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Noise as an informational cue for decision-making: the sound
of rain delays bat emergence
Inga Geipel1,2,*, Marcus J. Smeekes3, Wouter Halfwerk4 and Rachel A. Page1

ABSTRACT
Background noise can have strong negative consequences for
animals, reducing individual fitness by masking communication
signals, impeding prey detection and increasing predation risk. While
the negative impacts of noise across taxa have beenwell documented,
the use of noise as an informational cue, providing animals with reliable
information on environmental conditions, has been less well studied. In
the tropical rainforest, downpours can be intense and frequent. Strong
rainfall may impede efficient orientation and foraging for bats that need
echolocation to both navigate and detect prey, and can result in higher
flight costs due to increased metabolic rates. Using playback
experiments at natural roosts, we tested whether two bat species,
differing in their hunting strategies and foraging habitats, use rain noise
as a cue to delay emergence from their roosts. We found that both
species significantly delayed their emergence time during rain noise
playbacks versus silence and ambient noise controls. We conclude
that bats can use background noise, here the acoustic component of
rainfall, as a reliable informational cue to make informed decisions, in
this case about whether to initiate foraging trips or remain in the shelter
of their roosts. Our findings suggest that environmental background
noise can sometimes be beneficial to animals, in particular in situations
where other sensory cues may be absent.

KEY WORDS: Acoustic signals, Environmental conditions,
Foraging, Roost emergence, Echolocation, Micronycteris microtis,
Molossus molossus

INTRODUCTION
Throughout the animal world, cues about the environment are
critical to fitness and survival (Dall et al., 2005). The ability to
rapidly and accurately distinguish stimuli of importance from the
background is key to capturing prey, avoiding predation and
obtaining a mate (Stevens, 2013). Background noise, however, is
ubiquitous and can decrease foraging rates and success (e.g.
Villalobos-Jiménez et al., 2017; Siemers and Schaub, 2011; Gomes
et al., 2016), heighten predation risk (e.g. Simpson et al., 2016;
Morris-Drake et al., 2017) and disrupt interspecific and intraspecific
communication (e.g. McIntyre et al., 2014; Halfwerk et al., 2011).
While numerous studies have examined the effect of noise on signal
transmission (e.g. reviews by Slabbekoorn, 2013; Francis and
Barber, 2013) and investigated the mechanisms used by different

taxa to reduce the masking effect of noise (e.g. Roca et al., 2016;
Halfwerk and Slabbekoorn, 2015), the use of environmental noise
as an informational cue has largely been overlooked.

Animals can use biotic noise as a cue to guide decision-making.
Coral larvae, for example, use reef sounds, primarily the noises
produced by fish and crustaceans, as a beacon leading them to
suitable habitats (Vermeij et al., 2010). Abiotic noise of wind, rain,
bodies of moving water and the like can also influence decision-
making. Female little torrent frogs (Amolops torrentis) prefer male
mating calls coupled with high-amplitude stream noise (Zhao et al.,
2017). Rocks, vegetation and other aspects of the environment that
increase stream turbulence, thereby increasing stream noise levels,
may be associated with decreased predation rates and preferred
oviposition sites in this species.

Rainfall is a common source of abiotic noise that can interfere
with an individual’s decision-making (e.g. Halfwerk et al., 2016b).
Animals have evolved different behavioural strategies for coping
with the acoustic masking effects of rain. Males of the Chiloe Island
ground frog (Eupsophus calcaratus) increase the rate and duration
of their mating calls when confronted with moderate levels of rain
noise (Penna et al., 2005). In contrast, tawny owls (Strix aluco)
reduce vocal activity during nights of heavy rain (Lengagne and
Slater, 2002). While the sensory strategies that animals can use to
minimise the effect of rain noise have received some attention, the
use of rain noise as an informational cue rather than a hindrance has
been little investigated.

Bats are acoustic specialists. They use sound as their main sensory
modality for orientation and foraging (Griffin et al., 1960). Thus, they
commonly face the challenge of filtering acoustic signals and cues of
interest from background noise. High levels of noise have been shown
to decrease bat echolocation activity (Bunkley et al., 2015). When
offered a choice, bats will forage in quiet patches rather than noisy
ones (Mackey and Barclay, 1989; Schaub et al., 2008). It is
unsurprising that noise can impede bat activity, but to what degree do
bats actively use noise as an informational cue to guide their decision-
making? In the tropics, heavy rainfall is a common and widespread
occurrence, imposing significant metabolic costs on bats (Voigt et al.,
2011). Bats with wet fur and wet wings incur higher flight costs than
dry bats (Voigt et al., 2011). Sensory costs due to rain are likely to be
higher as well. As a result of impedance of their echolocation system
(Fenton et al., 1977), bats flying in rain should navigate and forage
less efficiently. Indeed, bat activity is often reduced on rainy nights
(Audet, 1990; Erickson and West, 2002; Fenton et al., 1977).

Rain noise is generated when raindrops strike a surface, for
instance vegetation or the ground. For bats roosting in a shelter,
deciding when to leave and forage, rain noise could provide
access to information on environmental conditions and their
associated costs, e.g. increased metabolic costs associated with
getting wet, possible reduced access to prey and impeded
navigational ability. Our purpose was to determine whether bats
use rain noise as an informational cue to time their roost exits.Received 10 September 2018; Accepted 11 December 2018
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Further, do bat species with different foraging strategies react
differently to rain noise?
We hypothesised that bats hunting in different habitats using

different sensory strategies and showing different activity patterns
would encounter different challenges from rain. The common big-
eared bat, Micronycteris microtis (Phyllostomidae), gleans insects
(Kalka and Kalko, 2006) and small vertebrates (Santana et al., 2011)
from vegetation in the dense understory of tropical forests using
echolocation (Geipel et al., 2013a). The Pallas’s mastiff bat,
Molossus molossus (Molossidae), uses echolocation to hunt flying
insects in open space (Fenton et al., 1998; Emrich et al., 2014;
Willig et al., 1993). Micronycteris microtis forage continuously
throughout the night, with no strong activity peaks (Kalka and
Kalko, 2006), returning to the roost to consume their prey items
(Geipel et al., 2013b). In contrast, M. molossus forage for a short
time period at the beginning of the night, foraging briefly after
sunset and again occasionally around sunrise (Chase et al., 1991;
Dechmann et al., 2010).
We expected that both species, M. microtis and M. molossus,

would respond to rain noise by delaying roost emergence. We
predicted thatM. molossus would delay longer in the roost because
they have the ability to enter torpor, decreasing their metabolic rate
to save energy (O’Mara et al., 2017). Micronycteris microtis, in
contrast, eat throughout the night and thus we predicted they might
not have the luxury of remaining in their roosts until the rain stops.
To address these questions, we located natural roosts and conducted
playback experiments, broadcasting rain and ambient noise shortly
before sunset, and quantified bat emergence behaviour.

MATERIALS AND METHODS
Study site and animals
Playback experiments were conducted from April to September
2015 in and around Gamboa, and along Pipeline Road in Soberanía
National Park in Panama. Gamboa (9°07′11.5″N, 79°41′55.3″W) is
a small town, bordered by Soberanía National Park, which consists
both of old growth and mature secondary, semi-evergreen, moist
tropical lowland forest along Pipeline Road (Condit et al., 2001;
Ibáñez et al., 2002).
We conducted playback experiments at 10 Micronycteris microtis

Miller 1898 and 10 Molossus molossus (Pallas 1766) roosts. The
roosts of M. microtis were located in large concrete water drainage
pipes before and along Pipeline Road and around Gamboa. Molossid
roosts were found within the walls of houses in Gamboa. Molossus
bondae and Molossus coibensis occur sympatrically with
M. molossus in Gamboa (Gager et al., 2016). Molossus bondae is
locally rare in the Gamboa roosts (Gager et al., 2016); M. molossus
and M. coibensis are only distinguished reliably by genetic analysis
(Gager et al., 2016). There is no known difference in foraging and
emergence behaviour among these three species. While we were not
able to verify the species identity of every individual in each of our
molossid roosts, for the roosts for which we do have genetic analyses,
we know these bats were primarilyM. molossus (Gager et al., 2016).
Thus, for the sake of simplicity, we refer to individuals in the
molossid roosts in this study as M. molossus.
For roosts with more than one entrance, all but one entrance was

temporally blocked at least 3 days and nights before the experiments
started. Large entrances (M. microtis) were sealed using insect mesh
and small entrances (M. molossus) were blocked with soft foam. All
blocking materials were removed immediately after the experiment.
We counted the number of bats in eachM. microtis roost daily for

the 3 days before the experiments started and on each day during the
experiment. Bats were visually observed and counted for a few

minutes between 09:00 h and noon each day. Counting the
M. molossus in each of their roosts in this way was impractical, as
their roosts are tight cavities within thewalls of houses.Wemonitored
eachM.molossus roost at least once during the 3 days prior to the start
of the experiment using a video camera with infrared light (IR)
function (DCR-SR45 Handycam, Sony, Tokyo, Japan) and IR lights
(HVL-IRM, Sony) to confirm each roost was occupied.

Our playback experiments were licensed and approved by the
Government of Panama (Autoridad Nacional del Ambiente permit
SE/A-86-14 and Ministerio de Ambiente permit SE/A 69-15) and
the Smithsonian Tropical Research Institute (STRI IACUC protocol
2014-0101-2017).

Playback sound files
We prepared 10 audio file pairs containing ambient noise and
ambient plus rain noise (henceforth referred to as rain noise). The
audio files were drawn from recordings made at 12 different locations
along Pipeline Road in 2012 and 2013. At each site, 15 s sounds were
recorded at 15 min intervals for 3–10 days continuously throughout
both dry and rainy seasons (Halfwerk et al., 2016a). Sounds were
recorded with a Song Meter SM2BAT recorder (with a sampling rate
of 196 kHz, 16 bit depth resolution and pre-set gain of 60 dB)
connected to aUS-II microphone (Wildlife Acoustics,Maynard,MA,
USA). These audio recordings contained the sonic as well as
ultrasonic frequency range (1–88 kHz).

From this dataset, we first sorted for the time of recording to
select all files made around sunset local time (∼18:30 h), the time
our experiments would take place. We listened to each of the subset
of files made at sunset and selected 10 recordings that clearly
depicted heavy downpours. Each rain sound recording was paired
with a recording of ambient sound (in the absence of rain sound),
which was recorded around sunset within 3 days of the rain noise
recording at the same location. Each original recording had a
duration of 15 s. The recordings were looped with the recording and
editing software Audacity® version 2.0.6 (https://audacityteam.org/)
for a total duration of 3 min. All files were amplitude normalised
(−3.0 dB). One of these 10 pairs of audio files (ambient and rain
noise) was randomly assigned to each of the 10 bat roosts for each
species.

Playback experiment
We recorded the emergence behaviour of M. microtis and
M. molossus at their natural roosts under three different
treatments: no playback (control, baseline), ambient noise and
rain noise. For each roost, the experiment lasted for three
consecutive nights. On the first night, we made no playback and
quantified baseline emergence behaviour. The following two
nights, the two sound stimuli were presented. On one of these two
nights we broadcast rain noise and on the other we broadcast
ambient noise, randomising the order of the sound treatments. On
nights in which it rained before or during a treatment, we aborted the
trial and conducted it instead on the next dry night.

For the baseline treatment, a dummy speaker (approximately
14×14×14 cm) resembling the actual speaker was mounted on a
tripod positioned 1 m outside the roost entrance. In cases where this
positioning was not possible, e.g. because the roost was too high, the
dummy speaker was placed as close to the roost entrance as possible
and the distance to the roost entrance was noted. For the sound
stimuli treatments, a ScanSpeak Ultrasound speaker (frequency
range 1–120 kHz, frequency response ±6 dB between 3 and
90 kHz; Avisoft Bioacoustics, Glienicke, Germany) mounted on a
tripod was placed in the same position as the dummy speaker during
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the baseline treatment, with the front of the speaker directed toward
the entrance of the roost. The speaker was connected to an amplifier
(UltraSoundGate Player 116, Avisoft Bioacoustics) and the
amplifier was connected to a laptop (Thinkpad T420, Lenovo,
Beijing, China). The sound files were broadcast at 80 dB SPL (re.
20 µPa), measured at 10 cm distance from the entrance outside each
roost, using software (RECORDER USGH, Avisoft Bioacoustics)
compatible with the amplifier. The sound level was measured with a
sound pressure level meter (Digital Sound Level Meter 33-2055,
RadioShack, Fort Worth, TX, USA; set to C-weighting, fast and
max). The dummy speaker was positioned and the playback
initiated approximately 30 min before sunset and was stopped
approximately 60 min after sunset.
During all three treatments, the behaviour of the bats at the

respective roost entrance was recorded with an infrared video camera
(DCR-SR45, Sony) and two infrared lights (HVL-IRM, Sony). The
camera and the lights were positioned either over the entrance of the
roost facing downwards or below the roost facing upwards,
depending on the height of the roost entrance and the surrounding
space. We initiated the video recording at the beginning of each
treatment, approximately 30 min before sunset. To document the
behaviour of the bats after the noise playbacks stopped, we continued
video recording for an additional 30 min after the playback ended
(ending the video recording approximately 90 min after sunset).

Video and statistical analysis
Videos were analysed with event recording software (version
15.03.15, Solomon Coder, https://solomoncoder.com/). Every time
a bat emerged from (=out) or entered (=in) the roost, the event and
the video time were documented with an accuracy of 1/20 s. For
each treatment, we noted the start and stop of the noise playbacks.
The video time of the event recordings was converted into actual
time, which was further converted into seconds after sunset (sas).
We determined the total number of bats in each roost by counting
how many bats emerged during the baseline treatment. The median
of the total number of bats that flew out of the roost during the
baseline treatment was identified (i.e. the middle bat separating the
lower from the upper half of the total number of emerging bats). We
then quantified the emergence time of this median bat (medianB),
derived from the baseline, for each treatment for statistical testing
(see Table S1). We took these values for each roost and determined
the mean±s.d. emergence time for each treatment.
The effect of noise treatment on the median bat (medianB) was

compared using linear mixed models in statistical computing
software (R, lme4 package, https://CRAN.R-project.org/package=
lme4). A null model was made with roost ID as random factor. This
model was compared with models wherein species ID (M.microtis or
M. molossus), noise treatment and medianB were added as a fixed
factor. Models were compared with a likelihood ratio test. A post hoc
independent contrast was used to follow up on any significant effect
of noise treatment or the interactions between noise treatment and
species identity.
One M. microtis and one M. molossus roost were excluded from

statistical testing. At the M. microtis roost, too few bats (two bats)
emerged during the rain noise treatment to be compared with the
baseline. The excluded M. molossus roost contained only two bats.

RESULTS
Roost emergence behaviour
The bat species differed significantly in their time of emergence in
the baseline treatment without sound playback. Micronycteris
microtis emerged earlier than M. molossus. On average, the first

M. microtis individual emerged 386±494 s before sunset (n=9
roosts) and the first M. molossus individual emerged 507±334 sas
(n=9 roosts). On average, the median M. microtis bat emerged
215±398 sas and the median M. molossus emerged 1065±191 sas.

We observed that after leaving the roost, the M. microtis
individuals often made small turns to immediately fly back into
their roost. During these turns, which we dubbed ‘exploration
flights’, the bats were continuously visible on the video recordings.
Sometimes, individuals made several of these exploration flights
before they finally left their roost to forage. Exploration flights were
observed during all treatments, although they seemed to be more
expressed during the baseline treatment (e.g. pattern in Fig. 1). In
contrast, M. molossus did not show this behaviour; once they
emerged from the roost, they immediately left the vicinity for
an extended time period. Examples of emergence patterns for a
M. microtis and a M. molossus roost are shown in Fig. 1 (Roost-15
and Mol-03, respectively).

Effect of noise
To determine the effect of rain noise on the emergence behaviour of
bats, the time of emergence of the median bat during the baseline
condition was calculated and compared with the emergence time of
the corresponding median bat of the different noise treatments.

Taking the two bat species together, we found significantly
delayed emergence depending on noise treatment (GLMM,
χ2=22.91, d.f.=2, P<0.0001, n=18). Bats emerged significantly
later during the rain noise treatment than during the ambient noise
treatment ( post hoc test, z-score=4.44, P<0.0001) and the baseline
condition (z-score=5.03, P<0.0001). There was no difference in
time of emergence between the nights of the ambient playback and
baseline condition (z-score=0.60, P=0.82).

ForM.microtis, average emergence time for the median bat during
the baseline treatment was 215±398 sas. There was no significant
delay of the emergence time during the ambient treatment compared
with the baseline condition, as M. microtis only delayed its
emergence by 44±104 s (z-score=−0.30, P=0.95). Micronycteris
microtis delayed its emergence time significantly by 435±549 s
during the rain noise treatment compared with the baseline condition
(see Fig. 2A; z-score=2.96, P=0.0087). The average emergence time
during the baseline condition for M. molossus was 1065±191 sas.
There was also no significant delay of the emergence time for the
ambient treatment, as M. molossus delayed its emergence by 86±
302 s (z-score=−0.54, P=0.852). But, like M. microtis, M. molossus
delayed its emergence time significantly during the rain noise
treatment (by 663±560 s; see Fig. 2B; z-score=4.15, P<0.0001).

Emergence times of the two bat species differed significantly
(χ2=20.14, d.f.=2, P<0.0001), with M. molossus on average
emerging 15.7 min later than M. microtis during all treatments,
but they did not react differently to the noise treatments (GLMM,
χ2=1.34, d.f.=2, P=0.51).

DISCUSSION
In general, animals face the challenge of extracting signals and
cues carrying crucial information from masking background noise
(Wiley, 2015). Here, we show that two bat species significantly
delay their emergence from the roost when confronted with
rain noise. We conclude that noise per se can be used as an
informational cue, allowing bats to assess environmental
conditions and make informed decisions about when to leave the
shelter of their roosts.

Being active during rain is potentially costly for bats. As volant
mammals, bats are on a tight energy budget (Speakman and

3

RESEARCH ARTICLE Journal of Experimental Biology (2019) 222, jeb192005. doi:10.1242/jeb.192005

Jo
u
rn
al

o
f
Ex

p
er
im

en
ta
lB

io
lo
g
y

https://solomoncoder.com/
http://jeb.biologists.org/lookup/doi/10.1242/jeb.192005.supplemental
https://CRAN.R-project.org/package=lme4
https://CRAN.R-project.org/package=lme4
https://CRAN.R-project.org/package=lme4


Thomas, 2003). Wet bats incur higher metabolic costs than dry bats
(Voigt et al., 2011). In addition, during periods of rainfall, bats
should experience acoustic costs associated with the rain. Changes
in temperature and humidity linked with rainfall impact both
atmospheric attenuation and sound speed, altering the transmission
and fidelity of bat echolocation calls (Goerlitz, 2018). Recordings
suggests that bats flexibly respond to these changes in climatic
conditions, altering their calls to improve transmission efficacy
(Chaverri and Quirós, 2017). Chaverri and Quirós (2017) show that
with an increase in atmospheric attenuation due to shifts in
temperature and humidity, bats decrease the frequency and
increase the duration of certain call types, which may increase
their detection range. In addition to transmission costs induced by
changes in temperature and humidity, we argue that the presence of
raindrops per se should constitute physical clutter that impedes
efficient perception of the returning echoes of echolocation signals.
Further, the frequency range of the noise created when rain impacts
the ground, vegetation and other surfaces strongly overlaps with the
frequency range of the echolocation calls of most bat species (I.G.,
personal observation), and could thus serve as a potent masker of
returning echoes. In sum, while to our knowledge the effect of rain
per se on bat sensory systems has not been explicitly tested, we
argue that bats are likely to incur three main acoustic costs
associated with rainfall: (1) attenuation and degradation of signal
transmission due to changes in temperature and humidity, (2)

interference due to the physical clutter of raindrops, and (3) masking
due to frequency overlap between echolocation calls and rain noise.

Because of the sensory costs associated with rain described
above, we speculate that the two test species should be differentially
affected by rain as a result of the disparate ways they use sound for
foraging. We argue that M. microtis, which uses echolocation calls
at close range to detect prey on understory surfaces (Geipel et al.,
2013a), would be strongly affected by the noise created by the
impact of raindrops on foliage, as well as by interference due to
raindrop clutter. In contrast, M. molossus, which uses echolocation
to detect flying insects in large areas of uncluttered open space
(Dechmann et al., 2010) – where there is potentially less masking
noise created by raindrops impacting vegetation – might be less
affected by rainfall. While the effects of atmospheric attenuation,
physical interference and masking rain noise should vary in the
open and understory, we argue that both species should be
negatively affected in their sensory ability to navigate and detect
prey during heavy rainfalls.

Rain noise might also indicate changes in prey availability. In
periods of heavy rain, prey abundance can be reduced and insect
swarms dispersed (Dechmann et al., 2010). Periods of rainfall can
be followed by insect blooms (Chase et al., 1991). As such,
depending on the timing and the intensity of the rain, rain noise
could serve as an important cue, informing predators about the
presence or absence of ephemeral food sources. Observations by
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Chase et al. (1991) support this prediction: M. molossus have been
reported to leave their roosts for short hunting flights during or
immediately after light rain. Thus, in addition to using rain noise to
avoid potential metabolic and acoustic costs, we argue that bats
could benefit from using rain noise as a source of information about
ephemeral food sources.
Molossus molossus has the ability to enter torpor and forage in

short concentrated bouts (O’Mara et al., 2017; Dechmann et al.,
2010). In contrast, M. microtis forages throughout the night (Kalka
and Kalko, 2006). We thus hypothesised that M. molossus would
have the resilience to wait out rainfalls, whileM. microtis would not
have the energy reserves to delay for long periods. Despite
differences in their activity patterns and foraging modalities
predicting differential costs to foraging in rain, we did not find a
difference in delay between the two species. We argue that even
though both species may incur different costs associated with rain,
they lead to similar emerging behaviour in response to rain noise.
Our study suggests that a rain noise-induced delay in roost
emergence is a generalised response across a broad range of bats
that can vary widely in foraging modalities, strategies and habitats,
as well as activity patterns and roost types.
Contrary to expectation, bats did not stay in the roost until rain noise

stopped. There are several possibilities why this may be the case. First,
our playback did not perfectly mimic the noise of rain. In our
experiment, rain noise was broadcast from a single speaker. In nature,
rain noise is not a point source, but emanates from every surface
raindrops impact. In addition, associated sensory information was
missing. In our experiment, we presented only acoustic cues. In nature,
rain noise is accompanied by a suite of associated environmental
variables: an increase in humidity, a drop in temperature, a decrease in
barometric pressure and a change in odour composition (Bear and
Thomas, 1964). While each of these factors probably plays a role in
bats’ decision processes, the results from our experiment suggest that
the acoustic component of rainfall has an important influence on
whether or not to leave the roost. Decision-making involves a trade-off
between speed and accuracy (Stevens, 2013). We argue that of the
environmental variables associated with rainfall, sound should be the
most immediate and salient source of information to bats, given their
sophisticated auditory systems. We suggest that this instantaneous
acoustic cue guides bats’ initial behaviour, but given time and the

absence of the other variables associated with rain, bats can then
reassess their decisions, and emerge prior to the cessation of the
experimentally broadcast noise.

Beyond using rain noise to distinguish between the mere presence
and absence of rainfall, bats should be able to assess the intensity of
a rain event based on differences in the rain noise spectrum and
amplitude, and act appropriately, as there is a trade-off: costs
associated with being active in rain versus the need to forage.
Indeed, rain causes bats to delay their emergence from roosts
(Usman et al., 1990; Entwistle et al., 1996). Bat activity ceases
during heavy rainfall and is reduced in periods of lighter rain
(Audet, 1990; Erickson and West, 2002).

We show that rain noise acts as an informational cue that can have
a strong effect on decision-making in bats. We argue that rain noise
provides information about costs and benefits for roost emergence
and thus for flying in rain. Two of the many predicted trends in the
global climate change models are an expansion of the tropical belt
(Seidel et al., 2007) and the marked increase in precipitation in
tropical regions (Xie et al., 2010). A recent study shows an increase
in freshwater accumulation in the wet tropics due to an increase in
rainfall (Rodell et al., 2018). This could lead to more rain periods
during bat foraging times. In this case, bats must find mechanisms to
cope with the increased metabolic and sensory costs associated with
increased rainfall events.
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ambient noise (green) and rain noise (blue) treatments (***P<0.001, **P<0.01, *P<0.05; n.s., not significant). Bat illustrations by Damond Kyllo.
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