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An animal’s internal state can shift its behavior. Animals that would typically avoid dangerous foraging conditions may choose to forego
safety when food is restricted. Furthermore, physiological demands such as gravidness can drive sex differences in foraging behavior
among individuals of the same species. In bats, moonlight can impose risk: some bat species decrease or completely avoid foraging
on full moon nights when visually oriented predators are most active. In this study, we tested the hypothesis that hunger increases
risky foraging behavior. Previous work with the Jamaican fruit bat, Artibeus jamaicensis, demonstrated that this species shifts its
foraging behavior in moonlight by increasing latency to land. In this experiment, bats trained to feed from a food platform were then
observed landing in conditions of satiation and food-restriction, with and without the presence of artificial full moonlight. As
predicted, we found that bats forage significantly more quickly when food-restricted than when satiated. We found that bats showed
a nonsignificant trend to avoid moonlight via increased latencies to land on the food platform. Males—but not females—were
significantly slower to land in the presence of moonlight when satiated but not when food-restricted. Our results demonstrate that
internal state influences foraging decisions, with individuals landing faster when hungry than when satiated, but that the increased

foraging risks associated with moonlight affect male bats more than females.
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Introduction

Optimal foraging theory predicts the strategies organisms use to
maximize energy intake while minimizing costs associated with
obtaining food (Stephens and Krebs 1986). Foraging theory can pre-
dict various types of tradeoffs (eg, in tadpoles (Werner 1992; Anholt
and Werner 1995), and birds (Lima 1985)) and can shed light on
decision-making processes involved in acquiring resources (eg, in
snakes (Lillywhite and Brischoux 2012), lizards (De Meester et al.
2018), and bats (Hemingway et al. 2017; Geipel et al. 2019)). One im-
portant prediction of optimal foraging theory is that foragers
should adjust their behavior in response to predation risks associ-
ated with acquiring food, which has been demonstrated in various
species and contexts (Elangovan and Marimuthu 2001; Welbergen
2006; Smith et al. 2017; Sealey et al. 2024). Risk assessment by prey
can help determine optimal activity times to minimize vulnerabil-
ity to predators (Tuttle and Ryan 1982; Vasquez 1994; Thapa et al.
2024). Optimal foraging theory often assumes animals are in their
best physical state when assessing danger, however, predictions
change when we consider variation in the internal state of foragers,
such as when food-restricted.

In times of heightened hunger, individuals often become more
risk-prone and may prioritize accessible food sources they can ex-
ploit quickly (Polis 1988; Pettersson and Bronmark 1993; Horat and
Semlitsch 1994). Conversely, when satiated, foragers are more
likely to exhibit selective feeding (Barnett et al. 2007), opting for
higher-quality resources that may require more effort to obtain
but offer greater energy rewards (Brodersen et al. 2008). Hunger

state can modulate an animal’s perception of the environment
(Persons 1999), affecting its willingness to explore new areas
(Balaban-Feld et al. 2019) and can facilitate tradeoffs between
predatory risk and energy gain (Milinski and Heller 1978; Godin
and Crossman 1994; Morton and Chan 1999; Whitham and
Mathis 2000). The influence of hunger state on food decisions
underscores the plasticity of foraging strategies, demonstrating
how animals respond flexibly to changing metabolic needs and
environmental conditions.

Fluctuations in the environment, such as the cycles of the
moon, are known to affect foraging behavior in many nocturnal
prey animals (Daly et al. 1992; Skutelsky 1996; Griffin et al. 2005;
Kotler et al. 2010), presumably in response to visually oriented
predators that increase foraging activity in waxing moonlight
(Clarke 1983; Lillywhite and Brischoux 2012; Chen et al. 2024).
Thus, an increase in moonlight is an indirect cue for prey animals
regarding foraging risk. To account for waxing moonlight, prey an-
imals canincrease foraging during moonless nights or adjust their
foraging behavior to be more cautious (Prugh and Golden 2014).
Many studies have observed the interaction of prey and predator
animals across moon cycles. None, however, have directly tested
how the physiological state of prey may impact their assessments
of indirect environmental contexts that suggest risky foraging
conditions.

Bats are a model for testing for moonlight avoidance because
most species forage exclusively at night and are consumed by
diverse array of predators, including visually orienting birds
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(Ancillotto etal. 2013; Nyffeler and Knornschild 2013; Mikula 2015;
Szczygiet and Page 2020; Mikula et al. 2024). Evidence of moonlight
avoidance is mixed, with species variation in avoidance behaviors
(Lima and O’Keefe 2013). Jamaican fruit bats (Artibeus jamaicensis)
have been shown to avoid full moonlight both when foraging over
a 6-month period (Morrison 1978a) as well as during experimental
trials in a flight cage (Sealey et al. 2024). Jamaican fruit bats are
prey to many predators, including those that are visually oriented
(Ortega and Castro-Arellano 2001) and may use the moonlight to
hunt (Owings and Handa 1975; Clarke 1983).

In this study, we test the hypothesis that hunger increases risky
foraging behavior in the Jamaican fruit bat. Previously, it was
found that Jamaican fruit bats are slower to land on a food plat-
form in artificial moonlight (Sealey et al. 2024) and exhibit “lunar
phobia” (Morrison 1978a), or the avoidance of moonlight, possibly
to evade nocturnal predators. Here we asked whether the aversion
to light can be overcome when hungry. We predicted that bats
would be more willing to forage in risky contexts when
food-restricted than when satiated. Through this investigation,
we aimed to determine how the animal’s state of hunger influen-
ces its foraging decisions, and what implications these decisions
might have in the natural world.

Ethical note

Procedures related to animal capture and handling were approved
by the Panama Ministry of the Environment (permit numbers SE/
AP-22-19 and ARG-278-2022) and approved with authorized proto-
cols from the Animal Care and Use Committee of the Smithsonian
Tropical Research Institute (ACUC-2020-0113-2023) and the
University of Texas at Austin (AUP-2021-00063).

Materials and Methods

We captured bats in mist nets in Soberania National Park near
Gamboa, Panama between March and May in 2022. Each capture
night, we used three to four 6 or 12 meter nets along a trail. We
checked nets every 10-15 minutes to minimize time bats spent in
the nets. All bats captured were immediately weighed, given unique
haircuts (1x 1 cm) for individual identification, and placed into soft
cloth bags to minimize exposure to sound and light. After capture,
bats were released into an outdoor flight cage (4.85x4.90x 2.43 m)
through a small, sealable hole (~0.15 m in diameter) and offered
at least 6 hours to forage freely for ad libitum water and pieces of
banana from a platform (41x2x 29 cm) 40 cm off the ground. Bat
mass at the time of capture, or “capture mass,” was the baseline
value we used to measure bat feeding habits. On feeding nights,
all bats were palpated for satiation and weighed to ensure each in-
dividual was equal to or greater than its capture mass. The capture
mass of bats used in the experiment ranged from 36 to 55 grams
(mean+SD=45.9+3.5g) and did not significantly differ between
male and female bats (t-test: P=0.586; males: 46.3+2.5 g; females:
453+4.6 g). All experiments were completed between 18:00 and
01:00 h and recorded with Sony DCR-SR45 Handycam camcorders
supplemented with CMVision IR130-850NM lights. To simulate arti-
ficial moonlight, we used a LED light with settings identical to pre-
vious studies that mimic the measured light level in the forest
during a full moon (~0.089 lux; Cummings et al. 2008; Taylor
et al. 2008; Cronin et al. 2019; Sealey et al. 2024).

Bats assigned to Order 1 (Fig. 1) were fed ad libitum on the se-
cond night after capture for at least 6 h in darkness, without
moonlight. Bats in Order 1 were tested for artificial moonlight
aversion on the third night, as follows: (1) the first trial was

without artificial moonlight, in which bats were released into
the flight cage and allowed to forage for pieces of banana on a plat-
form (“control” trial); (2, 3) in the second and third trials, bats
foraged for food under artificial moonlight; (4) in the fourth trial,
bats foraged without artificial moonlight (“footprint” trial).
Observations from this fourth, footprint trial address whether ex-
posure to a risky environment cue can influence prey behavior
even if the cue is removed. Thus, the control and footprint trial
only differ in their order in that one precedes and the other follows
the moonlit trials.

Each trial ended after bats landed on the platform for a piece of
banana. After landing on the platform, bats were given 3 min to
feed before being captured and held in a smaller holding cage
(69%x71x202 cm) while other bats were tested. If bats made no de-
cision after 20 min, the trial was ended. A bat that made no deci-
sion for 3 consecutive trials was removed from further testing that
night and fed until it reached capture mass. On the fourth night,
bats were not tested and not fed. On the fifth night, bats were
tested for light aversion following the same protocol as on the
third night. After all testing was completed, bats foraged for ba-
nana for 1h to regain capture mass and then were released at
the point of capture.

To counter-balance order effects of hunger, Order 2 bats were
not fed the second night. On the third night, bats were tested for
light aversion following the same protocol as bats in Order 1. On
the fourth night, bats were fed ad libitum with no testing. On
the fifth night, bats were again tested for light aversion. As with
Order 1, after all experiments were completed, bats foraged for ba-
nana for 1 h before release at the point of capture. For both groups
of bats, the only time bats were below their capture mass was on
the one night they were not fed, and on the night immediately fol-
lowing, until their first feeding trial. All bats were closely moni-
tored for weight loss throughout the experiment and were
released only after they had regained or surpassed their capture
mass.

All statistical analyses were completed in R Program 4.3.1. We
measured two parameters of antipredator behavior: whether the
bats flew to the platform (binary variable: land=1 or did not
land=0) and latency to land on the platform (in seconds). We
cube-root transformed latency to improve normality. Our primary
objective was to determine whether internal state (“satiated” or
“food-restricted”), external stimulus (“full moon” or “control”)
and the interaction between internal state and stimulus impacted
our dependent variables of bat behavior. Therefore, we ran gen-
eral linear mix-effects models, where whether bats flew or not
was a binary response variable with a binomial error family (li-
brary lme4) (Kuznetsova et al. 2017). The significance of effects
in these models was determined using Type III Wald x> tests (li-
brary car). We then ran full factorial mixed-effect models with la-
tency to land (cube root transformed) as the dependent variable,
internal state, external stimulus, and their interaction as inde-
pendent variables, and bat ID as a random effect (library Ime4)
(Kuznetsova et al. 2017). The significance of effects in these mod-
els was determined using Type III analysis of variance (ANOVA)
with Satterthwaite’s method (library lmerTest). We additionally
ran analyses of the raw latency to land values using generalized
linear mixed-effects models with a Poisson error family.
However, these models appeared to over-fit the data and overall
provided outputs indicating much stronger effects. To ensure
our conclusions are robust, we report outputs from the trans-
formed data (but see uploaded data and code for all results),
and we note that all our conclusions are supported by both sets
of analyses.
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Fig. 1. Ordering schema to avoid the order effect of food-restriction. On “free forage” nights, bats fed ad libitum in their capture cohort and were not
tested. On “test” nights, bats fed individually during four trials within a night: Trial 1: control (darkness, black circles); Trial 2: artificial moonlight (white
circles); Trial 3: artificial moonlight; Trial 4: control. Afterwards, bats fed until they were at their capture mass. On “no food” nights, bats were keptin the

holding cage with ad libitum water and not fed.

Finally, while not directly related to our primary hypotheses,
we also conducted follow-up analyses to ask whether sex or cap-
ture mass influenced behavioral responses. For these, we included
sex or mass as the sole independent variable or as an additional
independent variable in full-factorial models with our main ef-
fects (internal state and external stimulus). For our generalized
linear mixed model testing for an effect of sex on whether the
bats landed, our model failed due to unbalanced data (female
bats always landed), thus we employed the BOBYQA optimizer
to ensure convergence. We note that, while we carefully moni-
tored the mass of bats at the end of each night to ensure the
bats’ health, we did not weigh the bats prior to each test to avoid
potential stress and its influence on behavior. Therefore, we were
only able to test for the effect of capture mass on behavior.

Results

Of the 20 bats that were captured for this experiment, 8 bats were
tested in Order 1 (3 females and 5 males) and 10 bats in Order 2
(4 females and 6 males). Two bats were removed from analyses
because they did not land in experimental trials (both females).
Each bat was tested in 8 trials (4 trials per night over 2 nights of
testing) for a total of 144 trials in our dataset. Satiated bats landed
on the platform in 89% of trials, with an average latency to land of
383 +402 s (mean + SD). We observed considerable variation in la-
tency toland for satiated bats, with 5 s as the shortest latency, and
19 min as the longest. When food-restricted, bats landed on the
platform in 99% of trials, and the average latency to land was 87
+178 s, with the fastest bat landing within 1 s and the slowest at
~600 s.

Our primary objective was to test whether the external stimu-
lus (artificial moonlight) and internal state (food-restriction) inde-
pendently or interactively affect bats’ decision-making regarding

foraging. The model to test for an interaction effect of internal
state and stimulus on whether bats landed in the experiment
was inaccurate because most bats landed in most trials, leading
to missing values in the variance-covariance matrix (interaction
effect: x*1=0.0, P=1.0). Therefore, we removed the interaction
term from the model and found a significant main effect of intern-
al state, with food-restricted bats significantly more likely to land
than satiated bats (x*; =6.0, P=0.0140). There was no significant
effect of stimulus on the decision to land (4?;=2.0, P=0.1549). In
follow-up analyses, we found no significant effect of sex on the de-
cision toland (*; =0.0, P=0.9528; female bats always landed, and
only 4 male bats did not land across 9 trials), nor a significant ef-
fect of capture mass on the decision to land (4*; =0.0, P=0.8825).

We then tested whether stimulus, internal state, and/or their
interaction influenced bats’ latency to land on the platform. We
found that latency to land for food-restricted bats was significant-
ly lower for satiated bats (F1 123 =82.8, P<0.0001). We found a non-
significant trend for an effect of stimulus (F; 103=3.0, P=0.0838),
where bats took longer to land on the platform in moonlight treat-
ments, and we found no interaction effect (F;103=0.70, P=
0.4049). In a model comparing the control condition (satiated, no
moonlight) to other possible conditions, we found that both
food-restricted conditions were significantly different from con-
trol (P<0.0001 for both) and we found a nonsignificant trend for
satiated bats in moonlight to take more time to land than control
(P=0.0706) (Fig. 2).

Finally, we evaluated whether sex influenced bats’ foraging de-
cisions. In a full factorial model with sex, internal state, and
stimulus as independent factors, we observed significant interac-
tions between sex and both internal state (F; 120=4.7, P=0.0313)
and stimulus (F1120=4.5, P=0.0359) (Fig. 3), and a trend of a
main effect of sex on the latency to land (F;15=4.1, P=0.0592)
where male bats were slower to land on the platform than
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females. Regarding treatment, post hoc Tukey’s tests revealed
male bats landed on the platform significantly slower in full
moonlight than control treatments (P=0.0369), and that male
bats exhibited a nonsignificant trend for landing slower than fe-
male bats in full moonlight trials (P=0.0584). For internal state,
post hoc Tukey’s tests confirmed our earlier main effects, with
all satiated bats landing more slowly than food-restricted bats
(P<0.0002 for all). However, we also found a nonsignificant trend

~ *k%k *k%k

Diff. from control in the latency
to land (seconds(1/3))

-10 - T
full moon

T 1
control-R  full moon-R

Fig.2. Latency toland across treatments and internal state. Dots depict
individual data points: we calculated the average landing time in the
control condition (satiated, no moonlight; “control mean” for each bat),
then subtracted each bat’s response to a specific treatment from the
bat’s control mean. Satiated full moon treatment is to the left and
food-restricted treatments to the right, as indicated by the labels below
the x-axis. The red line depicts the mean of all control treatments; the
error bars depict standard error. Asterisks (**) and tildes (~) are
differences from the control treatment where P <0.0001 and P <0.08,
respectively, as calculated from linear mixed-effects models.
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for a sex difference within satiated bats (P=0.0558), with satiated
female bats landing quicker than satiated male bats. We found lit-
tle evidence that capture mass predicted bats’ latencies to land
(full-factorial model, P>0.09 for all main effects and their
interactions).

Discussion

Optimal foraging theory can predict how animals behave under
various foraging conditions (Pyke 2019). We know that environ-
mental context, such as predator stimuli (Shogren et al. 2023) or
interferinglight (Barré et al. 2023), can influence foraging behavior
and duration. Animals may also adjust their foraging strategies
under specific conditions of physiological stress, such as gravid-
ness (in snakes: Kojima and Mori 2015; seals: Shero et al. 2018)
or food-restriction (fish: Wilson et al. 2019; deer: Oates et al.
2019). Tests for how these variables may influence foraging
choices can help us understand how animals make decisions
under conflicting environmental and internal conditions.

We investigated how perceived predation risk interacts with
hunger state to affect foraging decisions in the frugivorous bat,
A. jamaicensis. While several studies show the importance of con-
sidering physiological state when explaining why animals make
certain food choices (Anholt and Werner 1995; Balaban-Feld
et al. 2019), counter to expectation, we did not find a strong inter-
action between internal state and external stimulus on foraging
decisions. Overall, the nonsignificant effect of moonlight on the
latency to land on the platform (Fig. 2) was smaller than we ex-
pected given that previous work did find there to be an effect for
both sexes in this population of bats (Sealey et al. 2024).
Interestingly, the current effect of moonlight on behavior was
stronger in male bats (Fig. 3a). Sex differences in latency to land
are consistent with formerly observed sex-specific differences in
foraging strategies within this species (Morrison 1978), as well as
in other bats (Bonaccorso and Gush 1987; Krull et al. 1991;
Wilkinson and Barclay 1997; Suutari et al. 2024) and other animals
(scorpions: Carlson et al. 2014, guppies: Laland 1999, and whales:

b Osatiated
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Fig. 3. Effect of (a) treatment and (b) internal state on latencies to land on the food platform with respect to sex. In (a) dark gray and white boxes
represent when bats were tested in darkness and simulated full moonlight, respectively. In (b) blue (satiated) and light blue (food-restricted) boxes
represent responses of female and male bats with different internal states. For all panels, boxplots depict the distribution of all responses from all bats.
Black dots depict individual means, with lines connecting the mean responses from the same individual. The asterisk denotes a significant difference,
P<0.05 (*) and P<0.002 (**), while the tilde indicates a nonsignificant trend, P <0.06 (~), as calculated from post hoc Tukey’s tests.
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Tennessen et al. 2023). However, we did observe strong overall ef-
fects of internal state, with latency decreasing when bats were
food-restricted with no food provided the night before testing.
Our results support the hypothesis that if animals are nutritional-
ly deprived, they are quicker to approach food sources (Pettersson
and Bronmark 1993; Horat and Semlitsch 1994; Morton and Chan
1999; Tigreros et al. 2018). Furthermore, sex differences were ob-
served in satiated bats but were weaker in food-restricted bats,
which is consistent with previous observations in pied flycatchers
where sex-specific foraging strategies were reduced under harsh
environmental conditions (Mand et al. 2013).

With respect to environmental context, female bats were ob-
served to be consistent in their foraging strategies in darkness
and full moonlight. However, our sample set only had 11 male
bats and 7 female bats, and we may not have had a large enough
sample size to detect differences in female bats. Alternatively,
captured female bats were assessed to be neither pregnant nor
lactating between March and May (peak reproductive season);
however, females may have been pregnant but not detectibly so
(Ortega et al. 2021). Studies in other animals demonstrated that
female animals shift their foraging (Clark 1980; Barclay 1989;
Kurta et al. 1989; Henry et al. 2002; Thometz et al. 2014) and anti-
predator behavior (Brodie III 1989; Lecomte et al. 1993; Carlson
et al. 2014; Freinschlag and Schausberger 2016) when gravid and
this could also explain why female bats observed in our study be-
haved differently than male bats.

We evaluated just two antipredator behaviors of bats: whether
the bats flew to the platform and latency to land on the platform.
We did not observe alarm calling or mobbing, perhaps because
bats were tested alone which renders these behaviors less useful.
We know bats have a suite of other antipredator behaviors (eg,
changes in flight path (Barré et al. 2023) and physiological state
(Lewanzik etal. 2012)). Future studies would benefitin considering
these parameters to test foraging responses. Furthermore, we ob-
served a nonsignificant effect of full moonlight, which we expect
is largely due to our limited sample size. Nonetheless, despite
the presence of artificial moonlight, the latency to land was lower
when bats were food-restricted, suggesting metabolic needs to re-
plenish energy lost outweighed the avoidance of potential
predators.

Previous work has shown that predation risk influences prey
foraging behavior (bats: Baxter et al. 2006; fish: Metcalfe et al.
1987), but this can be influenced by internal states such as hun-
ger level (Milinski and Heller 1978; Godin and Crossman 1994).
Understanding the physiological state provides insights into
the immediate nutritional demands of an organism and how in-
ternal state can affect foraging decisions, food preferences, and
the strategies employed to maximize energy intake (Lind and
Cresswell 2005). Whether an animal is in a state of hunger can
impact the allocation of time and energy between reproductive
investment and competition (Dixon et al. 1993) and predator
avoidance (Anholt and Werner 1995; Bridges 2002). Considering
physiological conditions improves our understanding of how
organisms adapt their foraging behaviors to optimize survival
and reproduction in response to internal states and external
cues.

The need to balance nutritional requirements with the risk of
predation often leads prey to make foraging decisions that con-
tribute to their survival in dangerous environments. Our study
tested two extremes: satiation, where bats fed for an entire for-
aging night and food-restriction, where bats did not eat for an en-
tire night. Future work could test for antipredator behavior at
different gradients of hunger or test for food preferences in risky

Behavioral Ecology, 2025, Vol. 36, No.5 | 5

conditions. Testing different gradients of hunger (eg %2 night
food-restricted, %2 night satiated, etc.) could reveal at which gradi-
ent the switch from predator avoidance is overcome by the meta-
bolic needs of hunger. Our results here show that bats fly to food
platforms in almost all trials and previous work showed bats will
fly to food platforms even in trials with model predators (owls in
Sealey et al. 2024). [t may be that because bats have such high me-
tabolisms (Austad and Fischer 1991), they are tasked with feeding
under any kind of condition, even those deemed dangerous.
Future work could explore whether bats shift their target food re-
source based on perceived predation risk.

Here we directly tested for how the physiological state of an
animal can influence their assessments of indirect environmental
contexts indicative of risky foraging conditions. Although long-
term moonlight avoidance has been observed in A. jamaicensis
(Morrison 1978a) and may be difficult to test for in bats because
they would need to be tracked individually for long periods of
time, it would be valuable to observe the effect of seasonal
food-restriction (ie dry season) and moonlight avoidance in lunar
phobic species of bats. Long-term studies evaluating the seasonal
effect of moonlight on lagomorphs demonstrates how predation
risk can fluctuate regarding both harsh conditions and moonlight
exposure (Griffin et al. 2005). In other predator-prey systems
where the behavioral response to an indirect environmental con-
text is strong (ie nocturnal rodents (Kotler et al. 2010)), future
studies could reveal links between seasonal variation, physio-
logical demands, and mortality.
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