',\' frontiers

in Ecology and Evolution

ORIGINAL RESEARCH
published: 03 May 2021
doi: 10.3389/fevo.2021.648223

OPEN ACCESS

Edited by:
Fernando Montealegre-Z,
University of Lincoln, United Kingdom

Reviewed by:

William Conner,

Wake Forest University, United States
James A. Simmons,

Brown University, United States

*Correspondence:
Marc Wilhelm Holderied
marc.holderied@bristol.ac.uk

Specialty section:

This article was submitted to
Behavioral and Evolutionary Ecology,
a section of the journal

Frontiers in Ecology and Evolution

Received: 31 December 2020
Accepted: 06 April 2021
Published: 03 May 2021

Citation:

O'Reilly LJ, Harris BJ,

Agassiz DJL and Holderied MW
(2021) Convergent Evolution of
Wingbeat-Powered Anti-Bat
Ultrasound in the Microlepidoptera.
Front. Ecol. Evol. 9:648223.

doi: 10.3389/fevo.2021.648223

Check for
updates

Convergent Evolution of
Wingbeat-Powered Anti-Bat
Ultrasound in the Microlepidoptera

Liam Joseph O’Reilly’2, Brogan John Harris?, David John Lawrence Agassiz? and
Marc Wilhelm Holderied?*

" Laboratory of Applied Microbiology, University of Applied Sciences and Arts of Southern Switzerland, Bellinzona,
Switzerland, 2 School of Biological Sciences, University of Bristol, Bristol, United Kingdom, ° Insect Division, Department
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Bats and moths provide a textbook example of predator-prey evolutionary arms races,
demonstrating adaptations, and counter adaptations on both sides. The evolutionary
responses of moths to the biosonar-led hunting strategies of insectivorous bats include
convergently evolved hearing structures tuned to detect bat echolocation frequencies.
These allow many moths to detect hunting bats and manoeuvre to safety, or in the
case of some taxa, respond by emitting sounds which startle bats, jam their biosonar,
and/or warn them of distastefulness. Until now, research has focused on the larger
macrolepidoptera, but the recent discovery of wingbeat-powered anti-bat sounds
in a genus of deaf microlepidoptera (Yponomeuta), suggests that the speciose but
understudied microlepidoptera possess further and more widespread anti-bat defences.
Here we demonstrate that wingbeat-powered ultrasound production, likely providing
an anti-bat function, appears to indeed be spread widely in the microlepidoptera;
showing that acoustically active structures (aeroelastic tymbals, ATs) have evolved in
at least three, and likely four different regions of the wing. Two of these tymbals are
found in multiple microlepidopteran superfamilies, and remarkably, three were found
in a single subfamily. We document and characterise sound production from four
microlepidopteran taxa previously considered silent. Our findings demonstrate that the
microlepidoptera contribute their own unwritten chapters to the textbook bat-moth
coevolutionary arms race.

Keywords: bat-moth arms race, acoustic mimicry, micromoths, Tineidae, Oecophoridae, Depressariidae,
Yponomeuta

INTRODUCTION

Roeder’s seminal discovery of anti-bat hearing (Roeder and Treat, 1957) sparked research into
the defences of nocturnal moths against echolocating bats in the bat-moth acoustic evolutionary
arms race. Many nocturnal insects, including moths, have evolved hearing structures to detect
bats (e.g., Miller and Surlykke, 2001) and the Arctiinae (tiger moths) are well known for their
defensive sounds that function through startling their predators, acoustic aposematism (warning
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sounds), and/or echolocation jamming (e.g., Corcoran et al,
2010). However, a recent surge of new discoveries has arisen in
this arms race: taxa other than the Arctiinae have been shown to
produce anti-bat sounds (Barber and Kawahara, 2013; Corcoran
and Hristov, 2014; O’Reilly et al., 2019), the hindwing “tails”
of some moths have been discovered to act as acoustic decoys
(Barber et al.,, 2015; Lee and Moss, 2016), and the acoustic
absorptive power of moth scales as acoustic metamaterials has
emerged as a fascinating and complex new area of research
(Zeng et al., 2011; Ntelezos et al., 2017; Shen et al., 2018; Neil
et al., 2020a,b). This spate of recent discoveries suggests the true
extent of moth anti-bat adaptations might substantially exceed
current knowledge.

Lepidoptera have been crudely divided by their size into two
suborders: the smaller micro- and the larger macrolepidoptera.
Most research into the anti-bat defences of moths has focussed on
the macrolepidoptera, yet preferred prey size varies both within
(Waters et al., 1995) and between bat species. Some species such
as Mpyotis septentrionalis, rely heavily on microlepidoptera as
dietary constituents (e.g., Dodd et al., 2012). Microlepidoptera are
therefore also under significant predation pressure from bats.

It would seem highly likely that such pressure on the
microlepidoptera would lead to the evolution of anti-bat defences
analogous to those found in macrolepidoptera. However,
research into such defences has seemingly just recently begun,
with only two studies, other than those investigating the
well-known pyralid hearing (e.g., Skals and Surlykke, 2000),
addressing the subject. Firstly, Kovalev (2016) suggested that
the feather-like wing plumes of Alucita hexadactyla (Alucitidae)
may have evolved to reduce its echo intensity, and secondly
O’Reilly et al. (2019) discovered that the hyaline (transparent)
hindwing patches of the microlepidopteran genus Yponomeuta
(Yponomeutidae) are wingbeat-powered aeroelastic tymbals
(ATs) that render these deaf moths acoustic Miillerian mimics of
aposematic Arctiinae.

Like the sound-producing tymbals located on the thorax
of the macrolepidopteran Arctiinae, Yponomeuta ATs produce
two bursts (one longer and one shorter burst) of ultrasonic
clicks through buckling of a series of striations. However, unlike
arctiine sound production, AT clicks are not produced upon
detection of an approaching bat. Instead, they occur during
every wingbeat, one burst per wing stroke. As these moths
are deaf and unable to detect and respond to hunting bats,
these structures allow them to bypass predator detection by
constantly producing warning sounds. Yponomeuta provide the
first example of constitutive acoustic aposematism in the bat-
moth arms race (O’Reilly et al,, 2019). This elegant defence
solution for unpalatable, deaf microlepidoptera is unlikely to
be exclusive to the Yponomeutidae and here we specifically
investigate whether other microlepidopteran taxa possess yet
undocumented defences based on ATs.

As the AT of Yponomeuta reveals itself as a hyaline patch in
the wing, hyaline patches in other microlepidopteran taxa might
suggest similar acoustic functionality. The presence of hyaline
wing patches is indeed not exclusive to Yponomeuta. For example,
Monopis, Crypsithyrodes, and Crypsithyris (Tineidae) species are
characterised by a subhyaline patch in the discal cell of the

forewing (Robinson, 1980; Xiao and Li, 2005; Lee et al., 2016),
and members of the Tinea pellionella species complex (Tineidae)
possess hyaline/subhyaline patches at the base of the forewing,
just below the subcosta (Robinson, 1979). Generally, hyaline wing
patches, such as the above examples, are only documented in the
literature if they serve as identification features.

Given that microlepidoptera are under significant predation
pressure from echolocating bats, and that ATs provide an
elegant method of passive acoustic protection, we anticipated
that these structures would be taxonomically widespread. Thus,
through a comprehensive morphological assay as well as acoustic
characterisation, we investigated our prediction that ATs have
convergently evolved throughout the microlepidoptera.

MATERIALS AND METHODS

Phylogenetic Spread of Candidate ATs
Image Analysis

For each of our two phylogenetic analyses we assessed taxa
for the presence of known and candidate ATs. This was
primarily achieved by examining online image databases of
microlepidoptera. The majority of photographs were assessed
from the Barcode of Life Database (BOLD) (Ratnasingham and
Hebert, 2007), but microscopic assessment of specimens from
the Bristol Museum and Art Gallery and the Natural History
Museum, London was also used.

A known AT was defined as a hyaline patch in the same
position on the wing as related taxa known to produce wingbeat-
powered sound, e.g., a hindwing hyaline patch in an Yponomeuta
species or relative. A candidate AT was defined as a hyaline patch
on the wing with no obvious other function. If possible, for every
species suspected of possessing an AT, multiple specimens were
assessed to confirm the presence of the structure. This aided in
preventing false positives due to symmetrical specimen damage.

Candidate ATs in the Microlepidoptera

This comprehensive assessment of the presence of ATs includes
all microlepidopteran taxa from the 11 superfamilies in a
recent molecular phylogeny of the Lepidoptera (Regier et al.,
2013), from Nepticuloidea up to and including Gelechioidea.
Despite the Pyraloidea being considered microlepidoptera, they
were excluded from this analysis, because they have ultrasound
sensitive ears, which constant sound production by ATs would
excite and habituate, rendering the combination of ears and
AT counterproductive. Furthermore, any transparent areas of
the wings of the Sesiidae were not considered as potential
ATs as they more likely function as part of their visual
mimicry of Hymenoptera.

We used a simplified phylogenetic tree based on Figure
S1 from Regier et al. (2013) for this study, to identify
likely points of independent evolution of ATs within the
microlepidoptera. The genus Monopis (Tineidae) and the
Scaeosophinae (Cosmopterigidae) were not included in the
original phylogeny (Regier et al., 2013) but were found to possess
candidate ATs, so they were includes in our analysis.
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Candidate ATs in the Tineidae

Photographs of 751 species (148 genera) of Tineidae were
assessed. Between one and 20 photographs (individuals) were
assessed per species for the presence of hyaline patches on either
the forewing or hindwing. In the case of the genus Chrypsithyris
(four species) images and species descriptions were used from
Xiao and Li (2005). Images for Niditinea sabroskyi were used from
(Metz et al., 2018).

Phylogenetic Analysis

As far as we are aware, a detailed molecular phylogeny of
the Tineidae does not exist; thus, using publicly available
data, a phylogenetic tree was inferred using the Cytochrome
Oxidase Subunit 1 (COI) amino acid sequence from 90
species from 19 genera of the Tineidae family. Dolophilodes
distinctus  (Philopotamidae: Trichoptera) was used as an
outgroup. Sequences were downloaded from BOLD Systems
(Ratnasingham and Hebert, 2007), aligned using MAFFT
version 7 (Katoh and Standley, 2013), and the alignments were
trimmed using BMGE 4.0, using a BLOSUM62 matrix to remove
poorly aligned positions (Criscuolo and Gribaldo, 2010). The
phylogenetic tree was inferred using IQ-Tree (Nguyen et al,
2015), and the best-fitting substitution model (LG+C60+G) was
selected by Bayesian Information Criterion (Le and Gascuel,
2008). Moreover, empirical profile mixture models were used to
improve model fit (Quang et al., 2008). The bootstrap supports
were estimated using UFBoot2 (Minh et al., 2013). Trees were
visualised and edited in ITOL (Letunic and Bork, 2016). For links
to software used see Table 1.

Sound Production by Candidate ATs

Species

We gained access to live specimens of five relevant species to
test in laboratory conditions: two Tineinae (Tineidae) species
possessing candidate ATs (Monopis crocicapitella, Clemens, 1859
n = 2; and T. pellionella, Linnaeus, 1758 n = 7), one Tineinae

TABLE 1 | Resources used in the creation of the Tineidae phylogeny.

Resource Source Web link

Data NCBI https://www.ncbi.nim.nih.
gov/protein/

Data BOLD Systems http:
//www.boldsystems.org/

MAFFT Katoh and Standley, 2013 https://mafft.cbrc.jp/
alignment/software/

BMGE Criscuolo and Gribaldo, 2010 http:
//gensoft.pasteur.fr/docs/
BMGE/1.0/BMGE_doc.pdf

IQ-Tree Nguyen et al., 2015 http://www.igtree.org/

LG Model Le and Gascuel, 2008 http://www.atgc-
montpellier.fr/models/index.
php?model=Ig

Mixture Models Quang et al., 2008 https:

//academic.oup.com/mbe/
article/25/7/1307/1041491

[TOL Letunic and Bork, 2016 http://itol.embl.de/

species lacking candidate ATs (Tineola bisselliella, Hummel, 1823
n = 6), one Oecophoridae species possessing candidate ATs
(Endrosis sarcitrella, Linnaeus, 1758 n = 4) and one lacking them
(Hofmannophila pseudospretella, Stainton, 1849 n = 2), which
were all tested for sound production. All T. pellionella specimens
were wild caught from three houses in Bristol, United Kingdom,
all T. bisselliella specimens were taken from a wicker basket
found in Bristol, United Kingdom, both M. crocicapitella
specimens were caught at one location in Weston-Super-Mare,
United Kingdom using a mercury vapour moth trap in a
suburban garden, and all E. sarcitrella and H. pseudospretella
were caught from two houses within Bristol, United Kingdom.
Moths were either acoustically assessed immediately or kept in a
refrigerator between 4 and 6°C for up to 24 h before beginning
assessment. If refrigerated, moths were kept at room temperature
for at least 2 h prior to testing.

Tethering Method

Moths were first recorded in free flight, if they did not produce
sound, they were not studied further, if they did then they
were subsequently tethered. Due to their small size, we tethered
them following O'Reilly et al. (2019): a 0.14 mm diameter
insect pin was inserted into the dorsal meso/prothorax until
the tip just punctured the ventral side. Like the moths tested
in O'Reilly et al. (2019), all test specimens flew for prolonged
periods post tethering.

The head of the tether (insect pin) was inserted into modelling
clay attached to a flexible arm (Manfrotto + Co. Spa, Cassola,
Italy), which allowed flexible positioning of the moth. We
positioned the moth upside down, which elicited more prolonged
flight compared to normal orientation. This stronger flight is
probably due to the unusual gravitational pull on the insect
causing it to try and return itself to its natural flight orientation.

Audio Recordings

All audio recordings of M. crocicapitella, T. pellionella, and
E. sarcitrella (16bit, sampling rate 500 kHz) were made
using USG Omnidirectional Electret Ultrasound Knowles FG-
O microphones connected to an UltraSoundGate 1216H2%
recorder, run through Avisoft Recorder USGH software (all
Avisoft Bioacoustics, Berlin, Germany). Recordings were made
in a semi-anechoic chamber (Industrial Acoustics Company Ltd.,
Winchester, United Kingdom).

Individual moths were initially placed in a 24" x 24" x 24"
BugDorm-1 Insect Rearing Cage (Megaview Science Co., Ltd.,
Taichung City, Taiwan) with one microphone positioned through
a central sleeved hole on one side of the cage. Flight was
initiated through flicking or tapping the cage where the insect
was at rest. These free-flight recordings were initially analysed
for the presence of any acoustic signal. If sound production was
discovered, tethered recordings were subsequently made. For
tethered recordings, the insect was positioned 30-50 mm from
a microphone oriented perpendicular to the centre of the lateral
axis of the moth. To reliably initiate flight, tethered moths were
first given a small (~5 mm diameter) ball of paper or foam to
hold, this was removed when flight was required.
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Additionally, one Monopis cf monachella (Hiibner, 1796,
collected in Germany) was assessed for free-flight sound
production using an ultrasound bat detector, and one Ethmia
bicolorella (Guenée, 1879, Depressariidae, collected in Kenya)
specimen was recorded in free-flight using a USB ultrasonic
microphone (Ultramic250K, Dodotronic, Italy) in 16 bit using
a 250 kHz sampling rate. This recording was made in the
field, as such it was only analysed for the presence/absence
of ultrasonic click production. Four other Ethmia (E. sabiella,
E. oculigera, E. cascineutis, and E. livida; Felder et al.,, 1875;
Moschler, 1883; Meyrick, 1913; Zeller, 1852, respectively) species
were collected and recorded in South Africa using the same
methods. Recordings of these species were assessed for the
presence or absence of ultrasonic clicks.

Ablation Experiments
Ablation of the candidate ATs was attempted on all individuals
of M. crocicapitella, T. pellionella, and E. sarcitrella, however,
due to the small size of the moths and their hyaline patches,
this proved difficult. In all but one individual of each of the two
Tineinae species the ablation attempt resulted in enough damage
to the wings to render them unable to fly. Therefore, ablation
results were only taken from one individual of each Tineinae
species. E. sarcitrella patches were more fragile than those of the
Tineinae, therefore a cruder method of ablation (removal of the
hindwings) was initially used to confirm the general location of
the sound producer (n = 1). More specific ablation attempts,
similar to those used on Tineinae, were unsuccessful in the three
remaining E. sarcitrella individuals. For the successful ablations
of M. crocicapitella and T. pellionella, recordings were made from
two treatments for each moth, firstly the right hyaline patch was
ablated, and secondly the left hyaline patch was ablated.
Tineinae ablation was achieved using a size 0.14 mm diameter
insect pin under a 50x magnification dissection microscope
(Leica EZ5 Stereo Microscope, Leica Microsystems, Wetzlar,
Germany). Moths were anaesthetised using CO, and secured to
foam by placing insect pins in a cross over (not penetrating)
both the abdomen and head of the insect, as well as individual
pins over the fore and hindwings to hold them extended from
the body, thus exposing the hyaline patches. The patch was
then punctured with an insect pin and the membrane removed
using fine forceps and microdissection scissors. All pins were
removed, and the insect was positioned within the recording
set-up, holding a small piece of paper or foam. It was left for
between 15 and 120 min to recover and checked every 15 min for
pre-ablation flight behaviour, and post-ablation recordings were
subsequently made.

Acoustic Analysis

We analysed all acoustic recordings using Avisoft SASLab
Pro (version 5.2.07, Avisoft Bioacoustics, Berlin, Germany),
measuring the following acoustic characteristics for each
species: source level, peak frequency, high and low frequency
(bandwidth), click detection distance, shorter click burst click
duration, longer click burst click duration, duty cycle, number
of clicks per burst, and number of clicks per wingbeat. We
analysed 10 consecutive wingbeats from a steady flight period
with consistently high amplitude click bursts for each individual.

Acoustic characteristics were determined using the following
methods. For each individual, click bursts from ten consecutive
wingbeats were analysed. There are two click bursts per
wingbeat cycle, defined here as longer and shorter as we did
not confirm which burst occurred during the up- and down-
stroke, respectively. We counted all clicks and further analysed
the loudest click from each longer click burst. Click number
was determined by totalling the number of clicks discernible
in waveform for each of the two click bursts per wingbeat.
The duration of each individual click was measured from the
waveform. Click amplitude was determined following O’Reilly
et al. (2019), by initially calculating the peak-to-peak sound
pressure and converting it to dB peSPL, using a calibration tone
from a signal generator which produced a constant tone of known
amplitude at 40 kHz (Avisoft Bioacoustics, Berlin, Germany) and
the following formula:

TS
CA + 20%log,, oS

CA = Calibration Tone Level (dB)
TS = Test Signal Amplitude (mPa)

CS = Calibration Signal Amplitude (mPa)

Clicks were extracted from the waveform individually for
spectral analysis including 0.05 ms of margin noise, with silent
margins added (zero padding) and linearly ramped into the noise.
Peak frequency and bandwidth (high and low frequencies) were
measured from power spectra (Hamming window size 1024),
high and low frequencies were determined as the frequencies
—15 dB either side of the peak frequency.

Monopis crocicapitella, T. pellionella, and E. sarcitrella click
detection distances by bats were calculated from the loudest click
from each of the longer bursts from ten successive wingbeats.
Following O’Reilly et al. (2019) click peak frequency and
amplitude (dB peSPL) were used to calculate the distance at
which these sounds could be detected by bats, using a 10 dB SPL
bat hearing threshold.

d—3ref

re

) —FDAx (3—bref) = HT
HT = hearing threshold = 10 dB SPL
CSL = ClickSource Level (dBpeSPLatref)
d = Distance (m)

dref = Reference Distance = 0.1m

FDA = Frequency Dependent Attenuation (dBm_l)
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Additionally, video footage was taken using a smartphone at 120
tps of T. pellionella, M. crocicapitella, and E. sarcitrella in order
to determine their wingbeat frequency, so it could be linked to
the frequency of click burst production. The quality of these
videos was sufficient to determine wingbeat frequency, but did
not provide clarity or frame rates capable of creating useful
synchronised high-speed video and audio recordings.

Hearing Tests

Prior to free-flight recordings, every moth in the flight cage
was exposed to an ultrasonic stimulus known to elicit the
anti-bat behaviours of moths with hearing capabilities (St.
Juliana et al, 2007), at a distance of around one metre
from the centre of the cage. Moths were exposed to the
stimulus both at rest and during flight, and their behaviours
observed. The observer was not blind to the treatment,
as personnel availability and time constraints with limited
numbers of live animals made this impractical. A Dazer
II Ultrasonic Dog Deterrent (Dazer International, London,
United Kingdom) was used as the stimulus; it produces a
25 kHz tone at 118.1 dB SPL (at 0.1 m). Reactions were defined
as a sudden cessation of flight, or any other typical anti-bat
escape/avoidance manoeuvre (Miller and Surlykke, 2001), or
twitching, commencement of flight, or dropping from its perch
if the moth was at rest.

If multiple individuals of the same species were caught
on the same day, they were placed in the BugDorm-
1 together and their behaviour in response to flight, and
therefore sound production, of other individuals was observed.
This was possible once each for M. crocicapitella (two
individuals), T. pellionella (two individuals), and E. sarcitrella
(two individuals).

RESULTS

Phylogenetics

Phylogenetic Spread of ATs in the Microlepidoptera
Photographs or museum specimens of 19,596 species (2,440
genera, 50 families, 11 superfamilies) were morphologically
examined for the presence of candidate ATs in the form of hyaline
patches. The results were plotted on a simplified version of Regier
et al’s (2013) lepidopteran phylogeny (Figure 1). Candidate ATs
were found throughout the microlepidoptera in nine of the eleven
superfamilies assessed (Figure 1).

We identified ATs in four different locations on
microlepidopteran wings (Figure 2) and named them as
follows: (1) Forewing Subcostal Tymbal (FST) at the forewing
base between the subcostal and radial veins in the cell directly
above the discal cell (blue); (2) Forewing Discal Tymbal (FDT)
directly within the apex of the discal cell itself (orange); (3)
Forewing Cubital Tymbal (FCT) in the cell directly below the
first cubital veins (red); and (4) Hindwing Cubital Tymbal (HCT)
at the base of the hindwing in the cell directly below first cubital
veins (green).

Phylogenetic Spread of ATs in the Tineidae

Analysis of 751 species from 148 genera in 14 subfamilies (as
assigned by BOLD systems) of the Tineidae revealed that hyaline
patches, likely to be ATs, were present in at least 46 species
in eight genera, within the family, seven of which were in the
subfamily Tineinae. The Tineidae contain examples of ATs in all
four wing locations.

Forewing Subcostal Tymbals are present in 11 of 38 species
of Tinea as well as one of two Praeacedes and four of five
Niditinea species examined, including the newly discovered
species N. sabroskyi (Metz et al., 2018). FSTs in the Tineinae vary
in relative size, with the more conspicuous examples being found
in Tinea steueri (Robinson, 1979), whereas, species such as Tinea
dubiella possess much smaller structures.

Forewing Discal Tymbals are present in all Monopis analysed
(26 species) as well as the genera Crypsithyrodes (one species)
and Crypsithyris (four species), Tinea unomaculella possesses a
light spot in the same area but we believe this is colouration
not a tymbal. FDTs can vary in their size, shape (relatively
round to elongated), and their location on the wing in terms of
their position along the wing tip to base axis. Nevertheless, the
structures always appear to be situated within the discal cell of
the forewing and their position is likely due to differences in the
length of this cell.

Forewing Cubital Tymbals are small (~1 mm in length)
hyaline patches near the base of the forewing, likely between
veins Cuy, and Cu, (Figures 2, 3), and are limited to the genus
Trichophaga, present in at least three of the six species analysed.
Additionally, the previous analysis using the Regier et al. (2013)
phylogeny revealed HCTs in the Erechthiinae genus Erechthias.
This genus was not, however, included in our phylogenetic
analysis of the Tineidae.

The maximum likelihood tree (Figure 3), groups all
Monopis as a single clade, with the three Trichophaga species
forming a sister clade. The FST-possessing species do not
form a single clade but are instead split into two main
clades with one species, T. trinotella, placed away from
these two groups. The first of these two clades exclusively
contains Niditinea and Praeacedes species, and the second
exclusively Tinea species. The second, with the addition
of T. columbariella and T. niveocapitella, consists of the
already established T. pellionella species complex (Robinson,
1979). Tineola bisselliella (no hyaline patch) is placed as the
only non-Tinea species in a clade containing mostly FST-
possessing species.

Acoustics

Microlepidopteran Sound Production

Live specimens from three Tineinae and two Oecophoridae
species were available for acoustic testing. All three species
possessing hyaline patches, M. crocicapitella (forewing patch),
T. pellionella (forewing patch), and E. sarcitrella (Yponomeuta-
like hindwing patch), produced two bursts of broadband
ultrasonic clicks with every wingbeat (Figure 4). These clicks are
acoustically similar to the in-flight clicks produced by the ATs of
Yponomeuta species (Yponomeutidae) (O’Reilly et al., 2019) in
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have been recorded producing sound in flight (see Figure 4).

FIGURE 1 | Phylogeny of the “microlepidoptera” (here defined as taxa below and including the superfamily Gelechioidea, and above and including Nepticuloidea)
adapted from Regier et al. (2013). The spread of aeroelastic tymbals (ATs) is represented at various taxonomic levels, beginning with superfamilies and ending in
genera. For each taxonomic level above genus, the fraction of subtaxa possessing ATs is given in parentheses. Following superfamily, if ATs are present, all families
are presented, and then only relevant subfamilies (i.e., possessing ATs or showing evolutionary relationships). In subfamilies with multiple types of AT (see Figure 2),
a genus tree is presented to show evolutionary relationships. Pie charts before the superfamilies represent the ratio of families containing ATs. Slice colours
correspond to the location of the AT on the wing and match Figure 2, and black represents no obviously detectable structure. Taxa names and their branches are
coloured if they contain examples of ATs, and colours again correspond to the locations in Figure 2. Black speaker icons indicate that those AT-possessing taxa
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that they show a bimodal regularity (likely two different bursts
per wingbeat, one on the up- and one on the down-stroke),
they exclusively occur during flight, and the two bursts differ in
duration (Figure 4).

Both species lacking hyaline patches, T. bisselliella and
H. pseudospretella, did not produce any acoustic emissions during
flight. Males of T. bisselliella are known to produce low frequency
substrate-borne sounds (Takacs et al., 2003), yet we were not
attempting to record such substrate-borne vibrations.

Successful ablation of the hyaline patches of both
M. crocicapitella and T. pellionella (n = 1) eliminated sound
production, whilst ablation of one hyaline patch, leaving the
other intact, effectively halved the number of clicks produced per
wingbeat, 22.95 & 3.4 and 3.8 £ 0.9 pre ablation, and 12.9 & 1.1
and 2.2 & 0.4 post ablation (mean & SD) for M. crocicapitella
and T. pellionella, respectively. Removal of both E. sarcitrella
hindwings eliminated sound production.

One Monopis cf monachella individual was found to produce
ultrasonic emissions during flight using an ultrasonic bat
detector, and recordings from one E. bicolorella in free
flight in Kenya confirm alternating bursts of ultrasonic clicks
characteristic of AT sound production (Figure 4D). Additionally,

all four South African Ethmia species recorded in free flight
produces similar bursts of clicks (data not shown).

Acoustic Characterisation of AT Sounds

We analysed 20 bursts and 10 individual clicks from
M. crocicapitella, T. pellionella, and E. sarcitrella for amplitude,
spectral, temporal, and duration information. In addition,
we calculated the distance at which bats could detect these
clicks (Table 2). All three species produce relatively loud (64.6,
56.9, and 54.0 dB peSPL at 0.1 m, respectively) ultrasonic,
broadband clicks (41.2-111.7, 54.3-125.1, and 45.8-128.9 kHz,
respectively) with high peak frequencies (88.1, 92.1, and
100.0 kHz, respectively) (Table 2).

The sounds of all three moth species fall within the known
frequency range of anti-bat sounds of the Arctiinae, Sphingidae,
Geometridae, and Yponomeutinae (Corcoran et al., 2010; Barber
and Kawahara, 2013; Corcoran and Hristov, 2014; O’Reilly
et al., 2019). Their low duty cycles (Table 2) are also similar to
some of the aposematic signalling Arctiinae such as Cosmosoma
stibasticta and Amplicincia near mixta (Corcoran etal., 2010).
Example ultrasonic click burst recrodings of Endrosis sarcitrella,
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Margin

FIGURE 2 | Aeroelastic tymbals of the microlepidoptera. Typical examples of macrolepidopteran aeroelastic tymbals for each of the four locations in which they are
found on the wings. (A) Forewing Discal Tymbal (FDT) represented by Monopis crateroxantha (Meyrick, 1927; Tineidae), (B) Forewing Subcostal Tymbal (FST)
represented by Tinea pellionella (Linnaeus, 1758; Tineidae), (C) Forewing Cubital Tymbal (FCT) represented by Trichophaga tapetzella (Linnaeus, 1758; Tineidae), and
(D) Hindwing Cubital Tymbal (HCT) represented by Yoonomeuta cagnagella (Hubner, 1813; Yponomeutidae). The colours of the photograph borders correspond to
the location of the tymbal on the generalised Lepidopteran wing in the centre (modified from Watson and Dallwitz, 2003 onward), as well as the colours used in
Figures 1, 3. Shaded areas show locations of tymbals, and dashed red lines represent flexion lines in the wing, the median flexion line (MFL) or the “fold” and the
claval furrow (CF). Vein labelling: Sc (Subcosta), R (Radial), M (Medial), Cu (Cubital), and A (Anal), followed by vein number. Photograph (C) was taken from BOLD
Systems (Ratnasingham and Hebert, 2007), the photographer was Marko and the image has a CCO licence.

Ethmia bicolorella, Monopis crocicapitella, and Tinea pellionella
can be found in Supplementary Audio 1-4 respectively.

Hearing Tests

All live individuals (excluding E. bicolorella) were exposed to a
sound source known to elicit the anti-bat behaviours in insects
with hearing capabilities (St. Juliana et al., 2007). No individual
of any species showed any reaction, such as cessation or initiation
of flight, sudden movement, or any change in flight direction.
Additionally, when the insects were obtained as groups of two or
more individuals, they were housed together and no individual
was observed reacting to flight, and therefore sound production,
of the other (n = 2 for all tested species).

DISCUSSION

Distribution of ATs in the

Microlepidoptera

Morphological analysis of 11 superfamilies highlighted that ATs
are widely distributed in microlepidoptera (Figure 1). However,
when we analysed the presence and absence of ATs on a
subfamily and genus level it was apparent that ATs were a
lineage-specific innovation, and that ATs can vary in both
location and size. The exact number of evolutionary events
is unclear; however, given we showed four different ATs in
four locations on the wing (Figures 1, 2). When mapped onto
a phylogenetic tree, the distribution of ATs either suggests
multiple evolutionary events, or significant lineage specific losses
of this organ, with the former being the most parsimonious
explanation for the evolutionary history. We could confirm
sound production in five independent ATs (Yponomeutinae,

T. pellionella and E. bicolorella FSTs, Monopis FDTs, and
E. sarcitrella HCTs). These ATs were found in three different
wing regions, two of which had not been documented as
sound producing structures before. Our analysis suggests a
remarkable example for multiple convergent evolution. The fact
that all candidate ATs we were able to test with live specimens
indeed produced sound, inspires confidence in the validity
of our approach to identify ATs using hyaline wing patches.
This does not confirm that a lack of scales is a prerequisite
for an AT though.

Aeroelastic Tymbal Morphology and

Function

The positioning of ATs on the wing may provide some insight
into how they function. Interestingly, all four AT locations
place them near flexion lines (Figure 2). Flexion lines are lines
along which an insect wing shows flexibility (folding) during the
wingbeat. The claval furrow is a flexion line found in most insect
wings, and the median flexion line (sometimes referred to as the
“fold”) is found in the forewing (and occasionally hindwing) of
many insect taxa, and usually runs between the medial and radial
veins (Dudley, 2000).

The hindwing claval furrow appears to play a role in
Yponomeuta HCT actuation (O’Reilly et al., 2019), and thus it is
reasonable to assume it has similar importance in other taxa with
HCTs. FCTs are located analogously to Yponomeuta ATs but in
the fore- not hindwing, and thus, if these are sound producers,
the claval furrow is again likely to play a role in actuation.

The median flexion line is not always present in insect wings,
and its position on the wing when present can vary between taxa
(Wootton, 1979); however, its normal location transects the discal
cell and therefore FDTs. Additionally, FSTs are near the median
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FIGURE 3 | Rooted phylogenetic tree of Cytochrome Oxidase Subunit 1 (COI) gene from the Tineidae family. The maximum likelihood tree was inferred in IQ-tree
(Nguyen et al., 2015) from an amino acid alignment of the COI gene from 90 species of moth and one caddis fly - Dolophilodes distinctus (Philopotamidae:
Trichoptera) was used as an outgroup to root the tree. Bayesian Inference Criterion was used to select the best-fitting substitution model (LG + C60 + G), and
bootstrap supports from branches were calculated using UFBoot2 (Minh et al., 2013). The three Tineinae ATs (FSTs, FCTs, and FDTs) are labelled on an example
species of each (A-C are Tinea steueri, Petersen, 1966; Trichophaga tapetzella, Linnaeus, 1758; and Monopis laevigella, Denis and Schiffermller, 1775
respectively). Coloured nodes indicate likely origins of the three ATs. Colours correspond to the AT position on the wing detailed in Figure 2. Photographs taken from
BOLD Systems (Ratnasingham and Hebert, 2007), all are CCO licence and taken by Marko Mutanen.

J Forewing Cubital Tymbal (FCT) present

Forewing Discal Tymbal (FDT) present

flexion line if it passes through the discal cell, but there is also Aeroelastic tymbal location seems to be associated with
the possibility that in these taxa it may be situated even closer to  flexion lines, but strong supporting structures appear important
the tymbal. It is therefore reasonable to predict that FDT and FST  too, as Monopis, Crypsithyrodes, and Crypsithyris discal cells
actuation is facilitated by this flexion line. have thickened veins surrounding their ATs (Robinson, 1980;
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FIGURE 4 | Spectral and temporal characteristics of microlepidoptera sounds. The waveform and spectrogram (derived from continuous wavelet transformation
using the Morse wavelet) of typical examples of in-flight acoustic emissions of five species of microlepidoptera, (A) Monopis crocicapitella (Tineidae), (B) Tinea
pellionella (Tineidae), (C) Endrosis sarcitrella (Oecophoridae), (D) Ethmia bicolorella (Depressariidae), and (E) Yoonomeuta cagnagella (Hubner, 1813;
Yponomeutidae). Each panel represents one full wingbeat showing the two bursts of clicks produced with each wingbeat cycle, beginning with the first click of the
burst with the shortest inter-click interval, and ending immediately prior to the first click of the next equivalent burst. To the right of each spectrogram is a power
spectrum showing the normalised click amplitude for the species mean (thick yellow line) and individuals (thin translucent yellow lines, for each species n see section
“Materials and Methods”). Time scales vary between plots, (D) uses a different frequency scale, and spectrograms are not calibrated for amplitude.
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TABLE 2 | Acoustic properties of three microlepidoptera species.

Sp. F N SL PF LF HF DD SCD LCD DC NHMC NMC
Tinea pellionella Tineidae 7 569+07 921 +3.7 543+3.1 125.1+48 41+02 139+10 139+13 04+02 38+£09 76+1.0
(n=70) (n=70) (h=70) (n=70) (n=70) (n=70) (n=70) n=7) (n =140) (n=70)
Monopis Tineidae 2 646+20 881+31 412+£80 111.7+£43 59+04 145+15 138+08 08+004 11.2+20 2295+3.4
crocicapitella (n =20) (n =20) (n =20) (n =20) (n =20) (n =20) (n =20) h=2) (n = 40) (n =20)
Endrosis Oecophoridae 4 54.0+ 1.1 100.0+1.5 458+23 1289+3.6 34+01 97+14 136+09 02+01 45+25 91+19
sarcitrella (n = 40) (n = 40) (n = 40) (n = 40) (n = 40) (n = 40) (n = 40) (n=4) (n = 80) (n = 40)

Acoustic properties (mean + SD; n = clicks) of the clicks. Sp = Species, F = Family, N = Number of individuals, SL = Source Level (dB peSPL 0.1 m), PF = Peak Frequency
(kHz), LF = Low Frequency (kHz), HF = High Frequency (kHz), DD = Click Detection Distance (m), SCD = Shorter Burst Click Duration (ws), LCD = Longer Burst Click
Duration (ws), DC = Duty Cycle (%), NHMC = Number of Clicks per Half Modulation Cycle (Burst), NMC = Number of Clicks per Modulation Cycle (Wingbeat).

Huang et al., 2011). This apparent importance of flexion lines
and strong supporting structures in AT location, and probably
in actuation, provides important indicators for mechanical
modelling of these novel sound-producing systems.

Other than the known tymbals of Amyna natalis (Noctuidae),
which are used for sexual communication and are not perpetually
active during wing movement (Heller and Achmann, 1993), there
are no obvious AT candidates in the macrolepidoptera. This
exclusivity and convergence of ATs within the microlepidoptera
suggests that a property of their wings gives them a propensity
to evolve into sound producers. Therefore, differences between
macro- and microlepidoptera in wing elastodynamics and
structure of wing and wing membrane would be another
important area of investigation. The most obvious difference
between macro- and microlepidoptera is their size and we believe
this is the most likely morphological factor facilitating sound
production. Wing cell size may be of particular importance,
as the smaller spaces between wing veins could allow for
the formation of appropriately sized tymbals in micro- but
not macrolepidoptera. Tymbal size is likely to be a factor in
determining acoustic characteristics such as frequency; thus, the
cell sizes in macrolepidopteran wings may not allow for ATs that
produce clicks with frequencies appropriate for their function,
e.g., anti-bat sound production.

Acoustics

All species possessing candidate ATs we were able to assess
produced ultrasonic clicks linked to their wingbeat. The
oecophorid species E. sarcitrella produces its sounds using its
hindwings and has a hyaline patch at the same position as the
known Yponomeuta HCT. T. pellionella and M. crocicapitella
(Tineinae; Tineidae) have hyaline/subhyaline patches on their
forewings that produce sound during wingbeats, most likely
functioning similar to the hindwing HCTs of Yponomeuta and
its relatives (O'Reilly et al., 2019). The Ethmia species assessed
(Depressariidae) also produce sounds during flight and possess
a subhyaline patch in a similar position to T. pellionella, but
a lack of ablation tests prevented confirmation that this is
the sound producer.

Several further lines of evidence corroborate that
hyaline/subhyaline patches of T. pellionella, M. crocicapitella,
and E. sarcitrella are functioning as ATs: firstly, only the species
possessing candidate structures produced sounds, the two species
lacking structures were silent. Secondly, like Yponomeuta sounds,

the clicks of all these moths occur in two bursts every wingbeat,
with one burst likely occurring during the upstroke and the
other during the downstroke. Thirdly, for both Tineinae species,
ablation of both hyaline patches eliminated sound production,
and ablation of one of the two patches did not result in a change
in the periodicity of the click bursts, instead halving the total
number of clicks per wingbeat. This demonstrates that each
tymbal is producing half the total number of clicks per wingbeat,
that each tymbal contributes to both click bursts, and that the
body of the moth does not prevent clicks from one wing reaching
the opposite side. Although specific ablation of the hyaline
patches of E. sarcitrella was unsuccessful, the removal of the
hindwings eliminated sound production, and there is no other
obvious candidate structure on these wings. Additional support
comes from the location of the E. sarcitrella hyaline patch being
indistinguishable from that of Yponomeuta HCTs.

We believe that, like other tymbals, ATs produce sound
through bimodal buckling, and that the two click bursts each
moth produces per full wingbeat are the two stages of its ATs
buckling and then returning to their resting state. The exact
biomechanical mechanism by which these tymbals are actuated
was beyond the scope of this study and requires complex
modelling, but we propose that, similarly to Yponomeuta HCTs
(O'Reilly et al., 2019), twisting and folding of the wing (likely
along flexion lines, e.g., claval furrow or median flexion line)
during flight are important, as are strong supporting structures
such as thickened veins.

Structurally, all three tymbals resemble Yponomeuta HCTs;
they consist of similarly sized hyaline patches with few or
no scales between two often strong veins. However, unlike
Yponomeuta HCTs, they do not possess obvious microtymbals.
Microtymbals are striations running the length of a tymbal, each
functioning to produce an individual click in sequence following
tymbal actuation, resulting in the production of bursts (trains)
of clicks. Following initial tymbal buckling each microtymbal
buckles in sequence producing a train of individual clicks, and
then upon the return of the tymbal to its resting state the same
process occurs in reverse order, producing a second click train.

The low click number in T. pellionella and E. sarcitrella click
bursts is consistent with a lack of microtymbals; however, the
higher click number in M. crocicapitella bursts suggests that this
species may possess an alternative mechanism. Raised “bumps”
are visible on the FDTs of some Monopis species, which may be
analogues of microtymbals (Figure 2A).
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Function of Sounds

The acoustic emissions of all recorded species most likely
function as anti-bat sounds. The ultrasonic, broadband nature of
the clicks is similar to the known anti-bat sounds of other moths
(Corcoran et al., 2010; Barber and Kawahara, 2013; Corcoran and
Hristov, 2014; O’Reilly et al., 2019) and they are loud enough to
be detected by bats.

The maximum distances over which these sounds will be
audible to bats is lower than Yponomeuta clicks (5.9, 4.1, and
3.4 m for M. crocicapitella, T. pellionella, and E. sarcitrella,
respectively compared to 10.5 m for Yponomeuta cagnagella;
O’Reilly et al., 2019). This is due to increased atmospheric
attenuation of the sounds due to much higher peak frequencies,
and for T. pellionella and E. sarcitrella sounds, lower source levels.

The different number of clicks per wingbeat might not
necessarily have substantial biological relevance. T. pellionella
and E. sarcitrella produce much fewer, lower amplitude clicks per
burst (normally one or two, but occasionally more, see Figure 4)
than M. crocicapitella. However, producing fewer clicks does not
mean that these sounds are less likely to function as a bat defence.
Within the tymbal-possessing Arctiinae, many species produce
click bursts but others, including the sympatric Arctia caja, do
not possess microtymbals and thus produce one defensive click
per tymbal buckling event (Fenton and Roeder, 1974; Surlykke
and Miller, 1985).

Additional support for these sounds having an anti-bat
function is the lack of any reaction from the moths to ultrasonic
stimuli, whether generated artificially or by another individual.
Although tympana have been reported in the Tineidae, this
is a defining feature of the subfamily Harmacloninae (Davis,
1998), and there is no evidence they are present in the Tineinae.
Similarly, there is no evidence in the literature that E. sarcitrella
possesses hearing capabilities. Therefore, these moths cannot
be communicating with conspecifics using airborne sounds.
Constantly producing ultrasonic clicks detectable by bats that
serve no communication purpose, seems counterintuitive, unless
the sounds act as acoustic defence.

The precise defensive mechanism of these sounds for each
species remains unclear, with relevant unknowns including moth
toxicity and their propensity to spend time on the wing producing
sound. It is clear though that the low duty cycles of all their
sounds cannot jam bat echolocation (Table 2), as this requires
a duty cycle of at least 20% (Corcoran et al., 2010; Conner and
Corcoran, 2012). It is also unlikely that bats will be startled by
these sounds as such a defence tends to be ephemeral and only
effective against naive bats (Bates and Fenton, 1990; Hristov
and Conner, 2005). This suggests that the sounds function as
aposematic signals, as either Batesian (imposter) or Miillerian
(true) mimics of acoustically aposematic moths such as the
Arctiinae and Yponomeuta.

Phylogenetic Spread of ATs Within the

Tineinae

There are two lines of support for the convergent evolution of
anti-bat sound production by ATs within the Tineinae subfamily.
Firstly, the structures are morphologically similar in many

aspects, but are sufficiently different in shape and position on the
wing to suggest multiple evolutionary origins. Secondly, based
on their phylogeny, the distinctly separate Monopis, Trichophaga,
and Tinea-like clades suggests three points of evolutionary origin
for Tineinae ATs (Figure 3). The Tinea-like clade is particularly
interesting as FSTs appear in three distinct lineages. The ancestor
of both the Tricophaga and Monopis lineages probably had
no AT, suggesting that the FCT and FDT structures found in
these lineages evolved independently. Moreover, the structures
are found on different locations on the wing, providing further
evidence they are not homologous, and thus, the result of
convergent evolution. Additionally, the distribution FSTs found
in the Tinea and Niditinea species suggests either the common
ancestor of all these species possessed an FST and there has
been lineage specific loss, or that there has been a minimum
of three independent evolutionary events of this structure,
and convergent evolution has occurred. The phylogeny from
which we draw our conclusions was constructed with a single
marker gene, leading to species level branches only having
weak bootstrap support. Thus, the conclusions on a species
level must be re-assessed when more data become available and
more robust phylogenies can be constructed. The distribution
of FST, FCT, and FTD possessing species on the phylogenetic
tree clearly indicates three independent evolutionary events of
sound producing structures, highlighting remarkable convergent
evolution on a subfamily level.

Anti-bat sound production in the Tineinae is exceptionally
diverse as it has evolved convergently several times within
one subfamily. Convergent evolution of bat defences in the
Lepidoptera is common, and has occurred in terms of hearing,
sound production, and hindwing decoys (Corcoran and Hristov,
2014; Barber et al., 2015; ter Hofstede and Ratcliffe, 2016), but
it rarely, occurs between such closely related taxa as within
one subfamily. Similar levels of convergence appear to have
occurred within Saturniidae (silkmoth) subfamilies with regards
to acoustic wing decoys (Rubin et al., 2018). These two examples
of subfamily level converge in moths reiterate how important
the bat-moth coevolutionary arms race is as a case study for
evolutionary principals.

Thoughts on the Evolution of ATs in

Cave-Dwelling Taxa

Records of troglophilic (cave-dwelling) invertebrates from
various cave systems globally indicate that Tineidae are widely
present, particularly in tropical and subtropical regions of the
Americas as well as the Balkan states and Australia (Barr
and Reddell, 1967; Hamilton-Smith, 1967; Peck, 1975, 1974;
Robinson, 1980; Trajano, 2000; Humphreys and Eberhard, 2001;
Cokendolpher and Polyak, 2004, 1996; Laszld, 2004; Wynne
and Pleytez, 2005; Wynne et al., 2005; Polak et al., 2012; Byun
et al., 2014; Eberhard et al., 2014; Pape, 2014; Silva and Ferreira,
2015; Turbanov et al., 2016; Jaksi¢, 2017). The Tineidae is a
cosmopolitan lepidopteran family (Slootmaekers, 2013), and so
it is highly likely that tineids are present in cave systems globally,
but records are lacking.
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Larvae of the subfamily Tineinae feed on animal detritus
including bat guano, resulting in independence from green
plants. This independence allows these moths to permanently
inhabit environments such as caves. Indeed, at least 11 Tineidae
species (including species of the Tineinae genera Monopis,
Crypsithyrodes, Crypsithyris, Tinea, Niditinea, and Praeacedes) are
known to spend their entire lives within caves feeding as larvae
on bat guano or the fungi that grow on it (Robinson, 1980).
In addition, E. sarcitrella is also found in caves and bat roosts
(Mosconi, 2011; Centelles Bascuas, 2015). E. sarcitrella is a pest
of stored grain but is known to be able to subsist on guano and
other organic matter (Carter, 1984).

All these troglophilic moth species thus exist alongside
bats, feeding on the faeces of their potential predators,
which puts them at a perpetual risk of predation. It seems
counterintuitive for moths to have initially adapted to live on the
faeces of their predators; indeed, guanophagy in cave-dwelling
microlepidoptera may have originated before bats, with moths
perhaps feeding on bird guano.

Guanophagous moths will indiscriminately feed on bird or
bat guano, and sometimes other animal products, including
bird feathers (Robinson, 1980). With birds having evolved
considerably earlier than bats (Kumar and Hedges, 1998), it is
plausible that the ancestral cave-dwelling, guanophagous tineid
shared its abode with cave-roosting birds, like extant swiftlets
or oilbirds. A cave can provide a geographic mating barrier to
populations, and as multiple Tineinae species can spend their
entire lives living in caves (Robinson, 1980), ancestral moth
populations could have become isolated in caves, leading to
speciation. Then, following the evolution of echolocating bats
and their colonisation of caves, this strong predation pressure, the
geographic isolation, and an apparent propensity for wings to be
sound producers could have resulted in the convergent evolution
of ATs in the Tineinae.

Cave-Dwelling Microlepidopteran

Acoustics
We already established that the sounds produced by the species
we recorded most likely function as acoustic aposematic
signals, but whether these moths are Batesian or Miillerian
mimics of other aposematic moths depends on their toxicity
which is unknown. Toxicity in Lepidoptera is derived
from sequestering secondary metabolites from food and/or
synthesising compounds (Rothschild et al., 1970). Both faeces
and the fungi that grow on it could conceivably provide noxious
compounds to sequester for the acoustically active Tineinae and
E. sarcitrella, or equally they could synthesise such compounds.
Bats will learn over time to ignore acoustic Batesian signals
(Barber and Conner, 2007), so if these cave-dwelling moths
are palatable, they then risk becoming acoustically conspicuous
targets. Therefore, the persistence and convergent evolution of
sound production within this group of moths suggests that
they are truly aposematic. An interesting thought is that naive
juvenile bats might first learn to avoid clicking moths from
within their roosts.

Alternatively, reducing the exposure of bats to these acoustic
signals could allow Batesian mimicry to persist. If these moths
preferentially avoid flight, and instead crawl atop the guano, they
will avoid sound production. This would prevent saturating the
bats with a potentially Batesian signal and therefore reducing
the effectiveness of sound production as a defence. The lower
detection range of the clicks we recorded compared to non-
cavernicolous Yponomeuta and macrolepidoptera (e.g., Corcoran
etal., 2010; O'Reilly et al., 2019) may be beneficial in this respect;
limiting their detectability to a distance at which bats are close
enough to pose a threat.

A second, not necessarily separate, scenario in which Batesian
mimicry could persist may arise if the ratio of Miillerian
to Batesian mimics bats encounter is so high it is not
worth risking attacking any clicking target. If the amount of
sound producing moths in the bats’ hunting environment is
above a certain threshold, then they will be regularly exposed
to true aposematic signallers when foraging, reinforcing the
effectiveness of acoustic aposematism. Within the roost, palatable
cave-dwelling microlepidoptera could then “piggyback” on the
protection afforded by ultrasound production, and reduced
acoustic conspicuousness and/or flight could maintain the
effectiveness of their signals.

Everything considered, based on the similarities of their
sounds with those of aposematic moths, their lack of both
hearing and, therefore, intraspecific communication, as well their
unusual feeding ecology in close proximity to bats, we conclude
that M. crocicapitella, T. pellionella, their tymbal-possessing
relatives (Figure 3), and E. sarcitrella are mimics of acoustically
aposematic moths. We cannot, however, state with confidence
whether they are Batesian or Miillerian mimics.

CONCLUSION

The bat-moth evolutionary arms race is an area of much research
interest for both sensory ecologists and evolutionary biologists,
and yet a huge number of taxa remain underrepresented in
the current literature. Microlepidoptera are largely ignored in
terms of this topic, and our findings highlight that this suborder
is greatly understudied. The remarkable level of convergence
in anti-bat sound producing structures is further evidence in
support of microlepidoptera being under significant selection
pressure from bat predation. As a result of this pressure, the
array of acoustic defences these moths possess are probably
just as complex and diverse as their larger cousins, and they
undoubtedly deserve increased research attention. Here, we begin
a new chapter in the bat-moth coevolutionary arms race; the
acoustic anti-bat defences of the microlepidoptera.
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