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Many aposematic animals are well-known to exhibit generally sluggish movements.
However, less is known about their escape responses when under direct threat
of predation. In this study, we characterize the anti-bat escape responses of 5
species of tiger moth (Erebidae: Arctiinae), a subfamily of Lepidoptera which possess
ultrasound-sensitive ears. These ears act as an early-warning system which can detect
the ultrasonic cries of nearby echolocating bats, allowing the moths to enact evasive
flight behaviors in an effort to escape predation. We examine the role that unpalatability
plays in predicting the likelihood that individuals of a given species will enact escape
behaviors in response to predation. We hypothesized that more unpalatable species
would be less likely to exhibit escape maneuvers (i.e., more nonchalant) than their less
unpalatable counterparts. Our results demonstrate significant interspecific variation in
the degree to which tiger moths utilize evasive flight behaviors to escape bat predators
as well as in their degree of unpalatability. We provide evidence for the existence of a
nonchalance continuum of anti-bat evasive flight response among tiger moths and show
that species are arrayed along this continuum based on their relative unpalatability to
bat predators. Relatively unpalatable prey more often exhibit nonchalant flight behaviors
whereas palatable prey more often employ evasive dives. Our findings demonstrate
that the degree to which certain animals are protected by potent chemical defenses
can influence the likelihood that they will exhibit evasive escape behaviors. Further, we
argue that the bat-moth predator-prey system is an ideal model for future studies of
escape behaviors of prey which overcomes some of the limitations inherent to current
model systems.

Keywords: nonchalance, escape behavior, anti-predator defense, palatability, Lepidoptera

INTRODUCTION

Aposematic animals have long been recognized to exhibit sluggish movements. Bates was the first to
observe this, describing several strikingly colored butterflies as possessing “weak, slow flight” (Bates,
1862; Poulton, 1890). Wallace later wrote of the chemically defended, black-and-white striped
skunk, “Its consciousness that it needs only to be seen to be avoided gives it that slowness of motion
and fearlessness of aspect which are characteristic of most creatures so protected.” (Wallace, 1889).
The phenomenon of sluggishness was later incorporated into the “chemical defense syndrome”
(CDS), a general suite of characteristics commonly exhibited by chemically protected animals
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(Whitman et al, 1985). There are several hypotheses which
seek to explain why aposematic animals exhibit these sluggish
behaviors. One such hypothesis is that these slow movements
evolved because they avoid triggering the attack responses
of motion-oriented, ambush predators like frogs and praying
mantids (Hatle and Faragher, 1998; Hatle et al, 2002).
Another possibility is that these conspicuous, slow movements
are themselves aposematic, acting as an additional signal of
unprofitability to would-be predators. Expanding on Bates
early observations, a comparative study of butterfly species has
quantitatively shown that distasteful species fly relatively more
slowly than palatable species, indicating that sluggish flight can
honestly signal prey defenses (i.e., “locomotor mimicry”; Chai
and Srygley, 1990; Srygley, 1994, 2004). Another non-mutually
exclusive hypothesis posits that these slow movements may make
visual aposematic signals more apparent to predators, increasing
the effectiveness of such signals (i.e., “raised exposure”; Speed
etal., 2010).

We reserve “sluggishness” as a description of general
locomotory movements, with “more sluggish” behavior
indicating slower, seemingly careless movements, as it has
traditionally been defined (Hatle and Faragher, 1998; Hatle and
Whitman, 2001). However, animals can alter their movements
in different contexts. When animals are actively pursued by
predators they will often exhibit escape maneuvers. We define
a seemingly careless demeanor in response to an immediate
threat as “nonchalant.” “More nonchalant” indicates slower, less
complex, delayed, and/or more rarely enacted escape responses
in response to a potential predatory threat (Dowdy and Conner,
2016). Because of inherent costs of fleeing, prey are expected
to balance perceived predation risk with the costs of fleeing
such that they initiate escape at a distance which maximizes
their fitness at the end of an encounter with a predator (ie.,
“Optimal Escape Model”; Ydenberg and Dill, 1986; Cooper and
Frederick, 2007). Flight initiation distance (FID) is known to vary
depending on a variety of factors (e.g., body condition, distance
to refugia) which likely influence prey assessment of predation
risk and/or the costs associated with escape (Stankowich and
Blumstein, 2005; Samia et al., 2016; Cooper, 2018). Chemical
defenses may be one such factor influencing FID, however
the escape responses of chemically defended prey have not
been well-studied, and it is not clear whether sluggish animals
should be expected to remain so when directly threatened. To
our knowledge, the escape responses of aposematic animals in
response to the threat of predation have only been investigated
among dendrobatid frogs. Generally, these studies have found
that aposematic frogs retain escape responses but delay fleeing
relative to cryptic species, though variation in FID exists
between aposematic species and based on the context of the
encounter (Cooper et al, 2009a,b; Ozel and Stynoski, 2011;
Dugas et al., 2015; Blanchette et al, 2017). Unfortunately,
due to methodological limitations, the results of these studies
confound escape decisions based on predation avoidance with
trample avoidance (i.e., avoidance of being crushed), limiting the
usefulness of their conclusions.

The bat-moth predator-prey system is an ideal system in
which to study the escape behaviors of aposematic prey. Many

moth species are equipped with ultrasound-sensitive ears which
they use to detect bat predators. The ability of insects to detect
the ultrasonic cries of bats led to their development of avoidance
behaviors such as negative phonotaxis, spiraling erratic flight,
and powered dives (Roeder, 1962). These maneuvers have been
shown to be an effective means of dodging bat attacks (Acharya
and Fenton, 1999; Triblehorn et al., 2008). Additionally, some
moths possess secondary defenses which may alter their risk
of predation. Many tiger moths (Erebidae: Arctiinae) sequester
defensive toxins from their host plants and produce ultrasound in
response to bat echolocation, advertising their unpalatability (i.e.,
“acoustic aposematism”; Acharya and Fenton, 1992; Dunning
etal.,, 1992; Hristov and Conner, 2005; Barber et al., 2009; Dowdy
and Conner, 2016). Unpalatability varies between species and
may relate to the concentration and type of chemical compounds
they have sequestered.

Interestingly, some tiger moths have been noted to lack any
significant evasive flight response to bat attacks, even though they
possess and utilize ultrasonic hearing (Goldman and Henson,
1977; Acharya and Fenton, 1992; Dunning et al., 1992; Dowdy
and Conner, 2016). Field experiments with certain species
of tiger moths have uncovered variation in escape behaviors
in response to bat attacks (Dowdy and Conner, 2016). Two
sympatric tiger moth species, Pygarctia roseicapitis and Cisthene
martini, differed in both the likelihood of enacting evasive dives
as well as in their unpalatability. The more unpalatable C.
martini was significantly more nonchalant, rarely performing
diving escape maneuvers. In contrast, the less unpalatable P.
roseicapitis was less nonchalant, diving much more frequently
when attacked by bats, indicating that a nonchalance continuum
among aposematic species may exist.

In this study we examine the role that unpalatability plays in
predicting the likelihood that individuals of a given species will
enact escape behaviors in response to the threat of predation.
Chemical defenses have not yet been recognized as a key
factor affecting escape behaviors (Stankowich and Blumstein,
2005; Samia et al., 2016; Cooper, 2018). We hypothesized that
more unpalatable tiger moth species would be less likely to
exhibit escape maneuvers (i.e., more nonchalant) than their less
unpalatable counterparts. This is the first study to comparatively
examine the escape behaviors of aposematic insects in a
natural context, compare the likelihood of escape between both
aposematic and mimetic species, and construct a predictive
model of escape behavior.

MATERIALS AND METHODS

Ethics Statement

Most of the data presented here involves free-flying bats in their
natural habitats, apart from some additional palatability data for
P. rosecapitis and C. martini. Bats included in palatability tests
were captured and released under USFWS permit TE01690A-
0. The methods of this study were approved by the Wake
Forest University Institutional Animal Care and Use Committee
(protocol #A12-048). This work was performed with permission
on private property.
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Field Site

Field experiments were conducted at the Southwestern Research
Station (SWRS) operated by the American Museum of Natural
History. SWRS is located in Cochise County approximately 7 km
southwest of Portal, Arizona, United States. The GPS coordinates
of the field site are: 31°53°00.30” N 109°12’27.20” W; elevation:
1,650 m. This site was chosen for its high diversity of both bats
and moths. The field trials were performed between July 18th and
August 10th during 2011, 2012, and 2013.

Moth Collection and Manipulation

Moths were collected on station grounds from sheets illuminated
with 15 Watt ultraviolet “quantum” lights (Leptraps.com;
F15T8QBL). Moths identified as either Carales arizonensis,
C. martini, Pygarctia murina, or P. roseicapitis were stored
individually for up to 24 h in 30 mL plastic containers at ambient
temperatures. Moths were randomly placed into one of three
treatment groups: Tymbals Intact (T+), Tymbals Removed (T-),
and Sham Control (S). Individuals from all three treatment
groups were chilled for 5min in an ice bath prior to surgery.
Individuals assigned to the T+ group were removed from
the ice bath and no further manipulations were performed.
Individuals assigned to the T- group had their tymbal organs
ablated with curved forceps by removing the cuticular surface of
the organ. This ablation does not cause any discernable injury
or loss of haemolymph. Impairment of sound production was
verified by manipulating the individual while monitoring with
an ultrasonic detector (Pettersson Model D-100). Individuals in
the S group had their tymbals left intact, however scales near the
tymbal organs were removed using curved forceps to simulate
experimental manipulation.

Outdoor Flight Arena

Two ultraviolet lights were placed ~5m off the ground and
set 4m apart in the center of a large, open field (~600 m?).
These lights increased the general insect abundance within the
flight arena, luring in free-flying bats which then began to forage
reliably at this location. Moths included in this study were
released at this site, one at a time, starting after sunset (21:00)
for 6 h (03:00) or until we ran out of moths to run in trials. Most
releases involved the moths taking off shortly after being released
from their containers. In a few cases we released the moths by
tossing them up in the air. In these cases, we did not collect
data for 5-10s or until it was clear the moth was flying under
its own power and would be able to react normally to any bat
attacks. Bat-moth interactions were recorded using high-speed,
infrared cameras and ultrasound-sensitive microphones. Using
these tools, we were able to document the evasive and acoustic
responses of moths in response to natural interactions with their
bat predators. To reduce the effects of pseudo-replication, we
used only the first interaction for each individual moth included
in our study. The number of individual bats within the calibrated
space at any given time varied from one to six. This resulted
in some unavoidable pseudo-replication across individual bats
which could not be accounted for. However, this study was
conducted over a period of 3 years, increasing the likelihood that
unique bats were included.

Audio Recording and Analysis

Audio of the bat-moth interactions was recorded using
three Avisoft Bioacoustics CM16/CMPA ultrasonic microphones
(Berlin, Germany) with an Avisoft Ultrasound Gate 416H
recording interface. Two microphones were placed ~1.5m high
and 4 m apart, near the edges of the recording volume, pointed
up toward the interaction space. A third microphone was placed
on the end of a pole which was held close (between 1 and 3 m) to
the moth’s location.

Video Recording

In 2011-2012, three Basler AG Scout infrared cameras (Model
scA640-120gc; Ahrensburg, Germany) were used to record bat-
moth interactions at 60 frames*sec-1 with 640 x 480 resolution.
In 2013, three Basler Ace acA-2000-50 gm infrared cameras
capable of recording up to 80 frames*sec-1 with 1,024 x 720
resolution were substituted. The cameras were synchronized
with the audio recordings using custom hardware (Innovision
Systems, Columbiaville, MI, USA). Video was acquired with
MaxTraq2D software (Innovision Systems) and two Intel
PRO/1000 PT Dual Server Adapters (Intel, Model: EXPI9402PT)
installed in a PC running Windows 7. Six Wildlife Engineering
IR-Lamp6 lights (Tucson, AZ, USA), two Bosch UFLED20-
8BD illuminators (Farmington Hills, MI, USA) and two Raytec
Raymax 200 platinum illuminators (Ashington, UK) provided
infrared illumination in the flight arena.

Evasive Flight Behavior

We recorded interactions of moths with free-flying bats to
determine how frequently they utilized evasive flight maneuvers.
We included data from 345 bat-moth interactions across
5 species of tiger moth, P. murina, Bertholdia trigona,
P. roseicapitis, C. arizonensis, and C. martini. Field trials
included moths from experimental groups which could normally
produce sound (i.e., T+, S) as well as individuals which
had their sound-producing structures removed via ablation
(i.e., T-). We included data about evasive flight responses
from both clicking and silenced moths in this study. We
manually classified each interaction and scored them as
either “Turn Away,” “Dives” or “No Evasion” as defined
in classic studies of moth evasive flight (Roeder, 1962).
However, we restricted our analysis to include only moths
exhibiting “Dives” (renamed “Evasion”) or “No Evasion,” as
we observed “Turn Away” flight in fewer than 10% of
interactions. Examples of these behaviors can be seen in
Supplemental Videos 1-3 as well as Figures 6A,B from Dowdy
and Conner (2016).

Unpalatability

All moths species included in this study were previously known
to produce ultrasound in response to bat echolocation (Corcoran
et al,, 2010; Dowdy, unpublished). Because of this, all of the
palatability data reported in this study was measured from
moths which were experimentally silenced (i.e., T-) to avoid
confounding palatability with potentially deterrent effects of
moth clicks. This data was derived from 118 interactions with
wild, free-flying bats, which are also represented in the evasive
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flight behavior dataset. When captured by bats, moths were
either dropped immediately (“Capture, Drop”—unpalatable) or
not at all (“Consume”—palatable). In addition, we included
data from 14 hand-feedings of silenced P. roseicapitis and 10
hand-feedings of silenced C. martini to captive big brown
bats (Eptesicus fuscus). These 24 moths were presented to
captive bats in a random order, interspersed with palatable
moth species from the family Noctuidae. When moths were
presented to these bats they were either rejected (unpalatable)
or consumed (palatable) within 5-30s of their first presentation.
Trials continued until bats showed signs of satiation, which was
defined as two sequential and complete rejections of control
moths. Trials began again after 1-2h until all tiger moths had
been tested.

Bertholdia Trigona Data

Data for B. trigona (79 of our total 349 interactions) come
from a previous study using the same experimental methods
and location as those used in this study (Corcoran and Conner,
2012). Palatability and evasive diving flight data for B. trigona
come from Figures 2B, 4A in Corcoran and Conner (2012),
respectively. We included only data about diving evasive behavior
from this study. Palatability data was taken only for silenced
moths and was measured as the number of captured individuals
that were not consumed.

Pygarctia roseicapitis and Cisthene martini
Data

Data for P. roseicapitis and C. martini (87 of our total 349
interactions) come from a previous publication using the same
experimental methods and location as those used in this study
(Dowdy and Conner, 2016). Palatability and evasive diving flight
data for these species come from Figures 2, 7 in Dowdy and
Conner (2016), respectively, excluding some additional, new
palatability data for these species which is presented here for the
first time.

Statistics

Statistical analyses were performed in R version 3.3.2 (R Core
Team, 2016) utilizing the dplyr package to prepare the data
(Wickham et al., 2019). We implemented the glm function of the
base R stats package to create a generalized linear model (GLM)
with a binomial variance function and logit link function. This
approach was used to compare the proportion of nonchalant
flight behavior between species as well as the proportion of
unpalatability between species. Using the relevel function within
the base R stats package, we constructed a set of level contrasts
for the species factor and applied them to our model in order
to more easily compare the model results among all species.
For each species, 95% confidence intervals for the binomial
probabilities of nonchalance and unpalatability were constructed

100

75

Nonchalant Flight Behavior (%)

B.C

C,D D

100

Unpalatability (%)

83%
70% Nonchalant
FALSE
57%
50 ° H Rue
44%
25
Pygarctia murina Bertholdia trigona  Pygarctia roseicapitis Carales arizonensis Cisthene martini
94% 92%
75
70% Unpalatable
FALSE
50 B TRUE
o
25 33%

Pygarcli'a murina Bertholdia trigona

Pygarctia roseicapitis Carales arizonensis

Species

FIGURE 1 | Interspecific variation in nonchalant flight behavior and unpalatability. Sample sizes for each species and the percentage exhibiting either nonchalant flight
or unpalatability are given within each bar. Significantly different groups within each plot are indicated by different letters (see Tables 1, 2 for more info).

Cisthene martini
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using the binconf function of the Hmisc package (Harrell, 2019)
using the Wilson interval method. We used these proportions
as a property of each species and examined how unpalatability
predicted nonchalant flight using linear regression. Because we
were interested in predicting the frequency of nonchalant evasive
responses exhibited by species given their unpalatability, we
constructed 95% prediction intervals for nonchalant flight using
the predict function in the base R stats package. LaTeX tables
were prepared using the texreg package (Leifeld, 2013). Plots
were generated using ggplot2 (Wickham, 2016) with additional
functions from the scales (Wickham, 2018) and gridExtra
packages (Auguie, 2017). All R scripts are available via online
repository (see Data Availability Statement).

RESULTS

We found significant intraspecific variation in nonchalance and
unpalatability (Figure 1). Statistical significance, level contrasts,
and relative coefficients are given in Tables1, 2. P. murina
was significantly less nonchalant than all other species in our
analysis. The prevalence of nonchalance between B. trigona and
P. roseicapitis was not significantly different, though B. trigona
was significantly less nonchalant as compared to C. arizonensis
and C. martini. P. roseicapitis and C. arizonensis were not
significantly different, however P. roseicapitis was significantly
less nonchalant than C. martini. Finally, C. arizonenesis and C.
martini were not significantly different.

Compared to all other species in our analysis, P. murina and B.
trigona were significantly less unpalatable, whereas C. arizonensis
and C. martini were significantly more unpalatable than all other
species in our analysis. P. roseicapitis was significantly different
from both of these groups, exhibiting an intermediate level
of unpalatability.

Modeling nonchalance from unpalatability yielded a
significantly strong, positive relationship (p < 0.05, Adj. R: 0.87;
Table 3). However, because we could only sample 5 species, our
95% prediction intervals are large, limiting our current ability to
confidently estimate nonchalance from unpalatability (Figure 2).
A summary of the estimated nonchalance and unpalatability for
each species, along with their 95% confidence intervals, can be
found in Table 4.

DISCUSSION

Our results demonstrate that, at least among tiger moths,
significant interspecific variation in the likelihood of enacting
evasive maneuvers in response to bat echolocation exists.
This phenomenon forms a nonchalance continuum, with
some species enacting escape maneuvers often, some rarely,
and others lying somewhere between. In addition, we found
significant interspecific differences in palatability among tiger
moths. Variation in palatability has been noted in other
insects, driven mainly by the host plants which they have

TABLE 1 | Generalized linear model of nonchalant flight behavior.

TABLE 2 | Generalized linear model of unpalatability.

Relative Contrast Contrast Contrast Contrast Contrast Relative Contrast Contrast Contrast Contrast Contrast
nonchalance 1 2 3 4 5 unpalatability 1 2 3 4 5
(Intercept) 1.23"* 0.23 —0.28 —0.82"* —1.67* (Intercept) 1.32* 0.69 -0.82 =277 =248
Pygarctia murina 1.00** 1.50** 2.05" 2.80™* Pygarctia murina 0.63 2.14* 4,09 3.81
(0.33) (0.36) (0.34) (0.55) (0.70) (0.67) (0.92) (0.93)

(0.24) 0.23) 0.27) (0.24) (0.49) (0.56) (0.41) (0.36) 0.73) (0.74)
Bertholdia trigona —1.00* 0.51 1.05** 1.80* Bertholdia trigona —0.63 0.51* 3.47 3.18"*

(0.33) (0.35) (0.33) (0.54) (0.70) (0.55) (0.84) (0.84)
Pygarctia —1.50"*  —0.51 0.55 1.20% Pygarctia —2.14* 151 1.95 1.66
roseicapitis (0.36) (0.35) (0.36) (0.56) roseicapitis (0.67) (0.55) (0.81) (0.82)
Carales —2.05"* —1.05" —0.55 0.74 Carales —4.09*  —B3.47 —1.95* —0.29
arizonensis (0.34) (0.33) (0.36) (0.55) arizonensis (0.92) (0.84) (.81) (1.04)
Cisthene martini —2.80™*  —1.80"* —1.29* -0.74 Cisthene martini —-3.81* 3,18 —1.66* —0.29

(0.55) (0.54) (0.56) (0.55) (0.93) (0.84) (0.82) (1.04)
AIC 429.17 429.17 429.17 429.17 429.17 AIC 137.56 137.56 137.56 137.56 137.56
BIC 448.38 448.38 448.38 448.38 448.38 BIC 162.34 162.34 162.34 162.34 162.34
Log likelihood —209.68 —-209.68 —209.58 —209.58 —209.58 Log Likelihood —63.78 —63.78 —63.78 —63.78 —63.78
Deviance 41917 41917 41917 41917 41917 Deviance 127.56 127.56 127.56 127.56 127.56
Num. obs. 345 345 345 345 345 Num. obs. 142 142 142 142 142

**p < 0.001, *p < 0.01, *p < 0.05.

The coefficient estimates listed for each species give the relative log-odds difference
between a given species and the unlisted species, with p-values for pairwise comparisons
given as "’s. Higher-valued negative relative log-odds indicate greater likelihood of
employing nonchalant flight relative to the unlisted species. Higher-valued positive relative
log-odds indicate lower likelihood of employing nonchalant flight relative to the unlisted
species. Values in parentheses are standard errors on coefficient estimates.

**p < 0.001, **p < 0.01, *p < 0.05.

The coefficient estimates listed for each species give the relative log-odds difference
between a given species and the unlisted species, with p-values for pairwise comparisons
given as "’s. Higher-valued negative relative log-odds indicate greater likelihood of being
unpalatable relative to the unlisted species. Higher-valued positive relative log-odds
indicate lower likelihood of being unpalatable relative to the unlisted species. Values in
parentheses are standard errors on coefficient estimates.
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fed on, and is generally known as a “palatability spectrum”
(Brower et al,, 1968, 1972; Turner, 1984). Further, we have
shown that the position of tiger moth species along the
nonchalance continuum and the palatability spectrum are
strongly correlated. In other words, moths with more potent
chemical defenses are more likely to display nonchalant flight.
Interestingly, this is apparently independent of anti-bat strategy.
Two species included in our analysis, B. trigona and C.
arizonensis, produce clicks at very high rates and have been

their anti-bat evasive flight responses, with the more unpalatable
C. arizonensis exhibiting nonchalant responses more frequently.
Less unpalatable moths face an increased risk of consumption
if captured by bat predators, and so they utilize evasive
diving maneuvers more frequently, likely offsetting some of
this risk. Additionally, more unpalatable prey may benefit
from nonchalant flight by avoiding some of the potential
costs of evasive maneuvers, including energy expenditure,
opportunity costs related to hostplant- or mate-finding, or

hypothesized or demonstrated to be capable of jamming bat
sonar (Corcoran et al., 2010; Conner and Corcoran, 2012).
Despite this, they each occupy significantly different places
along the nonchalance continuum. However, consistent with 0
our model, the large difference in unpalatability between these
two species appears to be an important factor in determining

75

Species

A Cisthene martini
50 @ Carales arizonensis
B Pygarctia roseicapitis
® Bertholdia trigona
X Pygarctia murina

TABLE 3 | Linear model of nonchalance from unpalatability.

Nonchalance

Nonchalant Flight Behavior (%)

(Intercept) 0.15
(0.09) 2
Unpalatability 0.66*
(0.12)
R? 0.90 "
Adj. R? 0.87 5 % % % o
Num. obs. 5 Unpalatability (%)
RMSE 0.08

FIGURE 2 | Plot of linear model of nonchalance. Gray ribbon represents the
95% prediction interval for the linear model relative nonchalant flight behavior
and unpalatability (Table 3). For a species with a given Unpalatability,
Nonchalance is expected to fall within these intervals in 95% of cases. For
each species, point estimates (unique symbols) and 95% confidence intervals
(line segments) for the binomial probabilities for both nonchalance and
unpalatability are plotted.

**p < 0.001, *p < 0.01, *p < 0.05.

Nonchalance and unpalatability estimate values are proportions of individuals within
each species exhibiting each trait. Nonchalant flight behavior is strongly and significantly
associated with unpalatability. For every 1.0% increase in unpalatability, the likelihood of
nonchalant flight is expected to increase by ~0.66%. Unpalatability explains a large portion
of the variation in nonchalance among species (Adj. R? = 0.87). Values in parentheses
are standard errors on coefficient estimates.

TABLE 4 | Summary of nonchalance and unpalatability estimates.

Nonchalance Count Lower 95% ClI % Nonchalant Upper 95% CI
Cisthene martini 29 65.5 82.8 92.4
Carales arizonensis 82 58.9 69.5 78.4
Pygarctia roseicapitis 58 441 56.9 68.8
Bertholdia trigona 79 33.9 44.3 556.3
Pygarctia murina 97 15.5 22.7 32.0
Noctuidae 0 NA NA NA
Unpalatability Count Lower 95% CI % Unpalatable Upper 95% CI
Cisthene martini 26 75.9 92.3 97.9
Carales arizonensis 34 80.9 94.1 98.4
Pygarctia roseicapitis 36 53.1 69.4 82.0
Bertholdia trigona 27 18.6 33.3 52.2
Pygarctia murina 19 8.5 21.1 43.3
Noctuidae 114 0.0 0.9 4.8

For each species, estimated nonchalance (“%Nonchalant”; upper table) and palatability (“%Unpalatable”; lower table) are summarized, along with the lower and upper bounds of their
95% confidence intervals as well as the sample size (“Count”) for each estimate. Data from hand-fed control moths within the family Noctuidae (“Noctuidae Control”) are included with
the unpalatability data as a benchmark of palatability.
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even increased exposure to terrestrial or aquatic predators
(Guignion and Fullard, 2004; Yager, 2011). Our findings lend
further support to an earlier study which demonstrated that
palatability relates to evasive behaviors enacted from rest on
substrates (e.g., flying away, dropping from vegetation) when
exposed to tactile stimulation (Evans, 1983). These observations
describe unpalatable prey exhibiting behaviors that could also be
considered more nonchalant.

The relatively palatable P. murina produces anti-bat
ultrasound with acoustic characteristics similar to those of its
more unpalatable, sympatric congener P. roseicapitis (Dowdy
and Conner, 2016; Dowdy, unpublished). This is similar to
the relationship between Cycnia tenera and Euchaetes egle, two
sympatric tiger moths native to eastern North America. Lab
experiments with naive bats have shown that the palatable E.
egle was protected from predation by Eptesicus fuscus bats,
acting as an acoustic Batesian mimic of C. tenera (Barber
and Conner, 2007). It is likely that P. murina is an acoustic
Batesian mimic of P. roseicapitis. It is intriguing then, that
P. murina is less nonchalant than its more toxic model. It is
possible that Batesian mimics will often “play it safe” by enacting
escape responses more frequently than their more honestly
signaling counterparts. This should be explored further with
experiments confirming model-mimic relationships followed
by a comparison of the frequency of evasive behaviors between
members of these groups.

Of course, tiger moths are not the only chemically protected
insects that employ evasive flight to contend with bat predation.
Ears tuned to ultrasonic frequencies can be found in at least
5 orders of insects (i.e., Coleoptera, Lepidoptera, Mantodea,
Neuroptera, and Orthoptera) and have evolved independently
at least 14 times (Dawson et al., 2004; Greenfield, 2016). All
5 orders of ultrasound-sensitive insects have been reported to
exhibit evasive flight responses in response to bat echolocation
(Roeder, 1962; Miller and Oleson, 1979; Spangler, 1988; Yager
et al., 1990; Dawson et al., 2004). Each of these orders, with the
exception of Mantodea, contains examples of species utilizing a
chemical defense of some kind (Eisner et al., 2005). Intraspecific
variation in host plant chemical defenses as well as multiple
host plant affiliations in some groups could generate intraspecific
differences in chemical protection, potentially explaining some
of the variation in nonchalance both among and within a
variety of insect species, such as the recently reported nonchalant
flight in fireflies in response to foraging bats (Leavell et al,
2018).

By gathering more evasive flight and palatability data for
more species, we could also better predict nonchalance from
palatability data. This is useful, as measuring palatability can
be much simpler than making detailed observations of evasive
flight. Additionally, if palatability could be confidently inferred
from preserved museum specimens using analytical chemistry
methods such as mass spectroscopy, then these traits could be
determined on an unprecedented scale (Bowers, 2009; Anderson
et al,, 2016). Gaining a better understanding of the variation in
nonchalance will help us better characterize how animals balance

the potential costs of escape maneuvers with the potential benefits
gained from eluding predators.

The bat-moth predator-prey system is a useful model for
examining the escape behaviors of prey, both aposematic and
non-aposematic. The sensory system that moths use to detect bat
predators and their acoustic aposematic signals can be ablated
by simple surgical impairment without compromising their
overall physical integrity, their remaining behavioral repertoire,
nor other cues produced by the specimen. Additionally, moth
unpalatability can be modulated by rearing individuals on diets
that are lacking defensive compounds. With this approach,
the nonchalance, unpalatability, and/or aposematic signals of
individual moths can be experimentally manipulated to yield
greater insights into the costs, benefits, and factors influencing
escape behavior. We believe the bat-moth predator-prey system
is a promising new modality for understanding how the escape
behaviors of prey are enacted and evolve.
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