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Foraging increases predation risk. As such, prey frequently attend to potential predator cues when

making decisions about foraging behaviour. Environmental cues, such as light levels, can impact pre-
dation risk, and populations from different environments may vary in how they respond to such cues.
Here we experimentally manipulated foraging conditions for a frugivorous bat, the Jamaican fruit bat, to
ask whether individuals rapidly alter their foraging behaviour based on potential predator cues and light
levels. Specifically, we ran bats in multiple foraging trials across a night in which we varied the level of
ambient light or predator cues (auditory or visual) and measured latencies to feed. We found that bats in
a more urban population were most affected by simulated full moonlight, delaying their foraging
behaviour. In contrast, bats from a rural population were sensitive to simulated urban light. Furthermore,
rural bats were also more sensitive to potential predator cues and foraged more rapidly in the presence of
novel objects and auditory predator cues. These results reveal variation across populations of the same
species with respect to their response to potential predator cues, possibly indicating differences in their
evaluations of foraging risks.
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Animals must remain vigilant of predators while foraging. Pre-
dation can cause shifts in prey foraging behaviour (Caldwell, 1986;
Feener, 1988) and plays a pivotal role in shaping habitat use
(Breviglieri et al., 2017; Metcalfe et al., 1987; Ripple & Beschta,
2003, 2004; Suraci et al., 2019). Predator cues can create a ‘land-
scape of fear’, altering prey behaviour to minimize their risk of
predation (Jordan & Ryan, 2015), thereby indirectly influencing the
distribution and abundance of prey species. Elements of the envi-
ronment can be indicative of risky foraging areas, and prey can
adjust their behaviour based on these cues (Skutelsky, 1996;
Wirsing et al., 2021). Environmental conditions and light levels are
crucial factors that can influence the saliency of these cues and
affect the risks of predation.

Antipredator behaviour in foraging nocturnal prey animals can
vary as a function of illumination from moonlight. In these cases,
prey reduce foraging time during full moon phases of the month and
maximize foraging time during new moon phases (Bowers, 1988;
Price et al., 1984; Rode-Margono & Anne-Isola Nekaris, 2014; Wolfe
& Tan Summerlin, 1989). Early studies in bats (Morrison, 1978c) and
kangaroo rats (Lockard & Owings, 1974) observed a phenomenon
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called ‘lunar phobia’ and hypothesized that prey avoid moonlight
because of increased exposure to visually orienting predators that
hunt more effectively and successfully on moonlit nights (Chen et al.,
2024; Clarke, 1983; Kotler et al., 1991; Lillywhite & Brischoux, 2012;
Longland & Price, 1991). This hypothesis also predicts that prey that
rely on auditory or olfactory cues (rather than visual cues) to forage
are the main taxa that suppress foraging activity during waxing
moon phases (Prugh & Golden, 2014).

The way in which animals integrate these environmental and
predator cues can vary across populations. Recent work has
demonstrated numerous anthropogenic effects on behaviour
(Sanders et al., 2020). For instance, aversive responses to anthropo-
genic noise reduces foraging efficiency in bats (Luo et al., 2015) and
artificial light at night affects foraging behaviour and predator
avoidance in fish (Becker et al., 2013; Czarnecka et al., 2019; Perkin
et al,, 2011). Individuals from populations that span different levels
of urbanization are shown to differ in how they integrate environ-
mental (Audet et al., 2016) and novel cues (Sol et al., 2011) to make
foraging decisions. The impacts of anthropogenic factors on foraging
behaviours can vary widely depending on the species and the nature
of the disturbance (Van Scoyoc et al., 2023), and this variation is why
it is important to test for effects of urbanization in many species and
across populations.
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Bats offer an excellent system to investigate behavioural and
population level variation in response to predator threat. For
example, the avoidance of moonlight has been widely documented
in tropical frugivorous and nectivorous bats (Lima & O’Keefe, 2013;
Saldana-Vazquez & Munguia-Rosas, 2013). Studies of lunar phobia
are mainly observational, such as one study that radiotracked the
Jamaican fruit bat, a Neotropical frugivorous bat, for several weeks
and documented that the bats were less active and interrupted
feeding more often during full moon phases (Morrison, 1978c).
Although there are observations of bats investigating distress calls
(Russ et al., 1998) and mobbing predators (Knornschild & Tschapka,
2012; Lucan & Salek, 2013), overall, there is limited knowledge on
nonlethal predator effects on bat foraging behaviour and the cues
they use to locate predators (Lima & O’Keefe, 2013).

Here we experimentally manipulated the foraging conditions
for Jamaican fruit bats to ask whether individuals rapidly alter their
foraging behaviour based on potential predator cues and light
levels. Specifically, bats were given brief opportunities to forage in
conditions with varying light levels, a visual predator and novel cue
or an auditory predator and novel cue. We hypothesized that
increasing levels of light as well as predator-associated cues (but
not novel stimuli) would increase the bats' latency to land on a
feeding platform to forage. By determining how bats behave under
these various foraging conditions in controlled experiments, we
can pinpoint the cues they use when making risk assessments.

METHODS
Study Species

The Jamaican fruit-eating bat is found throughout Middle
America and northern South America. Its primary diet consists of
figs, supplemented with flowers, nectar, pollen and insects (Kunz &
Diaz, 1995; Rodriguez-Duran & Vazquez, 2001; Teixeira et al.,
2009). This species is an ideal subject for this study because it is
widely abundant and readily consumes fruit in captivity. We
captured bats at two different sites: one site was situated in the
forests adjacent to human populations surrounding the Smithso-
nian Tropical Research Institute's Gamboa field station in Panama,
and bats were captured during October 2021 — November 2021 and
November 2022; the other site was situated in an area more iso-
lated from anthropogenic influences on Barro Colorado Island (BCI),
and bats were captured during June 2023.

During mist netting, two to four nets (6—12 m in length) were
placed within 500 m of each other and checked every 10—15 min to
minimize the time bats spent in the nets. Once an individual bat
was found in a net, all bats in the nets were removed within
0.5—20 min. Nontarget species and juvenile, pregnant or lactating
female bats and bats that appeared stressed were released upon
capture. Target species were immediately placed in soft cloth bat
bags until release into the flight cages. We minimized handling
time to avoid unnecessary stress. Before release into the flight cage,
bats were given small, unique haircuts (~1 x 1 cm), as a noninva-
sive method for identifying individuals for short periods.

To capture bats at known roosts during the day, we gently
placed a butterfly net over the roost entrance until several bats
(6—15 bats) flew into the net (10—20s). We then closed the net,
opening it just enough to remove all individuals quickly and gently
until each bat was placed into a soft cloth bat bag (5—10 min).

Upon capture, bats were released into an outdoor flight cage
(4.85 x 4.90 x 2.43 m; Fig. 1a) to forage freely for 6 h. Food (small
pieces of banana) was placed on a platform (41 x 2 x 29 cm) 40 cm
off the ground, and bats learned to forage there for two nights
before experiments began. As the bats learned to obtain food from
the platform, we videorecorded the bats from a separate room.

Between nights, after bats had become accustomed to readily
retrieving fruit from the platform, they were placed in a smaller
holding cage (69 x 71 x 202 cm) with ad libitum water. By the
sixth hour of the second night, if bats had not learned to obtain food
from the platform and if their palpated stomachs felt empty, bats
were hand-fed banana and permitted a third night to learn. Bats
that did not eat bananas during hand feeding or after four nights in
the flight cage were released at their point of capture. We followed
the same protocol on BCI, although the dimensions of the flight
cage and the holding cage were different: flight cage dimensions
were 4.85x53x25m, and we wused a pop-up tent
(75 x 106 x 68 cm) as the holding cage.

Ethical Note

All animal-related procedures were approved by the Panama
Ministry of the Environment (permit numbers SE/AP-22-19 and
ARG-278-2022) and were conducted in accordance with approved
protocols from the Animal Care and Use Committee of the Smith-
sonian Tropical Research Institute (ACUC-2020-0113-2023) and the
University of Texas at Austin (AUP-2021-00063).

Behavioural Trials

This study aimed to determine how (1) environmental light
contexts, (2) predator visual cues and (3) predator auditory cues
affect bat foraging behaviour (Fig. 1a). We used artificial lights to
simulate three environmental contexts: full moon and half-moon
phases and urban light pollution (i.e. from a streetlight). For both
artificial moonlight stimuli, we used the same LED model (Max-
xima Mini Green Always Night Lights) as in previous studies (i.e.
Taylor et al., 2019), which emits a light spectrum similar to that
measured at night in the forest. Our full moonlight treatment was
0.089 Ix, and our half-moon treatment was 0.044 Ix. We used white
night lights (MagicPro Plug-in LED) to simulate urban light pollu-
tion (1.21 Ix). All lux levels were measured with a Dr. Meter 1330B-
V luxmeter. To test bats' responses to a visual predatory stimulus,
we used an owl model constructed to match the dimensions
(41 x 23 cm) of a spectacled owl, Pulsatrix perspicillata, a common
species observed consuming Artibeus bat species (Restrepo-
Cardona et al., 2018). We also conducted trials with a cardboard
box that was roughly the same height and width as the owl model
(30 x 20 x 44 cm) to serve as a novel object. Finally, to test for
responses to auditory stimuli, we used spectacled owl calls and a
novel sound stimulus (iPhone ‘Opening’ ringtone; Fig. 1b). Owl calls
consisted of playbacks of a recording of natural calls of the spec-
tacled owl that were 3—4 s in duration with 5—9 s of silence be-
tween calls. Ambient forest sounds were included in the owl call
playback. The novel sound stimulus (ringtone) was looped
continuously without silent intervals for the duration of the trial.
Both auditory stimuli were broadcast at 75 dB SPL re. 20 puPa at
0.5 m, as measured with a RadioShack Digital Sound Level Meter
33-2055 and both were broadcast continuously for the duration of
the trial. The sound pressure level of the acoustic playbacks was
calibrated each night before testing. Lights, sound and physical
sources were 1.63m, 1.85m and 1.28 m above the platform,
respectively. Experiments were recorded using one Sony DCR-SR45
Handycam camcorders, with a lateral view 2.27 m from the plat-
form, and two CMvision IR lights, placed 2.44 m and 3.23 m from
the platform.

Bats were tested individually between 1800 and 0300 hours.
Experiments began and ended with trials in darkness and in the
absence of predator or novel stimuli (control) to assess each bat's
baseline responses to the captive foraging conditions. Between the
controls, bats were tested in seven randomly ordered stimuli:
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Figure 1. Experimental set-up. (a) Flight cage set-up. Each bat experienced seven experimental treatments in random order: either light, sound, or object trials. The light source
emitted full moon, half-moon or white light; the speaker broadcast the owl calls and ringtone; and the perch was where the owl model and box were positioned for object
treatments. Measurements of flight cage in Gamboa/BCI are labelled accordingly in meters. (b) Spectrograms of the acoustic stimuli used: owl call (left) and ringtone (right).

simulated full moonlight, simulated half-moon light, simulated ur-
ban light, owl model, cardboard box, spectacled owl call and phone
ringtone. During preliminary runs of this experiment, we found that
a single adult bat can eat half a banana within 6 h (roughly 50 g) and
one whole banana over the course of an entire night (~100 g). To
control for satiation, once a bat landed on the platform, it was
allowed to feed on ~1—2 g of banana for 3 min or until it began to fly
over the platform again. Bats were not tested again until all other
individuals in their cohort completed their respective trial. Although
wait times were not the same for each bat, by testing bats in cohorts,
we maintained their social wellbeing while housed in the flight cages
(see Ratcliffe et al., 2003) and maximized our ability to test as many
individuals as possible over short periods of fieldwork. If a group of
bats did not complete all seven stimuli within a night, we stopped
testing at 0300 hours to allow bats to rest and finished testing the
next night. Bats were tested for a maximum of two nights. Each bat
was tested once in each of the seven stimuli and twice per night in
the control condition.

At the beginning of each trial, the bat was released into the flight
cage through a small entrance that was then sealed. During acoustic
trials, we ceased playbacks once the bat landed on the platform. If a
bat did not land on the platform after 20 min, we ended the trial,
removed the bat from the flight room and tested the next bat. If a
bat failed to forage three consecutive times, we placed it back into
the holding room and allowed it to feed on bananas ad libitum until
all other bats in its cohort had finished with experiments, and we
removed it from the analysis.

Follow-up Experiment: Multiple Stimuli

Preliminary results of our main experiment in Gamboa sug-
gested that the full moonlight and ringtone stimuli had the largest
effects on foraging behaviour. Furthermore, these stimuli had
opposite effects, with the moonlight stimulus increasing latencies
and the ringtone stimulus decreasing latencies. To test how bats
integrate multiple stimuli, we tested a group of bats (N=12;
October 2022) on a combination trial presenting both full moon-
light and the auditory ringtone stimuli simultaneously. Before and
after this trial, the bats were tested in silence and darkness as
baseline controls. Given the preliminary results from bats tested in
Gamboa, on BCI we removed the half-moon stimulus and replaced
it with a combination of full moonlight + owl model stimulus to
ascertain whether the combined effect of light and a visual predator
cue would influence behaviour.

Statistical Analysis

We completed all statistical analyses using R Program 4.1.1 and
used the packages ‘dplyr’ (Wickham et al., 2022) and ‘stringr’
(Wickham, 2022) to organize data and the package ‘lme4’ (Bates
et al, 2015) for (general) linear mixed-effects models. We used
the package ‘ImerTest’ (Kuznetsova et al., 2017) to calculate P values
for linear mixed-effects models (type III analysis of variance table
with Satterthwaite's method), the package ‘car’ (Fox & Weisberg,
2019) for generalized linear mixed-effects models (type II Wald
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chi-square tests) and the package ‘emmeans’ to generate Tukey's
post hoc analyses (Lenth, 2023).

While bats may modulate their behaviour in many ways, we
focused on two behavioural measures: whether bats chose to
forage and their latency to fly. First, we asked whether the moti-
vation to forage at all differed across stimuli. Because trials were
ended after 20 min, we coded a binary forage variable (0 = did not
land on the platform, 1 = did land on the platform). This was used
as the dependent variable in a generalized linear mixed-effects
model (function ‘glmer’) with bat identity (ID) as a random effect
and a binomial error family. Because bats were tested on multiple
nights and multiple trials per night, we first checked whether this
affected response rates by including night or trial as the fixed effect.
We also ran the model with sex and mass as fixed effects to
determine whether these variables affected response rates. None of
these were significant predictors of foraging (see Results); thus, we
ran our main model with stimulus as the sole fixed effect.

We next asked whether the stimulus affected the time it took bats
to land on the platform (latency to fly, in seconds). We cube root-
transformed these values to improve normality. Following a similar
paradigm as above, we first asked whether the night, the trial within
the night, sex or mass affected the time to land. We found that trial
within the night was strongly correlated with the time to land.
Therefore, our main mixed-effects model (function ‘Imer’) included
both trial and stimulus as fixed effects, time to land as the dependent
factor and bat ID and night as random effects. For our main analysis,
we coded all bats that failed to land at a ceiling of 1200 s. However,
we also ran the same analyses with these bats excluded.
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Figure 2. Proportion of trials in which (a) Gamboa and (b) Barro Colorado Island (BCI)
bats landed on the platform. Bars represent the means + SE. Note that in (b) there are
no error bars for stimuli owl + full moon, box, owl, ringtone and owl call because bats
landed in all trials for those treatments.

RESULTS
Gamboa Bats

Of the 47 bats captured in Gamboa, 35 were tested across all
stimuli and 12 were tested only in the follow-up experiment. Of the
35 bats (17 females, 7 males) tested across all stimuli, five bats
never learned to approach the platform for food and six bats failed
to forage while testing and were removed from further experi-
ments (N =24 for analyses). Of the 12 bats (4 females, 8 males)
tested in the follow-up experiment, one bat (male) never learned to
approach the platform (N = 11 for analyses).

In the main experiment, bats readily foraged for the fruit pre-
sented. Of the 229 total trials presented to bats in the main
experiment, bats landed on the platform in all but 20 trials (91%).
We observed substantial variation in the time it took bats to forage
(mean + SD = 426 + 346 s; range 5—1126 s).

We first assessed the probability of bats landing on the platform
across the night and across the trial (within the night) and did not
find a significant effect of either (le =0.03, P=0.8560; trial:
v21 =14, P=0.2318). There was also no significant effect of sex
(¥ =2.3, P=0.133) or mass (¢% =1.6, P = 0.2063) and no signif-
icant effect of stimulus (327 = 4.0, P = 0.7743) on the probability of
bats landing on the platform (Fig. 2a).

Next, we assessed the latency of bats to land on the platform (s,
cube root). We found that night of testing, sex and mass did not
significantly influence the latency to land (night: Fi220=1.7,
P=0.1917; sex: Fij22=0.99, P=0.3298; mass: Fj1 =044,
P = 0.5149); however, we observed a strong effect of trial within
night (Fy1209 = 15, P < 0.0001), with latencies decreasing across the
night (Fig. 3a). When stimulus and trial were included in the model,
we continued to find a significant effect of trial (Fi202 =14,
P < 0.0002) and found that full moon treatments were significantly
different than control (i.e. darkness) treatments (P = 0.0304;
Fig. 3b). Post hoc Tukey's tests revealed that the full moon treat-
ment was marginally different than the ringtone treatment
(P < 0.09). To standardize the data for visualization, we calculated
the average landing time in the control treatments (control mean
for each bat), then subtracted each bat's response to a treatment
from the bat's control mean.

We conducted these same analyses with trials where bats did
not land on the platform excluded. We continued to observe a
significant effect of trial on latency to land (Fy189 = 12, P < 0.0005).
In the model with both trial and stimulus as fixed effects, we
observed a significant effect of trial (Fy131 =9.4, P<0.003) and
marginal effects of full moonlight (P=0.0898) and ringtone
(P =0.0992) treatments. Post hoc Tukey's tests revealed no signif-
icant differences between treatments.

Because the full moonlight treatment had the strongest impact
on behaviour and the ringtone treatment showed the largest effect
in the opposite direction, we conducted a follow-up study designed
to determine how bats integrate these two stimuli. We found that
bats responded similarly to this combined stimulus treatment and
to the control conditions (Fi1 =2.1, P=0.158), suggesting that
they may additively integrate these stimuli.

Barro Colorado Island (BCI) Bats

Of the 24 bats captured on BCI (12 females, 11 males), one bat
(male) failed to forage while testing and was removed from further
experiments (N = 23 for analyses). Of the 216 total trials presented
to bats in the main experiment, bats landed on the platform in all
but six trials (97%). We observed substantial variation in the time it
took bats to forage (mean + SD = 189 + 285 s; range 3—1174 s).
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Figure 3. Effects of trial number within a night and stimulus on the latency of (a) Gamboa and (c) Barro Colorado Island (BCI) bats to land on the feeding platform; the red line
depicts the output and confidence range from a simple linear regression. Differences in the latency of (b) Gamboa and (d) BCI bats to land on the feeding platform by stimulus; the
horizontal green line depicts the mean of all control treatments and error bars are standard errors. Dots depict individual data points. In (b, d), differences from the control
treatment, calculated from linear mixed-effects models: {P < 0.08; *P < 0.05; stimuli in bold on the X axis indicate significant differences between Gamboa and BCI bats' time to land

on the platform (P < 0.04).

Like the Gamboa results, we found that night of testing, sex and
mass did not significantly influence the bats' latency to land on the
platform (night: Fjz01 =0.65, P=0.4215; sex: Fip; =041,
P =0.5311; mass: F1 20 = 0.34, P = 0.5688). However, we observed a
strong effect of trial within night (F; 200 = 27, P < 0.0001), with la-
tencies decreasing across the night (Fig. 3c). When we included
stimulus and trial in the model as fixed effects, we continued to find
a significant effect of trial (F1191 =27, P < 0.0001) and a strong ef-
fect of stimulus (F7185 = 4.6, P < 0.0001). White light, box, owl and
owl call treatments differed significantly from the control (i.e.
darkness) treatment (P < 0.04; Fig. 3d), and the owl + full moon
treatment differed marginally from the control treatment
(P=0.0683). Post hoc Tukey's tests revealed that the white light
treatment differed significantly from the other treatments
(P < 0.04) except for the full moon treatment, and that the full
moonlight treatment differed marginally from the owl call treat-
ment (P = 0.0777).

We conducted these same analyses excluding trials where bats
did not land on the platform (1 = did land on the platform). We
continued to observe a significant effect of trial on the bats' latency
to land (Fj193 =29, P < 0.0001). In the model with both trial and
stimulus as fixed effects, we observed a significant effect of trial
(F1185 = 28, P < 0.0001) and stimulus (F7179 = 3.5, P < 0.002). When
compared to control, bats responded more slowly in the white light
treatments (P=0.0329), faster in the owl call treatments
(P=0.0083) and marginally faster in the box and owl treatments
(P<0.07). Post hoc Tukey's tests revealed that the white light
treatment differed significantly from all other treatments (P < 0.04)
except the ringtone treatment (P = 0.0957).

To determine whether bats in Gamboa responded differently
than bats on BCI, we compared control, full moon, white light, box,
owl, ringtone and owl call treatment responses across both sites.
We conducted unpaired two-sample t tests for treatments that
were normally distributed and nonparametric two-sample
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Wilcoxon tests for treatments that were not normally distributed.
Overall, bats on BCI responded faster than bats in Gamboa in the
control (W =950, N = 122, P < 0.0001), full moon (W = 142, N = 47,
P=0.0043), box (W=61, N=47, P<0.0001), owl (ts5=—5.8,
P < 0.0001), ringtone (t45 = 130, P < 0.004) and owl call (t41 = —6.2,
P <0.0001) treatments. There was no significant difference for
white light treatments (t45 = —1.1, P = 0.295).

DISCUSSION

Prey adjust their foraging behaviour in response to predation
pressure (Brown, 1999; Suraci et al., 2019). For instance, correla-
tional studies in many species of bat have documented the phe-
nomenon of ‘lunar phobia’, describing the hypothesis that bats
adjust their foraging behaviour in response to the moon's phase to
decrease predation risk from visually orienting predators, such as
birds (Clarke, 1983; Kotler et al., 1991). Here, we utilized experi-
mental manipulations to ask whether Jamaican fruit bats would
rapidly alter their foraging behaviour in response to changing
environmental conditions (light levels) and predator cues (physical
or auditory) and whether their behaviour would differ depending
on their proximity to urbanization.

We found evidence that bats from our more urban population
(Gamboa) were slower to initiate their foraging in simulated full
moonlight, providing additional support for the phenomenon of
lunar phobia in this species (Morrison, 1978c). Furthermore, we
found marginal evidence that a novel auditory stimulus can cause
bats to initiate foraging faster. Indeed, playback of this novel
auditory stimulus appeared to abolish the effect of moonlight.
Contrary to our expectations, we did not see any behavioural
response to our white light treatment (1.21 Ix), despite a previous
study finding an aversion to artificial white light (4.5 1x) in the
frugivorous bat Carollia sowelli (Lewanzik & Voigt, 2014). It may be
that for Gamboa bats, white light at night is perceived as a constant
environmental characteristic that has no relation to changes in how
the bat's predators behave; the streetlights around the town of
Gamboa are consistently on at night. We also note that, while
testing the experimental set-up prior to data collection, Jamaican
fruit bats (individuals different than those in this study) completely
forewent foraging while a brighter (4 1x) white light was on for over
an hour.

Bats in Gamboa did not change their foraging behaviour in
response to visual cues (owl model or cardboard box). Mobbing
behaviour has been observed across various bat species
(Knérnschild & Tschapka, 2012; Lucan & Salek, 2013), and we ex-
pected some form of investigation, alarm calling or mobbing of the
owl model, but most bats ignored the model. Gamboa bats also did
not respond to auditory cues, although we did observe a marginal
effect of the ringtone treatment. Although some bats do not alter
their behaviour in response to predators' acoustic cues while
foraging in the wild (e.g. Neotropical aerial insectivorous bats:
Pteronotus alitonus, Pteronotus rubiginosus, Centronycteris max-
imiliani, Cormura brevirostris, Saccopteryx bilineata, Saccopteryx
leptura and Peropteryx kappleri: Appel et al., 2023; frugivorous
species: Artibeus lituratus and Artibeus planirostris: Breviglieri et al.,
2013), other bats rely extensively on acoustic cues while foraging,
such as Trachops cirrhosus (Page et al., 2014; Tuttle & Ryan, 1981)
and Lophostoma silvicolum (formerly Tonatia sylvicola) (Falk et al.,
2015; Tuttle et al., 1985). Other investigations show reduced bat
foraging behaviour in the presence of acoustic stimuli, including
owl and woodpecker calls (Baxter et al., 2006). In the context of
roost emergence, the gleaning bat, Micronycteris microtis, delays
leaving the roost in response to rain noise (Geipel, Smeekes, et al.,
2019), although roost emergence is not delayed by traffic noise
(Geipel, Amin, et al, 2019). Future studies could test how

broadcasting novel auditory cues outside the roosting or feeding
sites of Jamaican fruit bats may affect emergence times or feeding
behaviours.

The bats from our more rural population (BCI) behaved differ-
ently than the bats in Gamboa. The BCI bats responded faster to
ringtones and owl calls and their latencies to respond to these
stimuli differed significantly from the latencies for the Gamboa
bats. Although audiograms suggest that the low frequencies of owl
calls may be particularly difficult for Jamaican fruit bats to detect
(Heffner et al., 2003), our results show that BCI bats were sensitive
to these sounds. There can be discrepancies between different
methods used to measure auditory sensitivity (as shown in frogs;
Taylor et al., 2019), and we also acknowledge that changes in bats'
behaviour to the owl call stimuli may include their responses to the
forest noise included in the stimuli. Further work is needed to
understand the exact acoustic features that elicit variation in re-
sponses. Hearing in bats is crucial for navigation, and previous work
has shown that noise pollution can negatively impact bat foraging
behaviour (Bunkley & Barber, 2015; Domer et al., 2021; Luo et al.,
2015; Schaub et al., 2009; Siemers & Schaub, 2011; Wang et al.,
2022). If populations of bats differ in their levels of sensitivity af-
ter prolonged exposure to urbanization, shifts in bat audiograms
would be a worthwhile area of future study.

We also observed sensitivity to white light in the BCI bats,
behaviour we did not observe in the bats of Gamboa. We expected
bats to respond more slowly in white light treatments, as bats have
previously been shown to be aversive to foraging in artificial white
light (Barré et al., 2023; Lewanzik & Voigt, 2014). The responses of
the BCI bat population are consistent with previous work showing
that bats spend overall less time outside of their roost and beeline
towards fig trees rather than assess multiple food sources when
foraging conditions are expected to be more dangerous (Morrison,
1978c). However, full moonlight had no significant effect on the
bats' foraging behaviour, which is surprising because this is the
same location where Morrison radiotracked Jamaican fruit bats and
observed lunar phobia in this species. Other studies have also
observed decreased foraging behaviour in response to lunar cycles
in various bat species (Breviglieri et al, 2017; Elangovan &
Marimuthu, 2001; Riek et al., 2010) and other nocturnal animals
(Bowers, 1988; Watanuki, 1986; Wolfe & Tan Summerlin, 1989),
although behaviours may be related to prey activity (Lang et al.,
2006). A loss of moonlight avoidance may suggest a change in
predation pressure, as was suggested for a population of Jamaican
fruit bats in Puerto Rico that also showed no signs of lunar phobia
(Rodriguez-Duran & Vazquez, 2001), or that the design of our
experiment (rapid changes compared to long-term observation)
captured a different set of behavioural responses. Furthermore,
lunar phobia cannot be generalized across all species of bats, as it is
not supported in many frugivorous (Gannon & Willig, 1997) and
insectivorous (Hecker & Brigham, 1999; Musila et al., 2019;
Negraeff & Brigham, 1995) species, and overall responses to lunar
cycles are disparate in nocturnal mammals (Erkert, 1974; Prugh &
Golden, 2014). As shown for Jamaican fruit bats, antipredator re-
sponses can vary not only between species within a taxon but also
across populations of species.

Overall, BCI bats responded faster than Gamboa bats in most
treatments (control, box and owl model). The distribution of food
sources and safe refuges can also affect antipredator behaviour
observed in our experiment. Variation in food availability can
modulate predation risk and thus may depend on seasonality or
refuge distance to food sources (Gable et al., 2023) or can be
affected by anthropogenic effects (Van Scoyoc et al., 2023). For
example, bats do not have to return to day roosts or find safe
feeding roosts in the forest when fruiting fig trees are near human
structures (e.g. B. A. Sealey, personal observations in Gamboa).
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Experience with human infrastructure may explain the lower
impact of experimental manipulations on Gamboa bat behaviour
compared to the BCI bats. Both populations are exposed to preda-
tion from spectacled owls and other nocturnal predators, but we
conjecture that Jamaican fruit bats on the mainland are protected
from predation by their proximity to anthropogenic activity
whereas Jamaican fruit bats on the island are not, as anthropogenic
activity is much lower. Behavioural divergence can occur within a
species because of many external and internal factors, and other
populations of Jamaican fruit bats may respond differently. How-
ever, our results suggest that anthropogenically induced variation
in environmental factors explain the differences in antipredator
behaviour in two populations of this species.

Stimuli tested within the same individual were not indepen-
dent of each other and there was wide variation in individual
responses to the experimental stimuli. We found an effect of trial
number in populations and included this variable as a fixed effect
in all models to account for the fact that bats responded more
quickly as the night progressed. Unfortunately, we lacked suffi-
cient power to detect whether the previous stimuli affected the
behaviour of the next trial because we did not have large enough
sample sizes to run the models on each trial independently.
Despite this overall pattern in trials within a night, some in-
dividuals were always fast (bat 153, 0.2—2 min), others were al-
ways slow (bat 34, ~13—20 min) and some bats showed wide
variation in their latency to land on the platform (bat 141,
~1-20 min). Wide variation in responses may have also
contributed to marginal effects observed across various tested
stimuli. Because Jamaican fruit bats must sometimes travel long
distances to find fruit sources (at most 0.6 km for BCI bats:
Morrison, 1978a; 10 km for mainland bats in Mexico: Morrison,
1978b), we expect that bats can utilize many different strate-
gies to not only find these fruit resources, but also to evade
predation during travel time. One form of this evasion may be the
time bats take to approach food sources and/or how they
approach them (flight paths). Morrison (1978b) remarked upon
differences in commuting strategies between male and female
Jamaican fruit bats, but these differences were not observed in
our study, perhaps because bats were not competing for the
platform during testing. Previous work has shown variation in
flight paths of Jamaican fruit bats to food sources in response to
odour cues (Brokaw et al., 2021) and variation in flight paths of
numerous bat species under artificial light at night (Barré et al.,
2023). Bats in our study may have used different approaches to
the platform in different stimulus trials, but we were limited in
our resources to effectively track flight paths.

Our experimental design had several limitations because we
only quantified two responses of adult bats: whether bats landed
on a food platform and their latency to land on the platform. Bats
have a suite of behaviours they could display in response to
environmental or predator cues, such as alarm calling (Gonzalez-
Palomares et al.,, 2021; Huang et al., 2015; Russ et al., 1998),
mobbing (Knérnschild & Tschapka, 2012; Lucan & Salek, 2013) or
changing their flight path (Barré et al., 2023) as well as physio-
logical changes (stress hormones; Song et al., 2020). While we
did not observe alarm calling in response to stimuli tested, we
were not able to quantify other potential antipredator responses.
Although infrequent, we did observe one female in Gamboa and
one male on BCI appear to approach the owl model. It would be
interesting to investigate whether this is fear-induced behaviour,
as seen in Caribbean cleaner fish, which show heightened cortisol
levels but nevertheless inspect predatory fish (Soares et al.,
2012). Future studies would benefit from utilizing devices
that can quickly record rapid physiological changes in small
mammals.

Previous studies have demonstrated that response to fear is
state dependent, and animals are capable of overcoming fear
aversions to engage in risk-prone behaviour when hungry (Anholt
& Werner, 1995; Caraco, 1981). Future work could test whether
aversion to full moonlight can be overcome by hunger. Such in-
vestigations should be conducted with caution, however, as bats in
the wild have access to a wide variety of food choices, and captive
experiments may not fully capture the range of behavioural shifts
one might find in nature in response to perceived increases in
predation risk. Jamaican fruit bats, for example, eat other fruits
besides figs when figs are not as readily available (Teixeira et al.,
2009), in addition to nectar, pollen and occasionally insects (Kunz
& Diaz, 1995; Rodriguez-Durdn & Vazquez, 2001; Teixeira et al.,
2009). Different food resources may be linked to different de-
grees of potential predation risk. While bats may show risk-prone
behaviour in captive experiments, in the wild, they may shift to
safer food resources, for example those found closer to their roosts.
Interpretation of responses to environmental variation should
consider foraging habits, predation risks in those areas, food
availability and trade-offs associated with these variables.

Overall, antipredator behaviour can result in decreased time
spent foraging (Lima, 1985), increased caution to approach food
sources (Smith et al., 2017) or shifting to less energy-rewarding food
sources (Caldwell, 1986). More studies in predator—prey dynamics
would benefit from experiments done from the perspective of the
predator. We know that nonvisually oriented prey are light aversive
and that many visually oriented predators become more vigilant
during full moon nights (Prugh & Golden, 2014). To better under-
stand the relationship between bats and their nocturnal visually
orienting predators, we need increased investigation of predator
hunting behaviour and how it fluctuates in different environmental
conditions, such as increased moonlight. We might predict two
outcomes: predators are more active during full moon nights and are
more successful during increased light availability. Different types of
predators are active in different environmental conditions and
habitats, and prey adjust their foraging behaviour depending on the
activity of their predators and the availability of food at various
temporal and spatial scales (Bouskila, 1995). Studying predator—prey
dynamics can reveal how animals interact within their environment
to either find or avoid each other and can explain the mechanisms by
which prey species adapt to mitigate predation risk.

Author Contributions

Briana A. Sealey: Conceptualization, Data curation, Formal
analysis, Funding acquisition, Investigation, Methodology, Project
administration, Resources, Software, Validation, Visualization,
Writing — original draft, Writing — review & editing. Logan S.
James: Formal analysis, Methodology, Software, Visualization,
Writing — review & editing. Gregg Cohen: Funding acquisition,
Investigation, Methodology, Project administration, Resources.
Michael J. Ryan: Conceptualization, Formal analysis, Funding
acquisition, Supervision, Visualization, Writing — original draft.
Rachel A. Page: Conceptualization, Funding acquisition, Project
administration, Supervision, Writing — original draft, Writing —
review & editing.

Data Availability

Data set and code are available on Texas Data Repository
(https://doi.org/10.18738/T8/OKCFHW).

Declaration of Interest

The authors declare no conflicts of interest.


https://doi.org/10.18738/T8/OKCFHW

52 B. A. Sealey et al. / Animal Behaviour 216 (2024) 45—53

Acknowledgments

We thank the many people who helped collect bats in the field:
Nair Cabezdn, Argelis Sanchez, Leonie Baier, Imran Razik, Laurie
Dufour, Brandi Christiano, Luisa Fernanda Gomez-Feuillet, Guada-
lupe Aillen Garcia Castro, Melissa Lopez Gonzdlez, Eric de Framond-
Bénard and Gloriana Chaverri. For assistance in the flight cage, we
thank Jorge Lopez, Nelson Guevara, Grant Maslowski and Julia
Gardener. For access to bat roosts, we thank the Panama Canal Au-
thority. For assistance navigating Barro Colorado Island, we thank
the BCI staff and boat team. For animal husbandry advice we thank
Claire Hemingway, May Dixon and Alyson Brokaw. For advice on
statistical analyses, we thank Andrew Marshall and Matthew Hersh.
This research was supported by grant funding from the University of
Texas at Austin's Ecology, Evolution and Behavior program, the U.S.
National Science Foundation's Graduate Research Fellowship Pro-
gram and research funds from the Smithsonian Tropical Research
Institute (STRI).

References

Anholt, B. R, & Werner, E. E. (1995). Interaction between food availability and
predation mortality mediated by adaptive behavior. Ecology, 76(7), 2230—2234.
https://doi.org/10.2307/1941696

Appel, G., Meyer, C. F. J., & Bobrowiec, P. E. D. (2023). Fear or food? Prey availability
is more important than predation risk in determining aerial insectivorous bat
responses across a disturbed tropical forest landscape. Biodiversity & Conser-
vation, 32(10), 3217—3235. https://doi.org/10.1007/s10531-023-02647-2

Audet, ].-N., Ducatez, S., & Lefebvre, L. (2016). The town bird and the country bird:
Problem solving and immunocompetence vary with urbanization. Behavioral
Ecology, 27(2), 637—644. https://doi.org/10.1093/beheco/arv201

Barré, K., Thomas, I, Le Viol, L., Spoelstra, K., & Kerbiriou, C. (2023). Manipulating
spectra of artificial light affects movement patterns of bats along ecological
corridors. Animal Conservation, 26(6), 865—875. https://doi.org/10.1111/
acv.12875

Bates, D., Machler, M., Bolker, B., & Walker, S. (2015). Fitting linear mixed-effects
models using lme4. Journal of Statistical Software, 67(1), 1—48. https://doi.org/
10.18637/jss.v067.i01

Baxter, D. J. M., Psyllakis, J. M., Gillingham, M. P., & O'Brien, E. L. (2006). Behavioural
response of bats to perceived predation risk while foraging. Ethology, 112(10),
977-983. https://doi.org/10.1111/j.1439-0310.2006.01249.x

Becker, A., Whitfield, A. K., Cowley, P. D., Jairnegren, J., & Naesje, T. F. (2013). Potential
effects of artificial light associated with anthropogenic infrastructure on the
abundance and foraging behaviour of estuary-associated fishes. Journal of
Applied Ecology, 50(1), 43—50. https://doi.org/10.1111/1365-2664.12024

Bouskila, A. (1995). Interactions between predation risk and competition: A field
study of kangaroo rats and snakes. Ecology, 76(1), 165—178. https://doi.org/
10.2307/1940639

Bowers, M. A. (1988). Seed removal experiments on desert rodents: The micro-
habitat by moonlight effect. Journal of Mammalogy, 69(1), 201-204. https://
doi.org/10.2307/1381778

Breviglieri, C. P. B., Laundré, ]J. W., & Romero, G. Q. (2017). Effects of puma on the
diversity and composition of Neotropical mammals. Journal of Tropical Ecology,
33(5), 317—326. https://doi.org/10.1017/S0266467417000293

Breviglieri, C. P. B., Piccoli, G. C. O., Uieda, W., & Romero, G. Q. (2013). Predation-risk
effects of predator identity on the foraging behaviors of frugivorous bats.
Oecologia, 173(3), 905—912. https://doi.org/10.1007/s00442-013-2677-9

Brokaw, A. F, Davis, E., Page, R. A., & Smotherman, M. (2021). Flying bats use serial
sampling to locate odour sources. Biology Letters, 17(10). https://doi.org/
10.1098/rsbl.2021.0430. Article 20210430.

Brown, ]. S. (1999). Vigilance, patch use and habitat selection: Foraging under
predation risk. Evolutionary Ecology Research, 1, 49—71.

Bunkley, ]J. P., & Barber, ]. R. (2015). Noise reduces foraging efficiency in pallid bats
(Antrozous pallidus). Ethology, 121(11), 1116—1121. https://doi.org/10.1111/
eth.12428

Caldwell, G. S. (1986). Predation as a selective force on foraging herons: Effects of
plumage color and flocking. Auk, 103(3), 494—505. https://doi.org/10.1093/auk/
103.3.494

Caraco, T. (1981). Energy budgets, risk and foraging preferences in dark-eyed juncos
(Junco hyemalis). Behavioral Ecology and Sociobiology, 8(3), 213—217. https://
doi.org/10.1007/BF00299833

Chen, F. S. E., Dawson, S. J., & Fleming, P. A. (2024). Housework or vigilance? Bilbies
alter their burrowing activity under threat of predation by feral cats. Behavioral
Ecology, 35(1). https://doi.org/10.1093/beheco/arad073. Article arad073.

Clarke, J. A. (1983). Moonlight's influence on predator/prey interactions between
short-eared owls (Asio tlammeus) and deermice (Peromyscus maniculatus).
Behavioral Ecology and Sociobiology, 13, 205—209.

Czarnecka, M., Kakareko, T., Jermacz, t.., Pawlak, R., & Kobak, J. (2019). Combined
effects of nocturnal exposure to artificial light and habitat complexity on fish

foraging. Science of the Total Environment, 684, 14—22. https://doi.org/10.1016/
j.scitotenv.2019.05.280

Domer, A., Korine, C.,, Slack, M., Rojas, 1., Mathieu, D., Mayo, A., & Russo, D. (2021).
Adverse effects of noise pollution on foraging and drinking behaviour of
insectivorous desert bats. Mammalian Biology, 101(4), 497—501. https://doi.org/
10.1007/s42991-021-00101-w

Elangovan, V., & Marimuthu, G. (2001). Effect of moonlight on the foraging
behaviour of a megachiropteran bat Cynopterus sphinx. Journal of Zoology,
253(3), 347—350. https://doi.org/10.1017/50952836901000310

Erkert, H. G. (1974). Der einfluss des mondlichtes auf die aktivitatsperiodik nach-
taktiver saugetiere. Oecologia, 14, 269—287.

Falk, J. J., ter Hofstede, H. M., Jones, P. L., Dixon, M. M., Faure, P. A,, Kalko, E. K. V., &
Page, R. A. (2015). Sensory-based niche partitioning in a multiple
predator—multiple prey community. Proceedings of the Royal Society B: Biological
Sciences, 282(1808). https://doi.org/10.1098/rspb.2015.0520. Article 20150520.

Feener, D. H. (1988). Effects of parasites on foraging and defense behavior of a
termitophagous ant, Pheidole titanis Wheeler (Hymenoptera: Formicidae).
Behavioral Ecology and Sociobiology, 22(6), 421—427. https://doi.org/10.1007/
BF00294980

Fox, J., & Weisberg, S. (2019). car: An R companion to applied regression. Sage. https://
socialsciences.mcmaster.ca/jfox/Books/Companion/.

Gable, T. D., Johnson-Bice, S. M., Homkes, A. T., Fieberg, J., & Bump, J. K. (2023).
Wolves alter the trajectory of forests by shaping the central place foraging
behaviour of an ecosystem engineer. Proceedings of the Royal Society B: Biolog-
ical Sciences, 290(2010). https://doi.org/10.1098/rspb.2023.1377.  Article
20231377.

Gannon, M. R., & Willig, M. R. (1997). The effect of lunar illumination on movement
and activity of the red fig-eating bat (Stenoderma rufum). Association for Tropical
Biology and Conservation, 29(4), 525—529.

Geipel, I, Amin, B., Page, R. A., & Halfwerk, W. (2019). Does bat response to traffic
noise support the misleading cue hypothesis? Behavioral Ecology, 30(6),
1775—1781. https://doi.org/10.1093/beheco/arz148

Geipel, I, Smeekes, M. ]., Halfwerk, W., & Page, R. A. (2019). Noise as an informa-
tional cue for decision-making: The sound of rain delays bat emergence. Journal
of Experimental Biology. https://doi.org/10.1242/jeb.192005. Article jeb.192005.

Gonzalez-Palomares, E., Lopez-Jury, L., Wetekam, ]., Kiai, A., Garcia-Rosales, F,, &
Hechavarria, J. C. (2021). Male Carollia perspicillata bats call more than females
in a distressful context. Royal Society Open Science, 8(5), Article 202336. https://
doi.org/10.1098/rs0s.202336

Hecker, K. R., & Brigham, R. M. (1999). Does moonlight change vertical stratification
of activity by forest-dwelling insectivorous bats? Journal of Mammalogy, 80(4),
1196—1201. https://doi.org/10.2307/1383170

Heffner, R. S., Koay, G., & Heffner, H. E. (2003). Hearing in American leaf-nosed bats.
IIl: Artibeus jamaicensis. Hearing Research, 184(1-2), 113—122. https://doi.org/
10.1016/S0378-5955(03)00233-8

Huang, X., Kanwal, ]. S., Jiang, T., Long, Z., Luo, B., Yue, X,, Gu, Y., & Feng, J. (2015).
Situational and age-dependent decision making during life threatening distress
in Myotis macrodactylus. PLoS One, 10(7). https://doi.org/10.1371/journal.-
pone.0132817. Article e0132817.

Jordan, L. A, & Ryan, M. J. (2015). The sensory ecology of adaptive landscapes.
Biology Letters, 11(5). https://doi.org/10.1098/rsbl.2014.1054. Article 20141054.

Knornschild, M., & Tschapka, M. (2012). Predator mobbing behaviour in the greater
spear-nosed bat, Phyllostomus hastatus. Chiroptera Neotropical, 18, 1132—1135.

Kotler, B. P, Brown, ]. S., & Hasson, O. (1991). Factors affecting gerbil foraging
behavior and rates of owl predation. Ecology, 72(6), 2249—2260. https://doi.org/
10.2307/1941575

Kunz, T. H,, & Diaz, C. A. (1995). Folivory in fruit-eating bats, with new evidence
from Artibeus jamaicensis (Chiroptera: Phyllostomidae). Biotropica, 27(1),
106—120. https://doi.org/10.2307/2388908

Kuznetsova, A., Brockhoff, P. B., & Christensen, R. H. B. (2017). ImerTest: Tests in
linear mixed effects models. Journal of Statistical Software, 82(13), 1-26. https://
doi.org/10.18637/jss.v082.i113

Lang, A. B., Kalko, E. K. V., Romer, H., Bockholdt, C., & Dechmann, D. K. N. (2006).
Activity levels of bats and katydids in relation to the lunar cycle. Oecologia,
146(4), 659—666. https://doi.org/10.1007/s00442-005-0131-3

Lenth, R. V. (2023). emmeans: Estimated marginal means, aka least-squares means.
https://cran.r-project.org/web/packages/emmeans/index.html.

Lewanzik, D., & Voigt, C. C. (2014). Artificial light puts ecosystem services of
frugivorous bats at risk. Journal of Applied Ecology, 51(2), 388—394. https://
doi.org/10.1111/1365-2664.12206

Lillywhite, H. B., & Brischoux, F. (2012). Is it better in the moonlight? Nocturnal
activity of insular cottonmouth snakes increases with lunar light levels:
Cottonmouth activity and moonlight. Journal of Zoology, 286(3), 194—199.
https://doi.org/10.1111/j.1469-7998.2011.00866.x

Lima, S. L. (1985). Maximizing feeding efficiency and minimizing time exposed to
predators: A trade-off in the black-capped chickadee. Oecologia, 66(1), 60—67.
https://doi.org/10.1007/BF00378552

Lima, S. L., & O'Keefe, J. M. (2013). Do predators influence the behaviour of bats?
Biological Reviews, 88(3), 626—644. https://doi.org/10.1111/brv.12021

Lockard, R. B., & Owings, D. H. (1974). Seasonal variation in moonlight avoidance by
bannertail kangaroo rats. Journal of Mammalogy, 55(1), 189—193. https://
doi.org/10.2307/1379266

Longland, W. S., & Price, M. V. (1991). Direct observations of owls and heteromyid
rodents: Can predation risk explain microhabitat use? Ecology, 72(6),
2261-2273. https://doi.org/10.2307/1941576


https://doi.org/10.2307/1941696
https://doi.org/10.1007/s10531-023-02647-2
https://doi.org/10.1093/beheco/arv201
https://doi.org/10.1111/acv.12875
https://doi.org/10.1111/acv.12875
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1111/j.1439-0310.2006.01249.x
https://doi.org/10.1111/1365-2664.12024
https://doi.org/10.2307/1940639
https://doi.org/10.2307/1940639
https://doi.org/10.2307/1381778
https://doi.org/10.2307/1381778
https://doi.org/10.1017/S0266467417000293
https://doi.org/10.1007/s00442-013-2677-9
https://doi.org/10.1098/rsbl.2021.0430
https://doi.org/10.1098/rsbl.2021.0430
http://refhub.elsevier.com/S0003-3472(24)00215-X/sref13
http://refhub.elsevier.com/S0003-3472(24)00215-X/sref13
http://refhub.elsevier.com/S0003-3472(24)00215-X/sref13
https://doi.org/10.1111/eth.12428
https://doi.org/10.1111/eth.12428
https://doi.org/10.1093/auk/103.3.494
https://doi.org/10.1093/auk/103.3.494
https://doi.org/10.1007/BF00299833
https://doi.org/10.1007/BF00299833
https://doi.org/10.1093/beheco/arad073
http://refhub.elsevier.com/S0003-3472(24)00215-X/sref18
http://refhub.elsevier.com/S0003-3472(24)00215-X/sref18
http://refhub.elsevier.com/S0003-3472(24)00215-X/sref18
http://refhub.elsevier.com/S0003-3472(24)00215-X/sref18
https://doi.org/10.1016/j.scitotenv.2019.05.280
https://doi.org/10.1016/j.scitotenv.2019.05.280
https://doi.org/10.1007/s42991-021-00101-w
https://doi.org/10.1007/s42991-021-00101-w
https://doi.org/10.1017/S0952836901000310
http://refhub.elsevier.com/S0003-3472(24)00215-X/sref22
http://refhub.elsevier.com/S0003-3472(24)00215-X/sref22
http://refhub.elsevier.com/S0003-3472(24)00215-X/sref22
http://refhub.elsevier.com/S0003-3472(24)00215-X/sref22
http://refhub.elsevier.com/S0003-3472(24)00215-X/sref22
https://doi.org/10.1098/rspb.2015.0520
https://doi.org/10.1007/BF00294980
https://doi.org/10.1007/BF00294980
https://socialsciences.mcmaster.ca/jfox/Books/Companion/
https://socialsciences.mcmaster.ca/jfox/Books/Companion/
https://doi.org/10.1098/rspb.2023.1377
http://refhub.elsevier.com/S0003-3472(24)00215-X/sref26
http://refhub.elsevier.com/S0003-3472(24)00215-X/sref26
http://refhub.elsevier.com/S0003-3472(24)00215-X/sref26
http://refhub.elsevier.com/S0003-3472(24)00215-X/sref26
https://doi.org/10.1093/beheco/arz148
https://doi.org/10.1242/jeb.192005
https://doi.org/10.1098/rsos.202336
https://doi.org/10.1098/rsos.202336
https://doi.org/10.2307/1383170
https://doi.org/10.1016/S0378-5955(03)00233-8
https://doi.org/10.1016/S0378-5955(03)00233-8
https://doi.org/10.1371/journal.pone.0132817
https://doi.org/10.1371/journal.pone.0132817
https://doi.org/10.1098/rsbl.2014.1054
http://refhub.elsevier.com/S0003-3472(24)00215-X/sref34
http://refhub.elsevier.com/S0003-3472(24)00215-X/sref34
http://refhub.elsevier.com/S0003-3472(24)00215-X/sref34
http://refhub.elsevier.com/S0003-3472(24)00215-X/sref34
https://doi.org/10.2307/1941575
https://doi.org/10.2307/1941575
https://doi.org/10.2307/2388908
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.1007/s00442-005-0131-3
https://cran.r-project.org/web/packages/emmeans/index.html
https://doi.org/10.1111/1365-2664.12206
https://doi.org/10.1111/1365-2664.12206
https://doi.org/10.1111/j.1469-7998.2011.00866.x
https://doi.org/10.1007/BF00378552
https://doi.org/10.1111/brv.12021
https://doi.org/10.2307/1379266
https://doi.org/10.2307/1379266
https://doi.org/10.2307/1941576

B. A. Sealey et al. / Animal Behaviour 216 (2024) 45—53 53

Lucan, R. K, & Salek, M. (2013). Observation of successful mobbing of an insectiv-
orous bat, Taphozous nudiventris (Emballonuridae), on an avian predator, Tyto
alba (Tytonidae). Mammalia, 77(2), 235—236. https://doi.org/10.1515/mamma-
lia-2012-0067

Luo, J., Siemers, B. M., & Koselj, K. (2015). How anthropogenic noise affects foraging.
Global Change Biology, 21(9), 3278—3289. https://doi.org/10.1111/gcbh.12997

Metcalfe, N. B., Huntingford, F. A., & Thorpe, J. E. (1987). The influence of predation risk
on the feeding motivation and foraging strategy of juvenile Atlantic salmon. An-
imal Behaviour, 35(3), 901-911. https://doi.org/10.1016/S0003-3472(87)80125-2

Morrison, D. W. (1978a). Foraging ecology and energetics of the frugivorous bat
Artibeus jamaicensis. Ecology, 59(4), 716—723. https://doi.org/10.2307/1938775

Morrison, D. W. (1978b). Influence of habitat on the foraging distances of the fruit
bat, Artibeus jamaicensis. Journal of Mammalogy, 59(3), 622—624. https://
doi.org/10.2307/1380242

Morrison, D. W. (1978c). Lunar phobia in Neotropical fruit bat, Artibeus jamaicensis
(Chiroptera: Phyllostomidae). Animal Behaviour, 26, 852—855.

Musila, S., Bogdanowicz, W., Syingi, R., Zuhura, A., Chylarecki, P, & Rydell, J. (2019).
No lunar phobia in insectivorous bats in Kenya. Mammalian Biology, 95, 77—84.
https://doi.org/10.1016/j.mambio.2019.03.002

Negraeff, O. E., & Brigham, R. M. (1995). The influence of moonlight on the activity
of little brown bats (Myotis lucifugus). International Journal of Mammalian
Biology, 60, 330—336.

Page, R. A, Ryan, M. ], & Bernal, X. E. (2014). Be loved, be prey, be eaten. In
K. Yasukawa (Ed.), Animal behavior. Vol. 3: Case studies: Integration and appli-
cation of animal behavior (pp. 123—154). Praeger.

Perkin, E. K., Holker, F,, Richardson, J. S., Sadler, J. P., Wolter, C., & Tockner, K. (2011).
The influence of artificial light on stream and riparian ecosystems: Questions,
challenges, and perspectives. Ecosphere, 2(11), 1—6. https://doi.org/10.1890/
ES11-00241.1

Price, M. V., Waser, N. M., & Bass, T. A. (1984). Effects of moonlight on microhabitat
use by desert rodents. Journal of Mammalogy, 65(2), 353—356. https://doi.org/
10.2307/1381183

Prugh, L. R,, & Golden, C. D. (2014). Does moonlight increase predation risk? Meta-
analysis reveals divergent responses of nocturnal mammals to lunar cycles.
Journal of Animal Ecology, 83(2), 504—514. https://doi.org/10.1111/1365-
2656.12148

Ratcliffe, ]. M., Fenton, M. B., & Galef, B. G. (2003). An exception to the rule: Common
vampire bats do not learn taste aversions. Animal Behaviour, 65(2), 385—389.
https://doi.org/10.1006/anbe.2003.2059

Restrepo-Cardona, J. S., Marin-C, D., Sanchez-Bellaizd, D. M. Rodriguez-
Villamil, D. R., Berrio, S., Vargas, L., & Mikkola, H. (2018). Diet of barn owl (Tyto
alba), spectacled owl (Pulsatrix perspicillata) and rufous-banded owl (Strix
albitarsis) in the western Andes of Colombia. Ornitologia Neotropical, 29,
193-198.

Riek, A., Kortner, G., & Geiser, F. (2010). Thermobiology, energetics and activity
patterns of the eastern tube-nosed bat (Nyctimene robinsoni) in the Australian
tropics: Effect of temperature and lunar cycle. Journal of Experimental Biology,
213(15), 2557—2564. https://doi.org/10.1242/jeb.043182

Ripple, W. J., & Beschta, R. L. (2003). Wolf reintroduction, predation risk, and
cottonwood recovery in Yellowstone National Park. Forest Ecology and Man-
agement, 184(1-3), 299—313. https://doi.org/10.1016/S0378-1127(03)00154-3

Ripple, W. ], & Beschta, R. L. (2004). Wolves and the ecology of fear: Can predation
risk structure ecosystems? BioScience, 54(8), 755—766. https://doi.org/10.1641/
0006-3568(2004)054[0755:WATEOF]2.0.CO;2

Rode-Margono, E. ], & Anne-Isola Nekaris, K. (2014). Impact of climate and
moonlight on a venomous mammal, the Javan slow loris (Nycticebus javanicus
Geoffroy, 1812). Contributions to Zoology, 83(4), 217—225. https://doi.org/
10.1163/18759866-08304001

Rodriguez-Duran, A., & Vazquez, R. (2001). The bat Artibeus jamaicensis in Puerto
Rico (West Indies): Seasonality of diet, activity, and effect of a hurricane. Acta
Chiropterologica, 3(1), 53—61.

Russ, ]. M., Racey, P. A., & Jones, G. (1998). Intraspecific responses to distress calls of
the pipistrelle bat, Pipistrellus pipistrellus. Animal Behaviour, 55(3), 705—713.
https://doi.org/10.1006/anbe.1997.0665

Saldana-Vazquez, R. A., & Munguia-Rosas, M. A. (2013). Lunar phobia in bats and its
ecological correlates: A meta-analysis. Mammalian Biology, 78(3), 216—219.
https://doi.org/10.1016/j.mambio.2012.08.004

Sanders, D., Frago, E., Kehoe, R,, Patterson, C., & Gaston, K. J. (2020). A meta-analysis
of biological impacts of artificial light at night. Nature Ecology & Evolution, 5(1),
74—81. https://doi.org/10.1038/s41559-020-01322-x

Schaub, A., Ostwald, J., & Siemers, B. M. (2009). Foraging bats avoid noise. Journal of
Experimental Biology, 212(18). https://doi.org/10.1242/jeb.037283, 3036—3036.

Siemers, B. M., & Schaub, A. (2011). Hunting at the highway: Traffic noise reduces
foraging efficiency in acoustic predators. Proceedings of the Royal Society B:
Biological Sciences, 278(1712), 1646—1652. https://doi.org/10.1098/rspb.
2010.2262

Skutelsky, O. (1996). Predation risk and state-dependent foraging in scorpions:
Effects of moonlight on foraging in the scorpion Buthus occitanus. Animal
Behaviour, 52(1), 49—57. https://doi.org/10.1006/anbe.1996.0151

Smith, J. A., Suraci, J. P, Clinchy, M., Crawford, A., Roberts, D., Zanette, L. Y., &
Wilmers, C. C. (2017). Fear of the human ‘super predator’ reduces feeding time
in large carnivores. Proceedings of the Royal Society B: Biological Sciences,
284(1857). https://doi.org/10.1098/rspb.2017.0433. Article 20170433.

Soares, M. C., Bshary, R., Cardoso, S. C., Coté, I. M., & Oliveira, R. F. (2012). Face your
fears: Cleaning gobies inspect predators despite being stressed by them. PLoS
One, 7(6). https://doi.org/10.1371/journal.pone.0039781. Article e39781.

Sol, D., Griffin, A. S., Bartomeus, L., & Boyce, H. (2011). Exploring or avoiding novel
food resources? The novelty conflict in an invasive bird. PLoS One, 6(5). https://
doi.org/10.1371/journal.pone.0019535. Article e19535.

Song, S., Chang, Y., Wang, D., Jiang, T., Feng, J., & Lin, A. (2020). Chronic traffic noise
increases food intake and alters gene expression associated with metabolism
and disease in bats. Journal of Applied Ecology, 57(10), 1915—1925. https://
doi.org/10.1111/1365-2664.13710

Suraci, J. P,, Clinchy, M., Zanette, L. Y., & Wilmers, C. C. (2019). Fear of humans as
apex predators has landscape-scale impacts from mountain lions to mice.
Ecology Letters, 22(10), 1578—1586. https://doi.org/10.1111/ele.13344

Taylor, R. C.,, Akre, K., Wilczynski, W., & Ryan, M. ]. (2019). Behavioral and neural
auditory thresholds in a frog. Current Zoology, 65(3), 333—341. https://doi.org/
10.1093/cz/zoy089

Teixeira, R. C., Corréa, C. E., & Fischer, E. (2009). Frugivory by Artibeus jamaicensis
(Phyllostomidae) bats in the Pantanal, Brazil. Studies on Neotropical Fauna and
Environment, 44(1), 7—15. https://doi.org/10.1080/01650520802692283

Tuttle, M. D., & Ryan, M. J. (1981). Bat predation and the evolution of frog vocali-
zations in the Neotropics. Science, 214(4521), 677—678. https://doi.org/10.1126/
science.214.4521.677

Tuttle, M. D.,Ryan, M. ].,&Belwood, ].J.(1985). Acoustical resource partitioning by two
species of phyllostomid bats (Trachops cirrhosus and Tonatia sylvicola). Animal
Behaviour, 33(4), 1369—1371. https://doi.org/10.1016/S0003-3472(85)80204-9

Van Scoyoc, A., Smith, J. A., Gaynor, K. M., Barker, K., & Brashares, J. S. (2023). The
influence of human activity on predator—prey spatiotemporal overlap. Journal
of Animal Ecology, 92(6), 1124—1134. https://doi.org/10.1111/1365-2656.13892

Wang, W., Gao, H,, Li, C,, Deng, Y., Zhou, D,, Li, Y., Zhou, W,, Luo, B., Liang, H., Liu, W.,
Wu, P, Jing, W., & Feng, J. (2022). Airport noise disturbs foraging behavior of
Japanese pipistrelle bats. Ecology and Evolution, 12(6). https://doi.org/10.1002/
ece3.8976. Article e8976.

Watanuki, Y. (1986). Moonlight avoidance behavior in Leach's storm-petrels as a
defense against slaty-backed gulls. Auk, 103(1), 14—22. https://doi.org/10.1093/
auk/103.1.14

Wickham, H. (2022). stringr: Simple, consistent wrappers for common string opera-
tions. http://stringr.tidyverse.org.

Wickham, H., Frangois, R., Henry, L., & Miiller, K. (2022). dplyr: A grammar of data
manipulation. https://dplyr.tidyverse.org.

Wirsing, A. ]., Heithaus, M. R., Brown, ]. S., Kotler, B. P., & Schmitz, O. J. (2021). The
context dependence of non-consumptive predator effects. Ecology Letters, 24(1),
113—129. https://doi.org/10.1111/ele.13614

Wolfe, ]. L., & Tan Summerlin, C. (1989). The influence of lunar light on nocturnal
activity of the old-field mouse. Animal Behaviour, 37, 410—414. https://doi.org/
10.1016/0003-3472(89)90088-2


https://doi.org/10.1515/mammalia-2012-0067
https://doi.org/10.1515/mammalia-2012-0067
https://doi.org/10.1111/gcb.12997
https://doi.org/10.1016/S0003-3472(87)80125-2
https://doi.org/10.2307/1938775
https://doi.org/10.2307/1380242
https://doi.org/10.2307/1380242
http://refhub.elsevier.com/S0003-3472(24)00215-X/sref51
http://refhub.elsevier.com/S0003-3472(24)00215-X/sref51
http://refhub.elsevier.com/S0003-3472(24)00215-X/sref51
https://doi.org/10.1016/j.mambio.2019.03.002
http://refhub.elsevier.com/S0003-3472(24)00215-X/sref53
http://refhub.elsevier.com/S0003-3472(24)00215-X/sref53
http://refhub.elsevier.com/S0003-3472(24)00215-X/sref53
http://refhub.elsevier.com/S0003-3472(24)00215-X/sref53
http://refhub.elsevier.com/S0003-3472(24)00215-X/sref54
http://refhub.elsevier.com/S0003-3472(24)00215-X/sref54
http://refhub.elsevier.com/S0003-3472(24)00215-X/sref54
http://refhub.elsevier.com/S0003-3472(24)00215-X/sref54
https://doi.org/10.1890/ES11-00241.1
https://doi.org/10.1890/ES11-00241.1
https://doi.org/10.2307/1381183
https://doi.org/10.2307/1381183
https://doi.org/10.1111/1365-2656.12148
https://doi.org/10.1111/1365-2656.12148
https://doi.org/10.1006/anbe.2003.2059
http://refhub.elsevier.com/S0003-3472(24)00215-X/sref58
http://refhub.elsevier.com/S0003-3472(24)00215-X/sref58
http://refhub.elsevier.com/S0003-3472(24)00215-X/sref58
http://refhub.elsevier.com/S0003-3472(24)00215-X/sref58
http://refhub.elsevier.com/S0003-3472(24)00215-X/sref58
http://refhub.elsevier.com/S0003-3472(24)00215-X/sref58
http://refhub.elsevier.com/S0003-3472(24)00215-X/sref58
http://refhub.elsevier.com/S0003-3472(24)00215-X/sref58
https://doi.org/10.1242/jeb.043182
https://doi.org/10.1016/S0378-1127(03)00154-3
https://doi.org/10.1641/0006-3568(2004)054[0755:WATEOF]2.0.CO;2
https://doi.org/10.1641/0006-3568(2004)054[0755:WATEOF]2.0.CO;2
https://doi.org/10.1163/18759866-08304001
https://doi.org/10.1163/18759866-08304001
http://refhub.elsevier.com/S0003-3472(24)00215-X/sref63
http://refhub.elsevier.com/S0003-3472(24)00215-X/sref63
http://refhub.elsevier.com/S0003-3472(24)00215-X/sref63
http://refhub.elsevier.com/S0003-3472(24)00215-X/sref63
http://refhub.elsevier.com/S0003-3472(24)00215-X/sref63
http://refhub.elsevier.com/S0003-3472(24)00215-X/sref63
https://doi.org/10.1006/anbe.1997.0665
https://doi.org/10.1016/j.mambio.2012.08.004
https://doi.org/10.1038/s41559-020-01322-x
https://doi.org/10.1242/jeb.037283
https://doi.org/10.1098/rspb.2010.2262
https://doi.org/10.1098/rspb.2010.2262
https://doi.org/10.1006/anbe.1996.0151
https://doi.org/10.1098/rspb.2017.0433
https://doi.org/10.1371/journal.pone.0039781
https://doi.org/10.1371/journal.pone.0019535
https://doi.org/10.1371/journal.pone.0019535
https://doi.org/10.1111/1365-2664.13710
https://doi.org/10.1111/1365-2664.13710
https://doi.org/10.1111/ele.13344
https://doi.org/10.1093/cz/zoy089
https://doi.org/10.1093/cz/zoy089
https://doi.org/10.1080/01650520802692283
https://doi.org/10.1126/science.214.4521.677
https://doi.org/10.1126/science.214.4521.677
https://doi.org/10.1016/S0003-3472(85)80204-9
https://doi.org/10.1111/1365-2656.13892
https://doi.org/10.1002/ece3.8976
https://doi.org/10.1002/ece3.8976
https://doi.org/10.1093/auk/103.1.14
https://doi.org/10.1093/auk/103.1.14
http://stringr.tidyverse.org
https://dplyr.tidyverse.org
https://doi.org/10.1111/ele.13614
https://doi.org/10.1016/0003-3472(89)90088-2
https://doi.org/10.1016/0003-3472(89)90088-2

	Rapid foraging risk assessments in the Jamaican fruit bat, Artibeus jamaicensis
	Methods
	Study Species
	Ethical Note
	Behavioural Trials
	Follow-up Experiment: Multiple Stimuli
	Statistical Analysis

	Results
	Gamboa Bats
	Barro Colorado Island (BCI) Bats

	Discussion
	Author Contributions
	Data Availability
	Declaration of Interest
	Acknowledgments
	References


