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1  | INTRODUC TION

In many species of animals, especially insects and frogs, males 
gather together to acoustically advertise to females (Gerhardt 
& Huber, 2002). Although choruses can last much of the night, 
calling is not continuous and often interspersed with bouts of 

silence. Thus, females who are searching for males and compar-
ing males to one another would benefit from the ability to re-
member the location of the males' calls over bouts of silence. 
In at least one species of frog, more complex acoustic stimuli 
instantiate longer-term memory than less complex calls (Akre & 
Ryan, 2010).
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Abstract
1.	 Animal choruses, such as those found in insects and frogs, are often intermittent. 

Thus, females sampling males in the chorus might have to remember the loca-
tion of the potential mates' calls during periods of silence. Although a number of 
studies have shown that frogs use and prefer multimodal mating signals, usually 
acoustic plus visual, it is not clear why they do so. Here we tested the hypothesis 
that preference for multimodal signals over unimodal signals might be due to mul-
timodal signals instantiating longer memories than unimodal signals, particularly 
during the inter-chorus intervals.

2.	 We tested this hypothesis in serrate-legged small treefrogs Kurixalus odontotar-
sus whose males produce advertisement calls accompanied by conspicuous vocal 
sac inflation. Females were tested with acoustic and acoustic + visual (video of 
inflating-deflating vocal sac) mating calls.

3.	 We found that females prefer multimodal calls over unimodal, audio-only calls. 
Furthermore, multimodal calls are still preferred after a silent period of up to 30 s, 
a time that spans the average silent period of the chorus. This was not true of 
unimodal calls.

4.	 Our results demonstrate that a multimodal signal can engage longer working 
memory than a unimodal signal, and thus female memory might favour the evolu-
tion of multimodal signals in males through sexual selection. Selection might also 
favour female preference for multimodal signals if longer memory facilitates mate 
searching and assessment. Our study does not allow us to elucidate the sequence 
of evolution of this trait and preference.
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The complexity of a male's sexual display can be increased by 
adding additional sensory modalities. Multimodal displays are com-
posed of signals and cues in more than one sensory modality, which 
are widespread in humans and other animals. Multimodal signals 
can profoundly impact cognitive processes in humans and other 
species (Halfwerk et  al.,  2019; McGurk & MacDonald,  1976). For 
example, multisensory modalities activated different subregions of 
the hippocampus to activate a number of memory-based processes 
in humans (Kesner, 2015). Multisensory stimuli are even applied to 
improving the short-term memory of dyslexic children (Saputra & 
Nugroho, 2015). Animals also have multiple senses through which 
they can detect the multimodal information. For instance, hunting 
bats Trachops cirrhosus prefer to attack model frogs emitting multi-
sensory cues, in this case acoustic call and call-induced water ripples 
(Gomes et al., 2016; Halfwerk et al., 2014).

Acoustic signals produced by most frogs are accompanied by 
the inflation and deflation of a conspicuous vocal sac. The vocal 
sac is a sound radiator that likely evolved in response to selection 
for increased calling efficiency (e.g. increasing the call rate; Pauly 
et  al.,  2006). Previous studies revealed that frogs have excellent 
behavioural and retinal visual sensitivities corresponding to noc-
turnal light intensities, even under moonless conditions (approx. 
0.004 lux; Cummings et al., 2008; Leslie et al., 2020; Underhill & 
Höbel, 2017). Diurnal species have greater sensitivity in the phot-
opic domain while nocturnal species have 10-fold to 100-fold 
greater sensitivity in the scotopic domain. Physiological analy-
sis suggests rod-specific adaptations drive scotopic thresholds in 
nocturnal species (Rosencrans et  al.,  2018). Given that nocturnal 
species should be able to perceive the dynamic vocal sac inflation, 
this cue can function as a component of the male's multimodal sex-
ual display under natural nocturnal conditions (Taylor et al., 2008). 
In addition, the anuran vocal sac also has been co-opted for seis-
mic and even chemical signalling (Halfwerk, Jones, et  al.,  2014; 
Starnberger et al., 2013, 2014).

Understanding the specific advantages of multimodal signal evo-
lution is challenging. Numerous female animals prefer multimodal 
mating signals over unimodal signals, but it is not clear why they do 
so. Although the advantage of multimodal signals to the signaller has 
been demonstrated in some species (Halfwerk et al., 2014; Narins 
et al., 2003; Taylor & Ryan, 2013), the advantage to the receiver of 
preferring multimodal mating signals over unimodal signals has only 
been hypothesized (Candolin, 2003; Hebets & Papaj, 2005; Moller & 
Pomiankowski, 1993; Partan, 2013). One possible advantage of mul-
timodal mating signals to receivers is that male multimodal sexual 
signals may instantiate longer memories in females than unimodal 
signals. We investigated the effect of male multimodal sexual signals 
on female memory duration in the serrate-legged small treefrogs 
Kurixalus odontotarsus.

Working memory refers to the ability to encode, maintain and 
flexibly manipulate information no longer present in the environ-
ment (Bizon et  al.,  2012). A classic method of assessing working 
memory duration in animals is the spatial delayed response task, 
which requires the animal to remember the location of a food 

reward concealed in one of two wells across a brief delay (Croxson 
et al., 2012; Rodriguez & Paule, 2009). Akre and Ryan (2010) used a 
similar method to assess the duration of female working memory of 
acoustic signals with numbers of call components, or complexity, in 
the túngara frog. They demonstrated that additional components, 
specifically chucks, increased the active time (the period over which 
a signal influences a receiver's response to that signal) of male mat-
ing calls. Other factors may also affect the active time associated 
with simple and complex signals, such as enhanced motivation to 
approach the speaker broadcasting complex calls and the potential 
‘behavioural mnemonic’ effect (Akre & Ryan, 2010); that is, retaining 
orientation towards a sound after it ceases could maintain an attrac-
tive signal's location information (Akre & Ryan, 2010). Considering 
that multimodal cues can facilitate signal detection and recognition 
(Rowe, 1999), we tested the hypothesis that multimodal sexual sig-
nals increased the duration of working memory in females in the 
context of mate choice.

The serrate-legged small treefrog K. odontotarsus is a tropical spe-
cies that has been well studied in acoustic communication and sex-
ual selection (Zhu et al., 2016; Zhu, Wang, Brauth, et al., 2017; Zhu, 
Wang, Zhao, et al., 2017). Males produce multisensory courtship calls 
by vocalizing and presenting their inflating and deflating (i.e. dynamic) 
vocal sac as a visual cue (Figure 1). Females base their mate choices 
on male advertisement calls, which consist of several wideband fre-
quency notes (Figure 1; Zhu, Wang, Zhao, et  al., 2017). Most male 

F I G U R E  1   Waveform of a call and photo of the vocal sac 
of a serrate-legged small treefrog. The waveform (top) of an 
advertisement call with five notes (abbreviated as ‘5A’) and vocal 
sac (bottom) of a male serrate-legged small treefrog. Male frogs 
usually produce five-note advertisement calls with an average 
duration of 2 s, although they can produce advertisement calls 
consisting of one to nine notes. The vocal sac inflates and deflates 
for each note at a mean frequency of 4.1 times per second
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serrate-legged small treefrogs call at night, and a few call during the 
day as well. Since there are many shelters in the tropical rainforest, 
females sometimes can hear but not see advertising males.

Video-playbacks have proven to be an effective method 
to explore the perception of multimodal signals in numer-
ous animal taxa, including some nocturnal anurans (Reichert & 
Höbel, 2015; Rosenthal et  al.,  2004; Smith & Evans, 2008; Uetz 
& Roberts,  2002). Using the video-playback technique, we pre-
sented manipulated acoustic stimuli and/or simultaneous video 
sequences to female serrate-legged small treefrogs. We investi-
gated the hypothesis that multimodal signals are more effective 
than unimodal signals in eliciting female responses through their 
efficacy in engaging working memory, which may allow females to 
find potential mates more reliably during silent periods between 
choruses. We tested two predictions of this hypothesis: (1) the 
multimodal signal is more attractive than a unimodal signal to fe-
males and (2) multimodal signals instantiate longer working mem-
ory compared to unimodal signals.

2  | MATERIAL S AND METHODS

2.1 | Experimental procedures

All experiments were completed in Hainan, China at the Mt. Diaoluo 
National Nature Reserve between May and August 2016, 2018 
(during the natural breeding season of K. odontotarsus). Gravid 
females (average body length, 47  mm) were captured by hand 
from the wild and held separately in tanks with a meshed cover 
(30  cm  ×  30  cm  ×  30  cm) which contained water and branches 
with foliage under natural light and temperature condition until 
they were tested. Subjects were held in the tanks for an average 
of 1  hr between collecting and testing. Each female completed a 
series of binary phonotaxis tests in a 150 cm × 150 cm × 120 cm 
sound-attenuating chamber without a roof between 20:00  hr and 
2:00 hr (temperature: 22.7 ± 1.1°C, relative Humidity: 86.3 ± 4.9%). 
The chamber was placed in a darkened sound-attenuating house 
(4.0 m × 2.7 m × 3.0 m). The behaviour of the females was observed 
using a wide angle lens video system (Woshida, 84H10P; Shenzhen 
Woshida Technology Ltd.) equipped with an infrared light source. 
After all female frogs completed the experiment, we used the 
sucker-clipping method to prevent recapture of the same subjects 
in the wild on subsequent nights, following the Guidelines for the 
Use of Live Amphibians and Reptiles in Field Research (Beaupre 
et al., 2004). We only clipped part of the soft tissue (i.e. sucker) from 
the frog's smallest fingertip to minimize harm. After the sucker-
clipping marking, the wound was wiped with 75% alcohol to avoid 
infection. Subsequent observations proved that such treatment did 
not affect the activities (e.g. climbing, ovulation) of female frogs in 
the field. After about 2–3 months the regrown sucker is smaller than 
the original and easy to distinguish. Subjects were released immedi-
ately in the same location of capture after testing, after being held in 
the tanks for an average of 2 hr between testing and release.

2.2 | Stimulus presentation

We filmed calling male serrate-legged small treefrogs in the field at 
night using a digital camera (D7200; Nikon, Japan) connected to a 
shotgun microphone (MKE 400; Sennheiser, Germany). We kept the 
camera and microphone facing the front of the male frog (as shown 
in Figure 1), and the distance from the camera to the calling male was 
about 1 m. We used an adjustable flashlight (Fenix UC30; Shenzhen 
Langheng Electronics Co., Ltd.) to provide the faint light when film-
ing (camera lens: 80–100  mm; frame rate: 29 frames/s). The light 
intensity measured at the male's calling site measured with a light 
metre (TES-1339, TES Electrical Electronic Corp.) was about 4.40 lux 
(range: 2.72–6.91 lux) with the flashlight. The audio sampling rate 
was 48 kHz. The temperature was 21.8 ± 0.76°C (mean ± SD) when 
recording in the field, similar to the temperature at which females 
were tested.

To generate a multimodal signal, we placed a 20.2 cm × 13 cm 
LCD monitor (EYOYO, 082IPS; Shenzhen Gempanel Technology 
Ltd.; 1,920 × 1,200 resolution; 75 Hz refresh rate) that showed the 
entire frog with its dynamic vocal sac (i.e. inflating and deflating) 
above each speaker (Edifier, R1200TⅡ; Beijing Edifier Technology 
Ltd.), which formed a triangle with the frog such that the angle of the 
screens relative to the release point was 60° (Figure 2). The speakers 
broadcast the acoustic signal and the monitor synchronously pre-
sented the visual stimulus. Screens had a large visual angle (170°) to 
allow animals to view stimuli from a larger angle of positions.

To ensure the parameters of the two screens were the same, 
we used the colour calibration function of Windows to adjust the 
brightness, contrast ratio and colour balance of the two screens. 
Meanwhile, we calibrated the colour of the screens using a colorim-
eter (Datacolor Spyder 5 Elite; Datacolor Trading (Shanghai) Co., 
Ltd.) and the brightness of the screens using a screen luminance 
metre (SANPOMETER, SM208; Shenzhen Xinbaorui Instrument Co., 
Ltd.). The brightness of one screen that showed the static frog was 
75.5 cd/m2, and the brightness of the other screen that broadcast 
the calling frog was 77.1 cd/m2. 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 where serrate-legged small treefrogs 
occur (Deng et al., 2019). To minimize pseudoreplication, six audio-
visual stimuli derived from six different calling males were used. 
After adjustments, six audio-visual stimuli with different recording 
background had the same light intensity. When each female frog 
participated in the experiment, one of the six audio-visual stimuli 
was randomly selected. In total, 164 female frogs participated in the 
experiment.

The study of vision is challenging in any system because it is 
difficult to present stimuli that replicate the salient visual features 
of objects in nature as perceived by the study organism (Reichert 
et  al.,  2014; Rosenthal,  1999). Because the spectra vary widely in 
tropical rainforests and our field observation found that the body co-
lour of male serrate-legged small treefrogs varies greatly, a few males 
even call at noon, it is impossible to match the natural spectrum with 
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an experimental spectrum. Using a similar approach with túngara 
frogs, data obtained from video playback experiments (Rosenthal 
et  al.,  2004) were statistically indistinguishable from the results 
of analogous experiments using robotic frogs (Taylor et al., 2008). 
Adobe Premiere Pro CS6 (Adobe, USA) was utilized to construct the 
audio and video tracks. Images were scaled so they would appear 
life-sized (head length: 12.1 mm, the largest diameter of inflating sac: 
15.7 mm) on the playback monitor. We played back videos (saved as 
MPEG files, 25 frames/s, 1,440 × 800 pixel resolution, 8 bit depth, 
48 kHz audio sampling rate) using the Windows Media player onto 
an Acer portable computer. The frame rate (25 Hz) of the video play-
back is much higher than the frequency (4.1 Hz) at which the vocal 
sac of serrate-legged small treefrog inflates. In addition, the quality 
of the video playback will not be compromised, as the refresh rate 
(75 Hz) of the monitors is higher than the frame rate of video play-
back. Thus, the serrate-legged small treefrogs studied in our video 
playback should not perceive the video as ‘stuttering’. The speakers 
were connected to the computer through audio cables and the mon-
itors were connected to a HDMI splitter which was connected to the 
portable computer via a HDMI video cable. Videos were broadcast 
from the computer located outside of the testing chamber to two 
monitors placed inside the chamber using the split screen mode. 
Also see Figure S1 for more details.

Since five-note and four-note advertisement calls (abbreviated 
as ‘5A’, ‘4A’) are most common in natural recordings (Zhu, Wang, 
Brauth, et al., 2017), we designed the base stimuli that included the 
1.6-s call ‘4A’ and the 2-s call ‘5A’ (Figure 1). We broadcast the test 
stimuli antiphonally with 5-s inter-stimulus intervals. The stimulus 
pair was presented in a loop so that the intervals between call 4A 

and call 5A were 5 s and the two stimuli were played the same num-
ber of times.

To eliminate the possibility that females were merely attracted by 
light/images from the screens (phototaxis), we displayed a background 
video of a male frog's calling location (as if they were blocked by leaves 
in the tropical rainforest) on the monitor as a control when audio-4A 
or audio-5A was playing (Figure S1). We emphasize again that there are 
many situations in nature when the female can hear a male frog but 
not see its vocal sac. For each phonotaxis test, we placed a female frog 
under a visually and acoustically transparent hemisphere with some 
small holes at the bottom (12.8 cm in diameter, 1.3 mm thick). We ran-
domized which speaker/monitor was used to present the multimodal 
stimuli, the last call played before the silent delay, and the leading call 
after the silent delay. We presented females with unimodal or multi-
modal stimuli, which were played back at the ‘fast’ root-mean-square 
amplitude of 80 dB SPL (re: 20 μPa, Z-weighted). The sound pressure 
level of each test call was calibrated using a sound level meter (AWA 
6291; Hangzhou Aihua Instruments Co.).

2.3 | Phonotaxis trials

In the signal attraction tests (a classic binary phonotaxis test), we 
designed two stimulus pairs, visual-5A (sac inflation without the vo-
calization) versus audio-5A (Table 1, Signal attraction test, stimulus 
pair 1), and audio-5A (Table 1, Signal attraction test, stimulus pair 2, 
stimulus 1) versus multi-5A (stimulus pair 2, stimulus 2) to investi-
gate female preferences for the isolated visual signal and the multi-
modal signal relative to the acoustic-only signal (Table 1). Before each 

F I G U R E  2   The schematic diagrams 
of the phonotaxis test arena (top view). 
We restrained a female frog under a 
transparent hemisphere that was placed 
between two audio-visual devices, which 
were separated by 100 cm and formed a 
triangle with a 60° separation relative to 
the release point in a 150 cm × 150 cm 
sound-attenuating chamber. Female frogs 
could choose between two stimuli, a 
unimodal signal presenting only a sound 
or a video playback of dynamic vocal 
sac and a multimodal signal presenting a 
synchronized combination of a sound and 
a dynamic vocal sac
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phonotaxis test, the female frog was restrained under the transpar-
ent hemisphere for 60 s to acclimate, during which both devices al-
ternately broadcast identical audio-4A (the habituation phase). Then, 
the hemisphere was raised to release the female as two devices 
began to broadcast visual-5A versus audio-5A (Table  1, Signal at-
traction test, stimulus pair 1) or audio-5A versus multi-5A alternately 
(Table 1, Signal attraction test, stimulus pair 2; the selection phase).

For each trial, we scored whether a ‘choice’ or ‘no choice’ had 
been made by the female frog. We considered a choice to have been 
made when the female approached within 10 cm of a speaker (i.e. 
the choice zone) within 10 min of stimulus onset without simply fol-
lowing the wall. If she failed to enter the choice zone within 10 min, 
or did not leave the release point within 5 min, we considered this to 
indicate that no choice had been made.

In the working memory test (Table 1), we designed specialized 
phonotaxis experiments to test whether multimodal signals instan-
tiated longer working memory than unimodal acoustic signals as in 
the experiment with túngara frogs (Akre & Ryan, 2010). In the work-
ing memory tests, we studied female frogs' choice behaviour after 
three silent periods, 0, 15 and 30  s, for both unimodal (audio-5A 
versus audio-4A; Table  1, Working memory test, stimulus pair 1) 
and multimodal (multi-5A versus audio-4A; stimulus pair 2) stimulus 
pairs. Similar to the reference stimulus ‘whine’ call in túngara frogs, 
audio-4A was chosen as a reference stimulus in the experiments 
to determine working memory duration. As a reference stimulus, 
audio-4A is attractive to females, but its attraction is significantly 
lower than the target stimulus audio-5A/multi-5A (Table 1).

The working memory test contained four phases. First, two play-
back devices alternately broadcast identical audio-4A for 60 s (the 
habituation period). For the next 60 s, one presented the audio-4A 
while the other presented either audio-5A or multi-5A (the stimula-
tion period). After a silent period (the delay period), the female frog 
was released, and both devices began to play identical audio-4A 
(the selection period). Detailed phases and operation were shown 
in Table S1. If most females chose the speaker that had previously 

broadcast the target stimulus (i.e. audio-5A or multi-5A), we took 
this to indicate that the silent period was within this call's active 
time, that is, it was remembered by the female. We further studied 
the active time of multimodal calls by testing female preference after 
silent periods of 45, 60 and 120 s.

We also tested female preference strength (a population mea-
sure of the proportion of females that respond to a particular stim-
ulus), and measured female latency to make a choice (a measure of 
an individual's motivation to choosing behaviour) for unimodal and 
multimodal stimulus pairs, to test whether female frogs showed 
different levels of motivation for approaching the speaker broad-
casting unimodal or multimodal calls. In the preference strength 
tests, two stimulus pairs were presented, audio-4A versus audio-5A 
(Table  1, Preference strength test, stimulus pair 1) and audio-4A 
versus multi-5A (stimulus pair 2), to compare female preference 
strength between unimodal and multimodal stimulus pairs through 
comparison between groups (Table 1). Similar to above signal attrac-
tion test, the preference strength test is a classic binary phonotaxis 
test and only contains the habituation period and the selection pe-
riod as well.

To test the ‘behavioural mnemonic’ effect, we recorded the origi-
nal orientation of each female frog in each test when the hemisphere 
was raised. This effect occurs when the female's original orientation 
to the speaker predicts her choice. Females completed a block of trials 
in random order and were tested only once with any given stimulus. 
To avoid experimental fatigue, each female frog participated in no 
more than five tests and was allowed a 3-min break between consec-
utive tests. During the interval of each test, we mopped the ground to 
keep the arena moist and to eliminate possible chemical cues.

2.4 | Natural chorus activity

We recorded three natural choruses of serrate-legged small treefrogs 
over three nights to measure the durations and silent intervals. Using 

Experiment 
content

Stimulus 
pair

Stimulus 1 Stimulus 2
Comparison 
methodAudio Visual Audio Visual

Signal attraction 
test

1 — 5A 5A — Intra-pair

2 5A — 5A 5A Intra-pair

Working memory 
test

1 4A — 5A — Inter-pair

2 4A — 5A 5A

Preference 
strength test

1 4A — 5A — Inter-pair

2 4A — 5A 5A

Note: The signal attraction test was designed to investigate female preference for the isolated 
visual signal and the multimodal signal relative to the acoustic signal, through intra-stimulus pair 
comparison (e.g. in stimulus pair 1, stimulus 1 vs. stimulus 2). In the working memory test, based 
on a pure acoustic signal (audio-4A), we compared the duration of working memory between a 
unimodal acoustic signal (audio-5A) and a multimodal signal (multi-5A), through inter-stimulus 
pair comparison (i.e. stimulus pair 1 vs. stimulus pair 2). In the preference strength test, we 
tested whether female frogs showed different levels of motivation for approaching the speaker 
broadcasting unimodal or multimodal calls through comparing female preference strength between 
unimodal and multimodal stimulus pairs (i.e. stimulus pair 1 vs. stimulus pair 2).

TA B L E  1   Experimental design and the 
stimuli contained in each test
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three Song Meter Digital Voice Recorders SM4 (Wildlife Acoustics, 
Inc.), we recorded choruses continuously for 12 hr (18:00–06:00 hr) 
with temperatures ranging from 16 to 24°C. We chose the first five 
bouts and intervals from each 60-min period between 19:30 and 
23:30 hr, which included most of the chorus activity for that night.

2.5 | Statistical analysis

The waveform of the male frog's advertisement call was visualized 
using free software PRAAT (Boersma, 2002). The results of the pho-
notaxis experiments were visualized using Sigmaplot 11.0 software 
(Systat Software Inc.). Considering that the generalized estimation 
equation (GEE) has advantages in statistical analysis of discrete re-
peated measurement data (such as the binary variable) and the data 
with missing values, we used the GEE procedure in SPSS 17 and 
created a binary logistic model of speaker choice predicted by signal 
modality (unimodality, multimodality) and silent period durations to 
determine the influence of signal modality on speaker choice after 
different silent period durations. Our statistical analysis controlled 
for the fact that most females completed multiple tests but that 
few completed all conditions using the repeated subject function. 
The pairwise comparisons are based on the Estimated Marginal 
Means pairing of the initial scale of the dependent choice. The exact 
binomial test was used to analyse the results of the signal attrac-
tion tests. The Fisher's exact test and two-tailed paired t test were 
used to analyse female preference strength and latency to choose 
between unimodal and multimodal stimulating pairs, respectively. 
The duration and silent intervals of the choruses were analysed 
using Adobe Audition 3.0 (Adobe, USA). All data are expressed 
as the mean ± SD, and p < 0.05 was considered to be statistically 
significant.

2.6 | Ethics note

All applicable international, national and/or institutional guidelines 
for the care and use of animals were followed. All procedures per-
formed in studies involving animals were approved by the Animal 
Care and Use Committee of Chengdu Institute of Biology, CAS.

3  | RESULTS

3.1 | Signal attraction tests

We conducted phonotaxis experiments to investigate the differ-
ences in female preferences for audio-5A over visual-5A and over 
multi-5A (Table  1). First, for the visual versus audio comparison, 
a total of 34 gravid females were utilized and 8 subjects failed to 
make a choice. We found that 80.8% of females chose audio-5A 
over isolated visual signals (21 vs. 5; exact binomial test: p < 0.001, 
n  =  26). Then, we tested whether audio-visual signals are more 

attractive than acoustic-only signals. For the multi-5A versus au-
dio-5A comparison, 34 gravid females were utilized and 4 subjects 
failed to make a choice. We found that 73.3% of females chose 
multi-5A over audio-5A (22 vs. 8; exact binomial test: p = 0.005, 
n = 30).

3.2 | Working memory tests

After a silent period of either 15 or 30 s, females preferred to choose 
the speaker that originally broadcast multi-5A, but there was no 
preference for the speaker that originally broadcast audio-5A when 
the two speakers began to play identical audio-4A (Figure 3). The 
repeated-measures logistic regression with the GEE model revealed 
a significant effect of signal modality on speaker choice (p = 0.003; 
see Tables S2 and S3). The silent period × signal modality interaction 
was not significant (Table S2). Pairwise comparisons showed that re-
sults at each delay period differed (near-) significantly between uni-
modal and multimodal calls (0 s: 19 vs. 11, p = 0.058, n = 30; 15 s: 21 
vs. 9, p = 0.03, n = 30; 30 s: 21 vs. 9, p = 0.049, n = 30; see Table S4). 
Only one subject failed to make a choice after 0 and 15 s delay, and 
four subjects failed to make a choice after 30 s delay. These results 
show that multimodal signals result in memories of longer duration 
after 15 and 30 s intervals of silence.

F I G U R E  3   Proportion of females who chose the speaker 
originally broadcasting unimodal or multimodal signal after 
different silent periods. Bars show the proportion of female frogs 
that chose the speaker originally broadcasting unimodal 5A (sound 
only) or multimodal 5A (audio + visual) relative to the audio-4A 
after a silent period of 0, 15 or 30 s. The dashed line represents 
chance level (50%). In this experiment, the two speakers initially 
played identical audio-4A, and then one played the audio-4A 
(white bars) and the other played either audio-5A (grey bars) or 
multi-5A (black bars). After a silent period, female frogs preferred 
to choose the speaker that originally broadcast multi-5A and did 
not prefer to choose the speaker that originally broadcast audio-
5A when the two speakers began to play identical audio-4A 
again. General estimating equation: n = 240 choices, p = 0.012; 
pairwise comparisons with the estimated marginal means contrasts, 
*p < 0.05
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We further measured the temporal limit of the multimodal sig-
nal's influence on females by adding the 45, 60 and 120 s silent peri-
ods. Only one subject failed to make a choice after the 60 and 120 s 
delay, and three subjects failed to make a choice after 45 s delay. 
Female preference for the speaker that had initially broadcast mul-
timodal calls was maintained after 30  s and reached chance level 
(50%) after 45 s (Figure 4).

3.3 | Preference strength tests

An increased active time for multimodal calls could be a result of 
both different working memory durations and enhanced motivation 
to approach the speaker broadcasting the multimodal calls. Thus, we 
recorded two parameters of motivation, female preference strength 
and latency to make a choice, to test whether female frogs showed 
different levels of motivation for approaching the speaker broad-
casting unimodal or multimodal calls.

We designed phonotaxis experiments to test the difference in 
female preference strength between the unimodal and multimodal 
stimulus pairs (Table 1). We found that 64.5% of females chose the 
audio-5A over the audio-4A (40 vs. 22; exact binomial test: p = 0.007, 
n = 62), and 66.7% of females chose the multi-5A over the audio-4A 
(20 vs. 10; exact binomial test: p  =  0.028, n  =  30). There was no 
difference in preference strength between the unimodal group (i.e. 
audio-5A vs. audio-4A) and multimodal group, that is, multi-5A ver-
sus audio-4A (Fisher's exact test: p = 0.515, Figure 5a), although fe-
males preferred the multi-5A to audio-5A (22 vs. 8; exact binomial 
test: p = 0.005, n = 30). Three female frogs failed to make a choice 
when the unimodal stimulus pair was played back, and one failed to 
make a choice when the multimodal stimulus pair was played back. 
Therefore, there was no difference in the proportion of females that 
made choices versus the total number of females tested (i.e. female 
responsiveness) for audio-5A versus audio-4A (95.4%) and multi-5A 
versus audio-4A (96.8%). Meanwhile, there was no significant differ-
ence in the latency to make a choice between the unimodal group 
(i.e. audio-5A vs. audio-4A) and multimodal group, multi-5A ver-
sus audio-4A (unimodal: 160.1 ± 11.5 s; multimodal: 154.5 ± 9.8 s; 
two-tailed paired t test: p = 0.648, n = 120; Figure 5b). Thus, the 

F I G U R E  4   Proportion of female frogs who chose the speaker 
originally broadcasting multimodal signal decreases over time. 
Bars show the proportion of female frogs that chose the speaker 
originally broadcasting multimodal calls after variable silent periods. 
The dashed line shows the null hypothesis of 50% female choice for 
each speaker. Female preference for the multimodal signal faded 
after silent periods greater than 30 s and reached chance level after 
45 s (n = 30 each condition, exact binomial test, *p < 0.05)

F I G U R E  5   Tests for female motivation to unimodal and multimodal stimuli. (a) Female preference strength test. The audio-5A was 
a five-note advertisement call (sound only); the audio-4A was a four-note advertisement call (sound only); the multi-5A was a five-note 
advertisement call accompanied with a dynamic vocal sac. The dashed line indicates the proportion of females choosing one of the other 
alternatives based on chance (50%). Bars represent 95% confidence intervals; ns, not significant. There was no difference in preference 
strength between the unimodal group (audio-5A vs. audio-4A, open circle) and the multimodal group (multi-5A vs. audio-4A, filled circle), 
Fisher's exact test, p = 0.515. (b) Female latency to choose. There was no significant difference in female latency to make a choice between 
the unimodal group (audio-5A vs. audio-4A, white box) and the multimodal group (multi-5A vs. audio-4A, grey box), two-tailed paired t test, 
p = 0.648
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difference in the duration of working memory between the uni-
modal group and multimodal group was not influenced by different 
levels of motivation.

The ‘behavioural mnemonic’ may also affect the active time as-
sociated with unimodal and multimodal stimuli. However, our exper-
iments excluded the possibility of a behavioural mnemonic effect, 
as did experiments by Akre and Ryan (2010). The hemisphere was 
transparent, so we could directly observe female frog's movement 
and postural orientation under infrared illumination. The two speak-
ers were placed at one side of the female frogs and formed a triangle 
with a 60° (not 180°) separation relative to the release point. The 
vast majority of female frogs were facing straight ahead when the 
hemisphere was lifted up. Therefore, female serrate-legged small 
treefrogs appear not to use a behavioural mnemonic to retain at-
traction to multimodal calls.

Female preference strength, latency to making a choice and 
orientation upon release did not differ significantly between the 
unimodal group (audio-5A vs. audio-4A) and the multimodal group 
(multi-5A vs. audio-4A). Therefore, we deduced that the increased 
active time of multimodal calls was a result of an increased duration 
of working memory.

3.4 | Natural inter-chorus intervals

We identified the period over which females might benefit from 
retaining attraction to males' calls by measuring the inter-chorus 
intervals of male treefrogs. From recordings of natural choruses, 
we found that male choruses (n = 3 chorus groups, 180 bouts) are 
separated by variable silent intervals with 27.0 ± 1.1 s (mean ± SD, 
n  =  180; see Figure  S2). As the mean chorus interval in nature is 
27.0 s, the active time of the multimodal signal spans the average 
inter-chorus silent intervals.

4  | DISCUSSION

Our study provides three main findings: (a) female frogs showed a 
preference for the multimodal signal compared to the unimodal sig-
nal, (b) multimodal sexual signals instantiate longer working memory 
compared to unimodal auditory signals and (c) the active time of the 
multimodal signal spans the average inter-chorus silent intervals. 
These results support our hypothesis that multimodal signals are 
more effective than unimodal signals in eliciting female responses 
through their efficacy in enhancing the duration of working memory, 
which may allow females to find potential mates more reliably during 
silent periods between choruses.

We found that the vocal sac can serve as a visual cue and mod-
ulate mate choice when combined with an acoustic signal, but such 
an isolated visual signal is not as effective for mate attraction as 
an acoustic signal. Our findings that female serrate-legged small 
treefrogs prefer multimodal calls over unimodal calls are consistent 
with the results in the túngara frog and the green treefrog (Laird 

et al., 2016; Taylor & Ryan, 2013). Meanwhile, weaker preference 
to the isolated visual sac demonstrates that the acoustic compo-
nent of a frog's call is its dominant feature for mate attraction. The 
visual component of the vocal sac mainly facilitates detection and 
localization of mating partners (Reichert & Höbel,  2015; Taylor 
et al., 2011).

It is undeniable that video playbacks are a widely used but dif-
ficult to implement methodology for the study of anuran vision 
(Taylor et al., 2008). One key reason is that the visual system of most 
anurans is poorly understood. Even so, there is still extensive ex-
perimental evidence indicating that the video playback method is 
effective (Reichert & Höbel, 2015; Rosenthal et al., 2004; Smith & 
Evans, 2008). Reichert et al.,  (2014) reported that a nocturnal frog 
(the grey treefrog, Hyla versicolor) was responsive to the visual stim-
ulus of a glowing monitor. During the video playback experiment, we 
displayed a background video on the monitor as a control to elimi-
nate the bias of possible phototactic response. There was no differ-
ence in female responsiveness, female preference strength and the 
latency to make a choice between the unimodal group (audio-5A vs. 
audio-4A) and the multimodal group (multi-5A vs. audio-4A), which 
also suggested that the video playback method had a limited impact 
on our experimental results.

When females chose between speakers broadcasting identical 
unimodal calls, they preferred the speaker originally broadcasting 
multimodal calls. Previous studies showed that recent experi-
ence can influence later preference (Schlupp et al., 1994; White & 
Galef, 1998). Our study suggests that later female choice between 
unimodal calls of the same males can be influenced by recent ex-
posure to multimodal calls of certain males. It emphasizes the need 
to consider not only how a multimodal call influences signal attrac-
tion but also how this influence is maintained once the multimodal 
signal ceases. It is interesting that females do not demonstrate a 
preference for the audio-5A stimuli for silent intervals between 0 
and 30 s, even though females prefer audio-5A to audio-4A. One 
possible explanation is that female serrate-legged small treefrogs 
may have similar durations of working memory for audio-5A and 
audio-4A. Our result is consistent with the study of túngara frogs 
showing that females do not demonstrate a preference for the 
whine-chuck call for silent intervals between 0 and 30  s, even 
though females prefer the whine-chuck to the whine (Akre & 
Ryan, 2010). Indeed, we also find it interesting that females do not 
demonstrate a preference for the multi-5A over audio-4A when 
the female is tested directly after the playback (0 s delay interval), 
even though the p value is close to 0.05 (p = 0.058). This is similar 
to the results of the túngara frog (Akre & Ryan,  2010), suggest-
ing that this is probably not a species-specific phenomenon. We 
can only speculate as to why this is so. One possible explanation 
is that the female preference may increase after a delay because 
that situation is more representative of nature. Another is that the 
presence of a silent interval influences some aspects of working 
memory. But this is just speculation; nevertheless, it is intriguing 
that the same results were reported for a similar study with tún-
gara frogs.
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Although the function of multimodal signals in sexual selection 
has been widely studied (Narins et al., 2003; Taylor & Ryan, 2013), 
why females usually prefer multimodal signals over unimodal sig-
nals and how multimodal signals affect mating preference from 
the memory perspective is still unknown. Previous studies fo-
cused on the function of multimodal signals. Both backup-signal 
and multi-message hypotheses overly focus on message coding by 
the sender rather than on the perceptual processes of the receiver 
(Hebets et al., 2016). Our study is the first to measure the active 
time of a multimodal signal relative to the receiver's working mem-
ory and to reveal its potential role in multimodal signal evolution. 
Females retained attraction to a multimodal signal after a silent 
period of up to 30 s, which indicated that the active time of multi-
modal calls is longer than that for unimodal calls. Since the visual 
signal by itself is not meaningful to the female, then it could be 
that the interaction of the visual signal and the auditory signal that 
contributes to the longer memory. It also could be that the visual 
cue when presented with the audio becomes salient and it is then 
the visual cue that influences memory. In other words, our results 
demonstrate that preference for multimodal signals to unimodal 
signals might be due to multimodal signals instantiating longer 
memories than unimodal signals.

Meanwhile, the inflating vocal sac engages working memory pro-
cesses to a greater degree when combined with the acoustic signal 
versus the acoustic cue alone, which may explain why many male 
serrate-legged small treefrogs choose conspicuous positions for 
calling from where they can display multimodal signals regardless of 
high predation risk.

Human perception of stimuli in multisensory modalities can pos-
itively influence signal detection and memory (Bahrick et al., 2004). 
Although multimodal communications are widespread both in hu-
mans and nonhuman animals, whether multimodal signals affect 
receiver's memory in nonhuman animals was not yet clear. We 
demonstrated that the duration of working memory is enhanced by 
a multimodal signal in frogs. Thus, similar to human beings using mul-
tisensory learning to improve memory (Saputra & Nugroho, 2015), 
male frogs emitted multimodal calls that could enhance the dura-
tion of the female frogs' working memory. This ability to influence 
the duration of working memory may be a general characteristic of 
multimodal signals, which may help us understand their occurrence 
and evolution.

The duration of the female's working memory for multimodal 
signals corresponds to the inter-bout silence of natural choruses. 
Animal choruses, such as those found in frogs, are often inter-
mittent. Females usually integrate calls to assess and search for 
potential mates (Schwartz et  al.,  2004). Females sampling males 
in the chorus might have to remember the potential mates' calls 
during periods of silence. Prolonged searching time may increase 
predation risk of female frogs or even alter female mate choice 
(Rand et al., 1997; Ryan et al., 1982). We found that females could 
reduce searching time by maintaining their memory of the mul-
timodal calls through the silent inter-chorus intervals. This find-
ing sheds light on the potential benefits for reproductive females 

selecting males producing multimodal signals, by potentially de-
creasing mate search and assessment costs. Therefore, selection 
should also favour female preference for multimodal signals as 
longer memory of a more complex male's call should facilitate 
mate searching and assessment.

In conclusion, our study provides a new perspective on the func-
tional relevance of multimodal sexual signals. We not only provide 
evidence for an increased active time in female response to multi-
modal signals but also show the biological relevance of this increase, 
and the benefit it may provide to reproductive females. The finding 
that the duration of the working memory of females operating in 
response to multimodal signals spans the average inter-chorus in-
tervals suggests that multimodal signals could be beneficial for fe-
males in that it allows females to recall males even during frequent 
silent periods between choruses. Our study provides a hypothesis 
(memory-duration increase hypothesis) as to why females prefer 
multimodal sexual signals.
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