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ABSTRACT

Anurans use different sensory modalities to communicate and interact socially, including acoustic, chemical, tactile, and visual signals. In a
multimodal context, these sensory modes can transmit different information to the receiver or even reinforce the same message. In this study, we
hypothesized that body colour traits and vocal sac movements of male eastern gray treefrogs [ Dryophytes versicolor (= Hyla versicolor)] serve as
secondary visual cues that increase their attractiveness while calling to attract mates. We tested this hypothesis using playback trials combining
synthetic advertisement calls with a variety of visual cues, including differently coloured resin frog models, simulated vocal sacs, and live frogs.
None of the visual stimuli tested impacted female choice, and there was no difference in response rate, response time, choice angle, or distance
covered in the arena between multimodal and unimodal stimuli. However, females showed a strong preference for longer calls even if the less
attractive calls were paired with a visual stimulus. The study provides comprehensive insights into the role of visual stimuli in the mate attraction
of eastern gray treefrogs and suggests that call traits play a dominant role in the male-selection process of this species, contrary to what was ob-
served for visual stimuli.
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INTRODUCTION Anurans are a valuable model system for conducting research

on multimodal communication. Frogs communicate mainly by

termed multisensory communication/signalling, has received s.ounds, using their vocal rep ert(')'ire to attract females and repel
significant attention from behavioural ecologists (Meller and " ival males (Toledo et al. 2015, Kdhler et al. 2017), but many spe-

Pomiankowski 1993, Candolin 2003, Coss ef al. 2022), in no cies also display visual signals (Hartmann et al. 2005, Giasson
small part because of the intriguing potential of providing re- and Haddad 2006, Hirschmann and Hédl 2006). The emission

ceivers with either redundant or different information in dif.  ©f calls coupled or alternated with visual displays is commonly
ferent sensory modalities (e.g. ‘back-up signals’ vs. ‘multiple asso'ciated with diurnal species (Haddad and Giaretta 1999,
messages’; Johnstone 1996). Animals can use a range of sensory Narins et al. 290_5’ Furtado ?t al. 2019)_‘ Hox'/vever, 'frogs POssess
modalities to mediate social interactions (i.e. acoustic, chemical, well-adapted vision for low-light conditions, including the ability
electric, tactile, seismic/vibrational, and visual), but the com- for colour discrimination (Kelber et _al. 201_7, Yovanovich et al.
bination of acoustic and visual cues is particularly common. 2017, Robertson ef al. 2022), ar.ld visual displays are also viell
It involves the emission of vocalizations coupled or alternated documented for nocturnal species (Toledo ef al. 2007, Barros
with stereotyped gestures/movements, in addition to the trans- and Fe10'201 L Augl_l_sto—.Alves et al. 2018). FO% example, females
mission of visual information through body colour or postures of Scaphiopus couchii Baird, 1854 can assess size and body con-

(Grafe and Wanger 2007, Ligon et al. 2018, Ferrer et al. 2021, dition of males based on dorsal colour traits, and they tend to
Augusto-Alves et al. 2024). prefer brighter males (Visquez and Pfennig 2007). Furthermore,

In the last few decades, multimodal communication, also
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most frogs inflate and deflate their vocal sac during call emission,
de facto generating a ‘fixed’ multimodal (audiovisual) signal that
might provide additional visual and even olfactory stimulation
(Smith 1977, Starnberger et al. 2014, Augusto-Alves and Toledo
2022).

Dryophytes versicolor (Cope, 1880), the eastern gray treefrog,
is a common nocturnal species widely distributed in the eastern
USA and Southern Canada (Frost 2023). During the breeding
season, males aggregate and form choruses around small ponds,
where females search for mates (Schwartz et al. 2001, 2002,
Reichert et al. 2014). Females attend more to longer calls, i.e.
calls with more pulses (Gerhardt et al. 2000, Reichert and Hébel
2015, Feagles and Hébel 2022). In this species, males have
darker throats than females (i.e. they are sexually dimorphic).
The colour of the vocal sac (measured deflated) is related to
male body condition, and the vocal sac colour of mated males is
darker when compared with unmated males (Hobel et al. 2022).
Furthermore, males emit more advertisement calls when they are
able to see an approaching female, indicating that they attend to
visual cues (Reichert 2013). In contrast, both males and females
exhibit sexually monomorphic colour traits, such as yellow col-
oration in the femoral and flank regions. Additionally, males and
females have a high capacity for colour change (Edgren 1954),
and individuals can change their dorsal colour between grey,
green, and brown (G. Hébel, pers. obs.).

In the present study, we have investigated the role of various
visual cues in the mate-choice process of D. versicolor. We used
frog-like models with various colour traits (dorsal colour, throat
colour, and thigh colour) and synthetic advertisement calls in
two-choice trials with females. We predicted that D. versicolor
females would prefer multimodal signals (average call + visual
signals) over a unimodal signal (average call alone). We also
tested whether females showed a preference for dorsal colour
(grey, green, or brown), vocal sac coloration (black and white
patterns), and thigh coloration (presence of yellow patches or
painted with the same brown as a continuation of the dorsal pat-
tern). Lastly, we tested whether visual stimulation (presence of
a model) would increase acceptance by females of shorter, less
attractive calls.

MATERIALS AND METHODS

Study site and data sampling

We conducted the study at a pond located at the University of
Wisconsin-Milwaukee’s (UWM) field station in Saukville, W1,
USA (43°23'10"N, 88°01’57"W). Sampling was performed from
10 May to 9 June 2022. We collected 72 D. versicolor females, all
of which were in amplexus, to ensure that they were sexually re-
ceptive. The collected females were transported to the laboratory
and kept individually in boxes (~10 cm x 10 cm x 7 cm), which
were placed inside coolers with melting ice to decrease metab-
olism and postpone oviposition. Females that laid eggs before
testing were excluded from the trials. Females were tested within
3 days after capture, then released in the collection site.

Preparation of stimuli
We used frog-like models (except for experiment 4) and syn-
thetic calls to standardize the traits of the stimuli, including body
size and colour, and the spectral and temporal properties of calls.

Using live individuals for visual stimulation might introduce
confounding factors, such as chemical cues and uncontrolled
movements, potentially biasing the results.

Synthetic calls

Male D. versicolor produce pulsed advertisement calls comprising
a series of short pulses with a duration of ~25 ms (at 20°C) that
are repeated after a pause of 25 ms. At a given temperature, the
duration of the call can be expressed in milliseconds or as the
number of pulses (used here). Females prefer calls of longer dur-
ation (Reichert and Hobel 2015, Feagles and Hébel 2022). To
create synthetic D. versicolor advertisement calls, we used the
SEEWAVE package (Sueur et al. 2008) in R v.3.1.0 (R Core Team
2014). We created four calls varying in duration, hence in at-
tractiveness (6, 15, 18, and 21 pulses). These values cover much
of the range of call durations observed in our study population
(Reichert and Hobel 2015). All other call characteristics were
maintained at the population average: length of pulse = 25 ms,
pulse period =25 ms, call period =7750 ms, low-frequency
peak (first visible harmonic band) = 1071 Hz, and high-
frequency peak (second visible harmonic band) = 2142 Hz
(which is 10 dB louder in low frequency) (Reichert and Hobel
2015).

Frog-like model

Using living and preserved frogs for reference, we constructed
a clay model (Sculpey Oven-Bake Clay) of a calling male D.
versicolor. Subsequently, we used the clay model to create a sili-
cone mould, from which we produced all resin frog models used
in the experiments. Given that eastern gray treefrogs exhibit
substantial ability to change colour, we selected numerous paint
colours reflecting the most common dorsal displays. Dorsal col-
oration can vary from light grey to different shades of brown and
green, with brown being the most common and grey the least
common nocturnal colour (G. Hobel, pers. obs). Both sexes have
yellow groins and thighs (i.e. they are sexually monomorphic),
and the vocal sac of mature males darkens and can range from
light grey to almost black (Hébel et al. 2022). To select the paint
colours for the frogmodels, we used an Ocean Optics USB 2000+
spectrometer to measure reflectance spectra of the dorsal surface
of live male frogs. We measured 10 males each that were grey,
brown, or green, in addition to the thigh and throat coloration
of 10 of these frogs. Then we sampled a large number of colour
swatches from a Sherwin Williams Paint booklet until we found
paint colours that matched the frog colours: green (Sherwin
Williams #146-C3), brown (#209-CS), grey (#239-C2), yellow
(#131-C4), and black (#237-C7) (Supporting Information, Fig.
S1). To avoid model biases, we produced two models for each
stimulus tested and randomly exchanged them during the trials.

Vocal sac device

To test whether vocal sac movement is used as a visual cue, we
built a device that simulated male vocal sac inflation and de-
flation during calling activity. The device consisted of a square
wooden base painted with black paint. A small inflatable white
balloon was attached to this base, and this balloon was linked to
a clear silicone tube. On the other side of this tube, we coupled
a plastic syringe. During the trials (experiment 12, see below),
we manually pressed and depressed the syringe, inflating and
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deflating the balloon upwards whenever the speaker broadcast a
call. The volume of the inflated balloon was visually comparable
to that of the vocal sacs of males. Given that the models could
present several different colour stimuli to females (i.e. dorsal and
thigh colour patterns), we opted not to include frog models as-
sociated with the balloon in this trial. In this way, we could iso-
late the response that only the vocal sac movement, as a visual
cue, would provoke in female preference. For the same reason,
we used a white balloon instead of a black one, testing only the
influence of movement as a visual cue and not including the
black colour as a possible visual signal. The black wooden base
had the same colour as the arena background, not generating any
stimulus to females.

Live males

We ran one experiment using live males (experiment 4) to ob-
serve whether the females responded in a similar manner to ex-
periments with resin models and real males. To prevent these
males from emitting calls, we used cold males (from the same
ice-filled coolers we used to store females awaiting testing). We
took the males out of the cooler 3 min before the trials, meaning
that they could assume a natural sitting posture but not yet emit
calls. In the arena, the males were placed inside a transparent
container (~Scm X Scm x Scm). An equal but empty con-
tainer was placed on the opposite side of the test arena to pre-
vent biases. These transparent containers were used to prevent
movement of the live frogs; consequently, they were not used in
trials that involved resin models.

Experimental design

Experiments took place in a semi-anechoic room containing a
circular arena 2m in diameter (Supporting Information, Fig.
$2). This arena was made of wire fencing covered by a black
fabric, with dark grey foam exercise mats on the floor. A circular
wire container (9 cm in diameter) was placed in the centre of
the arena as the release point, where females were placed at the
beginning of each trial. The temperature in the arena was main-
tained at 20°C £ 1°C. The arena was dimly illuminated with an
incandescent light bulb dimmed to a light intensity of 1 lux;
light level was monitored using a Extech EasyView EA31 Digital
Light Meter. Owing to variations in moon phase, cloud cover,
vegetation around calling perches, etc., nocturnal light levels are
characterized by significant fluctuations (Li et al. 2022). This
makes it challenging to pinpoint the ‘most appropriate’ light level
for experimental trials. Previously, studies with D. versicolor (i.e.
same study species and same population) have shown that call
preferences, including preference functions and choosiness for
longer calls, are unaffected by variation in nocturnal light levels
(Underhill and Hébel 2017) or even anthropogenic light pol-
lution (Underhill and Hobel 2018). In light of the robustness
of acoustic preferences to variation in light levels, we opted to
supply somewhat increased light rather than risk the elimination
of potential effects of visual cues owing to insufficient light.

The two alternative stimuli were presented with an angle of 90°
between them. For acoustic stimulation, we placed two speakers
outside the arena wall, and for visual stimulation the models, live
males, or the vocal sac device, were placed inside the arena in
front of the speaker (Supporting Information, Fig. S2). Where
applicable, the models were positioned at a 45° angle (from the
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perspective of the release point), allowing females to access
dorsal, flank, and vocal sac colour traits visually. In all trials, we
offered two different stimuli for females (Table 1). During the
trials, the calls were broadcast alternately between the stimuli.
All acoustic stimuli had the same spectral properties and were
presented at an amplitude of 85 dB SPL, measured from the
release point of the females, at the centre of the arena (verified
using a sound level meter; Extech Instruments; C-weighting, fast
RMS). The call duration (i.e. number of pulses) was mostly set
to 18 pulses (average of the study population), except for trials
that tested for an interaction between call attractiveness and the
presence of a multimodal cue (experiments S and 6) (Table 1).

Before each trial and after temperature acclimation (20°C),
the female was placed at the release point and presented with
three calls in each speaker (always randomizing the start of the
stimulus), before the start of each trial. The same female had a
S min resting period between trials. Rest periods of 2—5 min dur-
ation between trials ‘erases’ memory of the prior trial in treefrogs
(Boyd and Gordon 2021). The order of the trials (experiments
1-12) and the position of the stimuli were established randomly
and changed with each female tested. In all trials, we scored a
choice when the female arrived in a demarcated area in front of
the model/speaker (Supporting Information, Fig. S2). Each trial
had a maximum duration of S min. Females that did not respond
in a trial were tested again after a S min rest period. Females that
did not respond during a second attempt were considered un-
receptive [nine females (12.5%) stopped responding during
the trials; additional information can be found in Supporting
Information, Fig. S2, which contains the datasets generated by
this study], and we stopped testing them in subsequent trials. On
average (+SD) we tested 43.3 £ 2.7 (range 35-45) females per
experiment.

Our study included 12 different experiments (Table 1), in
which we explored the function of visual stimuli (presence/
absence of males/frog-like models; dorsal, vocal sac, and thigh
colour; and vocal sac movement) and acoustic stimuli (adver-
tisement call with different numbers of pulses) in a unimodal or
multimodal context. We did this by using frog-like models with
different colour traits in two-choice trials with females, exploring
differences in dorsal colours (grey, green, and brown), vocal sac
coloration (black and white), and the presence of yellow patches
on the thigh (yellow and painted with the same brown as a con-
tinuation of the dorsal pattern). The experiments were organized
into five sets (Table 1).

Set 1: influence of the frog-like model/male presence as visual cue

In this set of experiments, we explored whether a multimodal
signal elicits a stronger response than a unimodal one. For this,
we paired frog-like models with different body colours (green,
grey, or brown models; Fig. 1), with an average (18-pulse) call
(multimodal stimulus), and presented it against an average (18-
pulse) call (unimodal stimulus) (experiments 1-3). We also
executed a trial in which the visual stimulus in the multimodal
condition was a live male (experiment 4).

Set 2: attractive calls vs. unattractive calls in multimodal context
We tested whether visual stimulation (i.e. presence of the
model) would increase the attraction of females to a less at-
tractive (shorter) call. We tested this at two different levels of
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Table 1. Description of the stimuli offered in each experiment, which were organized into sets according to the tested aims, with the number
of females that responded to each stimulus in all experiments. The bold value represents a significant difference in the two-tailed binomial
test between offered stimuli. As described in the main text, brown models were used for experiments 5, 6, and 10-12, because males with this
colour are more common when they are in calling activity. Despite the stimuli being identified as a’ and ‘D), the sides were randomized during

the trials to avoid any biases.

Experiment Stimulus (context) Female response (N) P-value

1 a, green frog-like model + call 18 pulses (multimodal) 25 451
b, call 18 pulses (unimodal) 19

2 a, grey frog-like model + call 18 pulses (multimodal) 27 174
b, call 18 pulses (unimodal) 17

3 a, brown frog-like model + call 18 pulses (multimodal) 17 222
b, call 18 pulses (unimodal) 26

4 a, live male + call 18 pulses (multimodal) 15 761
b, call 18 pulses (unimodal) 20

S a, call 18 pulses (unimodal) 43 <.001
b, brown frog-like model + call 6 pulses (multimodal) 1

6 a, call 21 pulses (unimodal) 28 .066
b, brown frog-like model + call 15 pulses (multimodal) 15

7 a, green frog-like model + call 18 pulses (multimodal) 23 1
b, grey frog-like model + call 18 pulses (multimodal) 22

8 a, grey frog-like model + call 18 pulses (multimodal) 24 766
b, brown frog-like model + call 18 pulses (multimodal) 21

9 a, green frog-like model + call 18 pulses (multimodal) 20 761
b, brown frog-like model + call 18 pulses (multimodal) 23

10 a, brown frog-like model with yellow thighs + call 18 pulses (multimodal) 16 073
b, brown frog-like model + call 18 pulses (multimodal) 29

11 a, brown frog-like model with black throat + call 18 pulses (multimodal) 21 .88
b, brown frog-like model with white throat + call 18 pulses (multimodal) 23

12 a, vocal sac movement + call 18 pulses (multimodal) 21 .88
b, call 18 pulses (unimodal) 23

Figure 1. A, Dryophytes versicolor body colour patterns. All
individuals were collected from the same pond at the University of

Wisconsin-Milwaukee’s (UWM) field station in Saukville, WI, USA.

B, models painted based on the colour traits of the males.

variation: (i) unimodal 18 pulses vs. multimodal six
pulses + model (experiment S: 66.6% of variation between the
acoustic stimuli); (ii) unimodal 21 pulses vs. multimodal 15
pulses + model (experiment 6: 28.6% of variation between the
acoustic stimuli). In these test, we used only brown models, be-
cause brown males represent 60%-80% of the males found chor-
using at the pond (G. Hébel, pers. obs.).

Set 3: female preference for dorsal colour

In this set of experiments, we tested whether the females show
preferences for any specific dorsal colour among those observed
in nature (green, grey, and brown; Fig. 1A), by offering the dif-
ferent colour pattern combinations in the two-choice trials
(experiments 7-9; Table 1). In these tests, models were always
presented in multimodal conditions, i.e. paired with a speaker
broadcasting an 18-pulse call.

Set 4: thigh colour and vocal sac colour as visual cues

Other body colour portions might transmit information to con-
specifics as secondary cues; therefore, we tested whether the
yellow thigh or black throat, respectively, increased the response
of females (experiments 10 and 11; Table 1). The dorsal colour
of these frog models was always brown, and presented in multi-
modal conditions, i.e. paired with a speaker broadcasting an
18-pulse call.
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Set S: vocal sac movement as visual cue
The dynamic aspect of an inflating vocal sac might represent
a particularly salient visual cue; therefore, we tested whether
the presence of a simulated moving vocal sac would make the
stimulus more attractive than a call alone (experiments 12;
Table 1). Vocal sac models were presented in multimodal con-
ditions, i.e. paired with a speaker broadcasting an 18-pulse call.

Statistical analyses

We used a two-tailed binomial test (computed online: https://
www.graphpad.com/quickcalcs/binomiall/)  to  calculate
whether the proportions of females choosing the two alterna-
tives were significantly different. Additionally, for all experi-
ments, given that the data were non-parametric, we used the
Mann-Whitney U test to calculate whether the response latency
(i.e. in seconds, from the moment we released the females up to
the time of choice) differed between the alternatives for each ex-
periment.

Our overall analyses were based on population averages
(above). Because we had tested most females in a number of
experiments, we also collated their colour choices and used
logistic regressions to test whether a colour choice in one ex-
periment was correlated with a colour choice in another experi-
ment. This allowed us to examine whether a lack of population
colour preference might hide individual but diverging colour
preferences (i.e. if some individuals consistently preferred
green, brown, or grey models, the population analysis would
average out to no preferences). These tests were run using JMP
PROv.11.1.0.

For the first set of experiments (1-4), we video-recorded
the trials with a camera placed directly above the release point
of the females and with coverage of the entire arena. Following
Bonachea and Ryan (2011), we extracted the frames from the
videos, and from those image stacks we produced a single image
using the IMAGE] software (Schneider et al. 2012) with the
Extended Depth of Field plugin (Forster et al. 2004). From this
image, we measured the length of the approach path of the fe-
male. We used the Mann-Whitney U test to test for differences
in path length. All Mann-Whitney U tests were run using R
v.3.6.3 (R Core Team 2019).

From the stacked images, we also measured the angle at
which the female left the release area. The multimodal stimulus
was established as 0°, and the unimodal one was at 90° in the
four experiments. We used the software OrRIANA v.4.02 (Kovach
Computing Services, Pentraeth, Anglesey, UK) to calculate de-
scriptive circular statistics. We provide the mean vector angle ()
and the length of the mean vector (r) for each test. The length
of the mean vector ranges from zero to one, where r = 0 indi-
cates total uniform dispersion and r = 1 indicates concentrated
dispersion in one direction.

Using the exit angles, we also tested whether the visual cue
could generate a more directional component in the response of
females. For this, we calculated the angular deviation from the
straight path towards the chosen stimulus (multimodal or uni-
modal), then used t-tests to compare whether movement was
more directional (i.e. smaller angular deviation) towards the
multimodal stimuli. This approach accounts for the fact that 30
and 330 are different angles, but equally ‘directional’
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By using both path length and angle analyses, we investigated
whether the visual signal enhances sound source localization.
This enhancement would be evident if females exhibit a more
directional angle towards the multimodal option compared with
the unimodal one and if they cover shorter distances in the arena
when selecting the multimodal option.

Ethical note

Experiments were approved by the University of Wisconsin-
Milwaukee’s Institutional Animal Care and Use Committee
(no. 19-20 #26) and adhered to the ASAB/ABS Guidelines for
the ethical treatment of animals. We obtained permission from
the Wisconsin Department of Natural Resources (Scientific
Research License #SRLR-22-62) and from the landowners to
enter their property. All frogs were released unharmed at the col-
lection site.

RESULTS

Set 1: influence of the frog-like model /male presence as
visual cue

Females did not prefer the multimodal stimulus. The presence
of the models did not increase female response (two-tailed bi-
nomial: all P > .174; Fig. 2; Table 1). Furthermore, neither re-
sponse latency (Mann-Whitney U test: all P > .067; Fig. 2) nor
path length (Mann-Whitney U'test: all P > .214; Fig. 2) differed
between unimodal and multimodal alternatives. Analysis of ap-
proach angles showed that females jumped out of the release
point in the direction of the chosen stimulus, independently of
whether it was the multimodal stimulus or the unimodal one
(i.e. the exit angle was directed towards 0° when females chose
the multimodal stimulus and towards 90° when they chose the
unimodal one; Fig. 2; Table 2). The analysis of angular devi-
ation from the straight path showed that females were not more
directional when approaching a multimodal cue than when ap-
proaching a unimodal one (angular deviation: all P > .21; Table
2).

The trial that used a live male instead of a frog model as the
visual cue showed similar results (experiment 4). The pres-
ence of the male did not increase the proportion of females re-
sponding to the multimodal alternative (two-tailed binomial:
P > .761; Fig. 2; Table 1), and response latency did not differ
between the two alternatives (Mann-Whitney U test: P > .278;
Fig. 2). The path length was slightly shorter when females ap-
proached the live male alternative (Mann-Whitney U test:
P =.051; Fig. 2). Again, the same pattern of directional response
was observed regardless of the chosen stimulus (Fig. 2; Table 2;
for Mann-Whitney U test detailed results in all experiments, see
Supporting Information, Table S1).

Set 2: attractive calls vs. unattractive calls in
multimodal context

Females preferred attractive calls (i.e. calls with more pulses)
over unattractive ones, even when these unattractive calls were
associated with a visual stimulus. In experiment S, with high
variation between calls (18 pulses vs. six pulses + visual cue),
only one female chose the multimodal (but shorter) stimulus
(two-tailed binomial: P < .001; Fig. 3; Table 1). In experiment 6,
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Figure 2. Responses of Dryophytes versicolor females to two-alternative choice trials. The results are presented by angle direction; percentage of
females responding; response latency; and path length. A, green model + average call vs. average call. B, grey model + average call vs. average
call. C, brown model + average call vs. average call. D, live male + average call vs. average call. Coloured (green, grey, brown, and light pink)
graphics represent the results when females chose the multimodal stimulus in each experiment, and white graphics represent when females
chose the unimodal stimulus. In the circular graphics, each point represents the angle of the first jump when females left the release area, and
the arrows represent the mean angle direction (all females together). Boxplots indicate the median, upper and lower quartiles, and upper and
lower whiskers. See Table 1 for detailed results of the two-tailed binomial test and Supporting Information, Table S1 for the Mann-Whitney U

test.

with less variation between calls (21 pulses vs. 15 pulses + visual
cue), a greater number of females also showed a preference for
the longer call (Fig. 3), but the difference was not significant
(Table 1; two-tailed binomial: P = .066). There were no differ-
ences in the response latency between stimuli (Fig. 3; Supporting
Information, Table S1).

Set 3: female preference for dorsal colour

Females did not show a preference for any dorsal colour (two-
tailed binomial: all P > .761; Fig. 4; Table 1). There were no
differences in the response latency between green and grey
and between brown and grey models (Fig. 4; Supporting
Information, Table S1), but the response latencies of females
choosing the green model over the brown model were signifi-
cantly shorter (Mann-Whitney U test: P < .001; Fig. 4).

Set 4: thigh colour and vocal sac colour as visual cue

The presence of yellow thighs or a black vocal sac in the models
did not increase the preference of females (two-tailed binomial:
P >.073; Fig. S; Table 1). Also, there were no differences in

the response latency between stimuli (Mann-Whitney U test:
P > 213; Fig. 5; Supporting Information, Table S1).

Set 5: vocal sac movement as visual cue

The vocal sac movement coupled with the call (multimodal) did
not increase female response (two-tailed binomial: P = .88; Fig.
6; Table 1). Also, there were no differences in the response la-
tency between stimuli (Mann-Whitney U test: P = .503; Fig. 6;
Supporting Information, Table S1).

Individual colour preferences
Individual females did not show consistent preferences for spe-
cific colours, nor was their choice of a colour in one experiment
related to the choice in another experiment (Table 3). This sug-
gests a lack of colour preferences on an individual level and a
population level.

DISCUSSION

It is well established that the auditory signal component of
anuran advertisement displays is necessary and sufficient to elicit
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Figure 3. Responses of Dryophytes versicolor females to two-
alternative choice trials. The graphs show the percentage of females
that chose each stimulus and their response latency. A, attractive calls
[18 pulses (P); unimodal] vs. unattractive calls (six pulses + frog
model; multimodal). B, attractive calls (21 pulses; unimodal) vs.
unattractive call (15 pulses + frog model; multimodal). Boxplots
indicate the median, upper and lower quartiles, and upper and lower
whiskers. An asterisk indicates significant P-values. See Table 1

for detailed results of the two-tailed binomial test and Supporting
Information, Table S1 for the Mann-Whitney U test.

mate-choice behaviour and that females prefer certain call fea-
tures over others (Gerhardt and Huber 2002). The combination
of bright coloration, contrasting colour patches, and the ‘fixed’
multimodal cue generated by the inflating vocal sac during call
emission make it intuitively plausible that frogs should also in-
corporate visual cues in mediating social interactions. To date,
the function of acoustic and visual signals in a multimodal con-
text has been tested in eight species of nocturnal anurans. A de-
tailed examination of the published literature suggests that this
phenomenon is less widespread than anticipated (see also dis-
cussion by Li et al. 2022). Below, we summarize the results of
those studies and show that our study, documenting a lack of
multimodal communication in D. versicolor, is not unusual.

Are multimodal stimuli preferred over unimodal stimuli?
A lack of female preference for a multimodal stimulus has been
reported in two species (Li et al. 2022, Reichert ef al. 2014; this
study), whereas females from five species have been reported to
prefer a multimodal alternative over a unimodal one (Taylor et al.
2007, Taylor and Ryan 2013, Laird et al. 2016, Zhao et al. 2021,
Zhu et al. 2021). The proportion of females that did approach
the multimodal alternative in those studies ranged from 70%
to 80%. In Engystomops pustulosus (Cope, 1864), the only spe-
cies for which multiple replicates of the same test are available,
the proportion of females approaching a dynamic multimodal
alternative ranged from 60% to 80%, i.e. from no preference
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Figure 4. Responses of Dryophytes versicolor females to two-
alternative choice trials. The graphs show the percentage of females
that chose each stimulus and their response latency. In this set of
experiments, for acoustic stimulation we broadcast the average call
with 18 pulses for all options, changing only the types of visual cues.
A, grey model vs. green model. B, grey model vs. brown model. C,
green model vs. brown model. Boxplots indicate the median, upper
and lower quartiles, and upper and lower whiskers. An asterisk
indicates significant P-values. See Table 1 for detailed results of the
two-tailed binomial test and Supporting Information, Table S1 for
the Mann-Whitney U test.

over non-significant trends favouring multimodal to statistically
significant preferences for the multimodal alternative (Taylor
et al. 2008, 2011b, Taylor and Ryan 2013, Stange et al. 2017).
Furthermore, only dynamic visual cues were effective; females
did not prefer a static multimodal stimulus to a unimodal
stimulus (Taylor et al. 2008). Taken together, this suggests that a
preference for a multimodal stimulus is not shared by all females
or that it is easily influenced by small variations in the stimuli
tested or the experimental design.

The type of visual stimulus used in the experiments did not ap-
pear to influence whether a preference was observed. Multimodal
stimuli that did not elicit a positive response included static resin
models (this study), dynamic models (Li et al. 2022, this study),
and video playbacks (Reichert et al. 2014). Those that did elicit
a positive response included dynamic models (Taylor et al. 2007,
Taylor and Ryan 2013, Laird et al. 2016) and video playbacks
(Zhao et al. 2021, Zhu et al. 2021). However, it is important to
note that studies on our focus species, D. versicolor, have shown
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Figure S. Responses of Dryophytes versicolor females to two-
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experiments, for acoustic stimulation we broadcast the average call
with 18 pulses for all options, changing only the types of visual cues.
A, frog models with yellow thighs vs. frog models with brown thighs.
B, frog models with black vocal sac vs. frog models with white vocal
sac. Boxplots indicate the median, upper and lower quartiles, and
upper and lower whiskers. See Table 1 for detailed results of the two-
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Figure 6. Responses of Dryophytes versicolor females to two-
alternative choice trials of the experiment that evaluated whether the
vocal sac movement (VSM) increases the preference of females. The
graphs display the percentage of females that chose each stimulus
and their response latency. In this experiment, the average call with
18 pulses (P) was broadcast for both options. Boxplots indicate the
median, upper and lower quartiles, and upper and lower whiskers.
See Table 1 for detailed results of the two-tailed binomial test and
Supporting Information, Table S1 for the Mann-Whitney U test.

that females exhibit strong positive phototaxis. When exposed
to video playbacks (Reichert et al. 2016) or light-emitting diodes
(Reichert and Hébel 2015), females responded more robustly
and exhibited more directional behaviour towards multimodal
stimuli in which sound was paired with a light source. See
Reichert et al. (2014) for a broad discussion about phototaxis of
D. versicolor females towards a variety of stimuli on the computer
screen (including non-biological stimuli, such as a white square).
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Table 3. Nominal logistic regressions comparing colour choices of the same females across different trials. In none of the comparisons did the
colour choice of a given female in one trial predict her colour choice in another trial.

Response in one trial

Response in other trial

Likelihood ratio test

Prefer brown model in Exp. 3 (model vs. call alone)
Prefer brown model in Exp. 3 (model vs. call alone)
Prefer grey model in Exp. 7 (grey vs. green)

Prefer green model in Exp. 7 (grey vs. green)

Prefer brown model in Exp. 9 (brown vs. green)
Prefer brown model in Exp. 3 (model vs. call alone)
Prefer green model in Exp. 1 (model vs. call alone)
Prefer grey model in Exp. 2 (model vs. call alone)
Prefer brown model in Exp. 3 (model vs. call alone)
Prefer green model in Exp. 1 (model vs. call alone)
Prefer grey model in Exp. 2 (model vs. call alone)

Prefer green model in Exp. 1 (model vs. call alone)
Prefer grey model in Exp. 2 (model vs. call alone)
Prefer grey model in Exp. 8 (grey vs. brown)
Prefer green model in Exp. 9 (brown vs. green)
Prefer brown model in Exp. 8 (grey vs. brown)
Prefer brown + yellow thigh in Exp. 10

Prefer brown + yellow thigh in Exp. 10

Prefer brown + yellow thigh in Exp. 10

Prefer brown + black throat in Exp. 11

Prefer brown + black throat in Exp. 11

Prefer brown + black throat in Exp. 11

X, = 0.873; P = 350
X, = 0927,P = 336
X, =0,P=1

X, = 0.836,P = .360
16, = 0.569,P = 431
X, = 0.108,P = 742
le =0.078, P =.780
X, = 1.327,P = 249
¢, = 0.042, P = 837
X, = 0242, P = 623
X, = 3.288,P = 070

Are dynamic visual cues more effective than static visual cues?

The inflation and deflation of the vocal sac during call produc-
tion generates a dynamic visual cue that might be particularly
salient in eliciting responses. But there is surprisingly little sup-
port for this hypothesis. Three species do not show a preference
for a dynamic visual component. Dryophytes chrysoscelis (Cope,
1880) and Dryophytes squirellus (Daudin, 1800) did not prefer
a dynamic model over a static one (Taylor et al. 2007, Li et al.
2022). Likewise, D. versicolor did not prefer a video with a dy-
namic vocal sac over a static one (Reichert et al. 2014), and they
also did not prefer a multimodal presentation of a simulated
vocal sac (this study).

For two species, some data are consistent with a preference
for the dynamic component. In a video playback study with
E. pustulosus, 14 females approached a video of a male with an
inflating vocal sac, whereas six approached a video of a male
whose vocal sac did not inflate (Rosenthal et al. 2004). However,
this difference is not statistically significant when using a two-
tailed binomial test to determine whether the proportions of
subjects choosing the two alternatives significantly deviate
from 0.5 (two-tailed P = .12). In a study with the same species
that used three-dimensional models, females preferred a multi-
modal alternative over a unimodal one only if it was a dynamic
model (16:4; two-tailed P = .01), but not if it was a static model
(7:13; two tailed P = .26) (Taylor et al. 2008). In Hyla arborea
(Linnaeus, 1758), a dynamic model with attractive features did
improve the attractiveness of an unattractive call (Richardson
et al. 2010), whereas a similar test using static models did not
(Troianowski et al. 2014). This could also be interpreted as fe-
males attending more to the dynamic visual component of a
multimodal signal.

Do nocturnal frogs have colour preferences?

We conducted a comprehensive exploration of visual prefer-
ences, particularly focusing on colour, in a nocturnal anuran.
This was motivated by the exceptional ability of D. versicolor to
change colour (Edgren 1954), in addition to the presence of
their contrasting body colour patches (yellow thigh and dark
throat). We found that variation in male dorsal coloration did
not influence female mate-choice behaviour, which suggests that
body colour change is not a component of a visual signal but

might be related to thermoregulation, light intensity, or a defen-
sive strategy involved in camouflage.

Female mate-choice behaviour was also not influenced by
yellow thigh coloration of a model. Yellow (in addition to or-
ange and red) colour in vertebrates, including frogs (Suga and
Munesada 1988, Umbers et al. 2016, Brenes-Soto et al. 2017),
is usually formed by pigments belonging to the carotenoid cat-
egory. These pigments are acquired from the diet (Feltl et al.
2005, Umbers et al. 2016) and are commonly associated with the
foraging ability of an individual and/or food availability, which,
in turn, might reflect their health and body condition. Therefore,
they have the potential to provide honest information to con-
specifics. Then again, bright coloration is also often associated
with aposematism/unpalatability, and colourful patches on the
thighs and flanks of otherwise cryptic frogs might represent an
intermediate state between crypsis and aposematism (Loeffler-
Henry et al. 2023). Conspicuous hidden coloration is common
among hylids (Loeffler-Henry et al. 2023), and Cannizzaro
IV and Hébel (2023) recently documented that the black and
yellow thigh colour of D. versicolor does function as an aposem-
atic signal. Although this does not preclude an additional func-
tion in conspecific communication, our data suggest that female
D. versicolor do not attend to it during mate choice.

In D. versicolor, male body condition is associated with vocal
sac pigmentation, and the vocal sac colour of mated males is
darker when compared with unmated ones (Hébel et al. 2022).
Although this suggests a role of vocal sac colour in mate choice,
our experiments demonstrated that dark vocal sac colour did
not increase the preference of females. This is in line with a pre-
vious study that used video playbacks to test for preferences for
vocal sac colour in this species (Reichert et al. 2014). Only one
other species (H. arborea) has been tested for vocal sac colour
preferences, with mixed results. In a study using video play-
backs, 17 of 24 females (71%) approached the alternative with
a more colourful vocal sac, a difference that is not significantly
different from the expected proportion of 0.5 in a two-tailed
binomial test (P =.06; Gomez et al. 2009). In a study using
painted static models, only 55% approached a light red over a
dark orange vocal sac (11:9; two-tailed P = .82), but 75% of fe-
males approached a dark red over a light orange vocal sac (15:5;
two-tailed P =.04). Gomez et al. (2010) suggested that this

20z AInr L0 uo Jasn SYNIdINYO TYNAVLSI AINN TVHLINIO YOI10I1dId Ad +7181.022/0909€|d/uBSUUI0IG/€601 0L /10P/3|91LE-80UBAPE/UEBSUUI|OIG/WOD dNO"dlWapEdE//:SARY WOl papeojumod



10 .« Augusto-Alves et al.

difference might be attributable to females evaluating brightness
and hue separately. Given the pronounced phototaxis exhibited
by many anurans (Hailman and Jaeger 1974), this idea warrants
further examination.

Can addition of a visual component modify preferences for
the auditory component?

Assuming that visual components are attractive, adding a visual
cue might improve a call with unattractive features. In contrast,
this is not the case for Dryophytes cinereus (Schneider, 1799), for
which the addition of a visual component did not change the
preference for the low-frequency call (Laird et al. 2016). In our
study with D. versicolor, females strongly discriminated against
an unattractive short call that was paired with a visual cue if the
difference between the two call alternatives was large (difference
of 12 pulses; two-tailed test: P < .001), but not if the difference
was smaller (difference of six pulses; two-tailed test: P = .066).
However, we do not interpret the latter result as evidence for
a positive effect of adding a visual cue to the unattractive call,
but suggest that preferences for longer calls diminish as alterna-
tives become more similar and/or are closer to the population
average; a study in which the stimuli tested were only unimodal
calls found that females did not significantly differentiate be-
tween calls with 14 pulses and those with 19 pulses, a 26.3% vari-
ation between the acoustic stimuli (Stratman and Hobel 2019).
This variation is similar to our test of 15 vs. 21 pulses, a 28.6%
variation.

In one species (D. squirellus), adding a visual cue increased
the attractiveness of an unattractive call, but never made it
more attractive than the unimodal attractive call stimulus
(Taylor et al. 2011a). However, different studies obtained
opposing results, such that only some data are consistent with
an ‘improving’ function of adding a visual cue. In E. pustulosus,
addingavisual cuerendered an unattractive/simple callless un-
attractive than the attractive complex call in one study (Stange
et al. 2017), but in another study the addition of a visual cue
did not modulate female responses, and the less attractive/
simple call remained less attractive when the alternative was
a complex call (Taylor et al. 2011a). In H. arborea, when fe-
males had to choose between an all-attractive audiovisual
stimulus and an all-unattractive audiovisual stimulus, they
strongly preferred the all-attractive alternative. But when the
attractive call was associated with unattractive vocal sac col-
oration and opposed to an unattractive call combined with
attractive coloration, half of the females now approached the
alternative with the unattractive call (Richardson et al. 2010).
However, in another study that also tested a combination of
attractive call + unattractive vocal sac coloration against un-
attractive call + attractive coloration, females discriminated
significantly against the alternative with the unattractive call
(Troianowski et al. 2014). The latter comparison is compli-
cated by differences in experimental design, however, because
the former study used dynamic video playbacks and the latter
used static resin models. Hence, the addition of a visual cue
does not always improve an unattractive call. Even in the cases
where there is an improvement, the visual cue never renders
the (bimodal) unattractive call more attractive than an (uni-
modal) attractive call, underscoring the dominance of the
acoustic communication channel.

CONCLUSION

In frogs, a multimodal stimulus is sometimes more effective than
a call alone, but the particular feature of the visual cue is sec-
ondary. Adding visual information to a call sometimes changes
how females respond to it; however, that is not always the case.
Moreover, replicate studies involving the same species frequently
yield opposing results (which might be attributable, in part, to
differences in the visual cue used). Hence, multimodal commu-
nication might affect mate-choice decisions in some nocturnal
anurans, but it is neither universally present nor are preferences
particularly strong.

In addition to mediating mate-choice decisions, visual cues
might facilitate communication by improving sound source lo-
calization or signal reliability. In our study, we tested whether a
visual component improved sound source localization but failed
to find support for this hypothesis. Moreover, the three studies
that have tested whether females shift to greater reliance on the
visual component if the reliability of the auditory component
is compromised, for example because it is temporally degraded
or masked by background noise, found no evidence for it (Coss
et al. 2022, Li et al. 2022, Zhu et al. 2022). Overall, visual cues
might play some role in the social behaviour of some species, but
acoustic communication is the dominant modality mediating
mate choice in nocturnal anurans (Gerhardt 2001, Li et al. 2022).

SUPPLEMENTARY DATA

Supplementary data is available at Biological Journal of the
Linnean Society online.
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