vocal sac) can also influence signal attraction (Stange
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et al. 2017; Kaiser et al. 2018; Zhu et al. 2021). Many frogs main-
tain inflation of their vocal sacs in between calls when they pause
to call, suggesting a communication function. Although most frogs
are nocturnal, previous studies demonstrated that some frogs have
excellent behavioral and retinal visual sensitivities under nocturnal
conditions and can perceive the vocal sac (Cummings et al. 2008;
Leslie et al. 2020). We now know that this visual cue can function as
a component of a male’s multimodal sexual display in some species
(Taylor et al. 2008; Starnberger et al. 2014; Zhu et al. 2021). Similar
to the movement of lips when speaking, which can modify our per-
ception of auditory information (e.g, the McGurk effect), dynamic
(inflating-deflating) vocal sacs can also influence frogs’ behavioral
responses (Narins et al. 2003; Taylor and Ryan 2013). One study of
frogs has shown the potential of multimodal cues to rescue saliency
in a frog’s call (the multisensory rescue hypothesis), although in a
different context than we are studying here. Female tingara frogs
(Physalaemus pustulosus) perceived two relatively unattractive signals
(an acoustic signal and a visual signal) as an attractive compound
signal when the two unattractive signals were combined (Taylor
and Ryan 2013). As vocal communication in frogs often takes place
in intraspecific and/or interspecific choruses, the signal received by
receivers 1s often incomplete (Hodl and Amézquita 2001; Bee and
Micheyl 2008). Thus, how integrating audio-visual cues to compen-
sate for an interrupted call becomes a common challenge faced by
frogs and other animals relying on vocal communication.

In addition, it is well-known that calling rate (the number of
calls in a call bout per unit time) and specific call parameters (e.g,,
dominant frequency and duration) are key assessment indicators in
mate selection and often determine female preference (Schwartz et
al. 2011; Henderson and Gerhardt 2013; Tanner and Bee 2020).
However, these conclusions are obtained only in the case of uni-
modal communication. Considering the potential inter-signal inter-
actions between multimodal components, the roles of calling rate
and call parameters in mate choice may change in the presence of
a visual cue.

As with most frogs, male serrate-legged small treefrogs (Kurixalus
odontotarsus) produce multimodal courtship calls by vocalizing and
presenting their inflating and deflating vocal sac as a visual cue.
Male frogs of this species usually call at night, but a few occasion-
ally call during the day (Zhu et al. 2021). Female frogs base their
mate choices on male advertisement calls, which usually con-
sist of five wideband frequency notes (Zhu et al. 2017a, 2017b).
Interestingly, we found that males produce advertisement calls with
silent gaps in the wild (Supplementary Figure S1). Male frogs pro-
duce more interrupted calls when another male is calling nearby
(217 interrupted calls in 306 min of recordings from 51 male frogs),
even though a single male rarely produces the interrupted calls
when there are no competitors around (25 calls in 288 minutes of
recordings from 67 male frogs). Meanwhile, our field observation
found that some male serrate-legged small treefrogs occasionally in-
flate the vocal sac without vocalization, which suggests that the role
of the vocal sac itself could be important in visual communication.
However, whether adding a dynamic vocal sac with an interrupted
call can restore the attractiveness of the interrupted call remains
unknown.

Video/audio-playbacks have proven to be an effective method
to study the perception of multimodal signals in some nocturnal
anurans (Rosenthal et al. 2004; Zhu et al. 2021). Using video as
well as audio playbacks, we presented female serrate-legged small
treefrogs with manipulated acoustic stimuli and/or a simultaneous
dynamic (i.e., inflating and deflating) vocal sac and tested whether
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the attractiveness of interrupted calls can be restored to that of a
complete call by inserting into the gap of the call: 1) an acoustic
cue, 2) a visual cue, and 3) a simultaneous multimodal cue. In addi-
tion, we tested whether the roles of calling rate and call parameters
in mate choice change in the presence of a visual cue.

MATERIALS AND METHODS
Study site

We completed all experiments in Hainan, China at the Mt.
Diaoluo National Nature Reserve during the breeding season of
K. odontotarsus in 2015, 2016, and 2018; we collected female frogs
from the same metapopulation. Gravid females were captured by
hand in the field and placed in individual light-safe boxes which
contained water and branches with foliage. We kept female frogs in
the tanks for an average of one hour between collecting and testing.

Stimulus preparation

We filmed calling males at night (temperature 21.8 = 0.76°C)
to make stimuli using a digital camera as we did in our previous
study (Zhu et al. 2021). Males are often observed vocalizing near
streetlights or beside buildings that have artificial light. Our pre-
vious data revealed that the light intensity of male calling sites
under artificial light varied from 6.98 to 55.15 lux (Deng et al.
2019). The light intensity measured at the male’s calling site in the
present study was about 4.40 lux.

We chose a five-note advertisement call as the basic stimulus,
which is common in male calls (Zhu et al. 2017a, 2017b). The
acoustic stimuli tested included the complete five-note advertise-
ment call, “complete call,” five-note advertisement call with the
gap of silence (dropping the second note), “silent gap,” and the
advertisement call with the gap of silence filled with a broad-
band white noise (1-10 kHz), “noise gap” (Figure 1). The “fast”
root-mean-square amplitude of acoustic stimuli was 80 dB SPL
(re: 20 pPa, Z-weighted) measured with a sound level meter (AWA
6291, Hangzhou Aihua, China) at the release point of the female.
All stimuli have an equivalent call duration, 2 s. To display multi-
modal signals, we placed an LCD monitor with a large visual angle
(170°) above each speaker. The audio and the video were from the
same frog. We used six audio-visual stimuli derived from six dif-
ferent calling males to minimize pseudoreplication. More details
are shown in Supplementary Figure S2.

Our experiment includes five tests: complete call vs. silent gap (test
a); complete call vs. noise gap (test b); silent gap plus dynamic vocal sac
vs. silent gap (test c); complete call plus dynamic vocal sac vs. silent gap
plus dynamic vocal sac (test d); and complete call plus dynamic vocal
sac vs. noise gap plus dynamic vocal sac (test e; see Figure 3). Each stim-
ulus pair was presented in a loop, and the intervals between two stimuli
were 5 s. We displayed a background video of a male frog’s calling site
(as if they were blocked by leaves in the tropical rainforest) on the mon-
itor as a control when the acoustic-only stimuli were playing to elimi-
nate the possibility that females were merely attracted by light/images
from the screens (phototaxis). There are many situations in the wild
when the female can hear a male frog but not see it, because variations
in foliage or geography may obscure male callers visually. Hence, our
control design was consistent with natural conditions.

We adjusted the parameters (including gamma, brightness, contrast
ratio, and color balance) of the two screens using the color calibra-
tion function of Windows to ensure the parameters were the same.
Meanwhile, we adjusted the color and brightness of the screens using
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Figure 1

Amplitude-modulated waveforms (top) and spectrograms (bottom) of three acoustic stimuli. (a) Complete five-note advertisement call, “complete call”; (b)
advertisement call with the gap of silence, “silent gap”; (c) advertisement call with the gap of silence filled with white noise, “noise gap.” The FFT (fast

Fourier transform) frame is 1024.

a colorimeter (Spyder 5, Datacolor, China) and a screen luminance
meter (SM208, Sanpometer, China) respectively. The brightness of
one screen was 75.5 cd/m?, and that of the other screen was 77.1
cd/m? The light intensity measured at the release point (1 m away
from the screen) was 0.06 lux, and 8.59 lux at 10 cm away from both
screens, which coincides with the intensity of nocturnal light in the
wild (range: 2.1-55.15 lux) where serrate-legged small treefrogs occur,
especially considering that few male frogs call during daylight.

As mentioned in previous studies (Reichert and Hébel 20155 Zhu
et al. 2021), it is difficult to present stimuli that replicate the visual
features of objects in nature. The spectra of nocturnal environments
vary widely and treefrogs experience variable spectra depending on
different breeding habitats. Our field observation also found that the
body color of male K. odontotarsus varies greatly. We measured the re-
flectance of the back and vocal sac from six individuals using a Jaz
spectrometer (Ocean Optics Inc., Dunedin, FL) with a PX2 light
source. Four parts of the male back and three parts of the vocal sac
were measured in each frog. The reflectance of the vocal sac is higher
than that of the male back (Supplementary Figure S3). The reflect-
ance of the male vocal sac does not vary much in the wavelength
range of 400-700 nm, even though it has the maximum reflectance
at 670 nm (Supplementary Figure S3). Previous data obtained from
video-playback experiments in tingara frogs (Rosenthal et al. 2004)
were statistically indistinguishable from the results of analogous ex-
periments using robotic frogs (Taylor et al. 2008). Our previous study
also demonstrates that the video-playback approach is effective in A
odontotarsus (Zhu et al. 2021).

Female testing

All experiments were conducted indoors, allowing control of
ambient noise, light, and weather conditions. Each frog com-
pleted the binary phonotaxis tests in a sound-attenuating chamber
(150 x 150 % 120 cm) under infrared illumination (84H10P, Woshida,
China) between 20:00 and 02:00 h (temperature: 22.7 + 1.1°C, rela-
tive humidity: 86.3 = 4.9%). The testing arena was a 1-m equilateral
triangle with two audiovisual devices occupying two apexes, in which
the female was released at the third apex (Figure 2).

I\

Figure 2

The diagram of the phonotaxis test arena. We restrained a female frog
under a transparent dome that was placed between two audiovisual
devices, which were separated by 100 cm and formed a triangle with a
60° separation relative to the female frog’s release point in a 150 X 150 cm
sound-attenuating chamber. The speakers play sounds, and the monitors
above the speakers play videos of dynamic vocal sacs. Each audiovisual
device can present a unimodal (acoustic or visual) or a synchronized
multimodal (acoustic and visual) stimulus independently.

Before the test, each subject was allowed to remain under a vis-
ually and acoustically transparent dome (12.8 c¢m in diameter) for
2 min to acclimate, during which time both speakers played com-
plete advertisement calls. Then, the dome was raised to allow the
female to choose within 10 min. The test stimuli were played an-
tiphonally. The speaker/monitor that broadcast the multimodal
stimulus was determined randomly to avoid a potential order effect.
Randomized orders were generated using the Randbetween func-
tion in Excel. We defined a choice being made when a frog entered
the choice zone (within 10 cm of the speaker) and remained in the
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zone for 3 s, or if they touched the speaker/monitor. Female frogs
that did not enter into the zone within 10 min were later retested
after enough time to rest (usually 15-30 min). Females that failed
to respond twice were removed from the experiment. These frogs
failed to respond presumably due to a lack of motivation. For each
test, we also recorded the time female frogs took to make a choice
(latency).

Each female was tested only once in a specific stimulus pair. For
trials a, b, and e, females were tested in only one trial; for instance,
frogs tested in trial e were not used in other trials. That was the
same for frogs participated in trial a or b. Some females (i.e., 26)
were tested in both trials ¢ and d. However, there is no inter-group
comparison between trials ¢ and d. Each trial was designed to ad-
dress a different question. To avoid fatigue, each frog was allowed a
3-min break after each test. To eliminate possible chemical odors,
we mopped the ground between the tests to keep the arena clean
and moist.

After completing all tests, we uniformly clipped part of the soft
tissue (i.e., sucker) from the frog’s smallest fingertip to prevent the
recapture of the same subjects. Meanwhile, we sprayed disinfectant
(Vetericyn Plus*Wound and Skin Care; Innovacyn Inc.) on the
slight wound to avoid infection and relieve pain after the sucker-
clipping. All operations followed the Guidelines for the Use of Live
Amphibians and Reptiles in Field Research (Beaupre 2004). Our
constant observations found that such treatment did not affect fe-
male activities (e.g., climbing and ovulation) and survivorship in
the field. Many frogs were recaptured after 1 or 2 months. The re-
grown sucker is smaller than the original and easy to distinguish
after about 2-3 months. We put the original paired female and
male frogs together after the tests and they reformed into pairs very
quickly. We released all female frogs immediately in their home lo-
cation after testing.

Statistical analysis

We verified female choice responses, the number of visits as well
as the latency to choose, by scoring the surveillance videos. The
sonograms of male advertisement calls were drawn using PRAAT
(Boersma 2002). The statistical graphs were visualized using Origin
2017 software (OriginLab Corp.). All statistical analyses were con-
ducted using SPSS 21.0 software (SPSS Inc.). The exact binomial
test was used to analyze female choice within each test and Fisher’s
exact test (two-tailed) was used to compare the results between dif-
ferent tests; we did not compare results between tests ¢ and d. The
generalized linear mixed model (GLMM) was utilized to analyze
the difference in female latency to choose. We created a model with
a Poisson error structure and log-link function. Specifically, we set
the stimulus pair type (complete call vs. silent gap, complete call vs.
noise gap, silent gap plus visual sac vs. silent gap, complete call plus
visual sac vs. silent gap plus visual sac, complete call plus visual sac
vs. noise gap plus visual sac) as a fixed effect. The female ID term
provides information on how repeatable and individual-specific the
behavior is. Thus, we modeled the female ID as a random term
in the model. Pairwise comparisons with the estimated marginal
means contrasts were used to complete multiple comparisons (ad-
just for multiple comparisons using the least significant difference).
All data were examined for assumptions of normality and homo-
geneity of variance, using the Shapiro-Wilk and Levene tests, re-
spectively. Data are expressed as Mean * SD, and p < 0.05 was
considered to be statistically significant.
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Ethics

All applicable international, national, and/or institutional guide-
lines for the care and use of animals were followed. All proced-
ures performed in studies involving animals were approved by the
Animal Care and Use Committee of Chengdu Institute of Biology,
CAS (CIB 2016008).

RESULTS
Preference responses

A total of 234 female frogs participated in this series of experi-
ments. Female frogs preferred a complete advertisement call over
an advertisement call with a gap of silence (complete call vs. silent
gap, 68 vs. 39, P=0.0065; Figure 3a).

Inserting broadband white noise in the gap did not restore the
interrupted call’s attractiveness to that of a complete call (complete
call vs. noise gap, 44 vs. 23, P=0.0139; Figure 3b).

We presented females with an interrupted call in which the vocal
sac was synchronized with all the call notes and also occurred in
the gap of the interrupted call. This call was more attractive than
the same interrupted call that was not accompanied by the dy-
namic vocal sac (silent gap plus vocal sac vs. silent gap, 23 vs. 7,
P=10.0052, Iigure 3c). However, the dynamic vocal sac did not re-
store the interrupted call as attractive as the complete call with the
dynamic vocal sac (complete call plus vocal sac vs. silent gap plus
vocal sac, 22 vs. 4, P=0.0005, Figure 3d).

When the complete call and the interrupted call were played
back alternately, 36.4% of the females chose the interrupted call,
but the ratio of the females chose the interrupted call dropped to
15.4% when presenting the vocal sac in both monitors, although
the difference between the two groups was not statistically signifi-
cant (36.4% vs. 15.4% choices, P = 0.08, Iigure 3a and d).

We gave females a choice between the complete call accom-
panied by a dynamic vocal sac versus the interrupted call accom-
panied by a dynamic vocal sac, as in the last experiment, but with
the addition of white noise in the gap. Half of the female frogs
chose the interrupted call with a gap of silence filled with noise
over the complete call (complete call plus vocal sac vs. noise gap
plus vocal sac, 15 vs. 15, P= 1.0, Figure 3e). Thus, the attractive-
ness of the interrupted call is restored to that of the complete call
when white noise occurs in the gap and a dynamic vocal sac ac-
companies the call.

Latency to choose

We analyzed and compared female latency to choose from five tests.
Overall, there are significant differences in female latency between
different tests (GLMM: F, o55 = 19.301, P < 0.001; Figure 4, Table
1). Pairwise comparisons showed that females exhibited signifi-
cantly shorter latencies in the tests containing a multimodal stim-
ulus than in tests that only contained acoustic stimuli (£ < 0.001,
Figure 4, Table 2).

DISCUSSION

In this study, we examine how multimodal cues might rescue the
saliency of signals in a noisy environment. Specifically, we deter-
mined how the presence of white noise and the visual cue of an
inflating-deflating vocal sac can restore the attractiveness of inter-
rupted mating calls.
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Female preference responses. Each portion of the figure illustrates the acoustic or/and visual components of the serrate-legged small treefrogs’ mating

signals: a complete five-note advertisement call, “complete call” (a-b, d-e, left black); advertisement call with the gap of silence, “silent gap” (a, c-d, right gray,
¢, left black); advertisement call with the gap of silence filled with noise, “noise gap” (b, e, right gray). The calling frogs under the waveform represent the

inflation-deflation cycles of the vocal sac shown by video playback (c-e, left black, d-e, right gray); the inflation and deflation of the vocal sac are accompanied

by male frogs producing each note. The x-axis represents 2 s. The vertical black and gray bars and the ratio in the bars represent the proportion of females
choosing the respective signal, and the blue dashed horizontal lines represent the null hypothesis of equal preference (50%). The results of binomial tests (two
tails) are noted as ***P < 0.001, **P < 0.01, *P < 0.05, ns (not significant) P> 0.05. The exact P values for each test are as follows: (a) 2= 0.0065, N = 107;
(b) P=10.0139, N=67; (c) P=0.0052, N'= 30; (d) »=0.0005, N'= 26; (e) P= 1.0, N'= 30.
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Figure 4

Female latency to choose in five tests. The latencies for each test are as follows: complete call vs. silent gap, 263.0 £ 161.4 s, n = 107; complete call vs. noise

gap, 310.7 £ 162.5 s, n = 67; silent gap + visual sac vs. silent gap, 138 £ 101.1 s, n = 30; complete call + visual sac vs. silent gap + visual sac, 131.5 £ 129.3 s,

n = 26; complete call + visual sac vs. noise gap + visual sac, 112 £ 138.0 s, n = 30. In the generalized linear mixed model (GLMM), pairwise comparisons
with the estimated marginal means contrasts were used to compare female latency to choose between five tests. Data were expressed as Mean £ SD. Different

superscript letters indicate significant differences among different tests.

Table 1

Parameter estimates of the generalized linear mixed model (GLMM)

95% Confidence Interval

Model Term Coeflicient Std. Error t Sig. Lower Upper
Intercept 112.000 25.200 4.444 0.000 62.374 161.626
test =a 150.991 29.641 5.094 0.000 92.619 209.363
test=b 198.746 32.077 6.196 0.000 135.576 261.916
test =c 26.000 31.234 0.832 0.406 —35.510 87.510
test =d 19.538 35.745 0.547 0.585 —50.855 89.932
test =e 0°

aThis coeflicient is set to zero because it is redundant.

Our results demonstrate that: 1) inserting white noise in the gap
did not restore the attractiveness of interrupted calls; 2) presen-
tation of a dynamic vocal sac resulted in more females prefer-
ring the interrupted calls, but they were still less preferred than
the complete call with a dynamic vocal sac; and 3) combining the
visual cue of a dynamic vocal sac along with noise in the gap,
however, compensated the interrupted call and made it as attrac-
tive as the complete call. In addition, our results also demonstrate
that: 4) acoustic calling rate, in this case, a non-interrupted call
vs. an interrupted call, matters whether or not the display is uni-
modal or multimodal; 5) when calling rate is held constant mul-
timodal displays are more attractive than unimodal displays; and
6) acoustic signal composition is less important in the presence of
visual cues.

Revealing the function of multimodal signals is critical to under-
standing their evolution (Hebets and Papaj 2005). Here we show
that the combined call was more attractive than the same inter-
rupted call that was not accompanied by a dynamic vocal sac in
serrate-legged small treefrogs. Our previous study revealed that fe-
male frogs preferred male advertisement calls over isolated visual
sacs (Zhu et al. 2021). Thus, an isolated vocal sac can improve male
attractiveness when combined with an acoustic call but is not suffi-
cient to elicit a female response. Although we are not sure whether

an advertisement call and the visual sac convey the same informa-
tion about signaller quality, they certainly play different roles in
female mate choice. The multimodal displays are more attractive
than the unimodal acoustic display; thus, in general, our results
support the inter-signal interaction hypothesis (Hebets and Papaj
2005; Caldart et al. 2021).

The presence of the dynamic vocal sac also reduces female la-
tency to choose. Analogous results in response to multimodal stim-
ulation are classically observed in neurophysics and psychophysics
(Rowe 1999), but rarely in the context of mate choice (Hebets and
Papaj 2005). Our results might be explained by the fact that visual
cues offer more accurate location information than acoustic cues
(Kording et al. 2007).

The vocal sac probably did not evolve as a visual signal but in-
stead, as a mechanism to shuttle air back to the lungs during calling
(Bucher et al. 1962; Pauly et al. 2006). There are however many
species with adornments to the vocal sac, such as striking shapes
and bright colors, and even behaviors in which the vocal sac is dis-
played in the absence of calling. All of this suggests that selection
has favored the evolution of traits that enhance the conspicuous-
ness of vocal sacs and thus promote the role and communication.
In these cases, we can think of the vocal sac as a signal even
though that was not its original function (Starnberger et al. 2014).
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Table 2
Pairwise comparisons of female latency to choose between five tests

95% CI
Test Pairwise Contrasts Contrast Estimate SE t df Adj. Sig. Lower Upper
avs.b —47.756 25.248 —1.891 255 0.060 —97.476 1.965
avs. c 124.991 24.168 5.172 255 0.000 77.396 172.585
avs.d 131.452 29.769 4.416 255 0.000 72.827 190.077
avs. e 150.991 29.641 5.094 255 0.000 92.619 209.363
bvs. ¢ 172.746 27.101 6.374 255 0.000 119.376 226.116
bvs. d 179.208 32.196 5.566 255 0.000 115.804 242.612
bvs. e 198.746 32.077 6.196 255 0.000 135.576 261.916
cvs.d 6.462 31.356 0.206 255 0.837 —55.289 68.212
cvs. e 26.000 31.234 0.832 255 0.406 —35.510 87.510
dvs.e 19.538 35.745 0.547 255 0.585 —50.855 89.932

The lowercase letters a—e represent the tests a—e, respectively. These pairwise comparisons are based on the estimated marginal means contrasts and adjusted
using the least significant difference. P < 0.05 was considered to be statistically significant.

In general, multimodal signals may have evolved because they can
be efficiently transmitted, detected, or remembered (Hogan and
Stoddard 2018; Caldart et al. 2021; Zhu et al. 2021). Our results
indicate that the visual sac not only provides enhancement of call
attractiveness, but it also reduces female time to choose mates, and
might potentially reduce search costs due to predation in some
frogs (Ryan et al. 1982).

Noise interference often reduces the efficiency of communica-
tion (Wiley 2015; Gomes et al. 2016; Halfwerk et al. 2017; Jong et
al. 2018). Similar to the cocktail party problem in humans, female
frogs are challenged by noise interference as vocal communication
often takes place in dense choruses (Bee and Micheyl 2008). Some
frogs switch from the auditory channel to the visual channel (e.g.,
foot flagging) to cope with ambient noise (Hodl and Amézquita
2001). This tactic is referred to as multimodal shift (Partan 2017).
In the present study, we show that the attractiveness of an inter-
rupted call masked with noise was restored to that of a complete
call when, and only when, exhibiting a dynamic vocal sac. This
is similar to human beings who can read lip motions to enhance
speech recognition when the speech is temporarily masked by loud
noise (Xu et al. 2004). Our results demonstrate that dynamic visual
cues (i.e., vocal sac) can compensate for noise interference in vocal
communication. Such multisensory interactions can help frogs
render an interrupted call masked with noise as attractive, and pro-
vide insurance against imperfect sender coding under a complex
sound environment instead of a multimodal shift. Our results sug-
gest that the process of multisensory integration in serrate-legged
small treefrogs is not a simple additive operation of each multi-
modal component; the interaction between multimodal compo-
nents may involve a unique behavioral response different from that
involved by acoustic or visual component (Taylor and Ryan 2013;
Stein et al. 2014; Halfwerk et al. 2019).

The intensity of a courtship display usually influences the mating
success of signallers. Calling rate is an important indicator for fe-
male assessment of male quality (Schwartz et al. 2011; Henderson
andGerhardt 2013; Tanner and Bee 2020). Our results demon-
strate that acoustic calling rate is of primary importance regardless
of whether the display is unimodal or multimodal. The presence
of the dynamic vocal sac without noise compensates for some but
not all of the salience of the interrupted call, unlike the complete
multisensory rescue shown by tangara frogs (Taylor and Ryan
2013). An alternative explanation is that the complete call with the
dynamic vocal sac might be substantially more attractive than the

interrupted call with the same vocal sac. More interestingly, the
proportion of female frogs choosing the interrupted call versus the
complete call decreased from 36.4% to 15.4% in the presence of
the visual cue, which indicates that the acoustic calling rate prob-
ably matters more in the presence of the vocal sac than in its ab-
sence. Our results suggest that the effect of multimodal integration
(i.e., an auditory signal plus a dynamic visual cue) probably de-
pends on the integrity of the auditory signal.

Broadcasting an interrupted call with only noise in the gap does
not render the attractiveness of the call similar to that of a com-
plete call, but this is not the case if the noise is accompanied by the
visual cue of the vocal sac. These results demonstrate that acoustic
signal composition is less important in the presence of visual cues,
either because there is reduced attention to acoustic cues in the
presence of visual cues or perception of the multimodal cue is
more salient (Gomez et al. 2011). Regardless, it suggests that the
selection pressure on acoustic signals may be lessened in the pres-
ence of visual cues, and this has important implications not only for
current function but also for evolutionary patterns.

CONCLUSION

Our study revealed a novel function of multisensory integration in
courtship communication. Combining a dynamic vocal sac along with
noise compensated the interrupted call and made it as attractive as the
complete call. This study helps us understand how animals integrate
information from multisensory cues to rescue signal salience, especially
in a noisy environment (e.g., the cocktail party problem). Such com-
munication benefits to the receiver from multisensory integration may
be an important selective force favoring multimodal signal evolution.
Meanwhile, we found that acoustic signal composition is less important
in the multimodal display, which suggests that the selection on acoustic
signals may be lessened in the presence of visual cues.
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Supplementary material can be found at Behavioral Ecology online.
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