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Predators use prey-emitted cues to assess and localize potential
food sources. Sexual advertisement calls offer conspicuous cues for
eavesdropping predators. While the ontogeny of predatory behaviour is
key for survival and can determine adult responses, our understanding of
the development of the responses to prey-emitted cues is limited. Here, we
measured the responses of juvenile and adult fringe-lipped bats (Trachops
cirrhosus) to the acoustic advertisement calls of co-occurring anurans. We
confirmed that adult bats modulate their foraging behaviour based on
their prey’s acoustic cues associated with prey palatability. The responses
of juvenile bats revealed that ontogeny plays an important role in bat
predatory responses. In contrast to adults, prey palatability did not predict
predatory behaviour in juveniles, which responded strongly to poisonous
toads and little to some palatable frog species, suggesting that avoidance of
poisonous species is learned through experience. Despite these differences,
both juveniles and adults appeared to attend to acoustic cues related to
body size. Our results support the hypothesis that, over development,
acoustic preferences of eavesdropping predators become more closely
aligned with advantageous foraging outcomes. Overall, these results offer
the first evidence of developmental changes refining decision-making in an
eavesdropping predator in the wild.

1. Introduction

Classic examples of predator learning involve traits such as aposematism,
where predators learn to recognize often-reliable warning signals of unpalat-
ability [1-4]. Eavesdropping predators, however, must rely on cues that are
not intended for them. Such predators capitalize on conspicuous traits of
prey which often emerge through sexual selection, such as highly visible
and contrasting colours, rich and intense chemical lures or loud and continu-
ous vocalizations [5-7]. Predators thus face the challenge of navigating the
often complex landscape of prey-emitted signals and establishing associations
between prey-emitted cues and their various outcomes to determine their
foraging responses. This challenge is especially true for generalist eavesdrop-
pers, which are less likely to have tight evolutionary associations with their
prey or to have highly specialized sensory adaptations that enhance their
detection of target species signals, compared to specialist eavesdroppers [7].
Predator associations between prey cues and prey quality can be fixed
or can vary across time. Examples of fixed associations include juveniles of
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two Neotropical avian predator species (turquoise-browed motmots [8] and great kiskadees [9]) which show an innate aversion n

to coral snake colour patterns. Similarly, newborn garter snakes demonstrate innate responses to prey chemosensory cues
that generally coincide with the local population’s diet, suggesting a genetic basis for these responses [10,11]. In contrast to
these fixed associations within individual predators, spatially and temporally variable environments may select for plastic
associations.

Learning, both social and individual, can mediate associations between prey cues and prey quality, as many predators
form such associations through their experience with prey and through the observation of others [12,13]. For example, learned
associations can be rapidly instilled by a formative experience, such as a noxious taste or extreme illness following ingestion
of unpalatable prey (e.g. jays and butterflies [14], bats and tiger moths [15]). Social learning can occur through the observation
of others making foraging decisions, or through explicit demonstration, and is especially common among relatives, such as
offspring observing their parents [16,17]. Learning could be especially important for generalist eavesdropper species that must
sort the cues of many potentially palatable and unpalatable prey.

The fringe-lipped bat (Trachops cirrhosus) offers an excellent system to understand how predators use cues from prey to make
foraging decisions, and how these processes change during development. Adult T. cirrhosus are generalist eavesdroppers on
frogs and use the frog’s call to distinguish palatable from unpalatable prey, informing their decision whether or not to attack
[18-22]. The fact that T. cirrhosus can rapidly learn to respond to novel acoustic cues with foraging behaviours that can last for
years [23-25] leads us to hypothesize that learning plays an important role in shaping their acoustic eavesdropping responses
over development. However, little is known about the ontogeny of these foraging behaviours nor the specific acoustic features
that individuals use during decision-making.

Here, we tested the responses of adult and juvenile individual T. cirrhosus to acoustic playbacks of the mating calls of 15
sympatric anuran (frog and toad) species to understand how predator responses change with development. These species
included anurans known to be palatable, toxic or too large to handle (electronic supplementary material, table S1). To better
understand the information used to assess their prey, we also analysed potential acoustic features that could predict the
behaviours of both juvenile and adult bats.

2. Methods

(a) Animals

Trachops cirrhosus were captured along streams using mist nets in Soberania National Park, Panama, and tested in phonotaxis
experiments (figure 1A). Juveniles were identified by the presence of epiphyseal gaps in the phalanges [26]. Twenty adults (n =
52/153) were captured and tested between 2007 and 2008 and 19 juveniles (1 = 92/10J) were captured and tested between 2010
and 2012. One additional adult (?) was captured and tested in 2011. Capture records of T. cirrhosus indicate that this population
gives birth around the time of the transition from dry to wet season (April-June) [27], with young fledging and foraging
independently between June and September (figure 1B). We caught and tested juveniles in June and July; thus, these individuals
were likely to have had some experience foraging for frogs that call during the wet season (May-December), but limited
experience with frog species that call primarily during the dry season (January—-April). Adults were tested in January—March or
June-August.

Following testing, all bats were marked with a subcutaneous passive integrated transponder (PIT) tag (Biomark, Boise, ID)
and released at the site of capture.

(b) Prey types

To investigate the responses of the bats to diverse acoustic signals from species that vary in size and palatability, we tested
bats on calls from 15 anuran species from five families that are common in the area: three Leptodactylidae (foam-nesting
frogs), eight Hylidae (tree frogs), one Eleutherodactylidae (direct developing rain frogs), one Centrolenidae (glass frogs) and
two Bufonidae (true toads) (figure 1C). We classified prey into two categories based on evidence of palatability (figure 1C; see
electronic supplementary material, table S1 for details on how palatability was assessed). We define palatable prey as those that
the predator is able to consume, and unpalatable as those that cannot be consumed due to their large size and/or the presence
of toxins. Four species were considered unpalatable: two species that produce bufotoxins (Rhinella alata and R. marina) [28];
one species too large to consume, with some chemical defences, and an opportunistic predator of bats (Leptodactylus savagei)
[29-31]; and one other species too large to consume (Boana rosenbergi). The remaining frogs were classified as palatable based on
observations during palatability tests (see electronic supplementary material, table S1), past flight cage experiments [22,32-35],
faecal DNA barcoding results [36], and knowledge of their body size and lack of known toxins. Given that the experience of T.
cirrhosus with different prey is expected to be correlated with frog seasonal activity, we also categorized prey by their seasonal
availability [37], with particular interest in species that call primarily during the dry season (Smilisca sila, R. alata and R. marina;
figure 1C). Data on body size (snout-vent length in mm; SVL) were obtained from [37].
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Figure 1. (A) Experimental setup, with the speaker and camera not to scale, illustrating the approach to examine the predatory response of frog-eating bats (Trachops
cirrhosus). (B) Timeline of seasons in Panama and when the experiments were performed with juvenile bats relative to when they were born. (C) Predatory responses of
juvenile and adult bats to the advertisement calls of anurans in this community. The colour of the species name indicates the primary season in which they call in this
area (yellow = dry season, blue = wet season). Sample spectrograms of the call from each species, as well as two synthetic stimuli (grey), illustrate the diverse acoustic
stimuli used. Each spectrogram is 0.5 s in duration (x-axis) and spans from 0 to 7 kHz (y-axis), with darkness indicating amplitude. The bars depict the predatory
response scores (mean = s.e.) from adult (solid) and juvenile (lighter with dashed borders) bats. The colour of the bar indicates our assumed measure of palatability
(teal = able to be consumed, red = unable to be consumed), for more detail, see electronic supplementary material, table S1. Small asterisks above a single bar
indicate significant (p < 0.05) differences from the white noise stimuli within each age category. Larger asterisks between bars indicate stimuli for which we observed
a significant effect of age (p < 0.05), and the tilde indicates a non-significant trend for an effect of age (p < 0.07) when comparing the response of adults to the
responses of juveniles for a particular acoustic stimulus. The panels are sorted based on responses of adults from top (more) to bottom (less). lllustrations by Damond
Kyllo.

(c) Acoustic stimuli

The advertisement calls of 5-10 individuals from each species were recorded from frogs local to the test site. The recordings
were acquired during a large survey of the area by a variety of individual researchers (see Acknowledgements). Recent
recordings were made with a Sennheiser ME64 microphone and a Marantz PMD-661 recorder; older recordings were made with
a Nagra reel-to-reel tape recorder.
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We tested the behavioural response of each bat in standard playback experiments [38], using up to 18 acoustic stimuli. All n

stimuli were standardized to play at the same peak amplitude (75 dB sound pressure level re. 20 pPa at a distance of 1 m from
the speaker) with 1.5 s of silence between each call. We also tested 10 adult bats (5 from the main experiment and 5 novel bats)
using the same stimuli but with call rates matching the natural species’ call rates to ensure that the standard duration of silence
between each call did not influence the bats’ behaviour (electronic supplementary material, figure S1).

For our acoustic analyses of calls, we measured 13 call parameters. Five of these were (1) call duration, (2) call rise time
(time from the beginning of the call to the time reaching peak amplitude), (3) peak frequency, (4) initial peak frequency (peak
frequency during the first 5 ms of the call) and (5) final peak frequency (peak frequency during the final 5 ms of the call). For
calls with more than one note, we also measured (6) the number of notes per call, (7) note duration, (8) note rise time and (9)
note shape (unitless variable derived by dividing the note rise time by note duration). Finally, if notes had more than one pulse,
we measured (10) the number of pulses per note, (11) pulse duration, (12) pulse rise time and (13) pulse shape. If a call had
more than 15 notes, and if any note had more than 15 pulses, we measured features for the first 5, middle 5 and final 5 notes
and/or pulses. For a diagram depicting the call segmentation, see electronic supplementary material, figure S2. All features were
measured using Raven 1.3 (ravensoundsoftware.com).

(d) Acoustic playbacks and predatory response scores

To assess the responses of the bats to frog calls, phonotaxis experiments were conducted between 1830 h and 0300 hina 5 x 5
x 2.5 m flight cage under ambient levels of humidity and light, with additional illumination by a 25W red light bulb and Sony
HVL-IRM infrared lights. All trials were recorded with a Sony Handycam DCR-SR45 digital video camera set on NightShot
mode.

We placed one Fostex FE103En speaker underneath a 1.5 x 1.5 m screen that was covered in leaf litter in one corner of the
flight cage. Stimuli were broadcast from a Dell Latitude E4300 computer using a SA-150 Realistic amplifier at an amplitude of
75 dB SPL (re. 20 pP) measured at 1 m from the speaker using an SPL meter (Radioshack). If the bat left the roost, the next trial
began after the bat returned to the roost.

Observers unaware of the hypothesis scored the videos of bat responses by assigning a numeric value to each trial, reflecting
the bat’s level of interest in the stimulus. From our experience with these bats [39,40], a typical predation sequence begins with
the bat hanging quietly from a perch; when the bat hears the frog call, it turns its head and ears rapidly, orienting towards the
sound source. The bat may then flex its wings, fly towards the frog call and land on its prey (electronic supplementary material,
video S1). We scored behaviours on a 0-5 point scale of increasing predatory interest in the stimulus: no reaction (0), slight
ear motions (1), vigorous ear motions (2), wing flexes (3), flight towards the speaker (4) and landing on or attacking the screen
covering the speaker (5).

We created ten sets of calls, and the set number and order of calls presented was randomized for each individual bat. The
trials were 30 s in length and were presented at five-minute intervals. However, for the first adult bat, trials were terminated
after 10 s. After testing eight adult bats, we obtained recordings from one additional frog species (L. labialis), and we added two
artificial stimuli to test for responses to novel sounds: a tungara call played backwards (‘rev. pustulosus’, an acoustic stimulus
that has the frequency but not the temporal components of a call T. cirrhosus strongly prefers) and a white noise burst. All
subsequent bats were tested with this full suite of acoustic stimuli (figure 1C), except two adult individuals who, because of
testing difficulties, were only tested on a subset of the stimuli (7 and 12 calls, respectively).

(e) Statistics

Behavioural responses were analysed independently for juveniles and adults using linear mixed-effects models in R (package:
Ime4), with the response as the dependent variable, stimulus as the independent variable, and BatID as a random effect to
account for repeated responses from each bat. To compare adult and juvenile bats, we also included age class (adult or juvenile)
as a fixed effect in a full factorial model with stimulus as the other fixed effect. For our analyses with acoustic features, linear
regressions of mean bat response were run against each call parameter individually as well as in aggregate using principal
components analysis (with data first transformed to z-scores). Data for all acoustic features were log-transformed to improve
normality except for note shape and pulse shape. F- and p-values were calculated using Type II ANOVA with Satterthwaite’s
method (package: ImerTest). Post-hoc pairwise comparisons were conducted using Tukey’s tests (package: emmeans).

3. Results

(a) Acoustic preferences of adult bats

We tested the responses of adult bats (1 = 21) to 18 acoustic stimuli and found that the stimulus affected their predatory
responses (F17300 = 9.7, p < 0.0001; figure 1C). With the white noise playback set as a baseline control, we observed stronger
responses to E. pustulosus (complex, simple and reversed; see §2), S. sila, S. boulengeri, B. rufitela and A. callidryas, as well as
weaker responses to H. fleischmanni. After pooling the responses by prey palatability, we found that adult bats responded more
strongly to palatable than unpalatable prey (score: F1 299 = 17.6, p < 0.0001; figure 2A).
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Figure 2. (A) Predatory response scores pooled across frog species by prey palatability, with bars indicating the mean + s.e. The asterisk indicates a significant
difference within adults between palatable and unpalatable prey (p < 0.05). (B) Correlation between mean behavioural responses of adults and juveniles for each
stimulus.

(b) Developmental shifts in acoustic preferences

To understand how responses to prey stimuli change across development, we tested juvenile bats (1 = 19). As with adults, the
stimulus affected bat responses (F17302 = 2.7, p = 0.0003; figure 1C). With the white noise playback set as the baseline control, we
observed stronger responses to a non-palatable species (R. alata) and weaker responses to a palatable one (H. fleischmanni). After
pooling the data by prey palatability, we saw no significant difference for juvenile responses to palatable and unpalatable prey
(F2,280 =2.0, p = 0.1575; figure 2A).

To test the effect of age on predatory responses, we analysed the data from all bats together. Responses to the acoustic
stimuli differed based on the age class of the bats, as identified by the interaction between age (juvenile vs adult) and stimulus
(F17,602 = 3.1, p < 0.0001). Given this interaction, we tested for an effect of age class on the response to the call of each prey
species independently. We found that adult bats responded more strongly than juveniles to two palatable species: E. pustulosus
(complex) and S. sila (p < 0.02 for both). Juveniles responded more strongly than adults to a non-palatable species, R. alata (p
= 0.0138), and marginally non-significantly more strongly to another non-palatable toad, R. marina (p = 0.0665). Despite these
differences in response, we observed a positive correlation between the mean response to each stimulus for each age class (F1, 16
= 6.7, p = 0.0195; figure 2B). Finally, we pooled the dataset within prey-type category and observed a significant interaction
between age class and prey type (F1570 = 15.6, p < 0.0001). The only significant post-hoc contrast was between palatable and
unpalatable prey in adult bats (Tukey’s test: p = 0.0002; figure 2A).

(c) Acoustic correlates of call responses

We examined whether acoustic features predict (1) prey palatability and (2) bat predatory behaviour. If any acoustic cues are
reliably associated with unpalatable and palatable prey, we hypothesized that adult bats could use those cues to modulate
their responses. We thus asked if the acoustic features we measured predict prey palatability. Indeed, five features varied with
palatability (call duration: Fj 14 = 6.1, p = 0.0272, call rise time: Fq 14 = 6.2, p = 0.0262; peak frequency: F1 14 = 8.1, p = 0.0128; initial
peak frequency: Fq,14 = 12.9, p = 0.0030; final peak frequency: Fy 14 = 12.9, p = 0.0030; electronic supplementary material, figure
S3). Unpalatable frogs tended to have longer call durations and call rise times along with lower peak frequencies.

To examine the joint effect of multiple acoustic features, we aggregated the call features using principal components analysis
(PCA). The first three PCs explained 38%, 20% and 19% of the variation, respectively (figure 3A). All five features that predicted
prey palatability loaded heavily on PC1, with call duration and call rise time having positive coefficients, and all three peak
frequency measures having negative coefficients (electronic supplementary material, table S2). Relatedly, PC1 also varied by
prey palatability (Fq,14 =11.1, p = 0.0050; figure 3B). We did not observe clustering of prey types in PC2 or PC3.

Because large frogs cannot be handled by the bats and are thus considered unpalatable (figure 1C) and peak frequency
measures load negatively on PCl, it is unsurprising that PC1 also correlates positively with body size (Fy,14 = 16.6, p = 0.0011;
figure 3C). Thus, these analyses indicate that the acoustic features that most separate the call stimuli also provide information
on body size and, relatedly, palatability.
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Figure 3. Acoustic properties of frog calls, palatability and responses of juvenile and adult bats. (A) Clustering of frog call species based on PC1 and PC2. (B) PC1
significantly differs by prey palatability. (C) Body size and PC1 are significantly correlated. (D,E) Correlations between PC1 and the behavioural scores of adults (D) and
juveniles (E). In (D), the trendline is limited to palatable species, while in (E), the trendline depicts the overall relationship across all species.

Given that PC1 predicts prey palatability, we investigated whether this composite measure of acoustic features predicts the
responses of adult and/or juvenile bats. For adult bats, we observed no significant correlation between PC1 and their responses
(F1,14 = 0.0, p = 0.8270). However, when we included the interaction between PCl and prey palatability as a predictor of
behaviour, we observed a significant interaction (F1 11,0 = 4.9, p = 0.0470) which was driven by a strong relationship between PC1
and behavioural score for palatable species (which was significant when analysed separately: Fy 19 = 6.3, p = 0.0315; figure 3D).
For juvenile bats, we observed a positive relationship between PC1 and predatory response scores across all species (Fq,14 =5.8,
p = 0.0310; figure 3E). We observed, however, no significant interaction between PC1 and palatability on the predatory response
score (F112=0.9, p =0.3621).

4. Discussion

In this study, we measured the predatory responses of adult and juvenile fringe-lipped bats (Trachops cirrhosus) to the mating
calls of 15 of the most common sympatric frog and toad species in Soberania National Park, Panama. Confirming previous
results in this species, and in other eavesdropping bats, we found that the responses of adult bats varied according to prey
species [41,42], and were significantly predicted by the palatability of the prey species [18,19,22]. While juvenile bats also
significantly varied in their responses to the calls of different species, in contrast to the adults, prey palatability did not
predict their responses. Indeed, juvenile bats showed strong predatory responses to the calls of highly unpalatable species (the
poisonous toads R. alata and R. marina), calls that were ignored by older, more experienced bats. In contrast, juveniles showed
low predatory responses to some of the adults” preferred and highly palatable prey species, specifically complex calls of the
tangara frog, Engystomops pustulosus, and calls of the dry season calling tree frog, S. sila. Our results provide the first evidence
for the hypothesis that the preferences of eavesdropping predators change across development, becoming more closely aligned
with advantageous decision-making over time.

Despite the finding that juvenile and adult bats differed in their responses to some stimuli, we observed that their overall
responses were significantly correlated, which may arise from similarities in responses to specific acoustic features. Our acoustic
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analyses indicated that the call properties best separating the stimuli (i.e. longer and lower frequency calls loading most heavily [ 7 ]

on PC1) also correlated strongly with prey body size and differed based on palatability (with larger frogs generally being
unpalatable). This relationship reveals the subtle interaction between prey energy and handling that ultimately mediate prey
profitability because, while the largest species are best avoided by the bat, within palatable prey, larger species should provide
a more valuable foraging opportunity. Consistent with this prediction, adult behaviour correlated positively with PC1, but only
for palatable prey. In contrast, juvenile responses correlated positively with PC1 more generally. Thus, it appears that juveniles
have early biases to attend to acoustic features that predict body size but require experience to learn that the largest species are
not palatable.

Given the typical timing of breeding in this bat [27], the juveniles we tested are expected to have had the least experience
with anuran species that call primarily during the dry season. Indeed, we observed significant differences between adult and
juvenile responses for the palatable species that is most active in the dry season (S. sila), the only tree frog species for which
we observed significant age-dependent responses. Furthermore, the two unpalatable toad species (R. marina and R. alata) call
primarily during the dry season, and juveniles tended to respond to the calls from these species more strongly than adults.
Together, these data suggest that direct experience with calling frogs shapes subsequent behaviour, with efficacy of bat foraging
decision-making improving with time.

The combination of the wide geographic range of frog-eating bats [43] and the small foraging area of individuals (approx. 12
ha [39,40]) probably heightens the importance of learning as a mechanism in predatory decision-making. Across their species
ranges, frog-eating bats encounter a wide range of potential prey. But each individual bat encounters a much smaller subset of
prey and probably learns to respond appropriately to these specific local prey species over time. Indeed, evidence from both
this and previous studies suggests that acoustic responses in this species are shaped by the local anuran community. In this
study, adults responded more strongly than juveniles to the complex (but not simple) calls of the tingara frog (E. pustulosus), a
particularly abundant frog in the study area. In contrast, in T. coffini, a closely related species (formerly subspecies), tested in an
area of Costa Rica without tingara frogs, individuals do not respond more strongly to complex calls [18] (but see the response
of T. cirrhosus in Ecuador to complex calls of another frog species [44]). The preference of adult T. cirrhosus for complex calls does
not appear to result from perceptual biases [45], suggesting that bats learn and remember particular prey cues. In the case of the
complex tingara frog calls, for instance, they may be associating the added component of the call (the ‘chuck’) with higher prey
density [46]. Interestingly, the adult and juvenile bats in this study were equally responsive to the reversed tingara call and the
simple call, indicating that responses are permissive to this temporal aspect of acoustic variation. This finding is consistent with
previous experiments showing that these bats are more permissive in their responses to tiingara frog calls than female frogs are
[47].

The risks and benefits associated with attacking different frog species vary along a continuum. For example, within palatable
prey, larger species often offer a greater caloric reward. Our results suggest that bats attend to this variation, responding more
strongly to larger species of palatable prey. Within unpalatable species, two species examined here (R. alata and R. marina)
produce toxic bufotoxins [28]. However, experiments in which T. cirrhosus attack normally non-toxic prey that are covered
with Rhinella bufotoxins show that bats can quickly detect the toxin and eject the prey, suffering no long-standing negative
consequences [33]. This ability to quickly assess toad toxicity may explain why responses to these two unpalatable species were
not as low as responses to L. savagei. Not only is L. savagei chemically defended [30], but it is also an opportunistic predator of
bats, including those as large as T. cirrhosus [29]. Additionally, the largest responses towards an unpalatable species were to B.
rosenbergi. While this frog is generally too large for bats to handle, we have observed bats consuming B. rosenbergi when the frog
was already euthanized (see electronic supplementary material). Altogether, our results suggest that bats attend to the variation
in prey quality within the broader palatable and unpalatable categories.

Individual physiological changes, within prey or predator, can also temporally modulate prey palatability. For example,
while we classified the red-eyed tree frog (A. callidryas) as palatable given observations of bats consuming them in palatability
tests (see electronic supplementary material), this frog species is known to secrete a variety of chemicals that may function to
deter predators [48]. We observed that when agitated, males of this species release an odour, at which point captive bats would
refuse to consume them, suggesting that bats may deem this species unpalatable in certain conditions. On the predator side,
T. cirrhosus has unusual structures in the submandibular salivary glands, which “could be the source of protective factors that
permit consumption of seemingly unsavory prey” [49] (see also [50]). As such, the risks and benefits of attacking different frog
species may vary based on physiological responses both within predator and prey, which provides intriguing opportunities for
future research.

Overall, the results of this study provide compelling evidence for ontogenetic changes to predatory responses in an
eavesdropping predator. We propose that juvenile bats, through experience with calling prey, learn to identify the palatable
species within their local anuran community, and based on prey profitability, adjust their responses to acoustic stimuli
accordingly. While, to our knowledge, this is the first study to explicitly compare eavesdropping responses of juveniles and
adult generalist predators, we expect similar processes to occur in other predators. Ultimately, our study highlights the critical
role of experience and development in early life in shaping predatory and, more specifically, eavesdropping strategies in the
wild.
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