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Synopsis Sound production in tiger moths (Erebidae:

Arctiinae) plays a role in natural selection. Some species

use tymbal sounds as jamming signals avoiding bat preda-

tion. High duty cycle signals have the greatest efficacy in

this regard. Tiger moth sounds can also be used for intra-

specific communication. Little is known about the role of

sound in the mating behavior of jamming species or the

signal preferences underlying mate choice. We recorded

sound production during the courtship of two high duty

cycle arctiines, Bertholdia trigona and Carales arizonensis.

We characterized variation in their acoustic signals, mea-

sured female preference for male signals that vary in duty

cycle, and performed female choice experiments to deter-

mine the effect of male duty cycle on the acceptance of

male mates. Although both species produced sound during

courtship, the role of acoustic communication appears dif-

ferent between the species. Bertholdia trigona was acousti-

cally active in all intraspecific interactions. Females pre-

ferred and ultimately mated with males that produced

higher duty cycles. Muted males were never chosen. In

C. arizonensis however, sound emissions were limited dur-

ing courtship and in some successful matings no sound

was detected. Muted and clicking males were equally suc-

cessful in female mate-choice experiments, indicating that

acoustic communication is not essential for mating in C.

arizonensis. Our results suggest that in B. trigona natural

and sexual selection may work in parallel, to favor higher

duty cycle clicking.

Resumen La producci�on de sonido en �arctidos (Erebidae:

Arctiinae) juega un papel fundamental en la selecci�on nat-

ural. Algunas especies de polillas utilizan los sonidos pro-

ducidos por los �organos timb�alicos como se~nales de inter-

ferencia para evitar ser depredados por los murci�elagos.

Llamadas con alto porcentaje de estimulaci�on efectiva sue-

len ser m�as eficientes con este fin. Estos sonidos pueden

ser utilizados tambi�en como forma de comunicaci�on intra-

espec�ıfica. Poco se sabe acerca de la funci�on del sonido en

la conducta de apareamiento de aquellas especies de polil-

las que utilizan estas se~nales, adem�as, para interferir el

sistema radar de los murci�elagos. En este estudio, hemos

grabado los sonidos producidos por dos especies de

�arctidos durante el cortejo, Betholdia trigona y Carales ari-

zonensis. Ambas especies producen llamadas de alto por-

centaje de estimulaci�on efectiva como estrategia defensiva

contra los murci�elagos. Hemos caracterizado la variabili-

dad en las se~nales ac�usticas de ambas especies, se registr�o

la preferencia de las hembras por las llamadas de los

machos con diferentes porcentajes de estimulaci�on efectiva

y determinamos el efecto de las se~nales ac�usticas de los

machos en la selecci�on de pareja de las hembras. Aunque

ambas especies produjeron sonidos durante el aparea-

miento, el papel de la comunicaci�on ac�ustica en este con-

texto difiere entre las especies. Bertholdia trigona produjo

emisiones en todas las interacciones intraespec�ıficas. Las

hembras de esta especie prefirieron y seleccionaron machos

para aparearse capaces de producir se~nales con alto por-

centaje de estimulaci�on efectiva. Machos incapaces de pro-

ducir sonido nunca fueron seleccionados para aparearse.

En C. arizonensis por el contrario, las emisiones de sonido

durante el apareamiento fueron escasas y en algunos casos

no se detect�o sonido. Las hembras no mostraron prefer-

encia alguna por machos capaces de producir sonido, ni

machos mudos, lo cual indica que la comunicaci�on

ac�ustica no es esencial para el apareamiento exitoso de

C. arizonensis. Nuestros resultados sugieren que en B. trig-

ona, la selecci�on natural y la selecci�on sexual pueden
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actuar en paralelo para favorecer la producci�on de sonidos

con alto porcentaje de estimulaci�on efectiva.

Introduction
Sexual selection molds male traits across a wide

range of species (Greenfield 2016). Females respond

to male variation by actively selecting males with

preferred traits (Neelon et al. 2019). When the pref-

erence function is open-ended, sexual selection

drives the evolution of selected traits toward more

conspicuous and exaggerated signals until they be-

come too costly to maintain. Thus, there is a trade-

off, where sexual and natural selection functions an-

tagonistically. Many studies have provided evidence

of these two selective pressures working in opposi-

tion. African long-tailed widowbird males (Euplectes

progne) possess a remarkable tail ornament under

selection by females, where males with longer tails

mate more successfully (Andersson 1994). However,

flying with long tails is energetically costly and lon-

ger tails may make males more conspicuous in the

open grassland and inhibit their flight performance

during predator encounters (Pryke and Andersson

2002). Sexual selection and natural selection are at

odds. Another example is the extinct Irish elk

(Megaloceros giganteus) whose males sported enor-

mous antlers that were once used during male–

male competition for females. This sexually selected

trait came at a cost; over evolutionary time males

reallocated calcium from their bones to produce

larger antlers (Emlen 2014). Again, sexual and natu-

ral selection acted antagonistically. In some moth

species, including Achroia grisella (Pyralidae), the

lesser wax moth, this antagonism is seen when

acoustic signals produced by males both attract pred-

ators (gleaning bats) and mates (Rodriguez and

Greenfield 2004).

We here explore the consequences of a system

involving tiger moths in which, unlike the above,

sexual and natural selection may work in concert,

not antagonistically. In the tiger moths Bertholdia

trigona and Carales arizonensis, tymbal sounds jam

bat echolocation causing bats to miss their target—

natural selection—and herein we explore the role of

tymbal sound in female mate choice—sexual selec-

tion. The sounds produced by arctiines consist of a

train of broadband clicks produced during the flex-

ion and relaxation of metathoracic tymbals with a

silent interval between Fig. 1A and B. The moth

ear is not capable of encoding the temporal detail

(individual clicks) of the tymbal sound (Sanderford

et al. 1998). Further, the sounds produced during

defense and sex are identical. For bats the clicks

are resolvable and important. The effectiveness of

sonar jamming requires moth clicks to arrive at the

bat’s ear within a short time window just prior to

the arrival of an echo (Miller 1991; Tougaard 1998).

Arctiine signals produced at high duty cycles (i.e.,

percentage of time occupied by sound in a 100 ms

time window) would have a higher probability of

falling inside the critical jamming window and effec-

tively interfere with bat sonar. This relationship has

been verified in free flying bats where duty cycle is

correlated with making bats miss their targets

(Corcoran and Conner 2012; Y. Fernandez et al.

this issue). These findings suggest that bat selective

pressure has driven the evolution of duty cycle to-

ward higher values in sonar moth jamming species.

It is conceivable that females in the context of mate

choice have an open-ended preference for duty cycle

that again drives males to produce extreme duty

cycles. The potential effect of duty cycle on mate

choice is consistent with the influence of signal

power in male A. grisella on mate choice (Jang and

Greenfield 1996). Thus, in B. trigona and C. arizo-

nensis, natural selection and sexual selection may

both select for high duty cycle signals but at different

times and in separate contexts (defense and sex).

Many moth species use ultrasound for intraspe-

cific communication (Conner 1999; Nakano et al.

2015). These include members of the Pyralidae,

Erebidae, Geometridae, Nolidae, and Crambidae

(Nakano et al. 2013, 2015; Greenfield 2014). The

number of species discovered to use tymbal sounds

in a courtship context continues to increase. In some

tiger moth species, the courtship begins distantly

with the emission of pheromones and the sound is

produced during close-range interactions prior to

copulation (Conner 1987; Sanderford et al. 1998).

In contrast, Syntomeida epilais (Erebidae: Arctiinae)

shows acoustic activity with both sexes producing

signals at long-distance, in a kind of sexual dialog

that promotes mating (Sanderford and Conner

1995). These examples indicate that acoustic court-

ship varies among lepidopterans and that it evolved

much more frequently than previously thought.

In sonar jamming species like B. trigona the role

of sound production has been well described in a

predator–prey context (Corcoran et al. 2009, 2011;

Corcoran and Conner 2012). This species produces

ultrasound in response to bat cries at a duty cycle

(43.8%) that is among the highest recorded for any

tiger moth species (Barber and Conner 2006;
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Corcoran et al. 2010, 2011). As described above, a

high duty cycle is critical for effective jamming

(Miller 1991). Another closely related species that

produces high duty cycle signals in its defensive rep-

ertoire is C. arizonensis (Dowdy and Conner 2019).

Despite the growing interest in understanding the

role of sound in intraspecific communication in lep-

idopterans (Nakano et al. 2009, 2013, 2015) the mat-

ing behavior of sonar-jamming species has not been

described. Sullivan-Beckers and Cocroft (2010) de-

vised an elegant method for determining the relative

roles of female mate choice, male–male competition,

and signal transmission on sexual selection in the

treehopper, Enchenopa binotata, that communicates

through substrate-borne vibration. As a first step, we

have utilized several components of their methodol-

ogy that are relevant to and tractable in our system,

that is, the characterization of the variation in male

signal duty cycle, the measurement of female prefer-

ence for the duty cycle of male courtship signals, and

the selection of male mates based on duty cycle

“phenotype.” It is important to note that females

of these species (unlike the treehoppers mentioned

above) mate more than once (Y. Fernandez, personal

communication) and direct male–male competition

is minimal since female choice is expressed as the

sequential assessment of individual males approach-

ing a female. We address two hypotheses: the first is

that females will show an open-ended preference for

male courtship sounds with high duty cycles, and

second that this preference will result in female

mate choice for males with high duty cycle

“phenotypes.”

To our knowledge this is the first study of intra-

specific acoustic communication in tiger moths ca-

pable of jamming bat sonar, and it provides evidence

supporting the parallel action of natural and sexual

selection in at least one of these species.

Materials and methods
Research location and animals

Behavioral and playback experiments were con-

ducted between July 17 and August 15 during

2017, 2018, and 2019 at the Southwestern Research

Station (American Museum of Natural History),

7 km southwest of Portal, Arizona. The GPS coordi-

nates of the field site are 31�53000.3000 N

109�12027.2000 W; elevation 1650 m. Adult individuals

of B. trigona and C. arizonensis were collected from

sheets illuminated with 15 W ultraviolet “quantum”

lights (Leptraps.com; F15T8QBL) and mercury vapor

lights set on the station grounds. Moths were sepa-

rated by sex and held in cylindrical mesh containers

(30 D � 31 H cm) for up to 24 h prior to experi-

mentation. Animals were fed with 30% sucrose

Fig. 1 Tymbal morphology and acoustic emissions of B. trigona. (A) Scanning electron micrograph of the metathoracic tymbal organ.

Image is oriented with the dorsal side up and anterior side toward the left. (B) Oscillogram and spectrogram of a single MC of B.

trigona. Broadband clicks are produced by the sequential buckling of the tymbal organ (striated band in A) inward and outward to

create the active and passive half-MCs (HMC). (C) Spectrograms of the artificially generated acoustic signals used as stimuli during

female preference experiments. Signals were modified to generate 10%, 25%, and 45% duty cycles.
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solution ad libitum. Sample sizes for the different

experiments are indicated in Table 1.

Sound production during mating

The courtship behavior of B. trigona and C. arizo-

nensis was observed between the 19:00 and 6:00 h

Pacific Standard Time (PST) and recorded to con-

firm the production of sound during courtship. For

B. trigona, multiple individuals from both sexes (one

female and three to four males) were placed in a

mesh cage (28 W � 30 L � 25 H cm). This configu-

ration was used to increase the likelihood of inter-

actions between individuals. Mating behavior

observations continued until a female accepted a

male or rejected him by flying away. Once a success-

ful pair formed, it was removed from the cage, and

isolated in a separate mesh container constructed

from a Styrofoam drinking cup and nylon fabric to

continue monitoring for sound production during

copulation. No individuals were used more than

once. For C. arizonensis, it was unnecessary to pro-

mote physical interactions because pair formation

occurred within minutes under laboratory condi-

tions. Two individuals (one female and one male)

were placed in a cylinder mesh cage (14 D � 17 H

cm). In both species, the courtship was monitored

using a video camera (model Sony 4K handycam

HDR-HC9) in night vision mode. Acoustic emis-

sions were continuously recorded with an ultrasonic

microphone connected to an Ultrasound Gate 416H

device (Avisoft Bioacoustics, Berlin, Germany), oper-

ated by a computer running Avisoft RECORDER

USGH, sampling at 250 kHz. The microphone was

located above the container, facing down toward

the animals, at 20 cm from the container’s center.

In the case of B. trigona, audio recordings started

at the beginning of the experiment while multiple

individuals were interacting and continued after a

successful pair formed.

Variation in male duty cycle

The variation in male duty cycle was analyzed for

both species, B. trigona and C. arizonensis, by record-

ing their modulation cycles (MCs) in response to

tactile stimulation. Tactile stimulation consisted of

gently touching the abdominal segments with a

brush. Audio recordings were performed using the

same experimental setup described above and males

were held by the wings folded above the thorax using

a hemostat. This procedure has been successfully

used before to record sounds from tiger moths and

did not cause any discernible change in their acous-

tic responses (Dowdy and Conner 2019). The ultra-

sonic microphone was placed perpendicular to the

midline of the moth body at 10 cm from the thorax

(where sound-producing organs are located), facing

the right side. Every male was tested only once be-

cause intraindividual variation in duty cycle among a

variety of tiger moth species has been found to be

low in previous studies (Dowdy and Conner 2019),

and so we do not examine it here. The duty cycle

produced by each individual was determined by cal-

culating the average click duration multiplied by the

number of clicks produced in a sliding 100 ms time

window. Reported duty cycles are derived from the

time window containing the highest number of moth

clicks from among all trials performed with a given

individual. All audio recordings were analyzed in

Avisoft SASLab Pro v5.2. Signals were identified in

the audio recordings using an automatic detection

method developed by Avisoft Bioacoustics and the

measurements were performed in the oscillograms

of the signals. Differences in the variance of male

duty cycle between B. trigona and C. arizonensis indi-

viduals were tested with a Z-test.

Table 1 Total number of trials performed for each experiment and the number of individuals used per trial

Breakdown by species

Bertholdia trigona Carales arizonensis

Experiment

Number

of trials

Number

of success $s/trial #s/trial

Number

of trials

Number

of success $s/trial #s/trial

Sound production in courtship 13 5/13 1 3-4 10 7/10 1 1

Variation in male duty cycle 30 N/A N/A 1 12 N/A N/A 1

Female preference for male duty cycle 54 N/A 1 N/A N/A N/A N/A N/A

Female mate choice 25 7/25 1 3a 8 8/8 1 2

Notes: The information is separated by species. For those experiments involving the observation of the courtship behavior, the number of

successful trials is specified.
aIn two of the female mate choice trials only two males were used instead of three, which decreased the number of tested males to 73 instead

of 75 individuals. Neither of those two trials resulted in a successful mating.
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Female preference for male duty cycle: acoustic
stimulation and audio recordings

Ultrasound playback files were generated in Matlab

R2015a (The MathWorks, Inc., Natick, MA, USA).

Each stimulus was derived from a natural MC pre-

viously recorded from B. trigona (at a 250 kHz sam-

ple rate; N. J. Dowdy, unpublished data) and altered

using a custom Matlab script. This script was written

to create simulated MCs with duty cycles of 10%,

25%, and 45% (Fig. 1C) (calculation assumes 100 ms

window, 0.3 ms click duration, and a 4 ms interval

between successive MCs), while maintaining other

key acoustic characteristics defined in previous

work such as sweep frequency, inter-cycle silent in-

terval, and the active and passive half-MC durations

(Corcoran et al. 2010). These values were chosen to

cover the range of “low,” “medium,” and “high”

duty cycle known to be produced by tiger moths

(Barber and Conner 2006; Corcoran et al. 2010).

The final stimuli consisted of five categories, includ-

ing MCs of 10%, 25%, and 45% duty cycle, while

silence and a white noise stimulus were used as neg-

ative and positive controls. Stimuli were composed

of 600 ms acoustic emissions separated by 2.4 s of

silent period. Each stimulus category was presented

at least twice to B. trigona females.

Stimulation files were played back in random or-

der with an AT 100 ultrasonic speaker (Binary

Acoustic Technology), located 20 cm in front of the

moth in the same horizontal plane. Ultrasonic clicks

were broadcast with a peak equivalent sound pres-

sure level of 80 dB, as measured with a quarter inch

Microtech Geffel microphone (model MK 301) at

20 cm, connected to a conditioning measuring am-

plifier (Microtech Geffel MN-921). This amplitude is

similar to that described for B. trigona’s sounds dur-

ing an anti-bat response (Corcoran et al. 2010).

Female acoustic responses (production of their

typical MCs) to artificial duty cycle were recorded

during playback experiments using the same experi-

mental setup described above. We determined the

female preference for each duty cycle stimulus, as

the number of presentations that elicited a response

from the total number of presentations. In this case,

the ultrasonic microphone was also placed at 10 cm

from the thorax, perpendicular to the midline of the

moth body. During acoustic recordings, moths were

restrained by the wings with a hemostat. Moths were

stimulated to produce sound by playing signals at

different duty cycles.

A generalized linear mixed model using the glm

function from the stats package was utilized to assess

differences in female acoustic response among

stimuli with different duty cycles. The “female

response” variable was treated as a binary variable

with “1” indicating sound production and “0” indi-

cating female silence. When females responded, they

did so within at most 0.5 s of the presentation of

male signals. Therefore, females were classified as

“unresponsive” when no response was detected

within the 2.4 s silent period between stimuli. The

duty cycle variable was treated as a ranked variable

with five categories: silence (indicating a 0% duty

cycle signal); 10%, 25%, and 45% duty cycle clicks

(indicating males with diverse acoustic capabilities);

and white noise (which represented a positive con-

trol stimulus with 100% duty cycle). Tukey’s test for

multiple comparisons was used for post hoc analysis.

The latency of female acoustic responses to the

five duty cycle categories described above was also

recorded to determine whether females responded

more quickly to higher duty cycle signals. Latency

was calculated as the time interval between the be-

ginning of playback and the first emitted click by the

female. We found that females frequently did not

respond to the “silence” group, so these were omit-

ted from our calculations. We also observed that

females often fail to respond to lower duty cycle

signals and so these trials cannot be assigned a la-

tency value. This is problematic for a direct statistical

comparison of latencies between groups, as the high

numbers of unresponsive females in the lower duty

cycle groups would not be accounted for in such an

analysis. To address this, we analyzed these results

using a Cox proportional hazards regression model

with the survival and survminer packages in R (Jahn-

Eimermacher et al. 2011; Kassambara et al. 2019;

Therneau 2020). This method examines the hazard

rate (i.e., female response rate), proportional to a

reference group. We chose the 45% duty cycle group

as the reference level, as this is similar to the natural

duty cycles produced by male moths. Therefore, the

proportional hazards rate (i.e., “female response rate

ratio”) for this group is defined as 1 and the results

for all other groups are expressed as a ratio of this

value (e.g., a mean proportional hazard rate of 2

indicates that females exposed to that duty cycle

had a two-fold higher likelihood to produce a re-

sponse over a given time period, relative to the

45% duty cycle group). Groups containing females

which produce responses more quickly (i.e., with

shorter latencies) than the reference group generate

greater proportional hazards rates (i.e., “female re-

sponse rate ratio”) and those that respond more

slowly (i.e., with longer latencies) generate lower

proportional hazards rates.
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Female mate choice experiments

To verify the role of sound production in this sexual

context, we examined the effect of male duty cycle

on the mating success. Males were randomly

assigned to one of three treatments and used in fe-

male mate choice experiments. The treatments were

divided into three “phenotypes”: (1) males able to

produce normal duty cycle signals (Sþþ), (2) males

with reduced duty cycle (Sþ), and (3) males unable

to produce sound (S�). Male moths from all treat-

ments were placed in individual vials and chilled for

5 min in an ice bath before the surgery. The Sþþ
group was removed from the ice and no further

manipulations were performed. A sham control

group was not included in this study, based on pre-

vious experiments (Dowdy and Conner 2016) show-

ing that sham operations had no effect on sound

production. The Sþ and S� conditions were accom-

plished by puncturing the tymbals on the male meta-

thorax with an entomological pin. For individuals in

Sþ condition, only half of the striated band (sound

producing portion of the tymbal) on each side was

affected, effectively reducing duty cycle, while for the

S� group both tymbals were completely removed.

The space underneath the moth’s tymbal organ is

occupied by an air-filled chamber, so this ablation

procedure did not cause any discernible injury or

loss of hemolymph. All surgical operations were per-

formed under a stereomicroscope 1 day before the

behavioral tests. Males acoustic “phenotype” was

confirmed after manipulation with an ultrasonic

microphone.

Each B. trigona female was confined with three

males (one per condition), except for two trials

where only two males were tested (see Table 1).

Mating activity was visually monitored to score out-

comes. For each interaction, two possible outcomes

were considered, (1) female rejected all the tested

males or (2) female successfully mated with one

male. Whenever scenario (2) took place, animals

were isolated after the initiation of copulation.

Once copulation was completed, female preference

was determined by visual inspection of male tymbals

under the microscope. From this examination, we

were able to determine the male’s corresponding

treatment (“Sþþ,” “Sþ,” and “S�”). Female’s pref-

erence rate was calculated in relation to these three

treatments.

A 2� 3 Freeman–Halton extension of the Fisher’s

exact probability test was used to test for differences

in the frequency of female’s mate acceptance among

males with different acoustic abilities (Freeman and

Halton 1951). The predictor variable, male

condition, was categorical with three levels (Sþþ,

Sþ, and S�). Data from seven trials (including 7

females and 21 males), where females successfully

mated with one of the presented males, was included

in this analysis (see Supplementary Table S1).

Multiple pairwise comparisons were performed as a

post hoc analysis, to test for differences in female’s

mate acceptance between male conditions (Sþþ, Sþ,

and S�).

Similar mate choice experiments were performed

in C. arizonensis. In this case, because the accessibil-

ity to individual males was low, males were only

grouped in two conditions Sþþ and S�. Female’s

mate choice was measured based on those two treat-

ments. Fisher’s exact test was utilized to compare the

frequency of female’s mate acceptance among click-

ing and muted males.

Statistical analyses: general

Statistical analyses of observation data were per-

formed in R version 3.5.2. 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.

Results
We here, document sound production in the court-

ship of B. trigona and C. arizonensis. We measure the

variation in the max duty cycle produced between

males. We measure female preference to male signals

that vary in duty cycle. Last, we measure female mate

choice for males that differ in high duty cycle

“phenotype.”

Sound production during courtship

In nature, courtship of these two moth species is

likely initiated through the release of a female sex

pheromone as evidenced by the presence of well-

developed tubular pheromone glands in B. trigona

(Beccacece 2015) and pulsatile pheromone releasing

behavior in C. arizonensis (W. E. Conner, personal

communication). There is no indication of male

courtship pheromones or the elaborate scent dissem-

inating structures (coremata) common in other arc-

tiine species (Beccacece 2015). The normal

behavioral sequence for courtship is truncated in

our cages since following a female pheromone plume

is not possible. Nevertheless, we found that B. trig-

ona (both females and males) produce ultrasonic

broadband clicks during close-range courtship
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behavior (Fig. 1B). Sound production is usually ini-

tiated by males and females join in. From a total of

13 females, 38% mated successfully (5/13). Tymbal

sounds were detected in all interactions. When the

female accepted a male, sound sometimes continued

during copulation. The average duration of copula-

tion was 5.3 h (min. 3.8 h and max. 6.0 h) during

which a spermatophore is transferred from the

male to female. Like other tiger moth species, sexual

activity in B. trigona occurs at night (from sunset to

5:00 am PST). Only one mating was initiated at sun-

rise (5:43 am PST) and extended until late morning.

For C. arizonensis experiments, 7 of 10 tested

females mated. In this species, pair formation (i.e.,

time elapsed since the animals were placed in the

container until copulation begins) occurred in less

than an hour (between 3 and 50 min). Acoustic com-

munication was detected in 70% of the mating

attempts and sound was produced only immediately

prior to copulation. The courtship display in this

species was also restricted to nocturnal hours and

the copulation always lasted more than 6 h.

Variation in male duty cycle

Male MCs were recorded in response to tactile stim-

ulation from B. trigona (N¼ 30) and C. arizonensis

(N¼ 12). The average observed for B. trigona was

416 13% with a high of 67%. Carales arizonensis

had a mean of 306 11% and a maximum of 49%

(Fig. 1A). We examined the intraspecific variation of

emitted duty cycle for both species (Fig. 2A).

Exemplar spectrograms demonstrating this variability

within B. trigona are shown in Fig. 2B. Bertholdia

trigona individuals showed a significantly greater

range of duty cycles in their repertoire than C. ari-

zonensis (Z-test: P-value ¼ 0.01, z¼ 2.48, 95% CI ¼
[2.3, 19.6]).

Female preference for male duty cycle

To measure female preference for male signal duty

cycle we presented five artificially generated signals

with different duty cycles and measured female

acoustic responses during playback experiments.

We examined the audio recordings from 54 females

and found that 60% of individuals (n¼ 32/54) pro-

duced sound in response to acoustic stimulation

(Fig. 3). Females responded significantly more often

to 45% duty cycle and white noise (100% duty cycle)

(Tukey’s test, P< 0.001). Female clicks were detected

in 67% of the presentations of 45% duty cycle sig-

nals and in 68% of white noise stimulations. Females

responded less often to silence, low (10%), and mod-

erate (25%) duty cycle stimuli. The response of

females to white noise could be expected since tym-

bal sound and white noise share broadband fre-

quency characteristics and since the internal

temporal structure of tymbal sound is not resolvable

by the moth ear (Sanderford et al. 1998).

Fig. 2 Variability of the male signals produced in response to

tactile stimulation. (A) Violin plot of the duty cycles recorded

from B. trigona and C. arizonensis males. Actual data from each

tested individual are displayed as points jittered along the midline

of their respective box plot. The gray curve represents the ker-

nel distribution of the data. Box plot upper and lower hinges

represent the 25th and 75th percentiles of their respective dis-

tributions. 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 1.5 * IQR (inter-

quartile range). (B) Spectrograms of the ultrasonic clicks pro-

duced by two individuals of B. trigona at different duty cycles.

These emissions are examples of the observed variability and

their duty cycles are close to the IQR limits of the species.

Fig. 3 Effect of duty cycle on the acoustic response of B. trigona

females. The right panel represents the percentage of individuals

from the 54 tested females that produced clicks in response to

acoustic stimulation. The left panel shows the response from

clicking females (N¼ 32) to different duty cycles. Females were

more acoustically active to higher duty cycles (Tukey’s test,

P< 0.005).
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Higher duty cycles also reduced female response

latency, with females exhibiting a 50% higher re-

sponse rate to 45% versus 25% duty cycles (95%

CI: 0.260, 0.960; P¼ 0.03). The 10% duty cycle

group’s rate of response was only 16% that of the

45% duty cycle group (95% CI: 0.067, 0.400;

P< 0.001). However, the most extreme duty cycle

elicited the most rapid female responses. The 100%

duty cycle stimulus (white noise) had a 2.1-fold in-

creased rate of female response relative to the 45%

duty cycle stimulus (95% CI: 1.268, 3.482; P< 0.01)

(Fig. 4).

The female responses to male duty cycle were dis-

tinctly different from those seen when playing back

bats echolocation signals of equal intensity (Y.

Fernandez, personal communication). Responses to

bat cries are frequently accompanied by evasive

maneuvers (head tilts and leg extension). None of

these were seen when we stimulated with conspecific

male sounds. Responses to bats also tend to continue

throughout and after playback; this was not seen in

female responses to male signals. In general, females’

responses to conspecifics had a lower number of

MCs.

Female mate choice for different duty cycle
“phenotypes”

Female choice experiments demonstrated that acous-

tic communication is critical for mating success in B.

trigona. We observed 25 females interacting with 73

males distributed across three experimental treat-

ments (S�, Sþ, and Sþþ). Seven of the observed

attempts (28%) resulted in a mating. Most of these

females, 71%, selected males producing high duty

cycle (Sþþ group), whereas only 29% accepted a

Sþ male (Freeman–Halton extension Fisher’s exact

test for male treatment: P¼ 0.003). Muted males (S�
group) were never selected as a mate (Fig. 5).

According to our results females chose Sþþ males

more often than Sþ males (Fisher’s exact test:

P¼ 0.029) and muted males (Fisher’s exact test:

P¼ 0.004).

For C. arizonensis, females accepted any approach-

ing male regardless of whether they produced sound.

Fig. 4 Duty cycle effect on female response rate within B. trigona. The rates of female acoustic responses to each simulated duty cycle

are given, relative to the 45% duty cycle group. Mean response rates are given as squares with error bars indicating their 95%

confidence intervals. Sample sizes, as well as values for mean rates, upper and lower confidence intervals, and P-values are given under

each group. Relative to the 45% duty cycle group, which is most similar to the natural duty cycles of male B. trigona, the most extreme

duty cycle (100%) had the highest response rate, whereas lower duty cycle (i.e., 10% and 25%) had significantly lower response rates.
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We observed the interactions between 8 females and

16 males distributed in two acoustic treatment

groups (S� and Sþþ). Females accepted clicking

and muted males each, in 50% of the cases

(Fig. 5), suggesting that males were not selected

based on their acoustic emissions in this species.

Discussion
Arctiine moths are known to use sound in two con-

texts. The first is in a defensive context, where it can

be used to warn of distastefulness and/or jam the

sonar bat. Bats impose strong selective pressure on

tiger moth’s duty cycle, driving its evolution toward

extreme values. This idea has been supported by pre-

vious studies showing that species clicking at low

duty cycle (e.g., Pygarctia roseicapitis and Cisthene

martini, from Dowdy and Conner 2016) have a

higher capture rate than B. trigona, which produce

high duty cycle signals (Corcoran et al. 2009, 2010,

2011). Although we knew that natural selection

molds the temporal design of moth clicks, we here

explored arctiine sounds in the context of sexual se-

lection. Our two hypotheses were supported. Female

B. trigona displays an open-ended preference for

male courtship sounds with high duty cycles. This

preference ultimately resulted in female mate choice

of males with high duty cycle “phenotypes.”

It is well known that across a wide range of spe-

cies, sexual selection generates patterns in male

acoustic signals through female choice (Greenfield

2002; Gerhardt and Huber 2002). In this study, B.

trigona male signals showed variability in their duty

cycle, suggesting that this acoustic trait could be a

target for sexual selection. This substantial variation

exhibited in male duty cycle (21–67%, see Fig. 2)

might be considered the “signal range” of this char-

acter (e.g., Gerhardt and Huber 2002; Amezquita

et al. 2011). We also determined the corresponding

“recognition range” (i.e., the duty cycle range that

elicited a female response; Gerhardt and Huber

2002) in our playback experiments. Females showed

a large “recognition range” (from 10% to 100% duty

cycle, see Fig. 3) with a strong preference toward

higher duty cycle signals (45% and 100%). Females

display a larger “recognition range” than the males

“signal range,” and they prefer exaggerated signals

(e.g., the 100% white noise stimuli used) over those

actually produced by males (Greenfield 2016).

According to Greenfield (2016), this difference be-

tween “signal range” and “recognition range” implies

that female choice imposes selection on males’

sounds, shifting their duty cycle toward higher val-

ues. In B. trigona, natural and sexual selection work

in parallel to drive the evolution of extreme duty

cycles. Due to the small sample sizes in these experi-

ments, however, our conclusion must be tentative.

An alternative view of our data is to interpret the

female preference curve as evidence for male–male

competition, whereby males with higher duty cycles

can “freeze” the female and prevent her from leaving

(Nakano et al. 2010a, 2010b). While certainly possi-

ble we do not find this mechanism compelling be-

cause in the natural context females (with few

exceptions) are silently releasing a sex pheromone

and it is the concentration of the female pheromone

that actually triggers male sound production down-

wind of the female (Rodgers 1991). At this point the

female is unlikely to flee/depart but instead fre-

quently displays a receptive posture in response to

male sound production (wing-raising). The switch

from anti-bat behavior to courtship behavior is likely

a function of releasing and sensing the female sex

pheromone (Skals et al. 2005) in arctiines.

The role of sound in the courtship of C. arizonen-

sis is less clear. In this species, acoustic emissions

were limited to the final moments prior to copula-

tion and during some successful interactions, no

sound was detected. Their mean duty cycle was sig-

nificantly lower and the variation around the mean

is also lower than in B. trigona (see Fig. 2). Female

mate choice experiments with C. arizonensis indicate

that acoustic communication is not essential for

mating. It is possible that chemical and acoustic sig-

nals in this species are redundant as in Cycnia tenera

Fig. 5 Females’ mate choice among males able to produce dif-

ferent duty cycle signals. Results are shown for individuals of B.

trigona (females: N¼ 7; males: N¼ 21) for each male acoustic

condition: Sþþ (high duty cycle clicks), Sþ (moderate duty cycle

clicks), and S� (no clicks). There were no C. arizonensis (females:

N¼ 8; males: N¼ 16) assigned to the Sþ group. Only the inter-

actions that resulted in successful mating are included.
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(Conner 1987) or that the role of acoustic signals has

been lost as in Pyrrharctia isabella (Krasnoff and

Yager 1988).

Recent phylogenetic analyses report that B. trigona

and C. arizonensis are members of two separate

clades traditionally classified within the subtribe

Phaegopterina (Zaspel et al. 2014; Zenker et al.

2017). Members of these two clades were not previ-

ously known to produce sound during courtship.

Our findings have important implications for our

understanding of the evolutionary history of sexual

communication in tiger moths. Acoustic courtship

has either evolved multiple times independently

within the subfamily or it originated earlier than

previously thought. A broad survey of acoustic sex-

ual behavior, in combination with a robust, densely-

sampled phylogeny, is needed to place our results in

an historical framework.
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