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High duty cycle moth sounds jam bat echolocation: bats counter
with compensatory changes in buzz duration

Yohami Fernandez'*, Nicolas J. Dowdy"? and William E. Conner’

ABSTRACT

Tiger moth species vary greatly in the number of clicks they produce
and the resultant duty cycle. Signals with higher duty cycles are
expected to more effectively interfere with bat sonar. However, little is
known about the minimum duty cycle of tiger moth signals for sonar
jamming. Is there a threshold that allows us to classify moths as
acoustically aposematic versus sonar jammers based on their duty
cycles? We performed playback experiments with three wild-caught
adult male bats, Eptesicus fuscus. Bat attacks on tethered moths
were challenged using acoustic signals of Bertholdia trigona with
modified duty cycles ranging from 0 to 46%. We did not find evidence
for a duty cycle threshold; rather, the ability to jam the bat’s sonar was
a continuous function of duty cycle consistent with a steady increase
in the number of clicks arriving during a critical signal processing time
window just prior to the arrival of an echo. The proportion of
successful captures significantly decreased as the moth duty cycle
increased. Our findings suggest that moths cannot be unambiguously
classified as acoustically aposematic or sonar jammers based solely
on duty cycle. Bats appear to compensate for sonar jamming by
lengthening the duration of their terminal buzz and they are more
successful in capturing moths when they do so. In contrast to
previous findings for bats performing difficult spatial tasks, the
number of sonar sound groups decreased in response to high duty
cycles and did not affect capture success.

KEY WORDS: Jamming behavior, Biosonar, Duty cycle, Eptesicus
fuscus, Bertholdia trigona, Arctiinae

INTRODUCTION

Bats, with the combination of flight and an echolocation system,
became the dominant aerial predators of nocturnal lepidopterans
(Simmons and Stein, 1980; Jones and Holderied, 2007) over
65 million years ago (Conner and Corcoran, 2012). Their
echolocation signals impose strong selective pressures on moths
that have driven the evolution of ultrasound-sensitive ears, able
to detect bat signals and trigger escape maneuvers (Roeder, 1962;
Fullard, 1998; Kawahara et al., 2019). Subsequently, as a second
line of defense against bats, tiger moths (Erebidae: Arctiinae)
evolved sound-producing organs — tymbals — and the ability to
produce broadband clicks in response to bat cries (Blest et al., 1963;
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Dunning and Roeder, 1965). Tymbal sounds are produced by
modified cuticular thoracic plates, controlled by underlying muscles
(Blest et al., 1963; Fullard and Heller, 1990). As the muscles
contract and relax, the tymbal organs buckle inward and outward,
respectively, producing two trains of clicks separated by a silent
period. These sounds vary greatly between species (Fig. 1) in their
frequency characteristics, the number of clicks produced during one
tymbal activation cycle, their duty cycle (percentage of time
occupied by sound in a 100 ms time window) and function (Barber
and Conner, 2006; Corcoran et al., 2010; Dowdy and Conner,
2019), including their use in sexual acoustic communication
(Conner, 1999; Nakano et al., 2013; Fernandez et al., 2020).
Based on previous findings, moth clicks were divided into low duty
cycle signals (<20%) with few clicks per tymbal activation, and
high duty cycle signals (>20%) with many clicks (Corcoran et al.,
2010; Kawahara and Barber, 2015), suggesting that anti-bat moth
sounds function in different ways. This variation in duty cycle is due
to a combination of morphological differences in the tymbal organ
and the rate of activation of this structure (Dowdy and Conner,
2019). Some species, for example, possess tymbals with a high
number of striations, which results in the production of a high
number of clicks per modulation cycle, while others have lost this
striated pattern and produce only a couple of clicks. The effect of
interspecific variation of duty cycle on bats’ foraging success is the
focus herein.

Early observations have suggested that bats can learn to associate
moth clicks with their chemical defenses (Hristov and Conner,
2005a,b; Barber and Conner, 2007) and consequently these sounds
serve an aposematic and/or mimetic function (Dowdy and Conner,
2016; Barber et al., 2022). Tymbal sounds can also jam bat sonar,
protecting moths from predation (Corcoran et al., 2011; Corcoran
and Conner, 2012). The efficacy of the jamming behavior requires
moth clicks to arrive at the bat’s ear within a short time window
(2 ms) just prior to the arrival of the echo (Miller, 1991; Tougaard
et al., 1998). Arctiine signals produced at high duty cycles would
have a higher probability of falling inside the 2 ms critical jamming
window and thus more effectively interfere with bat sonar. Corcoran
etal. (2009) demonstrated the survival advantage of high duty cycle
signals in Bertholdia trigona over silent controls. However, whether
moth duty cycle is correlated with increased capture error remains
unclear.

When performing difficult spatial tasks, such as capturing
tethered insects close to background vegetation, bats can modify
their echolocation strategy by increasing the duration of the buzz
and the production of sonar sound groups (SSG) (Moss et al., 2006).
In general, SSGs could be defined as clusters of two or more
echolocation calls with a relatively constant pulse interval,
surrounded by calls with larger intervals (Moss et al., 2006; Hiryu
et al., 2010; Kothari et al., 2014) (see Fig. S1 for an example
echolocation sequence with SSGs). Similar signal modifications
have been described when bats attempt to resolve the location of
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moving versus stationary prey (Kothari et al., 2014; Hulgard and
Ratcliffe, 2016). These findings suggest that the temporal control
over their echolocation sequence could be necessary to deal with
complex and dynamic situations.

Additionally, bats are constantly exposed to acoustic interference,
which can be considered as a different type of complexity. To
overcome acoustic interference, bats can also display flexibility in
their echolocation strategies, which improves the signal-to-noise
ratio and decreases the ambiguity between their calls and the
jamming signals (Amichai et al., 2015; Jones et al., 2018). Bats not
only change the frequency properties of their calls (similar to the
jamming avoidance response of weakly electric fish; Bullock et al.,
1972) but also emit longer and louder echolocation calls to deal with
jamming in the form of a Lombard response (Ulanovsky et al.,
2004; Amichaietal., 2015; Jones et al., 2018; Pedersen et al., 2022).
These observations have been described under bat-bat jamming
conditions, and we here examine the compensatory behaviors of
bats to moth jamming for the first time.

Two hypotheses drove our research: (1) that there would be a
threshold duty cycle necessary for effective sonar jamming and that
this threshold would allow us to classify moths as sonar jammers
based solely on their duty cycles (Corcoran et al., 2010; Conner and
Corcoran, 2012), and (2) that bats would compensate for sonar
jamming by (a) lengthening their terminal buzz and/or (b) adding
SSGs as observed in response to other complex tasks (Moss et al.,
2006; Hulgard and Ratcliffe, 2016).

We did not find evidence for a duty cycle threshold; rather, the
ability to jam bat sonar appeared to be a continuous function of duty
cycle, rejecting hypothesis 1. Big brown bats (Eptesicus fuscus)
increased the length of their terminal buzz when faced with high
duty cycles, supporting hypothesis 2a, but did not add SSGs,
rejecting hypothesis 2b.

Function Fig. 1. Diversity in tiger moths acoustic
Anti-bat Mating fsignals. Each.row displays inf?rmati.on
rom one species. Left column: species
name, image and maximum duty cycle
‘.\\c,@ & produced in their signals. Center column:
6‘0 S oscillogram of the tymbal sounds. Right
og?) 0&*‘ column: reported function of acoustic
\?9 signals as anti-bat defense and the
presence of acoustic mating. Maximum
duty cycle values were obtained from
Barber and Conner (2006) and Corcoran
_\9@ et al. (2010). The role of sound in both
&6“ Yes behavioral contexts was obtained from
00.,0 Conner (1999), Corcoran et al. (2010),
V'Q Dowdy and Conner (2016) and Fernandez
et al. (2020). Scale bars: 3 mm.
O
@&\Q Yes
50
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MATERIALS AND METHODS
Animals

Playback experiments were performed with three wild-caught adult
male big brown bats, Eptesicus fuscus (Beauvois, 1796). Animals
were captured in Forsyth County, NC, USA, under state collecting
permit 16-SC01070. Bats were housed together in wooden cages, at
Wake Forest University (WFU), in a temperature-controlled room
(~25°C) on a 12 h:12 h light:dark cycle. Individuals were fed
mealworms (7enebrio molitor larvae) and adult female greater wax
moths (Galleria mellonella) nightly. Moths were acquired as larvae
from King’s Wholesale Bait (Liberty, IN, USA) and reared to
adulthood. Live mealworms were obtained from The Nature’s Way
(Greenbay, WI, USA). After a 2 week period, the bats were released
at their site of collection. The WFU Animal Care and Use
Committee approved all procedures described for the behavioral
experiments (A16-127).

Playback experimental setup

Playback experiments took place in an outdoor flight arena
(18%5.5%x3 m LxWxH) on the WFU campus. Galleria mellonella
females were deafened by ablating their tympanic membranes, so
that escape behaviors in response to bat echolocation would not be
enacted. The moths were tethered by the abdomen to a fine
monofilament line (1 m) attached to the ceiling of the flight cage.
Individual bats were trained to remove food items (mealworms and
adult moths) from the tether prior to the initiation of playback
experiments. Bat echolocation cries produced during attacks on the
tethered female wax moths were recorded using an ultrasonic
microphone connected to an Ultrasound Gate 416H (Avisoft
Bioacoustics, Berlin, Germany), operated by a computer running
Avisoft RECORDER USGH, sampling at 250 kHz (Fig. S2). The
microphone was placed 1 m above the moth.
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Acoustic stimuli
Acoustic stimuli were generated in Matlab R2015a (The MathWorks,
Inc., Natick, MA, USA). Each stimulus was derived from a natural
modulation cycle (MC) previously recorded from the jamming tiger
moth, B. trigona (at a 250 kHz sample rate; N.J.D., unpublished) and
altered using a custom-written Matlab script. This script was written
to create modified MCs which varied in duty cycle from 0 to 46%
(calculation assumes a 100 ms window, 0.3 ms click duration and
4 ms silent interval between successive modulation cycles) (Fig. 2).
Other key acoustic characteristics defined in previous work such as
sweep frequency, inter-cycle silent interval, and the active and
passive half-modulation cycle durations were held constant
(Corcoran et al., 2010). Duty cycle values were chosen to cover the
range of ‘low’ (0—15%), ‘medium’ (16-30%) and ‘high’ (above 30%)
duty cycles known to be produced by tiger moths (Barber and
Conner, 2006; Corcoran et al., 2010; Dowdy and Conner, 2019).
For the playback experiments, stimulation files were randomly
presented with an AT 100 ultrasonic speaker (Binary Acoustic
Technology), located 1 m above the tethered moth. Ultrasonic clicks
were broadcast with a root mean square (RMS) level of 80 dB sound
pressure level (SPL), as measured with a “-inch Microtech Gefell
microphone (model MK 301) at 1 m, connected to a conditioning
measuring amplifier (Microtech Gefell MN-921). This amplitude is
similar to those described for B. trigona’s sounds during an anti-bat
response (Corcoran et al., 2010). The directionality of the speaker was
measured during acoustic stimulation as a reference and a decrease of
—20 dB SPL for a 20 deg angle was observed. Acoustic stimulation
was triggered manually as the bat approached the target and the signal
was played back continuously during the attack sequence. The timing
of the stimulus initiation (during the search or approach phase of the
echolocation sequence) was determined post-recording. The stimuli
consisted of 15 categories, including silence as a control condition
and 14 MCs at different duty cycles. Each stimulus category was
presented at least 5 times for all bats combined.

Video recording and behavioral scoring
Each bat-moth interaction was recorded with three calibrated high-
speed, infrared-sensitive cameras (Basler Ace acA-2000-50gmNIR,

Ahrensburg, Germany) (Fig. S2). Video was acquired with
StreamPix6 software (Norpix, Inc., Montreal, QC, Canada) setup
with a 6 s recording buffer, at 80 frames s~! with 1280x720 pixel
resolution. The recording buffer allowed us to record 3 s of activity
before and after the TTL triggering event. Camera recordings
were synchronized to each other and audio recording via a
TTL pulse generated with custom hardware (Innovision Systems,
Columbiaville, MI, USA). A fourth camera equipped with a
telephoto lens was used to get a more detailed view of the interaction
space, allowing us to clearly distinguish between attacks that failed
as a result of abortion of the attack and those that failed because
of miscapture (defined below). The flight arena was illuminated
with three Raytec Raymax 200 platinum infrared illuminators
(Ashington, UK).

Video recordings were reviewed, and the outcome was scored as
(1) successful capture, (2) miscapture or (3) aborted attacks. An
interaction was considered a successful capture when the bat
captured the moth in the tail or wing membrane without releasing it.
Miscaptures were differentiated from aborted attacks by the bat’s
flight behavior. During a miscapture, bats would extend their tail or
wing membranes in anticipation of prey capture without contacting
the moth. In aborted attacks, individuals would fail to enact the prey
capture sequence described above or they would reduce their speed
and/or change direction completely, avoiding contact with the
target. Trials in which bats simply flew directly past targets, without
showing any interest in the tether, were not scored. Although bats
could perform multiple capture attempts, only the first interaction of
every trial was analyzed.

Audio analysis

The playback timing was reviewed in the audio recordings and only
those files in which the acoustic stimulus was triggered prior to the
terminal buzz were included in the analysis. Bat attack phases were
defined based on the inter-pulse interval (IPI) of the echolocation
calls as: search phase (IPI longer than 50 ms); approach phase (IPI
between 49 and 13 ms) and terminal buzz phase (IPI shorter than
13 ms) (Corcoran et al., 2009; Jones et al., 2018). We selected the
first capture attempt of every trial for acoustic analysis. The duration
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of the terminal buzz phase was determined from the beginning of
the first pulse to the end of the last one.

The SSGs were identified during the approach phase of each
echolocation sequence and the number of calls per SSG was
determined. For each interaction, we calculated the average number
of calls produced per SSG and this value was used for further
statistical analysis. Following the criteria of Kothari et al. (2014), we
defined SSGs as clusters of two or more calls with a relatively
constant [PI between them (within 5% error with respect to the mean
IPI of the sound group) that are flanked by longer IPI (at least
1.2 times the mean interval within the call cluster). In this case, only
those audio files in which the acoustic stimulus was triggered at the
end of the echolocation search phase and continued during the
approach phase were used for the analysis. We also classified each
emitted SSG into one of three categories depending on their number
of calls: doublets, triplets and multi-call. Doublets and triplets
contained two and three pulses, respectively, within one strobe. The
multi-call category included those SSGs with four or more calls in
it. The number of SSGs produced per category for every trial, in
response to different acoustic stimulations, was measured.

All audio recordings were analyzed in Avisoft SASLab Pro v5.2.
We used the Automatic Parameter tool to automatically identify the
acoustic signals in the audio recordings. The echoes of individual
calls, the second and third harmonic and the stimuli were manually
removed to facilitate automatic detection.

Statistical analysis

Statistical analyses of observation data were performed in R version
3.5.2 (http:/www.R-project.org/). Means are reported with the
standard deviation of the mean. Where P-values were adjusted, we
opted for the conservative Bonferroni correction method when
performing multiple comparisons. Adjusted P-values greater than
1 are reported as 1. The standard alpha of 0.05 was used. We
interpreted our results within the gradual language of evidence
outlined by Muff et al. (2022).

A generalized linear mixed model (GLMM), using the glmer
function from the /me4 package (http:/www.R-project.org/), was
utilized to create a model to assess the effect of duty cycle and
duration of the terminal buzz phase on the percentage of successful
capture attempts. The response variable (outcome of bat-moth
interactions) was treated as a binary variable (possible outcomes:
successful or failed capture). The independent variables (moth
sound duty cycle and duration of terminal buzz phase) were treated
as continuous variables. The predictor variable (buzz duration) was
logarithmically transformed to improve model accuracy. Bat
identity was also included as a random effect to account for the
lack of independence in using individuals for multiple trials.

To detect whether successful capture rate was affected by the
number of SSGs produced by the bats while foraging and the
number of calls included in each SSG, we used a GLMM similar to
the one described above. The outcome of the interactions was also
used as the response variable, which was treated as a binary
variable; and bat identity was included as a random variable.

Because the normality assumptions were not met, a Kruskal—
Wallis test was performed to analyze the effect of moth signal duty
cycle on the average number of SSGs produced by the bats, as well
as on the number of calls emitted per SSG. Dunn’s test was used for
post hoc analysis in the case of a significant Kruskal-Wallis test. A
linear regression was also generated to determine whether the
acoustic stimulation with different duty cycles had a significant
effect on the average number of doublets, triplets and multi-call
SSGs produced.

RESULTS

We analyzed 247 bat—moth interactions from three individual male
bats over nine alternating nights. To understand the effect of moth
signal duty cycle on bat performance, we presented 14 simulated
moth signals with different duty cycles during bat attacks on
tethered moths and measured the successful capture rate for each
condition. We also examined the acoustic responses of attacking
bats during silent (control) conditions (133/247) and during
playback stimulation with moth signals (114/247). The duration
of the terminal buzz phase in the bat attack sequence was measured
for each duty cycle value for both successful and unsuccessful
captures. Logistic regression was used to predict bat performance
based on moth signal duty cycle and bat buzz duration. We found
very strong evidence for a negative effect of the duty cycle of moth
signals on capture success (f=—0.040, P<0.001; Table 1). The
proportion of successful captures decreased as the moth duty cycle
increased (Fig. 3A). Bats showed the highest rate of successful
captures (77%) for the control condition (0% duty cycle) and the
odds of successful captures declined about 4% for each 1% increase
in duty cycle (Table 1).

Bat performance was also affected by buzz duration. We found
moderate evidence for a positive relationship between the duration
of the terminal buzz phase and successful capture rate ($=0.750,
P=0.013; Table 1). Bats were more likely to be successful capturing
tethered moths when they produced high buzz durations (Fig. 3B).
Bats had the lowest percentage of captures for short buzz durations
(between 50 and 110 ms) and their performance increased by 8% for
each additional 100 ms of buzz duration. There was moderate
evidence for buzz duration differences related to the duty cycle of
the moth’s signals when bats missed their targets (F; 49=5.286,
P=0.026). In these situations, bats produced longer buzzes when
prompted with high duty cycle moth signals (Fig. 4). During
successful capture attempts, however, we observed that bats tended
to produce long buzzes independently of the stimulus condition.

We analyzed 225 audio recordings from bat-moth interactions to
detect the emission of SSGs (see Materials and Methods). In 90% of
the analyzed files (202/225), SSGs were produced during the
approach phase. The number of SSGs per echolocation sequence
varied from 1 to 9 with an average of 2.7+2.0. We also examined bat
foraging performance during attacks on tethered moths based on the
production of SSGs and number of calls per SSG, but no significant
effect was observed (number of SSGs: p=-0.022, Z=—0.269,
P=0.787; number of calls per SSG: =—0.021, Z=—0.173, P=0.862;
AIC=311).

Table 1. Results from the generalized linear mixed model used to
predict the effect of moth signal duty cycle and duration of the terminal
buzz phase on bat performance while attacking tethered moths

Standard

Coefficient Estimate error Variance Z-value P
Intercept -2.863 1.640 2.689 -1.745 0.081
Fixed effects: —0.040 -4.528

Moth duty cycle 0.008 0.000 <0.001***

log Buzz duration 0.750 0.303 0.092 2475 0.013*
Random effect:

Individual ID - 0.372 0.139 - n.s.

AIC=300 BIC=314

Moth signal duty cycle and bat buzz duration were used in the model as fixed
effects. Individual bat identity was included as a random factor. Asterisks
represent the level of significance: *P<0.05, ***P<0.001; n.s., no significant
effect was detected. Akaike’s information criterion (AIC) and the Bayesian
information criterion (BIC) are reported.
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Fig. 3. Effect of moth duty cycle and bat terminal buzz duration on the successful capture rate of Eptesicus fuscus (N=3). (A) Correlation of the
successful capture rate and the duty cycle of B. frigona signals (Pearson’s correlation: r13=—0.58, P=0.023). The percentage of successful captures
decreased as duty cycle increased. (B) Correlation between the percentage of successful captures and the duration of the terminal buzz phase (Pearson’s
correlation: ry3=—0.74, P=0.002). Bats were more successful at capturing targets when buzz duration increased.

There was no evidence that duty cycle of moth signals had an
effect on the mean number of SSGs produced by bats (Kruskal—
Wallis test: 73=26.3; P=0.015; Dunn’s test: P>0.05) (Fig. 5A). The
number of calls per SSG was not affected by moth sound duty cycle
either (Kruskal-Wallis test: ¥33=31.9; P=0.002; Dunn’s test:
P>0.05) (Fig. 5B). The average number of calls emitted per SSG
was 2.4+1.2. For a better understanding of the number of calls
produced per SSG in response to different acoustic simulations, we
measured the total number of doublets, triplets and multi-call SSGs
per trial. From a total of 616 analyzed SSGs, 61% were classified as
doublets, 24% were triplets and 15% were multi-call (see Fig. S1 for
SSG categories). A higher number of doublets was also observed
when we analyzed the SSGs produced by each individual
independently (Table 2). Although the total number of SSGs
produced for each category (doublets, triplets and multi-call ) tended
to decrease when the bats were stimulated with high duty cycle
signals (Fig. 6), we only observed a significant decrease for the
triplets (F1’200=13.57, P<0001)

y=0.012x+4.838
R?=0.1, P=0.026

y=—0.0009x+5.392
R2=0.001, P=0.782
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Fig. 4. Effect of moth duty cycle on the duration of the terminal buzz
phase of E. fuscus (N=3). The duration of this foraging phase (buzz
duration, ms) increased as duty cycle increased for the unsuccessful (red)
capture attempts. The linear relationships are shown with solid lines and the
shaded areas represents the 95% confidence interval. Equations, R?
coefficients and P-values are reported.

DISCUSSION

By broadcasting synthetic signals of B. trigona with different duty
cycles to bats attacking tethered moths, we determined that higher
duty cycle signals were more effective at diminishing foraging
performance. We originally hypothesized that moth signals should
exceed a duty cycle threshold to effectively jam bat sonar. This idea
was supported by previous results showing that tiger moths could be
separated into two clusters based on the duty cycle of their signals
(Corcoran et al., 2010). The first group (tentatively labeled as
moths producing aposematic sounds and their mimics) includes
species producing clicks below 20% duty cycle, while the second
group produces duty cycle signals above 20% and were considered
the cluster of jamming species (see also Kawahara and Barber,
2015). However, our results do not support the existence of a duty
cycle threshold that would, on its own, classify signals as either
aposematic or jamming, rejecting our hypothesis 1. We found a
concomitant decline in the successful capture of moths by bats as
moth signal duty cycle increases.

Behavioral experiments with E. fuscus have demonstrated that
clicks presented within 2 ms before the return of an echo affect the
distance-discrimination ability of these bats (Miller, 1991,
Tougaard et al., 2004). Tougaard and co-workers (1998) also
found evidence of acoustic interference in the bat brain when
arctiine clicks were presented in this time window. According to
those studies, the arrival of a single click at the correct temporal
position relative to the echo would be enough to cause acoustic
interference (Miller, 1991; Tougaard et al., 1998, 2004). Emissions
from Cycnia tenera, a species that falls within the low duty cycle
cluster with a maximum value of 8.5% (Barber and Conner, 2006;
Corcoran et al., 2010), were shown to interfere with bat echolocation
and result in target-range miscalculations by free-flying bats
(Ratcliffe and Fullard, 2005). These findings, in concert with our
current observations, suggest that the classification of species as
sonar jammers solely based on their maximum duty cycles is
subjective. Nonetheless, signals with higher duty cycles are more
likely to arrive within the critical time window. Aposematic clicks
like those produced by C. tenera can serve a jamming function as
Ratcliffe and Fullard (2005) proposed, but their effectiveness will

Table 2. Percentage of sonar sound group types emitted per bat

Bat ID Doublets Triplets Multi-Call
Bat 1 (n=266) 58% 21% 21%

Bat 2 (n=105) 52% 29% 19%

Bat 3 (n=245) 68% 24% 8%
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Fig. 5. Number of sonar sound groups (SSG) and calls per SSG
produced during E. fuscus (N=3) attack sequences on tethered moths.
Violin plots of (A) the number of SSGs and (B) the number of calls per SSG
produced during playback experiments in relation to the moth duty cycle
presented for stimulation. Actual data from each experimental trial are
displayed as points jittered along the midline of their respective box plot. The
gray curve represents the kernel distribution of the data. Box plot upper and
lower hinges represent the 25th and 75th percentiles of their respective
distributions. The 50th percentile (median) is shown as a thicker black line
between the hinges. Tukey-style whiskers extend from each hinge to the
most extreme value within 1.5x the interquartile range (IQR). The number of
replicates for each duty cycle is displayed within parentheses on the x-axis.

likely be weaker than that for species which produce sound at higher
duty cycles. All sound-producing moths are capable of disrupting
sonar to some extent, but some signals (i.e. species) are more
effective than others and this is, at least in part, driven by increasing
duty cycle. Going forward, our results suggest that sonar jamming
should be interpreted within a probabilistic framework rather than as
a binary trait.

Extrapolation of these conclusions should take into consideration
the bat sample size of the current study. Only three individual bats
were included in the playback experiment and their behavioral
response patterns were similar among individuals. Although it is not
unusual in bat studies to have a small sample size, it can be a form of
sampling bias. Future studies involving a larger number of bats as
well as bat species would provide further evidence about the
relationship between moth duty cycle and bat capture performance.
Another factor that might influence our results is the position of the
speaker, 1 m away from the tethered moth. This type of stimulation
setup has previously been used successfully in tests of bat—bat
interspecific jamming behavior (Jones et al., 2018). With this
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Fig. 6. Variability of the type of SSG produced by E. fuscus (N=3) in
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doublets, triplets or multi-call. Each panel shows violin plots of the number of
SSGs produced per category. Raw data are displayed as points jittered
along the midline of their respective box plot. The number of replicates for
each duty cycle is displayed within parentheses on the x-axis.

experimental setup, bats could potentially avoid the effect of the
stimuli by attacking the moth from above, thereby performing
spatial release from masking. This behavior, however, was not
frequently observed in the current study. Bats approached the target
from above in only 5% of the total interactions, and in some cases
they did it during the control trials where no sound was emitted,
suggesting that this maneuver was unrelated to the emission of the
moth sounds. In most of the interactions, the animals opted for a
horizontal approach to their target.

While bat foraging performance was negatively affected by duty
cycle, we also gathered evidence that the duration of the buzz phase
significantly affected the outcome of bat—moth interactions, which
supports hypothesis 2a. Big brown bats do appear to compensate for
sonar jamming by lengthening the duration of their terminal buzz.
When producing longer buzzes, bats were more successful at
capturing moths. These observations are consistent with previous
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studies showing an increase in the duration of the echolocation
pulses as a jamming avoidance response in bat—bat interactions.
Amichai and co-workers (2015) demonstrated that bats shifted their
echolocation signals towards longer durations and higher intensities
when exposed to jamming conditions by conspecific individuals.
This acoustic modification would result in a better signal-to-noise
ratio and it also facilitates target detection (Kalko and Schnitzler,
1993; Amichai et al., 2015). Pulse duration increases have also been
described in E. fuscus as a response to heterospecific jamming
behavior (Jones et al., 2018). Our study focused on the duration of
the entire terminal buzz phase; however, this is directly related to the
duration of each of their pulses, the IPI and the total number of
pulses produced. We also found that unsuccessful bats tended to
increase their buzz duration as they were stimulated with tiger moth
signals of increasing duty cycle (see Fig. 4). This was particularly
apparent for moth duty cycles below 20-25%. Successful bats
capture moth targets by shifting their buzz duration towards higher
values for all duty cycles presented. In some cases, lengthening the
buzz duration may not be totally effective (see overlap of linear
regression lines in Fig. 4) to overcome the jamming effect of moth
sounds.

Changes in buzz duration have been also reported when bats
perform tasks of different complexity. In Myotis daubentoni, total
buzz duration, as well as buzz I and buzz II subphases, were longer
for bats tracking moving airborne prey than for those hunting
stationary prey in the air or in the water (Hulgard and Ratcliffe,
2016). The authors suggest that buzz duration might reflect the
degree of difficulty of a given foraging task. Similar results were
observed in E. fuscus, which uses shorter buzzes to catch still,
tethered prey (Moss et al., 2006). Task complexity could also be
defined in relation to the foraging background and its level of
clutter. Buzz duration during target approach has been observed to
decrease within more cluttered backgrounds (Moss et al., 2006;
Hulgard and Ratcliffe, 2014). Instead, bats resolve this complex task
by increasing the production of SSGs during the approach phase
(Moss et al., 2006; Kothari et al., 2014). The use of SSGs gives the
bat more rapidly updated information under conditions where this is
needed. By modulating their IPI, bats create a depth of field (Petrites
et al., 2009). The pulses produced within the strobe at short IPIs
bring information from objects close to the bat, while the long IPIs
flanking the SSG are used to test farther surroundings and plan their
future course (Petrites et al., 2009).

Surprisingly, we found that the number of SSGs did not increase
while attempting what could be construed as a complex task (i.e.
attacking tethered moths when stimulated with high duty cycle
playback). However, a similar trend was seen when bats were flying
inside corridors of varying width (Wheeler et al., 2016; Accomando
et al., 2018). The complexity of the task was set by adjusting the
corridor width and the number of obstacles the bats had to
maneuver. The proportion of SSGs produced with two pulses
(doublets) decreased as the corridor width became narrower
(Wheeler et al., 2016; Accomando et al., 2018). Because most of
the SSGs produced were doublets, this can be interpreted as a
decrease in the total percentage of strobes used by the bats as task
complexity increased. In our scenario, the bats were tasked with
processing their own echoes in addition to the train of simulated
moth clicks, increasing the complexity of foraging. Perhaps
decreasing the number of SSGs could be a strategy to decrease
the amount of acoustic stimulation perceived by the bat. This
suggests that different types of task complexity (clutter versus
target-produced jamming signals) may require different solutions on
the part of the echolocating bat.

Acknowledgements

The authors would like to thank Dr Te K. Jones for her superb assistance in data
collection. We also thank undergraduate student researchers Stephanie Pham,
Grace Pazienza and Juli de Marco for their assistance in video digitization.
Thanks to Joseph Scheer for providing the specimen images used in Fig. 1 and
Dalia Diaz Sistachs for her valuable comments on data analysis. We also would like
to thank the three anonymous reviewers. Their insightful comments have helped us
greatly improve the manuscript.

Competing interests
The authors declare no competing or financial interests.

Author contributions

Conceptualization: Y.F., N.J.D., W.E.C.; Methodology: Y.F., N.J.D.; Formal analysis:
Y.F.; Data curation: Y.F.; Writing - original draft: Y.F.; Writing - review & editing:
N.J.D., W.E.C,; Visualization: Y.F.; Supervision: W.E.C.; Funding acquisition:
W.E.C.

Funding

This work was supported by the National Science Foundation [IOS 0951160 to
W.E.C.; DBI-1811897 to N.J.D.], and by Wake Forest University. The funders had no
role in study design, data collection and analysis, decision to publish, or preparation
of the manuscript. Deposited in PMC for immediate release.

References

Accomando, A. W., Vargas-Irwin, C. E. and Simmons, J. A. (2018). Spike train
similarity space (SSIMS) method detects effects of obstacle proximity and
experience on temporal patterning of bat biosonar. Front. Behav. Neurosci. 12, 13.
doi:10.3389/fnbeh.2018.00013

Amichai, E., Blumrosen, G. and Yovel, Y. (2015). Calling louder and longer: how
bats use biosonar under severe acoustic interference from other bats.
Proc. R. Soc. B Biol. Sci. 282, 20152064. doi:10.1098/rspb.2015.2064

Barber, J. R. and Conner, W. E. (2006). Tiger moth responses to a simulated bat
attack: timing and duty cycle. J. Exp. Biol. 209, 2637-2650. doi:10.1242/jeb.02295

Barber, J. R. and Conner, W. E. (2007). Acoustic mimicry in a predator—prey
interaction. Proc. Natl. Acad. Sci. USA 104, 9331-9334. doi:10.1073/pnas.
0703627104

Barber, J. R., Plotkin, D., Rubin, J. J., Homziak, N. T., Leavell, B. C., Houlihan, P.,
Miner, K. A., Breinholt, J. W., Quirk-Royal, B., Padron, R. S. et al. (2022). Anti-
bat ultrasound production in moths is globally and phylogenetically widespread.
Proc. Natl. Acad. Sci. USA 119, e2117485119. doi:10.1073/pnas.2117485119

Blest, A. D., Collett, T. S., Pye, J. D. (1963). The generation of ultrasonic signals by
a new world arctiid moth. Proc. R. Soc. B Biol. Sci. 158, 196-207.

Bullock, T. H., Hamstra, R. H. and Scheich, H. (1972). The jamming avoidance
response of high frequency electric fish: I. General features. J. Comp. Physiol. 77,
1-22. doi:10.1007/BF00696517

Conner, W. E. (1999). Un Chant D’appel Amoureux’: acoustic communication in
moths. J. Exp. Biol. 202, 1711-1723. doi:10.1242/jeb.202.13.1711

Conner, W. E. and Corcoran, A. J. (2012). Sound strategies: the 65-million-year-
old battle between bats and insects. Ann. Rev. Entomol. 57, 21-39. doi:10.1146/
annurev-ento-121510-133537

Corcoran, A. J. and Conner, W. E. (2012). Sonar jamming in the field: effectiveness
and behavior of a unique prey defense. J. Exp. Biol. 215, 4278-4287. doi:10.1242/
jeb.076943

Corcoran, A. J., Barber, J. R. and Conner, W. E. (2009). Tiger moth jams bat
sonar. Science 325, 325-327. doi:10.1126/science.1174096

Corcoran, A. J., Conner, W. E. and Barber, J. R. (2010). Anti-bat tiger moth
sounds: form and function. Curr. Zool. 56, 358-369. doi:10.1093/czool0/56.3.358

Corcoran, A. J., Barber, J. R., Hristov, N. I. and Conner, W. E. (2011). How do
tiger moths jam bat sonar? J. Exp. Biol. 214, 2416-2425. doi:10.1242/jeb.054783

Dowdy, N. J. and Conner, W. E. (2016). Acoustic aposematism and evasive action
in select chemically defended arctiine (Lepidoptera: Erebidae) species:
nonchalant or not? PLoS One 11, €0152981. doi:10.1371/journal.pone.0152981

Dowdy, N. J. and Conner, W. E. (2019). Characteristics of tiger moth (Erebidae:
Arctiinae) anti-bat sounds can be predicted from tymbal morphology. Front. Zool.
16, 45. doi:10.1186/s12983-019-0345-6

Dunning, D. C. and Roeder, K. D. (1965). Moth sounds and the insect-catching
behavior of bats. Science 147, 173-174. doi:10.1126/science.147.3654.173

Fernandez, Y., Dowdy, N. J. and Conner, W. E. (2020). Extreme duty cycles in the
acoustic signals of tiger moths: sexual and natural selection operating in parallel.
Integr. Org. Biol. 2, obaa046. doi:10.1093/iob/obaa046

Fullard, J. H. (1998). The sensory coevolution of moths and bats. In Comparative
Hearing: Insects (ed. R. R. Hoy, A. N. Popper and R. R. Fay), pp. 279-326.
New York: Springer. doi:10.1007/978-1-4612-0585-2_8

Fullard, J. H. and Heller, B. (1990). Functional organization of the arctiid moth
tymbal (Insecta, Lepidoptera). J. Morphol. 204, 57-65. doi:10.1002/jmor.
1052040107

)
(@)}
9
je
o
©
-+
c
()
£
—
()
o
x
NN
Y
(©)
‘©
c
—
>
(®)
-_



RESEARCH ARTICLE

Journal of Experimental Biology (2022) 225, jeb244187. doi:10.1242/jeb.244187

Hiryu, S., Bates, M. E., Simmons, J. A. and Riquimaroux, H. (2010). FM
echolocating bats shift frequencies to avoid broadcast echo ambiguity in clutter.
Proc. Natl. Acad. Sci. USA 107, 7048-7053. doi:10.1073/pnas.1000429107

Hristov, N. I. and Conner, W. E. (2005a). Effectiveness of tiger moth (Lepidoptera,
Arctiidae) chemical defenses against an insectivorous bat (Eptesicus Fuscus).
Chemoecology 15, 105-113. doi:10.1007/s00049-005-0301-0

Hristov, N. I. and Conner, W. E. (2005b). Sound strategy: acoustic aposematism in
the bat—tiger moth arms race. Naturwissenschaften 92, 164-169. doi:10.1007/
s00114-005-0611-7

Hulgard, K. and Ratcliffe, J. M. (2014). Niche-specific cognitive strategies: object
memory interferes with spatial memory in the predatory bat, Myotis nattereri.
J. Exp. Biol. 217, 3293-3300. doi:10.1242/jeb.103549

Hulgard, K. and Ratcliffe, J. M. (2016). Sonar sound groups and increased terminal
buzz duration reflect task complexity in hunting bats. Sci. Rep. 6, 21500. doi:10.
1038/srep21500

Jones, G. and Holderied, M. W. (2007). Bat echolocation calls: adaptation and
convergent evolution. Proc. R. Soc. B Biol. Sci. 274, 905-912. doi:10.1098/rspb.
2006.0200

Jones, T. K., Wohlgemuth, M. J. and Conner, W. E. (2018). Active acoustic
interference elicits echolocation changes in heterospecific bats. J. Exp. Biol. 221,
jeb176511. doi:10.1242/jeb.176511

Kalko, E. V. and Schnitzler, H. U. (1993). Plasticity in echolocation signals of
European pipistrelle bats in search flight: implications for habitat use and prey
detection. Behav. Ecol. Sociobiol. 33, 415-428. doi:10.1007/BF00170257

Kawahara, A. Y. and Barber, J. R. (2015). Tempo and mode of antibat ultrasound
production and sonar jamming in the diverse hawkmoth radiation. Proc. Natl.
Acad. Sci. USA 112, 6407-6412. doi:10.1073/pnas.1416679112

Kawahara, A. Y., Plotkin, D., Espeland, M., Meusemann, K., Toussaint, E. F. A.,
Donath, A., Gimnich, F., Frandsen, P. B., Zwick, A., dos Reis, M. et al. (2019).
Phylogenomics reveals the evolutionary timing and pattern of butterflies and
moths. Proc. Natl. Acad. Sci. USA 116, 22657-22663. doi:10.1073/pnas.
1907847116

Kothari, N. B., Wohlgemuth, M. J., Hulgard, K., Surlykke, A. and Moss, C. F.
(2014). Timing matters: sonar call groups facilitate target localization in bats.
Front. Physiol. 5, 168. doi:10.3389/fphys.2014.00168

Miller, L. A. (1991). Arctiid moth clicks can degrade the accuracy of range difference
discrimination in echolocating big brown bats, Eptesicus Fuscus. J. Comp.
Physiol. A 168, 571-579. doi:10.1007/BF00215079

Moss, C. F., Bohn, K., Gilkenson, H. and Surlykke, A. (2006). Active listening for
spatial orientation in a complex auditory scene. PLoS Biol. 4, e79. doi:10.1371/
journal.pbio.0040079

Muff, S., Nilsen, E. B., O’Hara, R. B. and Nater, C. R. (2022). Rewriting results
sections in the language of evidence. Trends Ecol. Evol. 37, 203-210. doi:10.
1016/j.tree.2021.10.009

Nakano, R., Takanashi, T., Surlykke, A., Skals, N. and Ishikawa, Y. (2013).
Evolution of deceptive and true courtship songs in moths. Sci. Rep. 3, 2003.
doi:10.1038/srep02003

Pedersen, M. B., Uebel, A., Beedholm, K., Uebel, A. S., Macaulay, J., Stidsholt, L.,
Brinklgv, S. and Madsen, P. T. (2022). Echolocating Daubenton’s bats call
louder, but show no spectral jamming avoidance in response to bands of masking
noise during a landing task. J. Exp. Biol. 225, jeb243917. doi:10.1242/jeb.243917

Petrites, A. E., Eng, O. S., Mowlds, D. S., Simmons, J. A. and DelLong, C. M.
(2009). Interpulse interval modulation by echolocating big brown bats (Eptesicus
fuscus) in different densities of obstacle clutter. J. Comp. Physiol. A 195, 603-617.
doi:10.1007/s00359-009-0435-6

Ratcliffe, J. M. and Fullard, J. H. (2005). The adaptive function of tiger moth clicks
against echolocating bats: an experimental and synthetic approach. J. Exp. Biol.
208, 4689-4698. doi:10.1242/jeb.01927

Roeder, K. D. (1962). The behaviour of free flying moths in the presence of artificial
ultrasonic pulses. Anim. Behav. 10, 300-304. doi:10.1016/0003-3472(62)90053-2

Simmons, J. A. and Stein, R. A. (1980). Acoustic imaging in bat sonar:
echolocation signals and the evolution of echolocation. J. Comp. Physiol. A
135, 61-84. doi:10.1007/BF00660182

Tougaard, J., Casseday, J. H. and Covey, E. (1998). Arctiid moths and bat
echolocation: broad-band clicks interfere with neural responses to auditory stimuli
in the nuclei of the lateral lemniscus of the big brown bat. J. Comp. Physiol. A 182,
203-215. doi:10.1007/s003590050171

Tougaard, J., Miller, L. A. and Simmons, J. A. (2004). The role of arctiid moth
clicks in defense against echolocating bats: interference with temporal
processing. In Echolocation in Bats and Dolphins (ed. J. A. Thomas, C. F. Moss
and M. Vater), pp. 365-371. Chicago: University of Chicago Press.

Ulanovsky, N., Fenton, M. B., Tsoar, A. and Korine, C. (2004). Dynamics of
jamming avoidance in echolocating bats. Proc. R. Soc. B Biol. Sci. 271,
1467-1475. doi:10.1098/rspb.2004.2750

Wheeler, A. R., Fulton, K. A., Gaudette, J. E., Simmons, R. A., Matsuo, |. and
Simmons, J. A. (2016). Echolocating big brown bats, Eptesicus fuscus, modulate
pulse intervals to overcome range ambiguity in cluttered surroundings. Front.
Behav. Neurosci. 10, 125. doi:10.3389/fnbeh.2016.00125

>
(@)}
i
je
o
©
o+
c
(]
£
=
()
o
x
NN
Y—
(©)
©
c
S
>
(®)
—_



